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•  Introduction 

•  QCD at extreme conditions 
•  Heavy Ion collisions 

•  Soft probes  
•  Initial energy density 
•  Chemical freeze-out  
•  Kinetic freeze-out 
•  Radial flow 
•  Anisotropic flow 
•  Small systems 



CHALLENGES IN QCD  
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Confinement Generation of hadron masses 

Non-perturbative QCD / dynamics 



QCD AT EXTREME CONDITIONS 
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•  Interactions between quarks and gluons become weaker at small distances and for 
large momentum transfers à “deconfined” phase of QCD matter by creating a 
high density/temperature extended system composed by quarks and gluons 

•  First sketch of phase diagram in that sense date back to the ‘70s 
•  But ideas of critical densities are even older (Pomeranchuk ‘50s, Hagedorn ’60s) 

”Experimental hadronic spectrum and quark liberation” 
Cabibbo and Parisi Phys.Lett. 59 B,67(1975) 
à Phase transition at large T and/or ρB 

30Deconfinement phase transition

● Since the interactions between quarks and gluons become 
weaker at small distances, it might be possible to create a 
deconfined phase of matter composed out of a large number of 
free quarks and gluons

● First ideas in the mid 1970's 

Phase transition 

at large T 

Experimental hadronic spectrum 
and quark liberation
Cabibbo and Parisi, PLB59 (1975) 67

Superdense matter: Neutrons or 
asymptotically free quarks?
Collins and Perry, PRL 34 (1975) 1353

Un-Confined

Confined

E.V. Shuryak, Phys. Lett. B, 
vol. 78, page 150, 1978. Quark-Gluon Plasma Weakly coupled 
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Lattice QCD: Energy density

Fodor et al., JHEP 11 (2010) 077

Cross-over transition temperature region between 140 and 200 MeV 
with range of energy density between 0.2 and 1.8 GeV/fm3 
Remember: Tc ≈170 MeV and εc ≈ 1 GeV/fm3

LATTICE QCD – PHASE TRANSITION 
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•  increase in the number of d.o.f. from pion gas (3 d.o.f., corresponding to π+, 
π-, π0) to deconfined phase leads to increase in energy density 

•  no sharp phase transition but cross-over  
•  Critical temperature Tc between 140 and 200 MeV (energy density between 

0.2 and 1.8 GeV/fm3), compare to MIT bag model:  Tc ≈150 MeV and εc ≈ 0.6 
GeV/fm3   

 



Heavy Ion collisions 
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A laboratory to test QCD at extreme conditions 
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Space-time Evolution of A+A Collisions

Evolution described by relativistic
hydrodynamic models, which 
need initial conditions as input. 

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
Bjorken)
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HEAVY ION COLLISIONS 

WE Heraeus physics school | 24.-30.09.2017 | Michael Weber (SMI) 7 

“Multiple NN collisions” 
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Space-time Evolution of A+A Collisions
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HEAVY ION COLLISIONS 
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Hard probes 
•  c, b quarks 
•  Jets 
•  (Photons) 

Soft probes 

Collective phenomena 

Interaction with matter 
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HEAVY ION COLLISIONS 
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Hard probes 
•  c, b quarks 
•  Jets 
•  (Photons) 

Soft probes 

Reference: 
•  Vacuum production 

 à pp collisions 
•  Cold nuclear matter 

à pA collisions 

Studied at various laboratories around the world 
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Space-time Evolution of A+A Collisions

Evolution described by relativistic
hydrodynamic models, which 
need initial conditions as input. 

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
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HEAVY ION COLLISIONS 
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Soft probes 

Collective phenomena 
Particle yields 

Particle spectra 

Particle anisotropy 

(Fluctuations) 



ALICE (A LARGE ION COLLIDER EXPERIMENT) 
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42 countries, 176 institutes, 1800 members 

GERMANY 
BONN, Helmholtz-Institut für Strahlen- und Kernphysik, Rheinische F-W.-Universität Bonn 
DARMSTADT, GSI Helmholtzzentrum fur Schwerionenforschung GmbH 
DARMSTADT, Technische Universität Darmstadt 
FRANKFURT,  Institut für Kernphysik, Johann-Wolfgang-Goethe Universität 
FRANKFURT, Johann-Wolfgang-Goethe Universitat, Institut fur Informatik 
FRANKFURT, Frankfurt Institute for Computer Science 
HEIDELBERG,  Physikalisches Institut, Ruprecht-Karls-Universität 
KOELN, Fachhochschule Köln 
MUNICH, Technische Universitat Muchen 
MUENSTER,  Institut für Kernphysik, Westfälische Wilhelms-Universität 
TUEBINGEN, Eberhard-Karls-Universitat Tubingen 
WORMS, Fachhochschule Worms, ZTT, 

AUSTRIA 
VIENNA, Stefan Meyer Institute 



ALICE 
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JINST, 3 (2008), S08002 
Phys Rev Lett, 106 (2011), 032301 

Detector: 
Length: 26 meters  
Height: 16 meters  
Weight: 10,000 tons 

Central barrel 
Event characterization, 
Vertex, Tracking, PID 

|η| < 0.9 Muon Spectrometer 
-2.5 > η > -4 

Pseudorapidity η = −ln tan(θ/2) 
with θ = angle to beam axis; 
additive in relativity  
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ALICE PERFORMANCE 

Humboldt Kolleg, Kitzbuehel | 01.07.2016 | Michael Weber (SMI, Vienna) 13 

V0 amplitude (a.u.)
0 5000 10000 15000 20000

ev
en

ts
 (a

.u
.)

-610

-510

-410

-310

-210  = 2.76 TeVNNsALICE Pb-Pb 
Data
NBD-Glauber fit

]
coll

 + (1-f)N
part

 x [f N,kµP

 = 29.3, k = 1.6µf = 0.801, 

0-
5%

5-
10

%

10
-2

0%

20
-3

0%

30
-4

0%

40
-5

0%

50
-6

0%

0 500 1000

-410

-310

80
-9

0%

70
-8

0%

60
-7

0%

ALI−PUB−70690

1

10

210

310

410

510

)c (GeV/p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

β
TO

F 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1
e

π
K

p

d

TeV 2.76 = NNsPb-Pb 

ALI−PUB−72381)c (GeV/p
0.2 0.3 1 2 3 4 5 6 7 8 910 20

 (a
rb

. u
ni

ts
)

x
/d

E
TP

C
 d

20

40

60

80

100

120

140

160

180

200

π

e

K p d
TeV 2.76 = NNsPb-Pb 

ALI−PUB−72357

)cp (GeV/
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

H
M

PI
D

 C
he

re
nk

ov
 a

ng
le

 (r
ad

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

π

K
p

TeV 7 = spp 

ALI−PUB−72451)c (GeV/p
0.4 0.5 0.6 1 2 3 4 5

 +
 T

R
 (a

rb
. u

ni
ts

)
x

/d
E

TR
D

 d

0

1

2

3

4

5

6

π

e

p

TeV 5.02 = NNsp-Pb 

ALI−PUB−72539

TPC 

TRD 

TOF 

Vertex 

Centrality 

HMPID 

•  extremely low-mass tracker ~ 10% of X0  
•  efficient low-momentum tracking, down to ~100 MeV/c  
•  particle identification (practically all known techniques)  
•  excellent vertexing capability  

Glauber model - a description of 
heavy-ion collisions

30

b Participants

Spectators

aka wounded nucleons

central collisions: 
small impact parameter b 
- high number of participants
- high energy density
- large volume 
-> large number of produced 
particles

peripheral collisions: 
large impact parameter b 
- low number of participants 
-> low multiplicity

Impact parameter b is measured as:
Fraction of cross section “centrality”
Number of participants
Number of nucleon-nucleon collisions

Peripheral Collision Central Collision Semi-Central Collision 
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Glauber model - a description of 
heavy-ion collisions

30

b Participants

Spectators

aka wounded nucleons

central collisions: 
small impact parameter b 
- high number of participants
- high energy density
- large volume 
-> large number of produced 
particles

peripheral collisions: 
large impact parameter b 
- low number of participants 
-> low multiplicity

Impact parameter b is measured as:
Fraction of cross section “centrality”
Number of participants
Number of nucleon-nucleon collisions

Peripheral Collision Central Collision Semi-Central Collision 

Int.	J.	Mod.Phys.	A29	(2014)	1430044		



ONE HEAVY ION COLLISION 
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 = several 1000 charged particles in the detector in central collisions!  



Particle multiplicity  
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Estimate of energy density 



ENERGY DENSITY 
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•  Can we estimate the energy density reached in the collision ? 
•  Important quantity: directly related to the possibility of observing the 

deconfinement transition (foreseen for ε ≥ 1 GeV/fm3) 
•  Consider colliding nuclei as thin pancakes (Lorentz-contraction) 

which, after crossing, leave an initial volume with a limited longitudinal 
extension, where the secondary particles are produced  11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

•  System undergoes rapid evolution, use 
1 fm/c as an upper limit for the time 
needed for “thermalisation” 

•  R2 = r0
2A2/3 = (1.25 fm)2 * 2082/3 for Pb 

•  ET = mT cosh y ~ mT  (for y ~ 0) 
•  Assume <mT> ~ 0.5 GeV (see later) 

•  dET/dy ~ <mT> dN/dy  



MEASURE PARTICLE MULTIPLICITY DENSITY 
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ALI-PUB-104920

Phys. Rev. Lett. 116, 222302 (2016) 

 
 

Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  With LHC data one gets                      
ε ~ 18 GeV/fm3 

•  Leads to densities above 
deconfinement transition (also at AGS) 

•  Caveat: only necessary not sufficient 
condition for QPG 

•  Warning: τf is expected to decrease 
when increasing √s  

Multiplicity and energy density 

24 

� The average energy of these particles is close to their average  
   transverse mass since E=mTcosh y ~ mT when yÆ0 
� Therefore the energy density at formation time can be obtained as 

Bjorken  
formula 

� Assuming Wf ~ 1 fm/c one gets 
    values larger than 1 GeV/fm3 ! 
    Compatible with phase transition 

� With LHC data one gets HBj ~ 15 GeV/fm3  

� Warning: Wf is expected to decrease when increasing �s 
� For example, at RHIC energies a more realistic value is Wf~0.35-0.5 fm/c 



Particle yields 
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Are particles produced as expected from a grand 
canonical system in chemical equilibrium? 



CHEMICAL COMPOSITION OF THE FIREBALL 
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•  measure the multiplicity of the various 
particles produced in the collision                  
à chemical composition 

•  The chemical composition of the fireball is 
sensitive to 

•  Degree of equilibrium of the fireball at 
(chemical) freeze-out  

•  Temperature Tch at chemical freeze-out 
•  Net-Baryonic content of the fireball 

•  This information is obtained through the use of statistical models 
•  Thermal and chemical equilibrium at chemical freeze-out assumed 
•  Write partition function and use statistical mechanics (grand-canonical 

ensemble) à assume hadron production is a statistical process 
•  System described as an ideal gas of hadrons and resonances 
•  Follows original ideas by Fermi (1950s) and Hagedorn (1960s) 

J. Stachel. K. Reygers | QGP physics SS2015 | 6. Space-time evolution of the QGP 2 

Space-time Evolution of A+A Collisions

Evolution described by relativistic
hydrodynamic models, which 
need initial conditions as input. 

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
Bjorken)

Hagedorn temperature:  
R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965) 



PARTICLE RATIOS AT LHC 
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Wheaton et al, Comput.Phys.Commun, 180 84 
Petran et al, arXiv:1310.5108 
Andronic et al, PLB 673 142 

24Particle ratios at the LHC

Pb+Pb: √sNN=2.76 TeV
Minimum χ2 for : Tch = 156±2 MeV and μB = 0 MeV (fixed)

arXiv:1407.5003

χ2/dof = 17.4/9 

● Ratios except p/π 
well described

● Disagreement for p/π 
may point to the 
relevance of other 
effects at LHC like

● Rescattering in 
hadronic phase

● Non-equilibrium effects
● Flavor-dependent 

freeze-out  

•  Ratios well described over 
7 orders of magnitude 

•  Small disagreement for p/π 
(only 2.8 σ) may point to 
the relevance of other 
effects at LHC like: 

•  Rescattering in 
hadronic phase  

•  Non-equilibrium effects 
•  Flavor-dependent 

freeze-out 



Radial flow 
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Are the particle pT distributions as expected from 
a thermal source in kinetic equilibrium?  

 



PARTICLE SPECTRA 
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•  Exponential behavior at low pT, in pp 
collisions 

•  ~ Identical for all hadrons  
•  Transverse mass (mT) scaling 

 

 

26Transverse mass (mT) scaling in pp collisions

● Exponential behavior

at low pT, in pp collisions 

● Identical for all hadrons 

● Transverse mass (mT) scaling

● Tslope ~ 170 MeV for all particles

● These distributions look like thermal spectra

● Tslope can be interpreted as the temperature at the time

when kinetic interactions between particles ended

● Kinetic freeze-out temperature (Tfo)
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pT and mT spectra 
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Evolution of pT spectra vs Tslope, 
higher T implies “flatter” spectra 

� Slightly different shape of spectra,  
   when plotted as a function of pT or mT 

THERMAL SOURCE 
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Small shape difference when plotting vs. pT instead of mT 

•  Evolution of pT spectra vs Tslope, higher T implies “flatter” spectra 
•  Tslope can be interpreted as the temperature at the time when kinetic 

interactions between particles ended 
•  Kinetic freeze-out temperature (Tfo)  
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Space-time Evolution of A+A Collisions

Evolution described by relativistic
hydrodynamic models, which 
need initial conditions as input. 

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
Bjorken)



COLLECTIVE RADIAL EXPANSION 
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•  high pressures generated when nuclear matter is heated and compressed 
 à Flow: collective motion of particles superimposed to thermal motion  

 
•  Due to the Flux velocity of an element of the system is given by the sum of 

the velocities of the particles in that element 
•  Collective flow is a correlation between the velocity v of a volume element 

and its space-time position 

Flow in heavy-ion collisions 

18 

x 

y vA 

vA 

� Flow: collective motion of particles superimposed to thermal motion 
� Due to the high pressures generated when nuclear matter is heated 
   and compressed 
� Flux velocity of an element of the system is given by the sum of the 
    velocities of the particles in that element 
� Collective flow is a correlation between the velocity v of a volume 
   element and its space-time position 



ALICE | Hirschegg 2016 | 2016-JAN-22 | A. Kalweit 

A Large Ion Collider Experiment

Radial and elliptic flow

• Explain radial and elliptic flow and mass ordering. 
• As I did it for LHCP in New York.

13

COLLECTIVE RADIAL EXPANSION 
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Pressure gradient in 
transverse plane leads to 
collective radial expansion 

Mass dependent hardening of spectrum 
Transverse mass (mT) scaling broken  

Tslope ~ Tfo + ½ mvT
2 



RADIAL FLOW AT LHC 
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•  hardening of the spectrum with increasing centrality 
•  more pronounced for the heavier protons than for pions. 

Radial Flow 
observed 
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ALICE, PRC 88, 044910 (2013) 

Low pT identified particle spectra (pT < 3-4 
GeV/c) sensitive to bulk properties: 
•  well described by modern 

hydrodynamic models (collective 
radial flow) 

•  Particle spectra harder than at lower 
beam energies (PHENIX at RHIC) 

•  Hydro models work reasonably well 
•  Blast-Wave fits (“simplified hydro 

model”) to pT spectra, parameters: 
à  ︎Radial flow velocity <β> ≈ 0.65 
à Kinetic freeze-out temp. Tfo ≈ 90 MeV 
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Did we create “matter” (collectivity)?
What are its properties? 
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ALICE | Hirschegg 2016 | 2016-JAN-22 | A. Kalweit 

A Large Ion Collider Experiment

Radial and elliptic flow

• Explain radial and elliptic flow and mass ordering. 
• As I did it for LHCP in New York.

13
Spatial anisotropy (eccentricity) 
of nuclear overlap zone 

Macroscopic – hydrodynamic picture 
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Azimuthal pressure gradients 
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Momentum space anisotropy 
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Macroscopic – hydrodynamic picture 
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A Large Ion Collider Experiment

Radial and elliptic flow

• Explain radial and elliptic flow and mass ordering. 
• As I did it for LHCP in New York.
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Spatial anisotropy (eccentricity) 
of nuclear overlap zone 

Uniform particle density 
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34Initial and final state anisotropy

Initial spatial anisotropy:
Eccentricity

Momentum space anisotropy:
Elliptic flow

v 2=〈cos (2ϕ−2Ψ R)〉

Interactions 
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φ

dN

d ϕ
∼1+2 v2 cos [2(ϕ−ψR)]+…
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cos 2φ modulation 

dN/dφ

(ψR=0 , ie. along x)
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(Process is self quenching)

Illustration with liquid 6Li, Science 298 5601 (2002) 2179-2182

Elliptic flow parameter: 

Fourier decomposition: 
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Eccentricity? 

Initial energy density? 
Event-by-event fluctuations? 

Medium transport parameters? 

Hadronic phase? 
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ALICE, Phys Rev Lett 116 (2016) 132302 

4-particle cumulant 
for 20-30% 

Large elliptic flow observed, how to explain? 
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39What's needed partonically to get v2?

Need large opacity to describe elliptic flow, ie elastic parton 
cross sections as large as inelastic the proton cross-section

Transverse momentum [GeV]

v2

Parton transport model:
Bolzmann equation with
2-to-2 gluon processes

HUGE (hadronic) 
cross sections needed 
to describe v2

D.Molnar, M.Gyulassy 
NPA 697 (2002)

Macroscopic description
possible?

Parton transport model: 
Boltzmann equation with 2-to-2 
gluon processes 
 
•  HUGE (hadronic) cross 

sections needed to describe v2 
 
•  Macroscopic description 

possible? 

D.Molnar, M.Gyulassy NPA 697 (2002) 
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•  Hydrodynamics works for all systems with short mean free path   
(compared to size scales of interest) 

•  Ingredients: 
•  Equation of state p(ε, ρB ): from lattice QCD  
•  Initial conditions (energy density in fluid cells): e.g. taking into 

account gluon saturation 
•  Values of transport coefficients of QCD: e.g. shear viscosity 
•  Freeze-out and conversion of energy densities into particles 

(after hydrodynamic evolution) 

Equation of State - QCD enters here
Need an equation of state p(") to close the set of hydro equations

Early days: 1st order phase transition EoS from MIT bag model
Today: EoS from lattice QCD + hadron resonance gas model
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Solid black: Parametrization from P. Huovinen, P. Petreczky, Nucl.Phys.A837:26-53 (2010) s95p-v*

HotQCD: HotQCD collaboration, Phys.Rev.D80:014504 (2009)

Laine: M. Laine and Y. Schröder, Phys. Rev. D73, 085009 (2006)

EoS L: H. Song and U. W. Heinz, Phys. Rev. C 78, 024902 (2008) using Wuppertal-Budapest results

Krakow: M. Chojnacki et al, Acta Phys. Polon. B 38, 3249 (2007) and Phys. Rev. C 78, 014905 (2008)

also S. Borsanyi et al, JHEP 1011:077 (2010)
Björn Schenke (BNL) QM2012 18/42

Initial energy densities
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MC-KLN
uses kT -
factorization

MC-KLN: Drescher, Nara, nucl-th/0611017
mckln-3.52 from http://physics.baruch.cuny.edu/files/CGC/CGC_IC.html with defaults, energy density scaling

Björn Schenke (BNL) QM2012 16/42
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Integrated vn measured up to 
v6 using cumulants 

ALICE | Hirschegg 2016 | 2016-JAN-22 | A. Kalweit 

A Large Ion Collider Experiment

Radial and elliptic flow

• Explain radial and elliptic flow and mass ordering. 
• As I did it for LHCP in New York.

13

Not only large v2,  
but also odd harmonics 
(in a symmetric system?) 

ALICE | Hirschegg 2016 | 2016-JAN-22 | A. Kalweit 

A Large Ion Collider Experiment

Radial and elliptic flow

• Explain radial and elliptic flow and mass ordering. 
• As I did it for LHCP in New York.
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47Higher harmonics and viscosity

Initial spatial anisotropy not smooth, leads 
to higher harmonics / symmetry planes.
dN

d ϕ
∼1+ 2 v2 cos [2(ϕ−ψ2)]+ 2v3 cos [3(ϕ−ψ3)]

+ 2v 4 cos[ 4(ϕ−ψ4)]+ 2v5 cos [5 (ϕ−ψ5)]+ …

Alver, Roland

Schenke et al., PRL 110 (2013) 012302
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Observable: Shear viscosity over entropy η/s  

e/
s 

η
/s

 / 
(1

/4
π 

~ 
0.

08
) 

C. Shen, U. Heinz, Nucl.Phys.News 25 (2015) no.2, 6-11 
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Observable: Shear viscosity over entropy η/s  

H. Song, S. A. Bass, U. Heinz, T. Hirano and C. Shen,  
Phys. Rev. Lett. 106, 192301 (2011). 
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FIG. 1. (Color online) (a) Centrality dependence of the charged hadron rapidity density per participant pair
(dNch/dy)/(Npart/2). Experimental data are from STAR [33] and PHOBOS [37], using dNch/dy=1.16 dNch/dη for PHO-
BOS. Theoretical lines are explained in the text. (b) Eccentricity-scaled elliptic flow v2/ε as function of multiplicity density
(1/S)dNch/dy, for different values of (η/s)QGP. Here and in Fig. 2 v2 is integrated with the same cuts as in the STAR data
[38]: 0.15GeV/c< pT < 2GeV/c, |η|< 1. The overlap area S is always from the same initial state model as the eccentricity ε
(see text). Note the universality of this theoretical relation, independent of the model used for calculating ε and S. Panels (a)
and (b) use the same colors and symbols but for clarity not all corresponding curves are shown in both panels.

in the transverse plane is determined (via the EOS) from
the initial entropy density distribution s(r, τ0; b) which
we compute, alternatively, from two geometric models
discussed below. For the shear viscous pressure tensor
we use Navier-Stokes initial conditions [8], noting that
the system loses memory after a few relaxation times τπ
where τπ =

3η
sT = O(0.2 fm/c) [22]. We ignore bulk vis-

cosity due to its small effect on pT -spectra and v2 [23].

The key driver for the elliptic flow generated in the col-

lision is the initial source eccentricity ε= ⟨y2−x2⟩
⟨y2+x2⟩ where x

and y label the coordinates along the short and long ma-
jor axes of the fireball in the transverse plane. ε is com-
puted from the initial entropy density after thermaliza-
tion [24]. For a quantitative comparison with experiment
we account for event-by-event fluctuations of ε [25] as
follows: For each impact parameter, we generate an en-
semble of initial entropy density distributions by Monte
Carlo (MC) sampling an analytic model of the collision
geometry, recentering and rotating each distribution such
that its short major axis x aligns with the direction of
the impact parameter. The plane defined by the short
major axis and the beam direction (x−z plane) is called
“participant plane”, and the eccentricity using this def-
inition of x is denoted as εpart. Superimposing many
such events yields a relatively smooth input distribution
for hydrodynamic evolution, with an average eccentricity
⟨εpart⟩. The resulting elliptic flow is interpreted as the
event-average ⟨v2⟩ for the selected centrality class.

Experimental methods for extracting the elliptic flow
[26] typically do not yield ⟨v2⟩. For example, the 2-
particle cumulant, denoted by v2{2}, includes event-by-
event flow fluctuations, plus so-called “non-flow” contri-

butions that are outside the purview of hydrodynamics
[27, 28]. Fortunately, recent work [28] removed these fluc-
tuation and non-flow contributions from the measured el-
liptic flow, thereby providing experimental values for ⟨v2⟩
that can be normalized by ⟨εpart⟩ for a direct comparison

with theory. In the absence of non-flow, v2{2}≈
√

⟨v22⟩;
assuming [28]

√

⟨v22⟩≈
⟨v2⟩

⟨εpart⟩

√

⟨ε2part⟩ [29], the experi-

mentally determined left side can then again be compared
with the theoretically computed right side. We show such
a comparison below to check consistency.

To compute the initial entropy density distribution in
the transverse plane we use MC versions of the Glauber
[31] and fKLN [32] models; for a detailed description
of our procedure see [24]. The models are tuned to
reproduce the measured collision centrality dependence
of dNch/dy. Figure 1(a) shows that, for all permissible
combinations of τ0 and η/s and both MC-Glauber and
MC-KLN models for the initial density distribution, the
measured centrality dependence of dNch/dy is well repro-
duced. The same holds for the slopes of pion and proton
spectra at all centralities [21]. (Following STAR [33],
dNch/dy does not include charged hyperons and weak
decay products.) Two additional curves for initial MC-
Glauber and MC-KLN densities with uniformly reduced
(by ∼ 10%) final multiplicities are shown to demonstrate
that, as long as the overall trend is preserved, small dif-
ferences in dNch/dy extracted from STAR, PHOBOS and
PHENIX measurements do not influence our conclusions.

Figure 1(b) shows the key theoretical result of the
present study: the relation between eccentricity scaled el-
liptic flow v2/ε and multiplicity density (1/S)dNch/dy is
approximately universal (at least for fixed

√
s), depend-
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Collision energy dependence of 
η/s? 

EVENT-BY-EVENT FLUCTUATIONS IN A PERTURBATIVE . . . PHYSICAL REVIEW C 93, 024907 (2016)

how sensitive (or, in some cases insensitive) the considered
LHC and RHIC observables are to the shear viscosity, we study
here the set of different parametrizations of η/s(T ) given in
Sec. II C.

In Sec. III we explain in detail how the NLO-improved
pQCD + saturation initial conditions are obtained EbyE, first
addressing the infrared (IR) and collinear (CL) safe NLO
calculation of minijet transverse energy and the conjecture
of saturation to obtain the saturation momentum psat locally
in each transverse location. Accounting for the geometrical
fluctuations of nucleon positions and exploiting the exclusive
electroproduction measurement of J/ψ mesons at Hadron-
Electron Ring Accelerator (HERA) at DESY [67], we build
up the initial gluon clouds in the colliding nuclei. The key
point enabling the EbyE framework in our case in practice
is the scaling of psat with the product of nuclear thickness
functions of the colliding nuclei [59,68]. From the local psat
we then form the EbyE EKRT initial conditions, i.e., the
energy densities and formation times locally in the transverse
plane, addressing also the “prethermal” evolution to a constant
longitudinal proper time τ0 = 0.2 fm at which we start the
fluid-dynamical simulation. Centrality selection and entropy
production during the fluid-dynamical evolution in the EbyE
case are demonstrated. Examples of the EKRT initial energy
densities and eccentricities vs centrality are given, and the
effects of the key parameters in our framework on the centrality
dependence of the initial-state entropy, eccentricities, and psat,
are charted.

Section IV summarizes the definitions of the flow-related
observables, the vn coefficients from two-, three-, and four-
particle cumulants, and event-plane angle correlations, which
we compute in the EbyE EKRT framework and compare with
experimental data.

Section V contains the results from the new EbyE EKRT
framework. We perform a systematic multiobservable analysis,
simultaneously for Pb + Pb collisions at the LHC and for the
Au + Au collisions at the top energy of RHIC. We study the
centrality dependence of charged hadron multiplicities, pT

spectra, average pT ’s of the identified bulk hadrons, and, in
particular, the charged hadron flow coefficients and event-
plane angle correlations. Also, the probability distributions
of the relative fluctuations of elliptic flow (δv2) are computed
and compared with LHC data as well as with the relative initial
eccentricity fluctuations (δϵ2,δϵ1,2) in our EbyE EKRT setup.
The necessity of fluid dynamics in understanding the centrality
systematics of these quantities is demonstrated.

In Sec. VI we discuss the applicability limits of the pQCD
+ saturation + fluid dynamics framework in the light of the
computed flow coefficients and event-plane angle correlations,
demonstrating the effects of the δf corrections and showing
where these effects start to become too large to be trusted.

The main conclusions from our new EbyE EKRT frame-
work, discussed in Sec. VII, can be summarized as follows:
The computed centrality dependence of charged hadron
multiplicities, low-pT spectra, flow coefficients at the LHC
and RHIC, and even the event-plane angle correlations at
the LHC all agree very well with experimental data for
η/s(T ) = param1, i.e., when η/s(T ) is modestly rising with
T in the QGP and where η/s(T ) remains small in the hadron

FIG. 1. Parametrizations of the temperature dependence of the
shear-viscosity to entropy ratio, labeled here in the order of increasing
η/s at T = 100 MeV. For more details, see the text and Table I.

gas phase; see Fig. 1. An equally good overall agreement is
obtained with a constant η/s = 0.2. In particular, we strongly
emphasize the necessity for a simultaneous analysis of LHC
and RHIC observables, from which one can obtain sufficiently
independent probes simultaneously for the computed initial
states, for the QCD matter η/s(T ) and also for the applicability
of the fluid-dynamical framework: especially, the measured
centrality systematics of the probability distributions of δv2
test the computed initial states, while the LHC and RHIC
flow-coefficient systematics together with the LHC event-
plane angle correlations constrain the η/s(T ) remarkably
consistently.

II. FLUID DYNAMICS

Fluid dynamics emerges as an approximation to the space-
time evolution of the system when the microscopic scales
are small compared to the macroscopic scales like the size
of the system. Basic equations for fluid dynamics are the
conservation laws ∂µT µν = 0, and ∂µN

µ
i = 0, where T µν

is the energy-momentum tensor and N
µ
i are the possible

additional conserved currents (charge, baryon number, particle
number, etc.). In general, T µν and Nµ can be decomposed with
respect to the fluid 4-velocity uµ, defined in the Landau frame
euµ = T µνuν , as

T µν = euµuν − P(µν + πµν, (1)

N
µ
i = niu

µ + n
µ
i , (2)

where e = T µνuµuν is the local energy density, P = P0 + *
is the isotropic pressure (sum of equilibrium pressure P0 and
bulk viscous pressure *), πµν = T ⟨µν⟩ is the shear-stress
tensor, ni = N

µ
i uµ are the local particle densities, and n

µ
i =

N
⟨µ⟩
i are the particle diffusion currents. The angular brackets

indicate the projection operators that take the symmetric and
traceless part of the tensor that is orthogonal to the fluid

024907-3

09/17/17 A. Dobrin - IS2017 29

Integrated v
n
 

● Integrated vn measured up to v6 using cumulants
● Constrain initial conditions and η/s(T)

– Data favor fixed η/s = 0.2 for EKRT initial conditions

H. Niemi et al., PRC 93, 014912 (2016)



CONSTRAINING VISCOSITY OF QCD MATTER 
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ALI-PREL-120937
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Integrated v
n
 

● Integrated vn measured up to v6 using cumulants
● Constrain initial conditions and η/s(T)

– Data favor fixed η/s = 0.2 for EKRT initial conditions

H. Niemi et al., PRC 93, 014912 (2016)

Collision energy dependence of 
η/s? à Ratio comparison 

Perfect liquid (RHIC, 2005): 
Strongly coupled Quark-Gluon 
Plasma 
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IDENTIFIED PARTICLES V2 
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•  Low pT (pT < 2 GeV/c): mass ordering ➜ elliptic/radial flow interplay 
•  Well described by hydrodynamic models 
•  φ meson different ➜ importance of hadronic rescattering phase? 



HEAVY QUARKS FLOW 
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ALICE, arXiv:1709.05260 [nucl-ex] 
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ALI−PUB−138837

More on heavy quarks: 
See next talk 



AND EVEN LIGHT NUCLEI FLOW 
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Deuterons follow the expected mass ordering  

ALICE, arXiv:1707.07304 [nucl-ex] 
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Small systems 
Some surprising findings in the last years  

ALICE, Nature Physics 13 (2017) 535-539 



TRANSVERSE MOMENTUM SPECTRA 
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In high multiplicity p-Pb collisions at 
LHC (also in d-Au at RHIC) 
•  Hardening of spectra 
•  Mass ordering 
•  Hydrodynamic models (EPOS, 

Krakow) show a better agreement 
than QCD inspired models 
(DPMJET) 

•  Blast wave fits describes spectra 
reasonably well à radial flow 
velocity <β> ≈ 0.55 

Radial Flow in p-Pb collisions? 

ALICE, Phys. Lett. B 728 (2014) 25-38 
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ANISOTROPIC FLOW 
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Mass ordering in p-Pb collisions 
Qualitative similar picture of v2 for 
identified particles as in Pb-Pb 

ALICE, Phys. Lett. B 726 (2013) 164–177  

Elliptic Flow in p-Pb collisions? 



STRANGENESS 
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ALI-PUB-106886

ALICE, Nature Physics 13 (2017) 535-539 

•  Strangeness enhancement thought to be 
signature of deconfined matter 

•  BUT: smooth evolution with increasing multiplicity 
•  Slope depends on strangeness content 

ALI-PUB-106878



J. Stachel. K. Reygers | QGP physics SS2015 | 6. Space-time evolution of the QGP 2 

Space-time Evolution of A+A Collisions

Evolution described by relativistic
hydrodynamic models, which 
need initial conditions as input. 

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
Bjorken)

SUMMARY 
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Soft probes 

Collective phenomena 

Kinetic freeze-out ~ 90 MeV 
Radial flow velocity ~ 0.65 c 

Chemical freeze-out 
~ 160 MeV 
(grand-canonical) 

Viscous hydrodynamics 
η/s ~ 0.2 

Density fluctuations 

Reference? 

dN/dη ≈ 2000 
(central PbPb at 5 TeV) 
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BACKUP 



HAGEDORN PICTURE 
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R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965) 

€ 

dNParticles

dM
~ exp M

TH
⎛ 
⎝ 
⎜ ⎞ 

⎠ 
⎟ 

Broniowski, et.al. 2004 

From W. Broniowski et al.,  
Phys. Rev. D 70, 117503 (2004)  

Statistical Bootstrap model: 
Number of hadronic resonances increases 
exponentially with the mass m of the resonances 

From CERN Courier, Sep 2003 



HAGEDORN PICTURE 
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R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965) 

Consider an interacting gas of resonances, partition function:  

n(T ) =
∂ ln Z (T,V )

∂ V
≃
1
π2

T 3, (11)

and so the average energy per particle is given by

ω ≃ 3 T. (12)
The important feature to learn from these relations is that, in the case of an ideal gas of one
species of elementary particles, an increase of the energy of the system has three consequences:
it leads to

• a higher temperature,
• more constituents, and
• more energetic constituents.

If we now consider an interacting gas of such basic hadrons and postulate that the essential form
of the interaction is resonance formation, then we can approximate the interacting medium as
a non-interacting gas of all possible resonance species [11, 12]. The partition function of this
resonance gas is

lnZ (T,V ) =∑
i

VTm2i
2π2

ρ(mi) K2(
mi
T
) (13)

where the sum begins with the stable ground state m0 and then includes the possible resonances
mi, i = 1,2, ... with weights ρ(mi) relative to m0. Clearly the crucial question here is how
to specify ρ(mi), how many states there are of mass mi. It is only at this point that hadron
dynamics enters, and it is here that Hagedorn introduced the result obtained in his statistical
bootstrap model.
As we had seen above in eq. (5), the density of states then increases exponentially in m, with
a coefficient T−1

H determined by eq. (6) in terms of two parameters V0 and m0. If we replace
the sum in the resonance gas partition function (13) by an integral and insert the exponentially
growing mass spectrum (5), eq. (13) becomes

lnZ (T,V)≃
VT
2π2

∫

dm m2ρ(mi) K2(
mi
T
)

∼V
[

T
2π

]3/2 ∫

dm m−3/2 exp{−m
[

1
T
−
1
TH

]

}. (14)

Evidently, the result is divergent for all T > TH : in other words, TH is the highest posssible
temperature of hadronic matter. Moreover, if we compare such a system with the ideal gas of
only basic particles ( a “pion” gas), we find

pion gas resonance gas
nπ ∼ ε3/4 nres ∼ ε
ωπ ∼ ε1/4 ωres ∼ const.

Here n denotes the average number density of constituents, ω the average energy of a con-
stituent. In contrast to to the pion gas, an increase of energy now leads to

7
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temperature of hadronic matter. Moreover, if we compare such a system with the ideal gas of
only basic particles ( a “pion” gas), we find

pion gas resonance gas
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ωπ ∼ ε1/4 ωres ∼ const.

Here n denotes the average number density of constituents, ω the average energy of a con-
stituent. In contrast to to the pion gas, an increase of energy now leads to

7

With exponential behaviour (see previous slide):  

Divergent, for T > TH: 
à Limiting “Hagedorn temperature” 
à TH ~ 150 MeV  

 K. Redlich, H. Satz, arXiv:1501.07523 [hep-ph] 
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WE Heraeus physics school | 24.-30.09.2017 | Michael Weber (SMI) 56 

•  Statistical models of hadronization 
•  Use hadron resonance gas with masses < 2 GeV/c 

•  Yield per species for a grand-canonical ensemble: 

•  Here, Ei is the energy and gi is the degeneracy of the species i, and µB, µS, 
µ3 are baryon, strangeness and isospin chemical potentials, respectively 

•  In principle, 5 unknowns but also have information from initial state about 
Ns neutron and Zs stopped protons 

•  Only three parameters remain: V, µB and T 
•  Typically use ratio of particle yields between various species to determine 

µB and T 

20Statistical models

● Statistical models of hadronization 

● Use hadron resonance gas with masses < 2 GeV/c 

– Well known hadron spectra and decay chains

● Yield per species for a grand-canonical ensemble

● Here, Ei is the energy and gi is the degeneracy of the species i, 
and μB, μS, μ3 are baryon, strangeness and isospin chemical 
potentials, respectively 

● In principle, 5 unknowns but also have 
information from initial state about 
Ns neutron and Zs stopped protons

● Only three parameters remain: V, μB and T 

● Typically use ratio of particle yields between 
various species to determine μB and T  

20Statistical models

● Statistical models of hadronization 

● Use hadron resonance gas with masses < 2 GeV/c 

– Well known hadron spectra and decay chains

● Yield per species for a grand-canonical ensemble

● Here, Ei is the energy and gi is the degeneracy of the species i, 
and μB, μS, μ3 are baryon, strangeness and isospin chemical 
potentials, respectively 

● In principle, 5 unknowns but also have 
information from initial state about 
Ns neutron and Zs stopped protons

● Only three parameters remain: V, μB and T 

● Typically use ratio of particle yields between 
various species to determine μB and T  



BLAST WAVE MODEL 
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29Decoupling motion: Blast wave description

● Consider a thermal Boltzman source

Schnedermann et al., PRC 48 (1993) 2462

● Boost source radially with a velocity β and evaluate at y=0

with

Three parameters: T,βs and n
(sometimes n=2 is fixed)

● Simple assumption: Consider uniform sphere of radius R 

and parametrize surface velocity as  



GEOMETRIC AND MOMENTUM ANISOTROPY 
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Elliptic flow - characteristics 

28 

� The geometric anisotropy (HX= elliptic deformation of the fireball) 
   decreases with time 
� The momentum anisotropy (Hp , which is the real observable), according 
    to hydrodynamic models: 

� grows quickly in the QGP state (W < 2-3 fm/c)  
� remains constant during the phase transition (2<W<5 fm/c), which in  
   the models is assumed to be first-order 

� Increases slightly in the hadronic phase (W > 5 fm/c)  

From hydrodynamic models: 
•  Geometric anisotropy (εX= elliptic 

deformation of the fireball) decreases 
with time 

•  Momentum anisotropy (εp, actual 
observable): 

•  grows quickly in the QGP state   
(τ < 2-3 fm/c) 

•  remains constant during the 
phase transition (2<τ<5 fm/c), 
which in the models is assumed 
to be first-order 

•  Increases slightly in the hadronic 
phase (τ > 5 fm/c) 

How can we measure this? 



EQUATION OF STATE 
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Equation of State - QCD enters here
Need an equation of state p(") to close the set of hydro equations

Early days: 1st order phase transition EoS from MIT bag model
Today: EoS from lattice QCD + hadron resonance gas model
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Solid black: Parametrization from P. Huovinen, P. Petreczky, Nucl.Phys.A837:26-53 (2010) s95p-v*

HotQCD: HotQCD collaboration, Phys.Rev.D80:014504 (2009)

Laine: M. Laine and Y. Schröder, Phys. Rev. D73, 085009 (2006)

EoS L: H. Song and U. W. Heinz, Phys. Rev. C 78, 024902 (2008) using Wuppertal-Budapest results

Krakow: M. Chojnacki et al, Acta Phys. Polon. B 38, 3249 (2007) and Phys. Rev. C 78, 014905 (2008)

also S. Borsanyi et al, JHEP 1011:077 (2010)
Björn Schenke (BNL) QM2012 18/42

Need an equation of state p(ε) to close the set of hydro equations:  
•  Early days: 1st order phase transition EoS from MIT bag model  
•  Today: EoS from lattice QCD + hadron resonance gas model  
 



Initial energy densities

IP-Glasma

⌧ = 0.2 fm

MC-Glauber
geometry

MC-KLN
uses kT -
factorization

MC-KLN: Drescher, Nara, nucl-th/0611017
mckln-3.52 from http://physics.baruch.cuny.edu/files/CGC/CGC_IC.html with defaults, energy density scaling

Björn Schenke (BNL) QM2012 16/42

INITIAL CONDITIONS 
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•  MC-Glauber: geometric model determining wounded nucleons based on the 
inelastic cross section (different implementations) 

•  MC-KLN: Color-Glass-Condensate (CGC) based model using kT –factorization 
•  IP-Glasma: Recent CGC based model using classical Yang-Mills evolution of 

early-time gluon fields, including additional fluctuations in the particle 
production 

•  Also hadronic cascades UrQMD or NEXUS and partonic cascades (e.g. 
BAMPS) can provide initial conditions 

Initial energy densities

IP-Glasma

⌧ = 0.2 fm

MC-Glauber
geometry

MC-KLN
uses kT -
factorization

MC-KLN: Drescher, Nara, nucl-th/0611017
mckln-3.52 from http://physics.baruch.cuny.edu/files/CGC/CGC_IC.html with defaults, energy density scaling

Björn Schenke (BNL) QM2012 16/42
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41Effect of viscosity

Heinz, arXiv:0901.4355

Early calculations at RHIC were done with η/s=0. 
Today small values between (1-3)/4π used.

KSS bound

•  Usually divided by entropy: η/s 

•  Early hydro models (at RHIC) were done with   η/s=0. 
Today small values between (1-3)/4π used. 



HYDRO TIMELINE 
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02/09/15 A. Dobrin - WCF 19

What have we learned?

 

C. Gale et al, Int. J. Mod. Phys. A 28, 1340011 (2013)

U. Heinz and R. Snellings,
Ann.Rev.Nucl.Part.Sci. 63, 123 (2013)

● Shear viscosity can be further constrained from parton energy loss

● We start constraining the lattice QCD Equation of State (EoS)

● We have a good description of the initial spatial densities from IP-Glasma  



EXPERIMENTAL FLOW METHODS 
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•  Usage	of	two-par.cle	azimuthal	correla.ons	instead	of	event	plane:	

ALI-PUB-14107

ALICE, Phys Lett B 708 (2012) 249–264 

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

First measurements, in particular of v3 and v5 have been reported
recently [17,31,41].

These higher-order harmonics contribute to the previously-
described structures observed in trigger-associated particle corre-
lations via the expression

dNpairs

d!φ
∝ 1 +

∞∑

n=1

2vn
(

pt
T

)
vn

(
pa

T

)
cos(n!φ). (2)

Similarly, the measured anisotropy from two-particle correla-
tions at harmonic order n is given by Vn!:

dNpairs

d!φ
∝ 1 +

∞∑

n=1

2Vn!

(
pt

T , pa
T

)
cos(n!φ). (3)

In this Letter, we present a measurement of the Vn! coeffi-
cients from triggered, pseudorapidity-separated (|!η| > 0.8) pair
azimuthal correlations in Pb–Pb collisions in different central-
ity classes and in several transverse momentum intervals. Details
of the experimental setup and analysis are described in Sec-
tions 2 and 3, respectively. The goal of the analysis is to quan-
titatively study the connection between the measured two-particle
anisotropy Vn! of Eq. (3) and the inclusive-particle harmonics
of Eq. (2). Specifically, we check whether a set of single-valued
vn(pT ) points can be identified that describe the measured long-
range anisotropy via the relation vn(pt

T )vn(pa
T ) = Vn!(pt

T , pa
T ). If

so, Vn! is said to factorize into single-particle Fourier coefficients
within the relevant pt

T , pa
T region. This relationship is tested for

different harmonics n and in different centrality classes by per-
forming a global fit (GF) over all pt,a

T bins (see Section 4). The
global fit procedure results in the coefficients vn{GF}(pT ) that best
describe the anisotropy given by the Vn!(pt

T , pa
T ) harmonics as

vn{GF}(pt
T )× vn{GF}(pa

T ). The resulting vn{GF} values for 1 < n ! 5
are presented in Section 5. A summary is given in Section 6.

2. Experimental setup and data analysis

The data used in this analysis were collected with the ALICE de-
tector in the first Pb–Pb run at the LHC (November 2010). Charged
particles are tracked using the Time Projection Chamber (TPC),
whose acceptance enables particle reconstruction within −1.0 <
η < 1.0. Primary vertex information is provided by both the TPC
and the silicon pixel detector (SPD), which consists of two cylindri-
cal layers of hybrid silicon pixel assemblies covering |η| < 2.0 and
|η| < 1.4 for the inner and outer layers, respectively. Two VZERO
counters, each containing two arrays of 32 scintillator tiles and
covering 2.8 < η < 5.1 (VZERO-A) and −3.7 < η < −1.7 (VZERO-C),
provide amplitude and time information for triggering and central-
ity determination. The trigger was configured for high efficiency to
accept inelastic hadronic collisions. The trigger is defined by a co-
incidence of the following three conditions: i) two pixel hits in
the outer layer of the SPD, ii) a hit in VZERO-A, and iii) a hit in
VZERO-C.

Electromagnetically induced interactions are rejected by requir-
ing an energy deposition above 500 GeV in each of the Zero Degree
Calorimeters (ZDCs) positioned at ±114 m from the interaction
point. Beam background events are removed using the VZERO and
ZDC timing information. The combined trigger and selection effi-
ciency is estimated from a variety of Monte Carlo (MC) studies.
This efficiency ranges from 97% to 99% and has a purity of 100%
in the 0–90% centrality range. The dataset for this analysis in-
cludes approximately 13 million events. Centrality was determined
by the procedure described in Ref. [42]. The centrality resolution,
obtained by correlating the centrality estimates of the VZERO, SPD
and TPC detectors, is found to be about 0.5% RMS for the 0–10%

most central collisions, allowing centrality binning in widths of 1
or 2 percentiles in this range.

This analysis uses charged particle tracks from the ALICE TPC
having transverse momenta from 0.25 to 15 GeV/c. The momen-
tum resolution σ (pT )/pT rises with pT and ranges from 1–2%
below 2 GeV/c up to 10–15% near 15 GeV/c, with a negligible
dependence on occupancy. Collision vertices are determined using
both the TPC and SPD. Collisions at a longitudinal position greater
than 10 cm from the nominal interaction point are rejected. The
closest-approach distance between each track and the primary ver-
tex is required to be within 3.2 (2.4) cm in the longitudinal (radial)
direction. At least 70 TPC pad rows must be traversed by each
track, out of which 50 TPC clusters must be assigned. In addition,
a track fit is applied requiring χ2 per TPC cluster ! 4 (with 2 de-
grees of freedom per cluster).

3. Two-particle correlation function and Fourier analysis

The two-particle correlation observable measured here is the
correlation function C(!φ,!η), where the pair angles !φ and
!η are measured with respect to the trigger particle. The corre-
lations induced by imperfections in detector acceptance and effi-
ciency are removed via division by a mixed-event pair distribu-
tion Nmixed(!φ,!η), in which a trigger particle from a particular
event is paired with associated particles from separate events. This
acceptance correction procedure removes structure in the angu-
lar distribution that arises from non-uniform acceptance and effi-
ciency, so that only physical correlations remain. Within a given
pt

T , pa
T , and centrality interval, the correlation function is defined

as

C(!φ,!η) ≡ Nmixed

Nsame
× Nsame(!φ,!η)

Nmixed(!φ,!η)
. (4)

The ratio of mixed-event to same-event pair counts is included as
a normalization prefactor such that a completely uncorrelated pair
sample lies at unity for all angles. For Nmixed(!φ,!η), events are
combined within similar categories of collision vertex position so
that the acceptance shape is closely reproduced, and within sim-
ilar centrality classes to minimize effects of residual multiplicity
correlations. To optimize mixing accuracy on the one hand and sta-
tistical precision on the other, the event mixing bins vary in width
from 1 to 10% in centrality and 2 to 4 cm in longitudinal vertex
position.

It is instructive to consider the two examples of C(!φ,!η)
from Fig. 1 to be representative of distinct kinematic categories.
The first is the “bulk-dominated” regime, where hydrodynamic
modeling has been demonstrated to give a good description of the
data from heavy-ion collisions [1–5]. We designate particles with
pt

T (thus also pa
T ) below 3–4 GeV/c as belonging to this region

for clarity of discussion (see Fig. 1, left). A second category is the
“jet-dominated” regime, where both particles are at high momenta
(pa

T > 6 GeV/c), and pairs from the same di-jet dominate the cor-
relation structures (see Fig. 1, right).

A major goal of this analysis is to quantitatively study the evo-
lution of the correlation shapes between these two regimes as a
function of centrality and transverse momentum. In order to re-
duce contributions from the near-side peak, we focus on the corre-
lation features at long range in relative pseudorapidity by requiring
|!η| > 0.8. This gap is selected to be as large as possible while still
allowing good statistical precision within the TPC acceptance. The
projection of C(!φ, |!η| > 0.8) into !φ is denoted as C(!φ).

An example of C(!φ) from central Pb–Pb collisions in the bulk-
dominated regime is shown in Fig. 2 (left). The prominent near-
side peak is an azimuthal projection of the ridge seen in Fig. 1.
In this very central collision class (0–2%), a distinct doubly-peaked
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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To understand the process of obtaining a certain shape in (Δη ,Δφ ) coordinates for minijets we look at
jets as streams of particles. While looking at pairs of particles coming from jets, there are two basic
options; see figure 2:

1. Both particles come from the same jet. In this case both particles are going in almost the same
direction; therefore, there is a small difference between their azimuthal angles, Δφ , and also a
small difference of their polar angle Δθ , and therefore (by η = − ln tan(θ/2)) small Δη . Pairs of
particles from the same jet form a minijet peak centered at (0,0) — later referred to as near-side
peak.

2. Particles are from two opposite back-to-back jets. Then, Δφ is close to 180◦. But there is no strong
correlation in Δθ . θ depends on how jets are correlated in η ; so, for many events and many jets,
Δη is almost uniform, producing a wide ridge for Δφ = π — later referred to as away-side ridge.

Fig. 2: The contribution of the minijets on the ΔηΔφ correlation function. Particles coming from the same minijet
produce the near-side peak (red), and particles from two opposite back-to-back jets produce the away-side ridge
(blue).

Figure 3 shows the ΔηΔφ correlation function for the 7 TeV pp collision data with contributions coming
from minijets marked with a dashed line.

Bose-Einstein correlations

By the statistics of quantum mechanics identical particles “like to be produced together” if they are
bosons. Literally speaking, it means that pairs of identical bosons are likely to be emitted in similar
direction, with small Δη and Δφ . Therefore we have an additional contribution from this kind of corre-
lations to the near-side peak. Figure 4 shows contribution coming from Bose-Einsein correlations.

Elliptic flow

Collective effects introduce correlations among particles which manifest as a contribution from the
anisotropy parameter (v2 =< cos2φ >) – elliptic flow - that adds a cos(2Δφ) type oscillation. Since
collective effects are expected in heavy-ion collisions we omit this contribution in the pp minimum bias
data.
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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First measurements, in particular of v3 and v5 have been reported
recently [17,31,41].

These higher-order harmonics contribute to the previously-
described structures observed in trigger-associated particle corre-
lations via the expression

dNpairs

d!φ
∝ 1 +

∞∑

n=1

2vn
(

pt
T

)
vn

(
pa

T

)
cos(n!φ). (2)

Similarly, the measured anisotropy from two-particle correla-
tions at harmonic order n is given by Vn!:

dNpairs

d!φ
∝ 1 +

∞∑

n=1

2Vn!

(
pt

T , pa
T

)
cos(n!φ). (3)

In this Letter, we present a measurement of the Vn! coeffi-
cients from triggered, pseudorapidity-separated (|!η| > 0.8) pair
azimuthal correlations in Pb–Pb collisions in different central-
ity classes and in several transverse momentum intervals. Details
of the experimental setup and analysis are described in Sec-
tions 2 and 3, respectively. The goal of the analysis is to quan-
titatively study the connection between the measured two-particle
anisotropy Vn! of Eq. (3) and the inclusive-particle harmonics
of Eq. (2). Specifically, we check whether a set of single-valued
vn(pT ) points can be identified that describe the measured long-
range anisotropy via the relation vn(pt

T )vn(pa
T ) = Vn!(pt

T , pa
T ). If

so, Vn! is said to factorize into single-particle Fourier coefficients
within the relevant pt

T , pa
T region. This relationship is tested for

different harmonics n and in different centrality classes by per-
forming a global fit (GF) over all pt,a

T bins (see Section 4). The
global fit procedure results in the coefficients vn{GF}(pT ) that best
describe the anisotropy given by the Vn!(pt

T , pa
T ) harmonics as

vn{GF}(pt
T )× vn{GF}(pa

T ). The resulting vn{GF} values for 1 < n ! 5
are presented in Section 5. A summary is given in Section 6.

2. Experimental setup and data analysis

The data used in this analysis were collected with the ALICE de-
tector in the first Pb–Pb run at the LHC (November 2010). Charged
particles are tracked using the Time Projection Chamber (TPC),
whose acceptance enables particle reconstruction within −1.0 <
η < 1.0. Primary vertex information is provided by both the TPC
and the silicon pixel detector (SPD), which consists of two cylindri-
cal layers of hybrid silicon pixel assemblies covering |η| < 2.0 and
|η| < 1.4 for the inner and outer layers, respectively. Two VZERO
counters, each containing two arrays of 32 scintillator tiles and
covering 2.8 < η < 5.1 (VZERO-A) and −3.7 < η < −1.7 (VZERO-C),
provide amplitude and time information for triggering and central-
ity determination. The trigger was configured for high efficiency to
accept inelastic hadronic collisions. The trigger is defined by a co-
incidence of the following three conditions: i) two pixel hits in
the outer layer of the SPD, ii) a hit in VZERO-A, and iii) a hit in
VZERO-C.

Electromagnetically induced interactions are rejected by requir-
ing an energy deposition above 500 GeV in each of the Zero Degree
Calorimeters (ZDCs) positioned at ±114 m from the interaction
point. Beam background events are removed using the VZERO and
ZDC timing information. The combined trigger and selection effi-
ciency is estimated from a variety of Monte Carlo (MC) studies.
This efficiency ranges from 97% to 99% and has a purity of 100%
in the 0–90% centrality range. The dataset for this analysis in-
cludes approximately 13 million events. Centrality was determined
by the procedure described in Ref. [42]. The centrality resolution,
obtained by correlating the centrality estimates of the VZERO, SPD
and TPC detectors, is found to be about 0.5% RMS for the 0–10%

most central collisions, allowing centrality binning in widths of 1
or 2 percentiles in this range.

This analysis uses charged particle tracks from the ALICE TPC
having transverse momenta from 0.25 to 15 GeV/c. The momen-
tum resolution σ (pT )/pT rises with pT and ranges from 1–2%
below 2 GeV/c up to 10–15% near 15 GeV/c, with a negligible
dependence on occupancy. Collision vertices are determined using
both the TPC and SPD. Collisions at a longitudinal position greater
than 10 cm from the nominal interaction point are rejected. The
closest-approach distance between each track and the primary ver-
tex is required to be within 3.2 (2.4) cm in the longitudinal (radial)
direction. At least 70 TPC pad rows must be traversed by each
track, out of which 50 TPC clusters must be assigned. In addition,
a track fit is applied requiring χ2 per TPC cluster ! 4 (with 2 de-
grees of freedom per cluster).

3. Two-particle correlation function and Fourier analysis

The two-particle correlation observable measured here is the
correlation function C(!φ,!η), where the pair angles !φ and
!η are measured with respect to the trigger particle. The corre-
lations induced by imperfections in detector acceptance and effi-
ciency are removed via division by a mixed-event pair distribu-
tion Nmixed(!φ,!η), in which a trigger particle from a particular
event is paired with associated particles from separate events. This
acceptance correction procedure removes structure in the angu-
lar distribution that arises from non-uniform acceptance and effi-
ciency, so that only physical correlations remain. Within a given
pt

T , pa
T , and centrality interval, the correlation function is defined

as

C(!φ,!η) ≡ Nmixed

Nsame
× Nsame(!φ,!η)

Nmixed(!φ,!η)
. (4)

The ratio of mixed-event to same-event pair counts is included as
a normalization prefactor such that a completely uncorrelated pair
sample lies at unity for all angles. For Nmixed(!φ,!η), events are
combined within similar categories of collision vertex position so
that the acceptance shape is closely reproduced, and within sim-
ilar centrality classes to minimize effects of residual multiplicity
correlations. To optimize mixing accuracy on the one hand and sta-
tistical precision on the other, the event mixing bins vary in width
from 1 to 10% in centrality and 2 to 4 cm in longitudinal vertex
position.

It is instructive to consider the two examples of C(!φ,!η)
from Fig. 1 to be representative of distinct kinematic categories.
The first is the “bulk-dominated” regime, where hydrodynamic
modeling has been demonstrated to give a good description of the
data from heavy-ion collisions [1–5]. We designate particles with
pt

T (thus also pa
T ) below 3–4 GeV/c as belonging to this region

for clarity of discussion (see Fig. 1, left). A second category is the
“jet-dominated” regime, where both particles are at high momenta
(pa

T > 6 GeV/c), and pairs from the same di-jet dominate the cor-
relation structures (see Fig. 1, right).

A major goal of this analysis is to quantitatively study the evo-
lution of the correlation shapes between these two regimes as a
function of centrality and transverse momentum. In order to re-
duce contributions from the near-side peak, we focus on the corre-
lation features at long range in relative pseudorapidity by requiring
|!η| > 0.8. This gap is selected to be as large as possible while still
allowing good statistical precision within the TPC acceptance. The
projection of C(!φ, |!η| > 0.8) into !φ is denoted as C(!φ).

An example of C(!φ) from central Pb–Pb collisions in the bulk-
dominated regime is shown in Fig. 2 (left). The prominent near-
side peak is an azimuthal projection of the ridge seen in Fig. 1.
In this very central collision class (0–2%), a distinct doubly-peaked
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(a) (b) (c)

Figure 9. Examples of particle distributions in the transverse plane, where for
(a) v2 > 0, v2{2} > 0, (b) v2 = 0, v2{2} = 0 and (c) v2 = 0, v2{2} > 0.

these different initial eccentricities is shown in figure 8(b). As expected, the different magnitudes
of the eccentricity propagate to the magnitude of the elliptic flow. Because currently we cannot
measure the eccentricity independently, this leads to a large uncertainty in the experimental
determination of ⌘/s.

To summarize, we have seen that the elliptic flow depends not only on fundamental
properties of the created matter, in particular the sound velocity and the shear viscosity, but
also on the initial spatial eccentricity. Detailed measurements of elliptic flow as a function of
transverse momentum, particle mass and collision centrality provide an experimental handle on
these properties. In the next section, before we discuss the measurements, we first explain how
we estimate the anisotropic flow experimentally.

4. Elliptic flow: analysis methods

Because the reaction plane angle is not a direct observable, the elliptic flow equation (3) cannot
be measured directly and so it is usually estimated using azimuthal correlations between the
observed particles. Two-particle azimuthal correlations, for example, can be written as

hhei2('1�'2)ii = hhei2('1�9RP�('2�9RP))ii,
= hhei2('1�9RP)ihe�i2('2�9RP)i + �2i,
= hv2

2 + �2i, (6)

where the double brackets denote an average over all particles within an event, followed by
averaging over all events. In equation (6), we have factorized the azimuthal correlation between
the particles in a common correlation with the reaction plane (elliptic flow v2) and a correlation
independent of the reaction plane (non-flow �2). Here, we have assumed that the correlation
between v2 and �2 is negligible. If �2 is small, equation (6) can be used to measure hv2

2i, but in
general the non-flow contribution is not negligible.

In figure 9, we illustrate two-particle non-flow contributions as follows. In figure 9(a), an
anisotropic distribution is shown for which both v2 = hcos 2�i and the two-particle correlation
v2{2} =

p
hcos 2(�1 � �2)i are positive. Figure 9(b) shows a symmetric distribution for which

v2 = 0 and also v2{2} = 0. Figure 9(c) shows two symmetric distributions rotated with respect
to each other, which give v2 = 0 while v2{2} is non-zero. This illustrates how non-flow
contributions from sources such as resonance decays or jets can contribute to v2 measured from
two-particle correlations.

New Journal of Physics 13 (2011) 055008 (http://www.njp.org/)
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