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High energy  
heavy-ion collisions 
- hot QCD in a lab 

Mateusz Ploskon 
Berkeley Lab



Contents

• Focus on high-energy nuclear collisions 

• properties of matter at high densities/temperatures - 
accessible in a lab via heavy-ion collisions; control of high-
energy strong interactions (colour glass condensate); study of 
structures of nucleons 

• Question for later: are smaller systems (pp, pPb) COLD QCD? 

• HI collisions: experimental controls - calibration measurements 

• How to measure  the properties of a quark-gluon plasma 

• Collective effects: Particle correlations and flow 

• Probing the medium with quarks and jets
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Thanks to all the authors/experiments for the graphics/slides 
shamelessly stolen for the purpose of this talk



QCD (Quantum Chromo Dynamics)

Quark-Gluon  
  interaction

Gluon-Gluon  
  interactions

Asymptotic freedom

Gross, Politzer, and 
Wilczek (2004)

Short distance 
(large-Q)

Long distance  
(low-Q)

Short distance (high-Q2) - good 
agreement theory-experiment; pQCD - 

more on that in the next lecures 3



QCD... one minute summary
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QCD describes interaction between 
colour charges mediated by strong 
force carriers (gluons) 

Confinement: strong interaction binds 
quarks into hadrons and nucleons 
into nuclei - no free quarks/color -
half of fundamental fermions! 

Perturbative QCD successful in 
describing many short-distance 
phenomena - at long distances 
experimental input crucial

QCD vacuum - rich physics: 
• sum of masses of the 
constituent quarks (12 MeV) in a 
proton is much less than the 
mass of a proton (~1000 MeV) 
• wave functions of hadrons  
(only ~20% of nucleon-spin in 
quarks)

distance r

[illustration from Fritzsch] 



Create hot & colored medium
temperatures ~1.5 x 1012 K   (~200 MeV) 
far hotter than center of the sun (~1.5 x 107K)

Heat and/or compress matter such that the 
individual nucleons start to “overlap”...
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Deconfinded phase of 
quarks and gluons 

allowed to move over 
a large volume



An old question: state of matter in 
“unusual conditions”

6

Fermi 1953



discussed for many years ....7



quite a bit discussed…8



… this is about exploration of 
properties of matter…
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… this is about exploration of 
properties of matter…
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Heating the QCD vacuum / 
compressing QCD matter
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T (MeV) 

P (MeV4) 

pion gas 

QGP 

Tc 

Tc =

✓
90

34⇡2

◆1/2

·B1/4 ⇡ 150MeV

Pressure-temperature considerations12
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Gibbs’ criterion: the stable phase is the one 
with the largest pressure

Statistical mechanics (ideal gas):

Hadron gas

Plasma

0     3 == FB gg

BTp += 42

90
3
π

24     16 == FB gg

42

90
37 Tp π=

QCD vacuum pressure  
B~(200MeV)4

At low-T: hadron gas is the stable phase 
At high-T: above Tc QGP is the stable phase

Refined calculations: Tc=155 MeV: 
NOTE: Troom (300 K) ~ 25 meV (!lowercase m) 

Tc ≈ 160 MeV ≈ 2 thousand billion K 
 (compare Sun core: 15 million K) 



QCD-thermodynamics:-calcula(on-

QCD(laboratory(with(heavy9ions,(MPloskon( 4(

T([MeV](

QCD(on(the(laWce((µB=0)(

Cross9over,(not(sharp(phase(transiGon((

(like(ionizaGon(of(atomic(plasma)(

Slow(convergence(to(non9interacGng(Steffan9Boltzmann(limit(

Degrees(of(freedom?(Note:(In(more(recent(calc.(difference(sGll(persists.(

QCD Thermodynamics - calculation
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“Lattice”: rigorous calculations in non-perturbative regime of QCD - discretization on a 
space-time lattice - ultraviolet (large momentum scale) divergencies avoidable 

Zero baryon density, 3 flavours: ε changes rapidly around Tc = 170 MeV: εc = 0.6 GeV/fm3 (at 
T~1.2 Tc: ε settles at about 80%  of the Stefan-Boltzmann value for an ideal gas of q,q g (εSB))

Thermodynamics of the QGP

Discretization of space-time

✦ Simplest: isotropic hypercubic grid with spacing a = aS = aT and size
NS ×NS ×NS ×NT .

✦ Physical size of the lattice: L = NSa

✦ Temperature: T =
1

NTa

✦ NT large⇒ a small: closer to continuum limit but computationally expensive

Claudia Ratti 11



What it the critical energy-density?14

  
•  normal nuclear matter ρ0 

•  critical density:  
 naïve estimation  
 nucleons overlap R ~ rn 

nuclear matter  
   p, n"

Quark-Gluon Plasma 
   q, g"

density or temperature"

distance of two nucleons: 
2 r0 ~ 2.3 fm  

size of nucleon 
 rn ~ 0.8 fm  

3
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Vacuum (quarks and gluons in bags 
(MIT bag model)) and nucleons



QCD(laboratory(with(heavy9ions,(MPloskon( 2(
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the(coupling(constant((

QCD phase diagram 
- theoretical landscape - more structures 

within the diagram
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Another view - qualitative view of a HI 
collision evolution (collision energy)
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z an “artist’‛s view”… 

 
 
 
 
 
 
 
 
 
 

QCD phase diagram 

Tc ~ 170 MeV 

�U ~ 5 - 10 nuclear 

Quark-Gluon 
     Plasma 

Hadron gas 

Nuclear 
matter Neutron Star 

SPS 
AGS 

Early Universe LHC 
RHIC 

Baryon density 
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Hc ~ 1 GeV/fm3 

~ 10 Ps after  
   Big Bang 

Æ experimental access to phase transitions in non-abelian QFT! 

FA - Summies 2012 11 



Note to myself: by now you 
have shown a phase diagram 
about dozen times! … stop! 

- for the moment…
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Some history… 
(how much of this will need to be rewritten? - see Joge’s lectures)

10-44 sec Quantum Gravity Unification of all 4 
forces 

1032 K

10-35 sec Grand Unification E-M/Weak = Strong 
forces

1027 K

10-35 sec? Inflation universe exponentially 
expands by 1026

1027 K

2 10-10 sec Electroweak 
unification

E-M = weak force 1015 K

2·10-6 sec Proton-Antiproton 
pairs

creation of nucleons 1013 K

6 sec Electron-Positron 
pairs

creation of electrons 6⋅109 K

3 min Nucleosynthesis light elements formed 109 K

106 yrs Microwave 
Background

recombination - 
transparent to photons

3000 K

109 yrs ? Galaxy formation bulges and halos of 
normal galaxies form

20 K

QCD Lab 
“a few” years later?

18



Physical properties of QGP?
• What is the equation of state? 

• Flow measurements 

• What are the transport properties? 

• Flow measurements, jet spectra 

• What are the relevant degrees of freedom? 

• Multiplicities, Fluctuations, Correlations  
Photons, di-leptons 

• What are the phases of QGP (QCD matter)? 

• Fluctuations, energy dependence  
of various observables 

19

Lattice QCD

Lattice QCD



Strategy: how to study QCD 
matter experimentally?

•  Need$to$find$those$observables$that:$
– Are$sensi(ve$to$crucial$parameters$of$hot$QCD$
ma7er$

– Can$be$modeled$well$–$theore5cal$understanding$
– Can$be$measured$well$–$experimental$control$
– Can$connect$theory$and$data$

•  =>$Inclusive$measurements;$correla5ons;$
compare$with$more$elementary$collisions$(pBp,$
pBA);$compare$different$energy$regimes$

20



The hot-QCD laboratories 
- a.k.a. QCD vacuum ovensThe-hot-QCD-laboratories-

QCD(laboratory(with(heavy9ions,(MPloskon( 6(

21



LH
C$
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The hot-QCD laboratories
The-hot-QCD-laboratories-

QCD(laboratory(with(heavy9ions,(MPloskon( 7(

A
lso: p-P

b and other ions planned.
23

CurrentlyPb+Pb collisions at 
s1/2 of 2.76 and 5 TeV
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No, this is not a heavy-ion collision… 
This is proton-proton (simulated by PYTHIA)... 
 – not min. bias collision but in most cerntral HI 
collisions there are about ~1500 nucleon-nucleon 
collisions... 

25



Heavy-ion collisions 

STAR ...RHIC to LHC

26

at high energies...



These are most advanced/complex 
cameras...

27

in streamer chamber (1984)

⇡+ ! µ+ ! e+
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Alice&

LBNL$NSD,$M.$Ploskon$22nd$February$2010$ 3$

Dedicated HI experiment: ALICE
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Size:"16"x"26"meters"
Weight:"10,000"tons"

Technologies:182
"Tracking: " "7"
"PID: " " " "6"
"Calo.": " " "5"

Trigger,"Nch""":11"
LBNL"NSD,"M."Ploskon"22nd"February"2010" 5"

ALICE



ALICE - Particle identification30

vertexing 

Particle identification (multiple techniques) 
Extremely low-mass tracker ~ 10% of X0 

Excellent vertexing capability 
Efficient low-momentum tracking – down to ~ 100 MeV/c 



High energy particle detection - ATLAS
31Detecting Particles

46



Compact Muon SpectrometerThe CMS Detector 

Matthew Nguyen (CERN)                    Jet Reconstruction with Particle Flow in HI Collisions  2 

CMS can distinguish stable particles as:  h+/-, γ, h0, µ, e 

Primary sub-detectors:  Silicon tracker, ECAL, HCAL, muon chambers 

32



Extremely important for theorists  
(experimentalists know that)  

KNOW YOUR DETECTOR!

33

Mγγ

�� ! e+e� e+e�

� ! e+e�

Monte Carlo 
Describes the data



From trigger to data analysis...34

Detector 
(front-end-
electronics, 
digitalized 

information)

Online 
systems 
(Trigger: event 

rejection; online 
algorithms)

Offline 
computing (high 

capacity; offline 
reconstruction analysis; 
distributed computing - 

GRID)



Onto heavy-ion 
collisions...

35



Some kinematic variables36

 

pT 
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Distribution invariant with 
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Peripheral Collision

Color ⇒ Energy loss in TPC gas

only charged particles visible

37
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Central Collision

200 GeV Au+Au:  Nch~4800

only charged particles visible

38



Glauber model - a description of 
heavy-ion collisions

39

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 



Glauber model - a description of 
heavy-ion collisions

40

b Participants
Spectators

aka wounded nucleons

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 

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 



Experimental control of collision geometry

Cross%sec(on*
frac(ons*

Energy*in*the*forward*region*

En
er
gy
*in
*th

e*
ce
nt
ra
l*r
eg
io
n*

y"
b"

x"

Collision"in""
transverse"plane"

How can we measure impact 
parameter in heavy-ion 
collisions? 

=> Correlate observables 
connected only by geometry 

Characterize events via percentile 
(fraction) of inelastic cross section 
(jargon: “N% most central”)

41
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( )dz db b zρ∫ =, 1

Normalized nuclear density r(b,z): 

( ) ( )T b dz b zA =
−∞

∞

∫ ρ ,Nuclear thickness function 

( )[ ]( )σ σpA
inel

A NN
inel Adb T b= − −∫


1 1Inelastic cross section for p+A: 

Glauber scaling: hard processes with large momentum transfer 
•  short coherence length ⇒ successive NN collisions independent 
•  p+A is incoherent superposition of N+N collisions 

( ) hard
NNA

hard
NN

hard
pA AbTbdA σσσ =≈ ∫



Nuclear geometry - Glauber model 
and hard (high-Q2) processes

42



σDrell-Yan/A in p+A at SPS 

Glauber scaling: 

M.May et al, Phys Rev Lett 35, 407 (1975) 

σinel for 7 GeV muons on nuclei 

A1.00 

A 
NA50 Phys Lett B553, 167 

−+→ µµqq

hard
NN

hard
pA Aσσ =

Glauber scaling of hard processes

Hard cross-
section 
scales in 

p(μ)A as A1.0

Experimental control in heavy-ion collisions?  
=> direct photons, Z’s, measure pA collisions (discussed later...)

43



Centrality measurement: use of the Glauber model 
in an experiment

44

•  Fraction of cross section, 2 approaches: 

•  Fit with Glauber Monte Carlo 

•  Correct: subtract BG, efficiency and 
integrate multiplicity distributions 

•  Npart, Ncoll, Nspect: require Glauber fit 
(computed using cuts on impact parameter) 

•  Estimators:  

 V0, SPD clusters, TPC tracks, ZDCs, … 

•  ZDC measures Nspect: test of Glauber picture 

ZDC$

•  Glauber fit ingredients 

•  Woods-Saxon (constrained by low 
energy electron-nucleus scattering) 

•  Inelastic pp cross section        
(measured by ALICE) 

•  Nucleons follow straight line trajectories,  
interact based on their distance 

•  Compute (fit) observables assuming: 

€ 

Nancestors =α ⋅Npart + 1−α( ) ⋅Ncoll
Several detectors  

- measure the correlation



Energy density in AA 
collisions - RHIC example

πR2

Bjorken energy density:

Time it takes to 
thermalize system 
(t0 ~  1 fm/c)

R~6.5 fm

• (calorimeters) measure energy

• estimate volume of  collision

εBJ ≈ 5.0 GeV/fm3  
      ~30 times normal nuclear density 
      ~ 5 times > εcritical  (lattice QCD)

RHIC:

45

Will see later: LHC ~ 3 x RHIC



First: “control” understanding  
- before further insight to 

QGP properties… 

Warning: need to know what observations are 
“trivial” (we are colliding heavy-ions at hight 

energies) vs. what observations are sensitive to 
QGP properties (a thought experiment: what to 
expect when QGP is NOT formed - what is the 
baseline - when you know you created QGP -
answer is suprisingly complex… more on that 

later…)

46



Experiment*STAR*at*RHIC*

Model*calcula9on*

Heavy-ion collisions 
47



Collision evolution 

Note: hard scatterings occur early (at t~0)! 
Flow & correlations - in #2 

High energy partons “witness” the evolution 
- more on that in #2 & #3

a) without QGP b) with QGP

A B

time

z
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id
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Two key things to follow-up: Chemical freeze-out 
Kinetic freeze-out



Collision stages  
& theoretical description

49



Collision 
evolution

Few notes: 
We are interested in properties of QGP (lifetimes ~ few fm/c !) 
Need to disentangle effects from different phases  
- not a simple problem by principle: detectors do NOT measure these  
time-periods/phases separately (detector: particles after hadronization!) 
=> need for detail understanding of the physics processes, particle 
production, dynamics of the system in each phase(!) 
=> modeling, various assumptions may play an important role in physics 
interpretation 
Need for control of the initial conditions, geometry of the collision, the 
incoming parton distributions (nuclear-PDF vs nucleon-PDF) ...

a) without QGP b) with QGP

A B
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Measurements… 
estimating T

51



What is hot and what is not: Thermal radiation from a source
52

  Hot Objects produce thermal 
spectrum of EM radiation. 

  Red clothes are NOT red hot, 
reflected light is not thermal. 

Thomas K Hemmick 
18 

Remote Temperature Sensing 

Red Hot 

Not Red Hot! 

White Hot 

Photon measurements must distinguish  
thermal radiation from other sources: 

HADRONS!!! 



Photons - RHIC53

Proton-Proton 

Photons 

Ti = 4-8 trillion Kelvin 

N
u

m
b

e
r 

o
f 

P
h

o
to

n
s 

Photon Wavelength 

2 x 10-15 m 0.5 x 10-15 m 

Gold-Gold 

Photons 

Initial Temp.

Emission rate and 
distribution 

consistent with  
equilibrated matter 

T~300-600 MeV 



LHC-QGP Shines bright  
- thermal photons

54

Direct photon production in Pb-Pb ALICE Collaboration
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Fig. 6: (Color online) Comparison of model calculations from Refs. [59–62] with the direct photon spectra in
Pb–Pb collisions at √sNN = 2.76 TeV for the 0–20% (scaled by a factor 100), the 20–40% (scaled by a factor
10) and 40–80% centrality classes. All models include a contribution from pQCD photons. For the 0–20% and
20–40% classes the fit with an exponential function is shown in addition.

QCD. All models include the contribution from pQCD photons, however, different parameterizations are
used. The model of van Hees et al. [60] is based on ideal hydrodynamics with initial flow (prior to ther-
malization) [65]. The photon production rates in the hadronic phase are based on a massive Yang-Mills
description of gas of π , K, ρ , K∗, and a1 mesons, along with additional production channels (including
anti-/baryons) evaluated with the in-medium ρ spectral function [19]. Bremsstrahlung from π–π and K–
K̄ is also included [66], in the calculation shown here together with π–ρ–ω channels recently described
in Ref. [67]. The space-time evolution starts at τ0 = 0.2 fm/c with temperatures T0 = 682, 641, 461 MeV
for the 0–20%, 20–40%, and 40–80% classes, respectively, at the center of the fireball. The calculation
by Chatterjee et al. [61, 68] is based on an event-by-event (2+1D) longitudinally boost invariant ideal
hydrodynamic model with fluctuating initial conditions. An earlier prediction with smooth initial con-
ditions was presented in Ref. [69]. Hadron gas rates are taken from the massive Yang-Mills approach
of Ref. [19]. Bremsstrahlung from hadron scattering is not included. The hydrodynamic evolution in
the model of Chatterjee et al. starts at τ0 = 0.14 fm/c with an average temperature at the center of the
fireball of T0 ≈ 740 MeV for the 0–20% class and T0 ≈ 680 MeV for the 20–40% class. The calculation
by Paquet et al. [59] uses event-by-event (2+1D) longitudinally boost invariant viscous hydrodynamics
[70] with IP-Glasma initial conditions [71]. Viscous corrections were applied to the photon production
rates [59, 72, 73]. The same hadron gas rates as described above for the calculation by van Hees et al.
are used. The hydrodynamic evolution starts at τ0 = 0.4 fm/c with an initial temperature (averaged over
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•Production of photons 
in Pb-Pb collisions 
•Thermal emission - 
photons shine from the 
plasma 
•Most central 
collisions: Inverse 
slope fits for low-pT: 
T~300 MeV  

•LHC QGP - hottest 
man-made matter



Calibration 
measurements...

55



Multiplicity - energy dependence
56

Scales just like pp; No evidence for (incoherent)  
multi-parton interactions at RHIC.

Actual data…

Models prior to 
RHIC

Incoherent p+p superposition 
(binary collision scaling)



Energy'dependence''
'p+p'~'sNN0.11''
'A+A'~'sNN0.15'(most'central'+'2x'RHIC)''
' '–'stronger'rise'than'log'extrapolaDon'

PRL$105,$252301$(2010)$

Energy'dependence'

         
FIGURE 2.  Left panel: Charged particle pseudorapidity density per participant pair for central AA and 
non-singly diffractive pp collisions as a function of √sNN. Curves are fits to the two data sets. Right 
panel: Comparison of dNch/dη for ALICE Pb-Pb measurement at top with model predictions grouped 
below by similar theoretical approaches separated by dashed lines. See text and Ref. [3] for details and 
model references. 

 
The ALICE result for dNch/dη at midrapidity for Pb-Pb at √sNN = 2.76 TeV is 

dNch/dη = 1584 ± 4 (stat.) ± 76 (sys.). This is shown in Fig. 2 (right panel) with 
predictions from various models. As a whole the perturbative QCD-inspired Monte 
Carlo models (figure, notation and references used in Fig. 2 are from Ref. [3]) based 
either on HIJING, the Dual Parton Model, or Ultrarelativistic Quantum Molecular 
Dynamics are consistent with the ALICE data.  
 

     
FIGURE 3.  Left panel: Charged particle pseudorapidity density per participant pair for Pb–Pb and pp 
collisions at √sNN = 2.76 TeV (left vertical scale) and Au–Au collisions at 0.2 TeV (right vertical scale), 
plotted as a function of 〈Npart〉. Statistical errors are negligible, uncorrelated uncertainties indicated by 
error bars, and correlated uncertainties as gray band. Right panel: Comparison of model predictions for 
Pb–Pb at √sNN = 2.76 TeV with the ALICE data from left panel. Note offset zero. See Ref. [4].   
 

Displayed in Fig. 3 (left panel) are the (dNch/dη)/(〈Npart〉/2) for Pb-Pb collisions at 
√sNN = 2.76 TeV (refer to scale on left ordinate) and Au–Au collisions at 0.2 TeV 
(right ordinate scale) as a function of 〈Npart〉, i.e. centrality. The centrality dependence 
is strikingly similar for the ALICE and RHIC data. A comparison of these data to 
model predictions can be seen in Fig. 3 (right panel). Both the two-component HIJING 
2.0 model with strong impact parameter dependent gluon shadowing and the 
“Albacete” model with a color glass condensate reasonably describe the data. A 
calculation based on the two-component Dual Parton Model (DPMJET III), with string 

Comparison'to'predicDons'

57

Multiplicity - at high energies…

Higher energy  
<->  

Stronger growth  
<->  

more partons interacting…



HI collisions: Particle production

Feedback(within(the(heavy0ion(community:(
1.#Mul'plicity#is#crucial#[input]#for#modeling##
2.#Satura'on#models#tend#to#predict#lower#mul'plicity#
3.#Data#driven#extrapola'ons#did#not#seem#to#an'cipate#the#
results#

PRL$105,$252301$(2010)$

Energy#dependence#

         
FIGURE 2.  Left panel: Charged particle pseudorapidity density per participant pair for central AA and 
non-singly diffractive pp collisions as a function of √sNN. Curves are fits to the two data sets. Right 
panel: Comparison of dNch/dη for ALICE Pb-Pb measurement at top with model predictions grouped 
below by similar theoretical approaches separated by dashed lines. See text and Ref. [3] for details and 
model references. 

 
The ALICE result for dNch/dη at midrapidity for Pb-Pb at √sNN = 2.76 TeV is 

dNch/dη = 1584 ± 4 (stat.) ± 76 (sys.). This is shown in Fig. 2 (right panel) with 
predictions from various models. As a whole the perturbative QCD-inspired Monte 
Carlo models (figure, notation and references used in Fig. 2 are from Ref. [3]) based 
either on HIJING, the Dual Parton Model, or Ultrarelativistic Quantum Molecular 
Dynamics are consistent with the ALICE data.  
 

     
FIGURE 3.  Left panel: Charged particle pseudorapidity density per participant pair for Pb–Pb and pp 
collisions at √sNN = 2.76 TeV (left vertical scale) and Au–Au collisions at 0.2 TeV (right vertical scale), 
plotted as a function of 〈Npart〉. Statistical errors are negligible, uncorrelated uncertainties indicated by 
error bars, and correlated uncertainties as gray band. Right panel: Comparison of model predictions for 
Pb–Pb at √sNN = 2.76 TeV with the ALICE data from left panel. Note offset zero. See Ref. [4].   
 

Displayed in Fig. 3 (left panel) are the (dNch/dη)/(〈Npart〉/2) for Pb-Pb collisions at 
√sNN = 2.76 TeV (refer to scale on left ordinate) and Au–Au collisions at 0.2 TeV 
(right ordinate scale) as a function of 〈Npart〉, i.e. centrality. The centrality dependence 
is strikingly similar for the ALICE and RHIC data. A comparison of these data to 
model predictions can be seen in Fig. 3 (right panel). Both the two-component HIJING 
2.0 model with strong impact parameter dependent gluon shadowing and the 
“Albacete” model with a color glass condensate reasonably describe the data. A 
calculation based on the two-component Dual Parton Model (DPMJET III), with string 
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Calibration: proton-A collisions59

Basic&measurement&allows&to&
discriminate&between&models&
&
Data&favors&models&that&
incorporate&shadowing&&
&
Satura9on&models predict&
much&steeper&η:dependence&
not&seen&in&the&data&
&

Pb& p&
c.m. frame shifted by Δy = -0.465 

ALICE:'arXiv:'1210.3615'

p-Pb - crucial tests at LHC & new phenomena 
More during the next lectures...
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Landau-Carruthers (blue dashed), and Landau-Wong (green dotted) formulations have distri-
butions that are narrower than the data. Therefore the longitudinal expansion of the system is
stronger than that predicted from either model. HYDJET 1.8, shown by the purple dashed line,
has been tuned to LHC data in the small |h| region. It gives a good description of dET/dh at
small |h| but overestimates the data at large |h| for central collisions. The AMPT (A Multi Phase
Transport) model [24, 25] (orange dashed line) overestimates dET/dh for central collisions but
is in rough agreement with the shape of dET/dh. For peripheral collisions there is better agree-
ment between AMPT and the data. Integrating (dET/dh)/(hNparti/2) over h between �5.2 and
5.2 gives a total measured ET per participant pair of 82± 4 GeV for the most central events. This
serves as a lower limit for the total transverse energy per nucleon pair. Extrapolating to the full
phase space gives a total transverse energy per pair of participating nucleons of 92 ± 6 GeV for
the most central events. It is clear from Fig. 1 that the magnitude of dET/dh increases rapidly
with the number of nucleons participating in the collision. One can account for the dependence
on hNparti by normalizing dET/dh by the number of participating pairs of nucleons, hNparti/2.
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Figure 1: Transverse energy density versus |h| distribution for a range of centralities of (0–
2.5)%, (20–30)%, (50–60)% and (70–80)%. The boxes show the total systematic uncertainties.
The statistical uncertainties are negligible. Also shown are a Gaussian fit and the predictions
of various models (see text).

Figure 2 shows the evolution of (dET/dh)/(hNparti/2) with hNparti for several |h| regions. At
all |h| values (dET/dh)/(hNparti/2) increases with hNparti. This figure shows that the hNparti
dependence of transverse energy density changes as a function of pseudorapidity. This effect
can be quantified by comparing peripheral (60–70)% (hNparti = 30) to central (0–2.5)% colli-
sions (hNparti = 394) at various pseudorapidities. The ratio of peripheral to central (dET/dh)/(hNparti/2)
changes from 54 ± 2% at h = 0 to 68 ± 2% at |h| = 5.0. The PHENIX collaboration at RHIC has
studied transverse energy density in AuAu collisions for |h| < 0.35 over a wide range of cen-
tralities and for psNN from 19.6 GeV to 200 GeV [20]. At psNN = 19.6 GeV(dET/dh)/(hNparti/2)
at h = 0 increases by a factor of 1.25 ± 0.17 as hNparti increases from 63.8 to 336. At psNN =
2.76 TeV this factor is found to be 1.47 ± 0.13 for a similar range of hNparti. At psNN = 2.76 TeV,
the HYDJET 1.8 code gives a good description of the centrality dependence of dET/dh at h = 0.
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Figure 2: Transverse energy density normalized by (hNparti/2) versus hNparti for PbPb col-
lisions at psNN = 2.76 TeV at several values of |h|. The bands show the total systematic un-
certainties. The statistical uncertainties are negligible. Lower energy PHENIX data are also
shown. For the most central pseudorapidity the results from the HYDJET 1.8 model are also
shown.

Figure 3 shows the energy dependence of (dET/dh)/(hNparti/2) for central collisions at h = 0.
The ET rises more quickly with the center-of-mass energy than the logarithmic dependence
used to describe data up to psNN = 200 GeV [20]. For energies between 8.7 GeV and 2.76 TeV,
dET/dh at h = 0 can be reproduced by a power-law dependence of the type sn

NN
with n ⇡ 0.2. A

similar effect has been seen in the measurement of the psNN evolution of the charged particle
multiplicity [16, 26]. The (dET/dh)/(hNparti/2) increases by a factor of 3.3 ± 0.3 from psNN =
200 GeV to 2.76 TeV. This is to be compared to a factor of 2.35 ± 0.15 for the pseudorapidity
density, dNch/dh [16, 19, 20]. CMS has measured a charged multiplicity of 1612 ± 55 for the
top 5% of the most central collisions [16]. Dividing the measured transverse energy by the
observed charged particle multiplicity for the same centrality gives a transverse energy per
charged particle of 1.25 ± 0.08 GeV at psNN = 2.76 TeV. This compares to 0.88 ± 0.07 GeV atpsNN = 200 GeV [20].

The sum of the transverse energies of all particles produced in the event depends upon both
the entropy and temperature of the system. Using geometrical considerations, Bjorken [35]
suggested that the energy density per unit volume in nuclear collisions could be estimated
from the energy density per unit rapidity. A commonly used estimate of energy density is
given by [20]

e =
1

Act0
J(y, h)

dET

dh
. (2)

where A is the overlap area of the two nuclei and t0 is the formation time of the produced
system. The Jacobian J(y, h) depends on the momentum distributions of the produced par-
ticles. In the limit that the rest mass of the particles are much smaller than their momenta
J(y, h) = 1. The average Jacobian was calculated using HYDJET 1.8 for |h| < 0.35. For central
collisions at psNN = 2.76 TeV, J(y, h) = 1.09. This is somewhat smaller than the factor 1.25
found by the PHENIX collaboration at psNN = 200 GeV [20]. This is expected since the average
transverse momentum of particles increases with beam energy. For the top 2.5% most central

Energy density: RHIC to LHC

LHC > 2.5 x RHIC

Top RHIC

Mid-
rapidity 
LHC

... within a volume (per nucleon)
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Very hot, super dense? -> what are its “transport” 
properties... fundamental QCD questions



Calibration measurements: what 
do we know about the source 

emitting particles?
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Systematic control: RHIC vs LHC

• !Iden&cal!varia&on!of!par&cle!
produc&on!with!centrality!
(volume)!at!RHIC!and!LHC!!
⇒ !Global!features!of!the!system!
independent!on!energy!
⇒ !Ini&al!condi&ons!!

The$same$experiment$under$
vastly$different$condi6ons!$

Centrality$of$the$collisions:$$$$$$$$$peripheral$$$$$$$$$$semi;central$$$$$$$$central$

More%on%RHIC:%%
Phobos%(Phys.&Rev.&Le+.&102,&142301&(2009))&

Centrality!dependence!of!par&cle!produc&on!
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How to measure the dimensions of 
a source... - interferometry

63

1A

B 2

Two particles emitted from two locations (A,B) 
within a single source. 

These two are detected by detector elements (1,2). 
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The intensity interference between the two point sources 
is an oscillator depending upon the relative 
momentum q=k2-k1, and the relative emission 
position! 

Correlation function summed incoherently (integration over 
all pairs of source points) in a function of 4-momentum 
sums and differences (q,k) - extract source dimensions:

( )222222 )()()(exp)(1),( llooss qKRqKRqKRKKqC −−−±= λ

quantum phenomenon: enhancement of 
correlation function for identical bosons
from Heisenberg’s uncertainty principle
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1A

B 2

Two particles emitted from two locations (A,B) 
within a single source. 

These two are detected by detector elements (1,2). 
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The intensity interference between the two point sources 
is an oscillator depending upon the relative 
momentum q=k2-k1, and the relative emission 
position! 

Correlation function summed incoherently (integration over 
all pairs of source points) in a function of 4-momentum 
sums and differences (q,k) - extract source dimensions:

( )222222 )()()(exp)(1),( llooss qKRqKRqKRKKqC −−−±= λ

quantum phenomenon: enhancement of 
correlation function for identical bosons
from Heisenberg’s uncertainty principle

First used with photons in the 1950s by 
astronomers Hanbury Brown and Twiss - hence 

HBT measurements in heavy-ion collisions... 
=> measured size of star Sirius by aiming at it 
two photomultipliers separated by a few meters



Particle production: source 
dimensions9
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Fig. 4: Product of the three pion HBT radii at kT = 0.3 GeV/c. The ALICE result (red filled dot) is compared
to those obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and
RHIC [39, 40, 41, 42, 30, 43].

The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/$ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time $ f can be obtained by fitting Rlong with

Rlong2( kT ) =
$2f T
mT

K2( mT / T )
K1( mT / T )

, mT =
�
m2% + k2T , (2)

where m% is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, $ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at � sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a $ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at � sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

8System size vs. energy

● Interferometry of identical particles
● Obtain HBT radii of spherical source in 

3 orthogonal directions (Rlong, Rside and Rout)

● Compared to RHIC
● Freeze-out volume: VLHC ≈ 5000 fm3 ~ 2 x VRHIC 

● Decoupling time: τf(LHC) ≈ 10-11 fm/c ~ 1.4 x τf(RHIC)

PLB, 696 (2011), 328

Freeze-out volume Decoupling time

LCMS

1.#Energy#dependence:##
• #system#with#larger#(2x)#volume#and#(1.4x)#life?me#(w.r.t#RHIC);#follows#the#
trend#of#mul?plicity;#faster#expansion#<=>#larger#collec?ve#flow#

2.#Pair#momentum#dependence:##
• #larger#radii,#strong#dependence#on#kT;#Rout/Rside#smaller#than#at#RHIC;#
overall#agreement#with#extrapola?ons!

3.#Important#constrains#to#[hydrodynamical]#modelling#

Phys.Le).B!696:3281337,2011!
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Fig. 5: The decoupling time extracted from Rlong(kT ). The ALICE result (red filled dot) is compared to those
obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and RHIC [39,
40, 41, 42, 30, 43].

transverse radii. The homogeneity volume is found to be larger by a factor of two. The decoupling time
for midrapidity pions exceeds 10 fm/c which is 40% larger than at RHIC. These results, taken together
with those obtained from the study of multiplicity [23, 24] and the azimuthal anisotropy [11], indicate
that the fireball formed in nuclear collisions at the LHC is hotter, lives longer, and expands to a larger
size at freeze-out as compared to lower energies.
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The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/$ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time $ f can be obtained by fitting Rlong with

Rlong2( kT ) =
$2f T
mT

K2( mT / T )
K1( mT / T )

, mT =
�
m2% + k2T , (2)

where m% is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, $ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at � sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a
longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a $ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at � sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and
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• #system#with#larger#(2x)#volume#and#(1.4x)#life?me#(w.r.t#RHIC);#follows#the#
trend#of#mul?plicity;#faster#expansion#<=>#larger#collec?ve#flow#

2.#Pair#momentum#dependence:##
• #larger#radii,#strong#dependence#on#kT;#Rout/Rside#smaller#than#at#RHIC;#
overall#agreement#with#extrapola?ons!

3.#Important#constrains#to#[hydrodynamical]#modelling#
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until now (1/3) …

•  QCD and the/a phase diagram 

•  Phases of HI collision 

•  Heavy-ion colliders and detectors 

•  How to measure centrality of a collision 

•  Energy density 

•  Temperature 

•  Freeze-out volume (and time)
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