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Goals of High Goals of High EnergyEnergy HeavyHeavy--IonIon CollisionsCollisions

Understand 2 basic properties of the strong interaction: 
(de)confinement, chiral symm. breaking/restoration

Probe conditions quark-hadron phase transition in 
primordial Universe (few µsec after the Big Bang)

Study the phase diagram of QCD matter: produce and 
study the QGP
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Electroweak 
phase 
transition

QCD phase transition

100,000 x Tcore sun

Non perturbative!
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10 –6 sec    10 –4 sec     3 min                                                  15 Mil Years

Nature 

Experiment
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QGP in QGP in thethe laboratorylaboratory

Key parameters: Bombarding energy and
collision centrality



Taller de Altas Energías Complutense 2012,  A. Marin (a.marin@gsi.de) 7/20/2012 8

1. Initial Nuclei Collide
2. Partons are Freed from Nuclear Wavefunction

3. Partons interact and potentially form a Quark-Gluon Plasma

4. System expands and cools off

5. System Hadronizes and further Re-Scatters

6. Hadrons and Leptons stream towards our detectors

Heavy Ion Time EvolutionHeavy Ion Time Evolution
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OnionOnion--like structure of HEP experimentslike structure of HEP experiments
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Available energy Available energy √√s s for Fixed Target for Fixed Target 
and and ColliderCollider experimentsexperiments

Fixed Target experiment:
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Kinematics, notations, conventions Kinematics, notations, conventions 
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Pb+PbPb+Pb collision at LHC at collision at LHC at √√s s NNNN=2.76TeV=2.76TeV

Pb nucleus Pb nucleus

p

pT
θ

η=0
η=1

η=2

η=-1
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HistoryHistory of Heavy Ion of Heavy Ion CollisionsCollisions
Bevalac (LBL)

fixed target (1975-1986) √s <2.4 GeV
SIS (GSI)

fixed target (1989-) √s <2.7 GeV
AGS (BNL)

fixed target (1986-1998) √s <5 GeV
SPS (CERN)

fixed target (1986-2003) √s <20 GeV
RHIC (BNL)

collider (2000-) √s <200 GeV
LHC (CERN)

collider (2008-) √s <5500 GeV
FAIR (GSI)

fixed target (2014-) √s <9 GeV

"Livingston plot"  
J. Schukraft nucl-ex/0602014

Energy doubling every ~4 (1.7) 
years for p (ion) beams.
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Heavy ion collisions atHeavy ion collisions at LHCLHC

SPS RHIC LHC

√sNN (GeV) 17 200

730

0.2

1.9

5

2-4

20-30

few 104

2760(5500)

dNch/dy 430 1584

τ0
QGP (fm/c) 1 0.1

T/Tc 1.1 3.0-4.7

ε (GeV/fm3) 3 >18

τQGP (fm/c) ≤2 ≥10

τf (fm/c) ~10 15-60

Vf(fm3) few 103 few 105

faster
hotter
denser
longer

bigger
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LHC: Entering a new regimeLHC: Entering a new regime

Cross-sections of interesting 
probes expected to increase by 

factors
~ 10  ( cc )  to
~ 102 ( bb )  to

~  > 105 (very high pT jets) ; 
Hard probes of the medium 

accessible at LHC
Direct photons are abundantly 

produced at LHC

C W Fabjan 2008 J. Phys. G: Nucl. Part. Phys. 35, 104038
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THE LHCTHE LHC
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TheThe CERN CERN acceleratoraccelerator complexcomplex

LINAC2- BOOSTER-PS-SPS-LHC
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LHC startupLHC startup
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27 km de circumference
40-100 m underground
1232 super conducting magnets 

15 m long 30Tons. 
Cooled at 1.9 K (liquid He)

Accelerates p @ 7×1012 eV and  ions @ 2,76×1012 xA eV (99,999993% c)
Luminosity from 1033 to 1027 cm-2s-1 (depeding on the beams and experiment)

Bunches of ~108 ions cross each other 107 times per second to make 8000 
ion-ion collisions per second
Up to 0,2×10-3 Joules available in a collision 

The Large Hadron ColliderThe Large Hadron Collider
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The Large The Large HadronHadron ColliderCollider

CMS

ALICE ATLAS

LHCb
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The ATLAS DetectorThe ATLAS Detector
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The CMS experimentThe CMS experiment
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Size: 16 x 26 meters
Weight: 10,000 tons
Detectors: 18

TheThe ALICE ExperimentALICE Experiment
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PID in ALICEPID in ALICE

•excellent particle ID up to  ~ 50 to 60 GeV/c
•Most (2π * 1.8 units η) of the hadrons (dE/dx + ToF), leptons (dE/dx, TOF, transition 
radiation) and photons (high resolution EM calorimetry, conversions); 

•Track and identify from very low (< 100 MeV/c) up to very high pt (>100GeV/c);

•Identify short lived particles (hyperons, D/B meson) through secondary vertex detection;
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Collision picture
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Landau:
L.D. Landau, Izv. Akad. Naul. SSSR, Ser. Fiz. 17(1953) 51
•Complete stopping of the nuclei
•Initial conditions:
V0=Vrest/γcm, ε0=Ecm/V0

•Linear expansion until size comparable to  
transverse size, then transverse expansion 
considered
•dN/dy Gaussian with width given by:

Bjorken:
•Transparency
•Flat rapidity distribution

Complete stopping of the nuclei in central
collisions up to √s NN ~ 5 - 10 GeV,

Transparency (baryon-free QGP at central
rapidities) for √s NN > ~ 100 GeV

Landau versus Landau versus BjorkenBjorken scenarioscenario
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⎞
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2
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www-subatech.in2p3.fr/~photons/subatech/physics/potpourri/node11.html
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The The BjorkenBjorken model and energy densitymodel and energy density
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Centrality, participants, Centrality, participants, expectatorsexpectators
N. Herrmann, J.P. Wessels, T. Wienold, Ann. Rev. Nucl. Part. Sci 49 (1999) 581

Central collisions: small b
Peripheral collisions: large b

Impact parameter b:
a 2D vector connecting the 
centers of the 2 nuclei;
points in x direction.

Participants: nucleon that may hit each other
Spectators: do not meet any other nucleon in their way
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GlauberGlauber modelmodel

Relates the impact parameter to 
Ncoll and Npart

Geometrical model: Assumption of 
constant inelastic cross section σinel
for each subsequent collision 
Input nuclear density:                                          
Woods-Saxon, ...                

),()( zbdzbT
AA

ρ∫= AbbTd
A

=∫ )(2

|)(|)()( 2 sbTssTdbT BAAB
rr

−= ∫ ABbbTd
AB

=∫ )(2

Nuclear thickness function:

Nuclear overlap function:

Fig. from Annu. Rev. Nucl.Part.Sci 2007.57:205

Glauber, RJ. 1959. In Lectures in Theoretical Physics, ed. WE Brittin and LG Dunham, 1:315. New York:Interscience
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GlauberGlauber model: model: NNcollcoll , , NNpartpart

)()( bTbN
ABinelcoll

σ>=<

)])](exp[1|)((||)])(|exp[1)(([)( 2 sTsbTsbTsTsdbN AinelBBinelApart σσ −−−+−−−= ∫ rrrr

Npart in nucleus A proportional to nuclear profile function at transverse position s
weighted by the sum over the probability of a nucleon-nucleus collision at 
transverse position |b-s| in nucleus B. Same for B. Total:

Au+Au √sNN=200GeV

Annu. Rev. Nucl. Part. Sci 2007.57: 205

Number of nucleon-nucleon collisions:

Ncoll depends on energy because
σ inel grows with √s
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Centrality at LHC: ALICECentrality at LHC: ALICE

Number of ancestors given by: f  x Npart +(1-f) x N coll

Phys. Lett. B 696 (2011) 30-39, 
Phys. Rev. Lett. 106, 032301 (2011)
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Global properties
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Nuclear StoppingNuclear Stopping
Baryon number is conserved in the collision
Quantified by net baryon  counting (N baryon-Nantibaryon)

F. Videbaek and O. Hansen, Phys. Rev. C 52 (1995)2684

Lower energies: Higher energies:

Stopping: 
Average rapidity loss of net-baryons
(from net-protons using MC).
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Nuclear StoppingNuclear Stopping

BRAHMS: PRL93, 102301 (2004)
J. Phys. G: Nucl. Part. Phys. 34 (2007) S951 

RHIC (√sNN = 200 GeV):
E = 27 ± 6 GeV
E inel = 73.0 ± 6.0 GeV (available for excitations)
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Charged particle multiplicityCharged particle multiplicity

Simple observable: just count tracks
Constraints on the dominant mechanisms of the particle production 
Soft interactions, QCD cannot be applied

Input for phenomenological models
Essential to estimate the initial energy density
Dependence on √s and on system size interplay between hard parton-
parton scattering processes and soft processes
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First First PbPbPbPb collisions in ALICEcollisions in ALICE
0-5% cent: dNch/dη ~ 1584 ± 4 (stat) ± 76 (syst)
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Charged particle Charged particle multiplicity:multiplicity:√√ss dependencedependence

•An  increase by a factor 2.2, in the pseudorapidity density is observed at √sNN=2.76
TeV for Pb-Pb compared to √s NN=0.2 TeV for Au-Au. 
•Energy dependence is steeper for heavy-ion collisions than for pp and pp collisions
•The average multiplicity per participant pair a factor 1.9 higher than that for pp and
pp collisions at similar energies.

Interplay of Npart and N coll dependence in the particle production 
mechanism in heavy ion collisions

ALICE:  Phys. Rev. Lett. 105 (2010) 252301, ATLAS:Phys. Lett.B 710 (2012) 363, CMS:JHEP 1108(2011) 141
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dNdNchch/d/dηη@LHC@LHC: Model predictions/comparison: Model predictions/comparison

•[8-12]: Models based on initial-state gluon density saturation 
•[13]: A  hybrid model based on hydrodynamics and saturation of final-state phase 
space of scattered partons
•[14]: A hydrodynamic model in which multiplicity is scaled from p+p collisions 
•[15] Model incorporating scaling based on Landau hydrodynamics 
•[16] A calculation based on modified PYTHIA and hadronic rescattering

•[4]: Empirical extrapolation from lower 
energy data 
•Perturbative-QCD-inspired Monte Carlo 
event generators:

• [5] based on the HIJING model tuned 
to 7 TeV pp data without jet quenching

• [6] based on the dual parton model
• [7] based ultrarelativistic quantum 
molecular dynamics model 
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dNdNchch/d/dηη@LHC@LHC: Centrality dependence: Centrality dependence

ALICE:  Phys. Rev. Lett. 106 (2011) 032301, ATLAS: Phys. Lett. B 710 (2012) 363, CMS:JHEP 1108(2011) 141

Same shape of yield/participant at RHIC and LHC
The centrality dependence is well reproduced by saturation models [13,14]
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Rapidity density of Rapidity density of pionspions

C. Blume J. Phys. G31, 57(2005)

Advent of boost invariance already at √sNN=200GeV
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NNchch PseudorapidityPseudorapidity densities@RHICdensities@RHIC
PHOBOS collaboration (from Miller, Reygers, Sanders, Steinberg, Ann.Rev.Nucl.Part.Sci.57 (2007) 205 [arXiv:nucl-ex/0701025]

Charged particle pseudorapidity densities increase:
• with centrality (different colors) and
• with energy

Broader distributions for higher energies
Total multiplicity proportional to Npar
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dNdNchch/d/dηη@LHC@LHC
Phys. Lett. B 710 (2012) 363 JHEP 1108(2011)141

QM2011
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Transverse energy: Transverse energy: √√s dependences dependence

•Increase on ET follows/consistent 
increase on Nch , Npart and <pT>

•ET/Nch increases slightly with √s√s

CMS: arxiv:1205.2488v1
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Spectra

Low pt: Integrated particle yields
High pt: Jet quenching



Taller de Altas Energías Complutense 2012,  A. Marin (a.marin@gsi.de) 7/20/2012 46

Low pT: exponential

High pT: power law (pQCD)

Transverse momentum spectrum in Transverse momentum spectrum in 
pp collisionspp collisions
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where: mT= (m2+pT
2)½ transverse mass (Note: requires knowledge of mass)

µ = b µb + s µs grand canonical chem. potential
T temperature of source

Neglect quantum statistics (small effect) and integrating over rapidity gives:

““Thermal” SpectraThermal” Spectra
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““Thermal” Spectra and FlowThermal” Spectra and Flow
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Blast wave modelBlast wave model
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Transverse Flow excitation function

Saturation or slow increase from SPS to RHIC
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Identified particle Identified particle spectra@PbPbspectra@PbPb (LHC(LHC--RHIC)RHIC)

Significant change in slope compared 
to RHIC; largest for protons

Very strong radial flow, β~0.66
Stronger than predicted by

most recent hydro

Centrality
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Identified particle Identified particle spectra@PbPbspectra@PbPb (LHC)(LHC)

Hydro predictions quite good 
for pions and Kaons.

Some discrepancies for
protons

C. Shen, U. Heinz, P. Huovinen, and H. Song 
Hydro: arXix:1105.3226 
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Assume chemically equilibrated system at freeze-out (constant Tch and µ)
Composed of non-interacting hadrons and resonances
Given Tch and µ 's, particle abundances (ni's) can be calculated in a grand 
canonical ensemble

Obey conservation laws: Baryon Number, Strangeness, Isospin

Short-lived particles and resonances need to be taken into account

Thermal Model and particle Thermal Model and particle abundanciesabundancies
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Measure particle ratios Extract Tch and µ Calculate particle ratios
Compare particle abundancies
Predict
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The The hadronichadronic mass spectrummass spectrum

Complete mass states published in PDG 2008, Phys. Lett. B 667 (2008) 1.

σ meson included [f0(600)]:
mσ = 484 ± 17 MeV,  Γσ = 510 ± 20 MeV
García-Martín, Pelaez, Yndurain, Phys. Rev. D 76 (2007) 074034

Increase on pion yield

Phys. Lett. B673 (2009) 142
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The thermal fitsThe thermal fits

Good agreement between experimental yields and thermal model 

Phys. Lett. B673 (2009) 142
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Energy dependence of T andEnergy dependence of T and µ.µ.
Comparison of different models Comparison of different models 

•Becattini et al.: γS
•Phys. Rev. C 73 (2006) 044905
•Phys. Rev. C 78 (2008) 054901

•Rafelski et al.: γS,q, λq,S,I3
•Eur. Phys. J A35 (2008) 221

γ S = 0.18,0.36,1.72,1.64,...
γ q = 0.33,0.48,1.74.1.49,1.39,1.47,...

•Dumitru et al.: inhomogeneous freeze-out
δT,δµB

•Phys. Rev. C 73 (2006) 024902
•Kaneta,Xu

•nucl-th/0405608
•Cleymans et al., 

•Phys. Rev. C 57 (1998) 3319

•THERMUS, Publicly available
S. Wheaton , J. Cleymans, M. Hauer .  
Comp. Phys. Com. 180 (2009) 84–106

Nucl. Phys.A834(2010)237c
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Energy dependence of T andEnergy dependence of T and µµ

Thermal fits exhibit a limiting temperature:
Tlim = 164 ± 4 MeV

Phys. Lett. B673 (2009) 142
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Predictions for LHCPredictions for LHC
J.  Phys. G38 (2011) 124081

•Predictions for the production of various hadrons relative to pions.
To be tested.
•Balance between matter and anti-matter production is changing 
considerably from RHIC to LHC energies
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Phase diagram of strongly interacting matterPhase diagram of strongly interacting matter
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HBT-interferometry
(Hanbury-Brown-Twiss)

The range of correlation in momentum space allows extraction of  spatio-
temporal extension in configuration space:

It is important to constrain models which connect to lifetime or source size
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HBTHBT
In the 1950’s by Robert Hanbury-Brown and  Richard Q. Twiss:

As a means to measuring stellar radii through the angle subtended by nearby stars, as 
seen from the Earth’s.

Phil. Mag. 45, 663(1954), Nature 177, 26 (1956), Nature 178, 1447 (1956).

2-photon correlation function:

Narrabri Interferometer, Australia

Enhancement due to Bose-
Einstein statistics of photons
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HBT in particle physics: GGLPHBT in particle physics: GGLP

pp collisions, at 1.05 GeV/c. G. Goldhaber, S. Goldhaber, W.Y. Lee, A. Pais, Phys. Rev. 120 (1960) 300

First observation in particle physics
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HBTHBT

Relative momentum q = k1 – k2

Effective emission distribution:

Correlation function:
Fourier transformed distribution

Gaussian static source:
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Dynamical SourcesDynamical Sources

Particle sources expand

Differently in longitudinal and transverse direction

⇒ 3-dimensional radius parameters
Yano-Koonin-Podgoretskii (YKP)
Bertsch-Pratt (BP)

Interpretation of radius parameter as source size meaningless

⇒ Lengths of homogeneity

Radius parameter depend on transverse momentum (kt) of the pairs

Flow introduces space momentum correlations
Also: resonance decays, jets, ...
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BertschBertsch--Pratt Pratt ParametrizationParametrization

3-dimensional parametrization:

Long: defined by beam-axis
Mixed term vanishes at mid-rapidity
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Radius Parameters for an Expanding SourceRadius Parameters for an Expanding Source

Rlong: Proportional to thermal 
,,Freeze-Out”-time τf
(Y. Sinyukov).
Tf: freeze-out temperature
mT: transverse mass of the pair

Rout: Sensitive to 
emission 
duration ∆τ

Rside: Sensitive to transverse 
expansions-velocity βT
(U. Heinz, B. Tomasik, U. Wiedemann)
RGeo: Geometrical, static radius
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Correlation function. Correlation function. RRoutout,R,Rsideside,R,Rlonglong

Decreasing trend with increasing kT.
HBT radii for the 5% most central Pb–Pb
collisions at √sNN = 2.76 TeV significantly 
(10–35%) larger  at √sNN = 200 GeV.
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Beam energy dependence of the radii

Connected to the volume of the homogeneity region, 
Linear dependence on the dN ch/dh 
Two times larger at the LHC than at RHIC.
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Beam energy dependence of
the decoupling timethe decoupling time

The decoupling time for midrapidity pions exceeds 10 fm/c which
is 40% larger than at RHIC

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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backup
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The Time Projection Chamber The Time Projection Chamber 

510 cm

E
E

400 V / cm

Inner and Outer 
Containment Vessels

(150 mm, CO2)

Suspended field
defining strips

400 V / cm

845 < r < 2466 mm
Drift length 2 x 2500 mm

Drift gas Ne-CO2-N2 (86/9/5)
Gas volume 95 m3

557568 readout pads

Main tracking detector (charged particles) 
of the ALICE Central Barrel

•very thin & lightweight FC ~3% X0 

•high track density & small space 
charge

drift gas, chamber lay-out, field 
strips, ..
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Functions, Functions, …Functions, Functions, …
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Nucl. Phys. A715 (2003) 587-590

The fact that the <pt> from AA collisions is distinctly different from 
both pp and e+e− indicates that the AA collisions are not simple

superpositions of the elementary collisions.
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