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Overview of Heavy-Ion Results 

from RHIC  

to LHC 



Fundamental questions of  

Standard Model 

- phase transitions with quantum fields 

- symmetries of nature 

- origin of masses in the Universe 

QCD prediction of 

deconfinement 

and  

chiral symmetry restoration 

in Quark Gluon Plasma 

primordial matter of the Universe 
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Heavy-ion collisions 
from http://urqmd.org/~weber/CERNmovies 

from CERN-THESIS-2011-2411  

from http://urqmd.org/~weber/CERNmovies from  arXiv:1201.4264 [nucl-ex] 

 

 
 

Heavy Ion Collisions is the tool 

to provide the necessary conditions 

for the phase transition: 

they occur in macroscopic volumes  

 

QCD Thermodynamics 

Study high energy density QCD 

(strong, non-perturbative QCD) 

 

Macroscopic piece of  QCD matter 

characterized by  

high density and collective phenomena  

http://urqmd.org/~weber/CERNmovies
http://urqmd.org/~weber/CERNmovies
http://urqmd.org/~weber/CERNmovies
http://urqmd.org/~weber/CERNmovies
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Strategy of Heavy-Ion Physics 
measure all these systems 

from G. Roland (IS 2013) modified by C. Loizides (QM 2014) 



QCD studies 
Material from paper published on the occasion of the 10th anniversary of 

ñQuark Confinement and the Hadron Spectrumò  CONFX 

 

QCD: where we stand, open questions, future directions  
By N. Brambilla,é Y. Foka,é S. Gardner,é conveners of sessions 

QM 2014 at Darmstadt updates: http://qm2014.gsi.de 

http://arxiv.org/pdf/1404.3723.pdf 

First day measurements excluding models Interplay of soft and hard process 

 

At LHC energies : 

what is energy density of high-multiplicity pp or pPb events ? 

EPJC 74 (2014) 2981 

http://arxiv.org/pdf/1404.3723.pdf
http://arxiv.org/pdf/1404.3723.pdf


 
 

 

 

 

 

 

AGS: 1986 - 1996(8) 

 Si, Au  

 ÕsNN = 2.5 - 5.5 GeV/A 

 Users: ~ 400 

 

RHIC: 2000 -  

 d, Cu, Au,  

 ÕsNN = 7.7-200 GeV/A 

 Users: ~ 1000 

 

 

Starting 70ô- to early 80ôs at Bevalac/Berkely  

field started by a few dozen physicists   

> 2500 physicists active worldwide today  

 

energy increase by factor  104 in ~ 30 years 

   

 SPS: 1986 - 2002(4);  NA61: >2009         

    O, S, Pb  

   ÕsNN = 6.5 - 20 GeV/A,      3.9 - 17 GeV/A 

    Users: ~ 600 

 

 LHC: 2010 -  

     Pb, ÕsNN = 2.76, 5.5 TeV/A 

     Users: ~ 1000 

 

 

 

CERN 



First evidence of a  

deconfined state of matter 

based on the results of different fixed target experiments 
at the CERN SPS  

 

strangeness  

enhancement, 

thermalization 

rho melting, 

chiral symmetry  

restoration 

J/Psi suppression, 

deconfinement 

    .é. compelling evidence for a new state of matter, 

    featuring many of the characteristics expected for a Quark-Gluon Plasma   



4 dedicated  HI experiments  at RHIC, took over  

RHIC  

STAR PHENIX 

PHOBOS 

BRAHMS 

starting summer 2000 with Au+Au collisions at 130 GeV and reaching 200 GeV a year later  



Highlights at RHIC 
Hot, strongly interacting, nearly perfect liquid 



2014 JINR Council J. 

Schukraft 
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Large 'Hadron Collider'  

Lake Geneva 
Design Energy: 
 14 TeV (pp)  

1150 TeV (PbPb) 

CMS 

ATLAS 

LHCb 

ALICE 

4 Large Experiments, all participate in HI program (LHCb in pA) 

Collider of 'Large Hadrons'  

p + p 

Pb + Pb 



Collective expansion 

x 

y 

x 

y 

In a thermalized system the 

radial expansion is driven by 

the pressure gradient from 

inside to outside resulting in 

boosted pT spectra 

If the system is asymmetric 

 in spatial coordinates  

the expansion will lead to anisotropy 

 in momentum space 

(azimuthal correlations) 

The final state anisotropy at low pT can be calculated using hydrodynamics giving as input 

Å initial conditions (eccentricity, volume, energy density,..) 

Å properties of produced matter (viscosity, ...) 
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pT spectra and azimuthal corerlations (vn) 

Equation Of State  

Most direct evidence of strongly interacting,  

macroscopic (i.e. large compared to mean free path) and dense bulk matter system  

described in terms of hydrodynamics 

Å dependence of the shape of the pT distribution on the particle mass 

Å azimuthal anisotropic flow patterns (initial spatial anisotropy) 



Collective expansion 
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In a thermalized system the 
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inside to outside resulting in 

boosted pT spectra 
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pT spectra and azimuthal corerlations (vn) 

Equation Of State  

Most direct evidence of strongly interacting,  

macroscopic (i.e. large compared to mean free path) and dense bulk matter system  

described in terms of hydrodynamics 

Å dependence of the shape of the pT distribution on the particle mass 

Å azimuthal anisotropic flow patterns (initial spatial anisotropy) 

are there final state dense matter effects  
in high multiplicity pp and pPb events? 



Probes of HI Collisions   -    Outline 

 multiplicities, energy density, temperature 
 

 space-time evolution of the emitting source:      
    HBT 
      

 degrees of freedom as a function of T: 
    hadron spectra and ratios  
  

 early state collective effects 
 

 direct thermal photons 
 

Medium induced effects 
 

 parton energy loss: 
    high pT spectra 
    open charm and open beauty 
 

 deconfinement:                             
    charmonium and bottonium spectroscopy 
 
 

soft 

hard 
probes 

Global bulk event properties 
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dNch/ d  ́energy dependence 

arXiv:1210.3615 [nucl-ex], Phys Rev Lett 110, 032301 (2013) 

 

p-Pb : ~ sNN
0.10  

dN
ch
/dɖ : 16.95 ° 0.75  

 

pp : ~ sNN
0.11 

dN
ch
/dɖ : 6.01 ° 0.01 (stat.) + 0.2 ï 0.12 

 

Pb-Pb : sNN
0.15 (most central) 

dNch/dh : 1584 ° 4 (stat.) ° 76 (syst.) 

Pb-Pb : using dNch/dh  

and geometry model  

based on Bjorken formula 

e ~15 GeV/fm 3   T = 300 MeV 

3 x RHIC  

Well above critical conditions! 

                     of ~ 160 MeV 

e (t ) =
E

V
»

1

t 0A

dN

dy
< mt >»

1

t 0A

dET

dy
» kBT

4

Bjorken estimate for a thermalized system 



Direct photon spectra 

 

ALICE inverse slope: 

T = 304 ±  51 MeV 

in 0-40% central Pb-Pb 

ãs
NN

 = 2.76 TeV 

 
 

 

PHENIX: 

T = 221 ±  19 ±  19 MeV 

in 0-20% central AuAu 

ãs
NN

 = 200 GeV 
PHENIX, PRL 104, 132301 (2010) 

Direct photon pT spectrum compared to scaled NLO 
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p
T
 > 4 GeV/c 

agreement with N
coll

 scaled NLO pQCD 

 

p
T
 < 2 GeV/c 

~20% excess of direct photons 

 

    Exponential fit for p
T
 < 2.2 GeV/c 

 
 

arXiv:1210.5958 [nucl-ex] 

Ongoing studies:  

blue shifted T due to flow effects 



The source 

Volume at freeze out: ~ 5000 fm3 

x2 of RHIC 

Initial volume ~ 800 fm3 

 

QGP fireball at LHC 

hotter, bigger and longer-lived 

than at RHIC 

Lifetime from collision to freeze out 

~  10 fm/c 

30% longer 

Source size for hadron emission is determined  

by two-pion correlations methods: 

Hanbury-Brown Twiss (HBT) or femtoscopy  PLB 696, 328 (2011) 

Volume and Lifetime 
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24/02/2015, PhD Defense Ğukasz Graczykowski ï Warsaw University of Technology 18/22 

Phys. Lett. B720 (2013) 250 

arXiv:1301.3314 [nucl-th] 

Hydro predictions for p-Pb   

consistent with Pb-Pb scaling? 

 

 

<kT>=0.4 GeV/c 

 

¸ Scaling for pp is clearly different from heavy ions. 

¸ Radii from p-Pb collisions agree  

     with pp for low multiplicities and  

     start to diverge at higher multiplicities. 

central p-Pb collisions undergo  

collective expansion  

similarly to peripheral A-A collisions 

Radii scaling 
Femtoscopic radii  scale approximately  with cube root  of multiplicity 



HBT radii 
 Nch & mT dependence of radii in AA: hallmark of expansion 

QM14 J. 

Schukraft 
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STAR http://arxiv.org/abs/1004.0925 

pp 20 GeV ï 1.8 TeV 

pp 200 GeV 

HBT: 

R & ct vs dNch/dy 

HBT: 

RO, RS, RL  vs  mT 

Slide from Jurgen Schukraft 



Low-pT   particle production in Pb-Pb  

ñBlast-Waveò fit to  pT spectra [1]: 

 Ą Radial flow velocity <b> å 0.65 

        10 % larger than at RHIC 

ĄKinetic freezout temp. TK å 95 MeV 

      same as RHIC within errors  

To correctly describe protons additional processes needed after chemical freeze-out  

 

Strong collectivity in transverse direction, 

spectra harder than at RHIC 

  

Radial Flow 

Collective Transverse Expansion 

ALICEÉ | Cnference Quy Nhon| 20 July 2012 | I.-K. Yoo 12 

Å different shape in pT  different mass 

Low-pT spectra : superposition of thermal   

motion with collective radial expansion 

arXiv:1208.1974 [hep-ex]  

[1] E. Schnedermann, et al.; Phys. Rev. C48, 2462 (1993) 

 

20 



21 

Blast-Wave 
hydro-motivated  
fit thermal sources expanding with 

common velocity 
 

Krakow 
3+1 viscous hydro 
 

DPMJET 
pQCD based 

p-Pb 

Low-pT   particle production in p-Pb  

Models including hydrodynamics 

describe the data better 

PLB 728 (2014) 25 

) 

EPOS LHC 
full event generator  

with hydro evolution 
Based on Gribov-Regge theory 

Initial hard and soft scatterings create flux tubes 

that either escape the medium and hadronize as jets 

or contribute to the bulk matter 

described by hydrodynamics 



QM14 J. 

Schukraft 
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Momentum Spectra 

Radial Flow fit (BW): 

T  & <b> vs dNch/dy 

pp, dA, AA  RHIC 

STAR http://arxiv.org/abs/0808.2041 

Radial Flow fit (BW): 

Data/Fit (p,K,p) 

pp 200 GeV 

Slide from Jurgen Schukraft 



Thermal Model from RHIC to LHC  

baryochemical potential  

                 mb = 41 MeV 

Within the framework of thermal models 

chemical freezout temperature 

T ~ 176 MeV 

Tc ~ 176 MeV 

mc =41 MeV 



At LHC 
pκˉ Ǌŀǘƛƻ ǎƛƎƴƛŦƛŎŀƴǘƭȅ (~1.5x) lower than 
expectations from RHIC extrapolations  

Thermal Model from RHIC to LHC  

baryochemical potential  

                 mb = 1 MeV 

Within the framework of thermal models 

chemical freezout temperature 

T ~ 164 MeV 

PRL 109 (2012) 252301 

 

hadronic re-interactions ? 
F.Becattini et al. 1201.6349  

J.Steinheimer et al. 1203.5302 

baryon-antibaryon annihilation ? 



No quantitative interpretation which smoothly describes small & large 

 despite evident relevance for understanding HOW we reach thermal ratios.. 

Particle production 

QM14 J. 

Schukraft 
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STAR http://arxiv.org/abs/0808.2041 STAR http://arxiv.org/abs/nucl-ex/0607033 

Phenix http://arxiv.org/abs/1005.3674 

pp, dA, AA  RHIC 

pp 200 GeV 

Particle production: 

gs vs dNch/dy 
Particle production: 

Data /Thermal Model 



Overview of particle production 
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Particle ratios evolve as a function of the system size 
from small (pp), intermediate (p-Pb) to large (Pb-Pb) collision systems 

K* 
suppression 

baryon 
suppression 

deuteron 
enhancement 

strangeness 
enhancement 

Particle ratios at LHC 
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PLB 728 (2014) 25 

Baryon-to-meson enhancement first observed at RHIC at intermediate pt 
 
Significant centrality/multiplicity dependence of the ratios 
enhancement at intermediate-pT with increasing multiplicity 

corresponding depletion in the low-pT region 

 

wŜƳƛƴƛǎŎŜƴǘ ƻŦ ɮ-ɮ ƻōǎŜǊǾŀǘƛƻƴǎ 
commonly understood in terms of collective flow 

p-Pb Pb-Pb 

p-Pb Pb-Pb 

Baryon-to-meson in p-Pb and Pb-Pb 



28 
the extra baryons are not coming from jets 

 ȿ/K0S production ratio in p-Pb 

measured in charged jets 

Zhang, arXiv:1408.2672 [hep-ex] 

inclusive particles 

p-Pb 

What is the origin of extra baryons ? 

jets do not show  

enhancement 



Elliptic flow 
In non-central collisions, pressure gradient transforms the initial spatial 
anisotropy into the observed momentum-space anisotropy 

E
d3N

d3p
=

1

2p

d2N

ptdptdy
1+ 2 vn cos n f - Y n( )éë ùû

n=1

¥

å
æ

è
ç

ö

ø
÷

vn pt,y( ) = cos n f - Y n( )éë ùû

S. Voloshin and Y. Zhang, Z. Phys. C70, 665 (1996) 

Superposition of independent 

pp collisions: 

momenta pointed at random 

relative to reaction plane 

 

Evolution as a bulk system: 

Pressure gradients (larger in-plane) 

push bulk ñoutò Ą ñflowò 

 

Azimuthal distribution described by a Fourier expansion 

measured with two and multi-particle correlations 
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v2 : elliptic flow     (v1 : directed flow  v0 : radial flow )    

    

 



Elliptic flow 
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Connection to viscosity ́ /s  

Č RHIC and LHC values close to the lower theoretical values of 1/4  ̄ (given by AdS/CFT) 

Lower viscosity  

than water !! 

Perfect liquid at RHIC 

Precision measurements 

show a hint 

of temperature dependence 

slightly increasing 

from RHIC to LHC 
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Elliptic flow 

First LHC results confirmed hydrodynamic predictions 

ÅMedium at LHC:  an almost perfect strongly interacting liquid with minimal viscocity, 

like at RHIC  

h
-4 -3 -2 -1 0 1 2 3 4 5

2
v

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09  = 2.76 TeV
NN

sPb-Pb 

 > 0
T

p

Centrality classes: event average

  

  

  

2.5-15%

15-25%

25-50%

{2}
2

ALICE v  arXiv:1204.1409{EP}
2

CMS v

ALI PREL 27803

 

Extended v2 measurements at wide h and pT range 

Å in agreement with hydrodynamics: increase from RHIC to LHC 

Å 20-30% at mid-rapidity 

Å 30% at forward rapidity  
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v2 of identified particles further constrains  

properties of the deconfined phase: 

viscosity over entropy-density (ɖ/s) 

of hot dense medium 

v2 measured for 
±́ , K± , K0

S, p, ű, ȿ, ɂ, ɋ 

arXiv:1405.4632 [nucl-ex] 

Pb-Pb 

v2  of identified particles in Pb-Pb 

ű, meson with mass similar to proton ;  

clarify if mass ordering effects are due  

to mass or quark content 

˒ ƳŜǎƻƴ ōŜƘŀǾŜǎ ƭƛƪŜ ŀ ǇǊƻǘƻƴ 
 
mass drives v2 and spectra,  

not number of constituent quarks 

as was observed at RHIC 
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consistent with expectations  
from collective hydrodynamic expansion 

Bozek et al., PRL 111 (2013) 172303 

PLB 726 (2013) 164 

p-Pb 

p-Pb 

v2  of identified particles in p-Pb 

mass ordering observed at low pT 

lower v2 for heavier particles 

crossing at higher pT 



Higher harmonics and initial state 

Ç Initial geometry not described by the ideal almond shape 
o Fluctuations of initial energy/pressure distributions lead to ñirregularò shapes  fluctuating event-by-event 

o Higher (odd) harmonics each one having its own symmetry plane 

Ç Higher harmonics more sensitive to the value of shear viscosity 
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Hydro simulation of initial state (ideal and viscous hydro): 

fluctuations of initial state are damped by viscosity 

Measurable complex flow patterns with vn up to 6th order 

Understood to arise 

Å from event-by-event fluctuations of the initial geometry 

Å or/and CGC initial state 



0ï5% 5ï10% 10ï20% 

40ï50% 30ï40% 

20ï30% 

Extending vn measurements in pT 

v2 non-zero up to high pT : where dominated by jet quenching 
Å v2 at low- pT : degree of thermalization 

Å v2 at high pT : path - length dependence of energy loss 

vn measurements up to 20 GeV/c  

arXiv:1205.5761 [hep-ex] 
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Talk by Evgeny Zabrodin 

Higher harmonics provide important constraints on the physics and origin of the flow fluctuations. 

Effects of v2 and v3 interplay on Ridge and higher harmonics 



Jets as probes of the medium 

pp 7 TeV  


