
Search for critical point : from RHIC 
to FAIR

mapping the phase diagram of 
strongly interacting matter
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Plan of the talk

ÅEvolution of the phase diagram : a historical view

ÅStudy of critical point in bulk systems

ÅWhat do the available theory and data suggest ?
ïFluctuation measurements

ïNature of the medium formed in HI collisions

ïChiral symmetry restoration and charge-neutral fluctuation

ÅExpectations from RHIC BES

ÅhǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘǎ ό{ILb9Ϫ{t{Σ /.aϪC!LwΣ Χύ

ÅSummary and Outlook
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Critical Point : Textbook version

Åa critical point, also called a critical state, specifies the 
conditions (temperature, pressure and sometimes 
composition) at which a phaseboundary ceases to exist.

Å In equilibrium systems the critical point is reached only by 
tuning a control parameterprecisely. However, in some non-
equilibriumsystems the critical point is an attractor of the 
dynamics in a manner that is robust with respect to system 
parameters, a phenomenon referred to as self-organized 
criticality.
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Phase diagram of water
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Evolution of the Phase Diagram
of QCD matter over the last thirty 

years

Phase diagram of QCD : Bring your own
TIFR, 13-14 Dec. 2010
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Message from Lattice QCD

ÅThe transition at finite temperature and zero 
baryonic chemical potential is a cross-over

ÅThe critical temperature Tc is ~170MeV

ÅThere is a critical end point in the phase 
diagram, somewhere in the range µB ~ 250-
400 MeV

ÅVarious susceptibilities diverge near the CP
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Evolution of the Phase Diagram over the last 
thirty years
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Mapping the (T-µB) plane
Thermal model fits to hadron production data

Andronic et al., Nucl. Phys. A7 (2006) xxxx 8

Studies at forward 

rapidity Ą access to 

larger µB



Fluctuation near a CP : Experiments in bulk matter

Liquid crystal excitation close to 

a second order phase transition 

drive by electric field

Prediction from theory :  when the 

correlation length (ɝ) ~ system size, 

PDF is a Generalised Gumbel (GG) 

distribution (skewed and not 

gausssian)

Measure the Prob. Dens, Func. 

(PDF)  for a global quantity ɢ: 

denotes the spatially averaged 

alignment of LC molecules

For V ~ V0 cos ɤt and Vc the 

Critical field,  Ů= (V0/Vc)
2 -1 is the 

reduced control parameter.

Phase 
transition

Phys. Rev. Lett. 100 (2008) 180601
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Prob. Den. Func. for various values of ʶ

0.16
0.008

0.004 0.002

Skewness increases as we move closer to the critical point

Dashed lines 

are Gaussian
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A question of sensitivity

Skewness parameter

ɔ = <y3> 

Studied as a function of cut-

off frequency fHP. For higher 

fHP, the skewness tends to 

vanish.

Slow modes with f < fc 

responsible for non-Gaussian 

PDF

Ů= 0.002

Sufficient resolution at low frequencies required for the success of the 

experiment.

11

gaussian



Time evolution of HI collisions
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Fluctuation as a signature for phase transition

Study of fluctuation may reveal information beyond its thermodynamic properties. 

If the system expands, fluctuations may be frozen in early, and thus tell us about 

the system prior to thermal freeze-out. Ą Fluctuation in Cosmic Microwave 

Background radiation, at a level of ~10-5 wrt thermal distribution : they represent 

spatial correlations.

In HI collisions, we measure correlations in momenta.  (to obtain spatial 

correlation is non-trivial), also effects due to thermal emission and elliptic flow 

need to be taken care of.

Two ways to study fluctuation in HI 

Collisions :

ÇE-by-E fluctuations

ÇMulti-particle correlations

One needs to study the role of impact 

parameter averaging

Single event (big bang) vs. 

Many events (mini bang) 13



Fluctuation measures
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<pt> fluctuation
K/pi fluctuation

Multiplicity fluctuation
Higher moments of net proton
Higher moments of net charge



event by event fluctuation of <pT> 

Mixed events : no correlation among particles, 

distribution represents the results of purely 

statistical nature

The width of the mixed event distribution is 

narrower that that of data at all energies.

The difference in the widths, a measure of non-

statistical fluctuation, increases with energy.

Histograms of the <pT> per event for Au+Au atãsNN = 

20, 62, 130, and 200 GeV for the 5% most central 

collisions at each energy. Both data and mixed events 

are shown for each incident energy. 

STAR Collaboration, Phys. Rev. C72, 044902 (2005) 15



Energy dependence of <p_t> fluctuation

SSC : small scale correlation

HIJING no match with all options
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Two-particle pT correlation measure

< ȹpT_iȹpT_j >

×Increases with c.m. energy

×Much larger than HIJING predictions

×Initial rapid rise as a fn. of centrality, 

plateau later (around N_part  ~ 150), 

not seen in HIJING (almost flat)

ÇLittle energy dependence, over a 

wide range (CERES + STAR)

ÇDecreases with centrality

ÇHIJING centrality proper but 

magnitude low

Scaled with <p_t>
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K/ f́luctuation

Statistical Hadronization model : light quark 

phase space occupancy

ɔq = 1  : chemical equilibrium

ɔq <1  :  chemically under-saturated (low 

energy)

ɔq > 1  : chemically over-saturated (high energy)

No clear energy dependence from 

SPS to RHIC

No quantitative prediction for ůdyn

HSD better than UrQMD but no 

satisfactory description of data by 

any model 18



Multiplicity fluctuation : measurements in 
forward direction using PMD

Fluctuation in particle multiplicity related to matter compressibility

Forward rapidity Ą access to higher baryon chemical potential

Fluctuation measure

WA98 PMD, PRC

WA98

STAR

Monotonic increase of multiplicity 

fluctuation : similar to <pt> fluctuation

19Systematicsto be studied after more data available from BES



Higher Moments of Net -Protons

Non monotonic variation of products of higher moments with beam energy

Higher moments Ą higher sensitivity

< ( N)2> ~ 2 

Value limited in heavy-ion collisions 

Finite size effects < 6 fm

Critical slowing down, finite time

effects ~ 2 - 3 fm

< ( N)3> ~ 4.5

< ( N)4> - 3 < ( N)2>2 ~ 7

Moments and Correlation length () 

Distributions non Gaussian at CP

Link to Lattice QCD 
(ratios of susceptibilities of 

conserved quantities)

Kurtosis *Variance ~ 
4)/ [ /T2]

Skewness * Sigma ~ 

[ 3)/ T]/ [ /T2]
Gavai & Gupta, arXiv:1001.3796

M A Stephanov, PRL  102, 032301 (2009)
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Volume effect 
At a normal point in the 

phase diagram, we have

Mean ŬV, 

sig ŬV½

Skewness Ŭ1/V½

Kurtosis Ŭ1/V



Observable: non-CP Physics 

Kurtosis x Variance: (Desirable features for CP Search)

o Constant as a function of beam energy

o Constant as a function of collision centrality/impact parameter

o No difference between net-baryon and net-proton

o Effect of resonance decay small

o Similar values for Transport, Mini-jets, Coalescence models

o Unity for Thermal model

Beam energyCollision centrality

mid-rapidity, pT : 0.4-0.8 GeV/c
Au+Au 200 GeV
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STAR Data: Net-Proton Distribution
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Moments: Net-Proton Distribution

2( )NN

3

3

( )NN
s

4

4

( )
3

NN

Central Limit Theorem:
Mi = CMx <Npart>I

2
i = C 2

x <Npart>I

Si = Sx/ã[ C <Npart>]I

i = x/ [ C <Npart>]I

Moments:

Consistent with CLT expectations (lines)

STAR: PRL 105 (2010) 022302
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Energy Dependence: 

24

Observations indicate CP not located for B < 200 MeV

CP Model: 2 > 2

arXiv: 1006.4636;

PRL 102 (2009) 032301

Beam Energy Scan Programme

Year 2010: 7.7,  11.5,  39 GeV

Year 2011: 18, 27 GeV

For the first time, direct 
connection between data 

and Lattice

Data in agreement with both Lattice and HRG



STAR Preliminary

Higher Moments For Net-charge Distribution : at 39 A.GeV

üKurtosis does not agree with central limit theorem (CLT) at higher centrality

üSystematic errors, from bin width effect, has been included 

CLT

25

net-charge

<Npart> <Npart>



Nature of matter produced in RHIC

ÅElliptic flow

ÅNCQ Scaling

ÅV2 saturation

ÅRAAand Jet quenching

ÅEmission of thermal photons
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Elliptic flow

dN
---
dű

~ 1 + 2 Ɇ vncos nű

v1 : shift of centroid, v2 : measure of 

ellipticity

Ɋ1 , Ɋ2 : specify orientation

n=1 : directed

n=2 : elliptic

Pressure gradient in the overlap zone

collective flow in the reaction plane

Initial space anisotropy

Carried to final state 

momentum anisotropy

27



Elliptic flow : first measured with PMD

28

WA93 Expt WA98 Expt



Elliptic flow at RHIC
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Hydrodynamics works well



V2 in ALICE and STAR

STAR at RHIC

30

V2 saturates in going from RHIC to LHC



Elliptic Flow - Inclusive Charged Hadron

Saturation of v2 ï

Saturation of interaction

Thermalization ?
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RAANormalization : Suppression of high pt

particles 

If no ñeffectsò:

RAA < 1 in regime of soft physics

RAA = 1 at high-pT where hard 

scattering dominates

Suppression:  

RAA < 1 at high-pT

ddpdT

ddpNd
pR

T

NN

AA

T

AA

TAA
/

/
)(

2

2

<Nbinary>/ inel
p+p

nucleon-nucleon

cross section

Compare Au+Au to nucleon-nucleon cross sections

Nuclear 

Modification 

Factor:

AA

AA

AA

32



Suppression of high pt particles : dense medium

Expected

Observed

Dense medium cannot be hadronic, only partonic

33

Photons not suppressed



Probes of Thermalization : photons

Proton-Proton

Photons

Emission rate and 

distribution consistent 

with 

equilibrated matter

N
u
m

b
e
r 

o
f 

P
h
o
to

n
s

Gold-Gold

Photons

34

PHENIX



Scaling of v2 with number of constituent quarks

35

V2 of mesons and baryons fall on the 

same systematics once scaled by the 

number of constituent quarks Ą strong 

indication of a partonic medium formed
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STAR, PRC 72, 014904 (2005) 

STAR, arXiv:0909.0566 [nucl-

ex]PHENIX, PRL 99, 052301 

(2007)

d(p+n) : nq = 2 x 3        3He(2p+n) : nq = 3 x 3

üv2 of 3He seem to follow the atomic mass number (A) scaling.

üNumber of constituent quark (NCQ) scaling holds good for v2 of 3He.

STAR Preliminary

NCQ Scaling



Chiral Symmetry Restoration : DCC

Look at N vs. Nch fluctuations

At T > Tc : Chiral symmetry restored

Vacuum expectation value of chiral field is 

zero.

At T < Tc : Chiral symmetry broken

Vacuum may be oriented in one of the pion 

directions (disoriented wrt normal vacuum 

directions)

Disoriented chiral condensates (DCC) formed 

in domains of (ɖ,ű) : emission of low pt pions

Distribution of neutral pion fraction  (ä) very 

different for DCC and generic events

ˊ 2 : shows up in photon detectors

ˊ : shows up in charged particle detectors
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N vs. Nch Fluctuation at SPS

ÅTop 5% central events  ONLY
ÅBins in 

ÅDiscrete Wavelet Analysis

ÅCorrelation Analysis:

Normal

DCC

FFC
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Formation of DCC ςupper limits

0-5% central

Global DCC

Upper limit for DCC-like  localized fluctuations: 1% - 0.3% for 

central collisions for domains of size 45 - 60 within common -

coverage.

Localized DCC domain

= fraction of pions as DCC pions

Phys. Lett. B420 (1998) 169
Phys. Rev. C67 (2003) 

044901

0-5% central

5-10% central
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Charged particle depleted events

Anti-CENTAURO event of JACEE

36 photons, 1 charged particle

An event of WA98 

PMD ïSPMD

84 photons, 12 charged particle

=2.9-3.75, =90



Inspection of event structure

ÅScan the entire azimuthal range by

opening a window r

ÅCalculate ä = N*0.5/(N *0.5+Nch)

for each window.

ÅFind maximum and minimum value of äin an event

represented by ämax .,ämin

Compare with the results of event generators

ȹɖ

ȹűpatch

Sliding Window Method (SWM)

PMD-SPMD

Overlap zone

WA98
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Comparison of data and mix for photon-excess 
and charge-excess events

Calculate the % of events in data beyond  µ ± nů, n=3,4 (µ,ůfrom mixed )
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WA98 results

Presence of non-statistical fluctuation beyond event generator
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Charged-neutral fluctuation in STAR @ RHIC

Correlation between photons (measured in PMD) and charged particles (measured 

in forward TPC) in common coverage
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Accessing the (T-µB) Plane : RHIC and FAIR

J. Randrup & J. Cleymans,

Phys. Rev. C 74 (2006) 047901
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Search for the critical point : Hopes
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Expectations from RHIC BES
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TPC

TPC + TOF

NA49 @ SPS has made detailed 

investigations of several fluctuation 

observables, fixed target experiments have 

large problems with acceptance corrections

RHIC experiments have acceptance 

symmetric around mid-rapidity, acceptance 

corrections not so problematic

STAR @ RHIC has now excellent particle 

identification after the addition of TOF, an 

essential ingredient to measure a large 

number of particle ratios in the effort to span 

the phase diagram

Large statistics is one of the key features of 

the BES programme



Search for Critical Point at SPS : 
NA61/SHINE
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{ŜŀǊŎƘ ŦƻǊ ǘƘŜ ΨƘƛƭƭΩ ƛƴ ǘƘŜ н-D scan of the phase 
diagram with various systems 



FAIR and NICA

ÅFAIR : 

ï2-45 A GeV fixed target, but very high intensity

ïCompressed Baryonic Matter (CBM) : a dedicated 
HI expt 

ïConcentrating on rare probes

ÅNICA : Collider 2-11 A.GeV
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Particle multiplicity x branching ratio 
for min. bias Au+Au collisions at 25 GeV 
(from HSD and thermal model)

SPS Pb+Pb 30 A GeV

Driving CBM

experimental 

requirements 

in precision

and rates
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Summary

ÅMatter produced in relativistic heavy ion 
collisions seem to be equilibrated

ÅPartonic  medium is observed

ÅFluctuation studies becoming mature, more 
data and variety of studied required.

ÅExperimental search for QCD critical point is 
difficult, but not unsermountable if nature 
favours.
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Outlook
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CP Region ?

Shall we be lucky to go near the CP region ?

Will Lattice QCD calculations remain firm ?



Phase diagrams of future
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