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A Evolution of the phase diagram : a historical view
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Critical Point : Textbook version

A acritical point, also called aritical state specifies the
conditions {emperature, pressure and sometimes
composition) at which g@haseboundary ceases to exist.

A In equilibrium systems the critical point is reached only by
tuning acontrol parametemprecisely. However, in sonmn-
equilibriumsystems the critical point is aitractor of the
dynamics in a manner that is robust with respect to system
parameters, a phenomenon referred to sslforganized
criticality.



http://en.wikipedia.org/wiki/Critical_temperature
http://en.wikipedia.org/wiki/Phase_%28matter%29
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Evolution of the Phase Diagram
of QCD matter over the last thirty
years

Phase diagram of QCD : Bring your o

TIFR, 144 Dec. 2010




Message from Lattice QCD

A The transition at finite temperature and zero
baryonic chemical potential is a cresger

A The critical temperature s ~170MeV

A There is aritical end poinin the phase
diagram, somewhere in the rangg # 250
400 MeV

A Various susceptibilities diverge near the CP



Evolution of the Phase Diagram over the last
thirty years

The early universe
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Mapping the (Iug) plane

Thermal model fits to hadron production data
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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 (3) ~ system size,
PDF is a Generalised Gumbel (GG)
distribution (skewed and not
gausssian)

Measure the Prob. Dens, Func.
(PDF) for a global quantity G:
denotes the spatially averaged
alignment of LC molecules

ForV ~V,cos ¥tand V_the
Critical field, Us (V,/V.)? -1 is the
reduced control parameter.

Phase
transition

c) LC

Laser beam || ‘

Polanzation
interferometer

Phys. Rev. Lett. 100 (2008) 180601
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Prob. Den. Func. for various value$ of

Dashed lines
are Gaussian

Skewness increases as we move closer to the critical point
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A gquestion of sensitivity

Skewness parameter
0 =3> < y

Studied as a function of cut . _
off frequency f For higher 0.47
fm the skewness tends to
vanish. 06

Slow modes with f < fc
responsible for noWGaussian
PDF

Sufficient resolution at low frequencies required for the success of the
experiment.
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Time evolution of HI collisions

The initial stage - CGC (Color Glass Condensate) -
Glasma - JIMWLK equations

The intermediate stage - instabilities(?) -

QGP (MEDIUM! - quark-gluon plasma) -
thermalization(?)

The final stage - hadronization.

CGC Sing. Glasma QGP Hadrons

12



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. A Fluctuation in Cosmic Microwave
Background radiation, at a level of ~10-> 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 :

C E-by-E fluctuations

C Multi-particle correlations

One needs to study the role of impact Single event (big l?ang) VS.
parameter averaging Many events (mini bang) 13



Fluctuation measures

- scaled variance w of the multiplicity distribution P(n)
« intensive fluctuation measure

Var(n) <n®>-<n>’ - independent particle emission: w = 1

en> <n> « superposition model: W(A+A)=wW(N+N)+<N >W,4
* w sensitive to fluctuations of N,

a

- ®, measure of fluctuations of observable x (<p>, <®>,Q, ...)
2 M.Gazdzicki and S.Mroweczyski, Z.Phys.C54,127(1992)
o - </l > ) rzl -

: <N> » superposition model: @,(A+A)= ©,(N+N)
Z= X - <X>. - independent particle emission: @,=0
N - @, strongly intensive fluctuation measure
Z =) (x-<x>) independent of <N ;> and its fluctuations

i=1
- O4yn Measure of dynamical particle ratio fluctuations ( K/m, p/1r, K/p )
Gaﬁm = Sigﬂ(ﬁjﬂm o Giiﬁ)\/‘gjm‘a o g:irr‘ : J{%ﬂ - ‘Va}w‘
« e-by-e fit of particle multiplicities required in NA49
» mixed events used as reference
. WNpan dependence Koch,Schuster PRC81,034910

<pt> fluctuation
K/pi fluctuation

Multiplicity fluctuation
Higher moments of net proton
Higher moments of net charge 14




event by event fluctuation of <p

e Data

nl <1

o Mixed

!f 130 GeV %

1
0
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- — T for Mixed
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%
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f
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<pt> (GeV/c)

064

Histograms of the <p;> per event for Au+Au atas,, =
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.

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.

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



Energy dependence of <p_t> fluctuation
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SSC : small scale correlation
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Two-particle p-correlation measure

35000,

& 20 GeV Aurfu 1 20 GV HINING 2

o [ W 62 0ev Audu O 62 GV HIING ! 2
- L & 130 GaV AusAu % 130 GeV HWING e
L 30000~ » 200 GaV Aushu v 200 GeV HWING - Rt *
% £ call —-+— + _+_ ﬁ %_oa ?
E 25000 - _+_ . _+_ ! J;g' lgoa- ® Aushu 0« 5% Most Central
A - . - & = . v CERES Po+Pb
= 1 o Goo i ‘ -
g 20000 - + + + > 4 & ——
L F +
g ET - + ¥
i 1snuu_+ A 4 W L PP i

| 1 W 2 CGeV Aubu ™ |
= : D GaY AueAu
o 10000 + . [ men... ™ f; ¥
g " _-a + 3 S = &
o [ == —|‘:‘|— — e é < @T - @T . > i} (@ GV HUNG g B
= EUUH—'-"* F g - B wE G _ _J n :-*35;-« o ';; F &

oo o o > OO o

ﬂ: L, L, | 0 50 100 150 200 250 300 350
0 50 100 150 200 250 300 350 me

art

Scaled with <p_t>
x Increases with ¢.m. energy C Little energy dependence, over a
x Much larger than HIJING predictions wide range (CERES + STAR)

x Initial rapid rise as a fn. of centrality, C Decreases with centrality
plateau later (around N_part ~ 150),

not seen in HIJING (almost flat) G HIJING centrality proper but

magnitude low
17



K/” fluctuation
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Statistical Hadronization model : light quark No clear energy dependence from
phase space occupancy SPS to RHIC
9, =1 : chemical equilibrium No quantitative prediction for &dyn
93 <1 : chemically undesaturated (low HSD better than UrQMD but no
energy) satisfactory description of data by

9, > 1 : chemically ovesaturated (high energy) any model 18



Multiplicity fluctuation : measurements In
forward direction using PMD

Fluctuation in particle multiplicity related to matter compressibility
Forward rapidity A access to higher baryon chemical potential

2

- _ %
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<N__ > Monotonic increase of multiplicity
’ fluctuation : similar to <pt> fluctuation

Systematics$o be studied after more data available from BES 19




Higher Moments of Net -Protons

o : Volume effect
Distributions non Gaussian at CP At a normal point in the

Moments and Correlation lengt§)(  phase diagram, we have

Mean UV,
<EN)>~E2 < (ON)%> ~45 Gig O v
< (BN)*>- 3 < BN)>2~¢&7 Skewness U 1/V*

Kurtosis U 1/V

Higher moment® higher sensitivit
) 2 9 y Link to Lattice QCD

Value limited in heawyion collisions (ratios of susceptibilities of
Finite size effect§ < 6 fm conserved quantities)
S 8
Critical slowing down, finite time Kur;(?z;s[ XX;'J‘/”T%']“CG
eflectst ~2-31m Skewness * Sigma ~
M A Stephanov, PRL 102, 032301 (2009) [x@'T) [x@ [T

Gavai & Gupta, arXiv:1001.3796

I Non monotonic variation of products of higher moments with beam energy I

20



Observable: non-CP Physics

Collision centrality woevy | Beam energy
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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 nétaryon and neproton

o Effect of resonance decay small

o Similar values for Transport, Mipets, Coalescence models
o Unity for Thermal model
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dE/dx (KeV/cm)

Y
o

STAR Data: Net-Proton Distribution
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Moments: Net-Proton Distribution

STAR: PRL 105 (2010) 022302

Moments:

=
M!—:

Central Limit Theorem:

M. = CM, <N

part I

2 = 2
c4=Co <Npart |

Si =Sy BC <Npar)
K; K/[C <Npart ]

Average Number of Participant <Npan>

Consistent with CLT expectations (lines)
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Energy Dependence:kc?

L, (MeV)
720 420 210 54 20 10
T T T T 1T | T T T T T L | T T
3 [Au+Au Collisions  Lattice QCD HRG
| @STARData e
- Net-proton
5 "~ 0.4<p,<0.8 (GeV/o),lyl<0.5 h
- &
1 j_ _________________________________________ ++ + -
| CriicalPointSearch @ | STAR Preliminary |
U L 1 1 1 Ll | Il 1 1 1 1 1 L 1 | 1 L
456 10 20 30 100 200
\/Syy (GeV)

CP Modelxc?2> 2

arXiv: 1006.4636;
PRL 102 (2009) 032301

For the first time, direct

connection between dats
and Lattice

Beam Energy Scan Programme

Data in agreement with both Lattice and H

Year 2010: 7.7, 11.5, 39 GeV
R@ear 2011: 18, 27 GeV

Observations indicate CP not located for pz < 200 MeV
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Higher Moments For{dkarge Distribution : at 39 A.G

STAR Preliminary
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U Kurtosis does not agree with central limit theorem (CLT) at higher centrality

U Systematic errors, from bin width effect, has been included
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Nature of matter produced in RHIC

A Elliptic flow

ANCQ Scaling

AV, saturation

A R, and Jet guenching

A Emission of thermal photons

26
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Anisotropy coefficient, v,
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Hydrodynamics works well
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V, saturates in going from RHIC to LHC
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Elliptic Flow Inclusive Charged Hadron

Saturation of v2 i

o
>

Saturation of interaction

Thermalization ?

Ratio
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R, Normalization : Suppression of high p

particles
Compare Au+Au to nucleenucleon cross sections

d2N*/dp.dr

RAA(pT):

— N —1nucleonnucleon
/d :
) Cross section

R<1

ﬂsoﬂ."

1

2 3 4 5
Tranverse Momentum (GeV/c)

+
<Nbinar)P/('5ineIIO g

11 f nNo Nneffectsao

Raa < 1 In regime of soft physic:
Raa = 1 at highp; where hard
scattering dominates

| Suppression:

Raa < 1 at highpy
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Suppression of high, particles : dense medium

PHENIX Au+Au (central collisions):
g | Direct y ]
(4’ A 7 Preliminary
10 il e 1
GLV parton energy loss (dN°dy = 1100)

Photons not suppresse

Observed

Expected1

- llllli
/_.:.:
—He— !

R

Dense medium cannot deadronig onlypartonic
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Number of Photons

Ed*N/dp

Probes of Thermalization : photons

PHENIX

& &+ AuAu MB x10

A

Emission rate and
distribution consistent
: \ with
SENa equilibrated matter

Gold-Gold
Photons

-;—Proton-Proton E §
g Plhotolns
- 1I (| I2I [ | I3I [ | 4 III5I [ | I6 7
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Scaling of ywith number of constituent quarks

— T ISy, = 200 GeV "Au + *Au Collisions at RHIC
i ] 015 FF T T T T T T =
03 @=(PHENIX) <2 p (PHENIX) o1, LK ¥o uc=
. - L8]
= K (PHENIX) O A (STAR) ol A .
* Kg (STAR) O = (STAR) ‘
< ko2t mwo, |
¢ =~ 0.5 W |
| [l ‘# | > 1
02+ gﬂ e -
I | ol® ~
f:iﬁja Pl PR L
| ::1?.'5}- T T‘ i -0.03 ] 0.5 1 1.5 2 2.5 3 3.5
W FES 2
0.1l H:_@# | (m_-m)/n_(GeVic)
V, of mesons and baryons fall on the
| same systematics once scaled by the
ollit v v Ly v L e I number of constituent quarks A strong

|
0 1 2 3 indication of a partonic medium formed
myr - my (GeV)
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NCQ Scaling

0.2
- 0-80% Au+Au 200 GeV 0.12 [ @ °He+’Fie (STAR) & w+m (PHENIX)
r @ 3He_+ *He STAR Preliminary ) i K2 (STAR) [ K*+K (PHENIX)
0'15:_ 2%”1 v ¥ 0 1 T A ¢ (STAR) 2 p+p {PHENIX)
- Op Pt = A (STAR) 9 d+d (PHENIX)
0.4 T A*R + ' N
< 0.08 .
” .05 = - @D‘%@ . 1°
. I B _ ®’He/p EN 0.06 - I$ED A
: Jiiase > .
or 1 0.04F &° 1o %
i . 0“KE,“J§:G:\?M’]‘ 2 : L“:'_. b %U 4 ;_ o *_ . § ___________
C Lo v v b b b b by g B 1 ;N o.s%— { i {
0 02 04 06 08 1 12 14 0.02- ST
KE,/A (GeV/c?) - .y GV
STAR, PRC 72, 014904 (2005) I e e STAR riiminary
STAR, arXiv:0909.0566 [nucl- S B - S—
ex]PHENIX, PRL 99, 052301 0 0.5 1 ;'-5 2
(2007) KE;/n, (GeV/c®)

d(p+n) :ny=2x3 *He(2p+n) :n,; =3 X 3

U v, of 3He seem to follow the atomic mass number (A) scaling.
U Number of constituent quark (NCQ) scaling holds good for v, of 3He.
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Chiral Symmetry Restoration : DCC

10

At T > T, : Chiral symmetry restored

— Vacuum expectation value of chiral field is
Zero.

0.5 L

[ Normal
0.75

At T < T.: Chiral symmetry broken

0s0f — Vacuum may be oriented in one of the pion

g p f) | directions (disoriented wrt normal vacuum
045 | ( ~ \/m directions)
010l Disoriented chiral condensates (DCC) formed
Bl - indomainsof(q, G) : emi s@ono N ¢
0.15 DCC 77— Di stribution of neutral

different for DCC and generic events

%6701 02 03 04 03 06 07 08 09 1 — 2y : shows up in photon detectors
Neatral pion fraction, f

7+

+ : shows up in charged particle detectors

Look at N, vs. N, fluctuations
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Formation of DCC upper limits

Global DCC Localized DCC domain
=i
o) ;
> f -
w10 £ 0
= | 90% C.L. ~.5-10% central
*%'10 2 Eli({g;igﬁd *;10 RN Excluded Region
Q F M A
=107 0-5% central E
Q i 5
QO -4} ~10 |
Q10 F 2
g o C
B e - L
10 ¢ - 0-5% central
&l 10'4:— .
10 L A I T _l 1 1 1 | 1 1 II 11 1 | 11 1 | 1 11 I 1 11 | 1 1 I\\I 1 1
0O 10 20 30 40 50 60 70 80 90 100 20 40 60 80 100 120 140 160 180

{(%)

Domain size in Ad

¢ = fraction of pions as DCC pions
Phys. Rev. C67 (2003)

Phys. Lett. B420 (1998) 169 Nn44a01

Upper limit for DCC-like localized fluctuations: 1% - 0.3% for
central collisions for domains of size 45 - 60 within common n-

coverage.
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Charged particle depleted events
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36 photons, 1 charged particle
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Inspection of event structure

Sliding Window Method (SWM)

AScan the entire azimuthal range by g (ipatch
opening a window r ¢
ACalculate &  =*0.8I(N,*0.5+Np)

for each window.
AFind maximum and minimum value of & in an event

represented by &,,.« » amin
Compare with the results of event generators

No. of events
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Comparison of data and mix for phot@xcess
and chargeexcess events

104

103

MNo. of events
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fmin

Calculate the % of events in data beyond p + n(i, n=3,4 (ug from mixed )
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WA9S8 results
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Presence of non-statistical fluctuation beyond event generator



Chargeeheutral 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 {fiiy) Plane : RHIC and FAIR

200 B | | | | l | | | L | l | | | | | | I | | | | | | I
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Net baryon density p, (fm™)
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Search for the critical point : Hopes

effects of critical point are hydro predicts that evolution of the
expected over a range of T,ug system is attracted to critical point

120 220

------ - phasla hqlJlrll.‘li":;I'
200+

."]ﬂ | === s,ﬂ'nuzzg.-ﬂ- [DEP]
— 5/ng=25.6 (CO)
211 ] B 5}'|:|B=2I2.2 (FO)

0 200 400 600 800 1000
W= Hg/3 [MeV] ug (MeV)
Y.Hatta and T.Ikeda, M.Asakawa et al.,
PRD67,014028 (2003) PRL 101,122302 (2008)




Expectations from RHIC BES

TPC
V.U14 ]
Au+Au 39 GeV
=
0
>
©
<
x
=
W
o
2 15 4 05 0 05 1 15 2
p*q (GeV/c)
TPC + TOF
EAu+Au39GeV . '
2r
1.8f
< 16f
1.4F
1.2,

p*q (GeV/c)

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
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Search for Critical Point at SPS :
NAG61/SHINE

{ SI NOK T2 NJ Dr&n dVtkerphake

diagram with various systems

Pb+Pb -
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T Ar+Ca\

\
B+C \

\J
X 20 3
NN\t S
’ <
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FAIR and NICA

AFAIR :

I 2-45 A GeV fixed target, but very high intensity

I Compressed Baryonic Matter (CBM) : a dedicated
HI expt

I Concentrating on rare probes
ANICA : Collider-21 A.GeV



Particle multiplicity x branching ratio
for min. bias Au+Au collisions at 25 GeV

v UTOM HSD and thermal model)
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Summary

A Matter produced in relativistic heavy ion
collisions seem to be equilibrated

A Partonic medium is observed

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

A Experimental search for QCD critical point is
difficult, but not unsermountable if nature
favours.



Outlook

CP Region ?

T/Tc

coexistence curve

Ug/T

Shall we be lucky to go near the CP region ?
Will Lattice QCD calculations remain firm ?
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