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4 steps 4 definitive CEP measurements

1. Identify:

What type of transition
chiral ?
deconfinement ?
quarkionic ? liquid-gas?

Schematic Phase Diagram of Hot and Dense Strongly Interacting Matter

Quark Gluon Plasma

(color deconfined) 2. Locate:

Where is (T, p.)?
At what centrality, Vs, ?

Critical Point

(TE’ He ) Line of 7

hadron gas

(color confined)
non-color-flavor

nuclear gas

;m colar-flavar
locked

\ nuclear superfluid l

~ 310 MeV

critical opalescence
onset of 1% order PT

3. Characterize:
measure
order parameters,
critical exponents,
universality classes.

4. Controll:

_ random fields? Cross-checks for
consistency,

- experimentally measurable order pars ? significance,
- 1st order PT: speed of sound, latent heat? quality.

What about




Correlations for VARIOUS Quark Matters

Transition to hadron gas may be:

15t order (strong)

2" order (Critical Point, CP)

Cross-over

Non-equilibrium, e.g. from a supercooled state (scQGP)

Type of phase transition: its correlation signature:

Strong 1t order QCD phase transition:

(Pratt, Bertsch, Rischke, Gyulassy) R.>>R

out side
2" order QCD phase transition:
(T. Cs, S. Hegyi, T. Novak, W.A. Zajc) non-Gaussian shape
a(Lévy) decreases to 0.5

Cross-over quark matter-hadron gas:
(lattice QCD, Buda-Lund hydro fits) hadrons appear from
a region with T > T.

Supercooled QGP (scQGP) -> hadrons:
(T. Cs, L.P. Csernai) pion flash (R, ~ Rgge)
same freeze-out for all particles
strangeness enhancement
no mass-shift of ¢




Excitation of 3d Gaussian fit parameters

STAR, Phys.Rev.C71:044906,2005

YES95 =NA49 e PHOBOS These data indicate

x E866 ¢NA44 < PHENIX

xCERES +WA98 = STAR R ~ R .
out side

mgu ©® ;
hence exclude:

Strong, equilibrium

1st order phase transit.

> 50 hydro models

For a second order PT:

check excitation function of
non-Gaussian parameter a

New analysis /
new data are needed

HBT Radii
independent of energy
perhaps initial volume ?
subtle mt dependencies?




Excitation of 3d Gaussian fit parameters
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Gaussian HBT Radii
scale as initial volume,
with N/3

part
These data extend R_ . ~ R_ .
to broad centrality, m, range
hence exclude:

Strong, equilibrium

1st order phase transitions
and > 50 hydro models

For a second order PT:

check excitation function of
non-Gaussian parameter o

New analysis and/or
new data are needed




Critical Opalescence

Critical Opalescence: a laboratory method to observe a 2" order PT

correlation length diverges, clusters on all scales appear incl. the wavelength of the penetrating (laser) probe

side view: http://www.msm.cam.ac.uk/doitpoms/tlplib/solidsolutions/videos/laserl.mov

front view: matter becomes opaque at the critical point (CP)

T>T

C
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Opical opacity Kk and attenuation length A

I =Iyexp(—Kx) =Ilpexp(—x/A)

I(generated ) — /I (transmitted )

I(generated ) Ax

I(transmitted)  I(measured)

Ad I(generated) [(expected )
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Opical opacity Kk and attenuation length A

In(Ryy) RuBr

Ryt In(R44)

Centrality 0-5 % 20-30 % 30-40 % 40-50 % 50-60 %
Opacity k (fm™1) 035+£0.04 027003 026004 0.12+0.02 0.15=%=0.05
Attenuation A (fm) 2.9 +0.3 3.7+04 3.8 0.6 8.1 £1.5 6.5 +2.0

Table 1: Examples of opacities x and attenuation lengths A in /syy =200 GeV Au+Au reactions, evaluated
from nuclear modification factors measured at p; =4.75 GeV/c in ref. [36] and using HBT radii of ref. [37],
averaged over both directions and charge combinations, at the same centrality class as R 44.

No max in opacity or min in attenuation length is seen wrt centrality
Contrast: fora 5 GeVyonlead, A = 6.2 mm
RHIC perfect fluid is more opaque (to jets),
than lead (to y) - by 12 orders of magnitude
for details: see nucl-th/0903.0669v3




2nd order phase transitions by critical opacescence with R,, and R .

Critical Opalescence: a smoking gun signature of a 2" order PT
New experimental definition of opacity / attenuation length:

A combination of attenuation (R,,) and lengthscale (e.g. R

4e7) IS needed

[ =Iyexp(—Kx) = lpexp(—x/A)

Use optical opacity and look for maximal opalescence!
Alternative lengthscale measurement: R(HBT) =p_+ p, Npart1/3

Estimate Npart and take p and p. from HBT measurements

Possible: azimuthally sensitive R, and R __: azimuthally sensitive opacity

Further refinements: beyond Gaussian approximation, e.g. use R(Lévy)
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Characterizing critical phenomena

Theoretical order parameter of QCD - quark condensate:
Experimental order parameter is needed:

- for chiral dynamics, signal of in-medium mass-shift

- for deconfinement, signal of quark degrees of freedom
Understandable in laymen's terms: quark scaling of particle ratios

P K
p LK
P K

PR )
D K

P
p LK

J. Zimanyi, T. Bird, T.Cs, P. Lévai, Phys.Lett.B472:243-246
A. Bialas, Phys.Lett.B442:449-452,1998




Order parameter for chiral symmetry from HBT, using A(m,, \/sNN)

i i I P 5 - 1_
Effect of Partial UA(1) Restoration on A Calculations: m”‘*_530 MeV, B'=55 MeV
T.2

NA44 E_=200 AGeV

e m, =738 MeV

S+Pb data

Kaneta et al.

Resonances: nucl-th/0405068

present model

model, ho mass drop

PHENIX (Au+Au 200GeV)
nucl-ex/0401003

STAR (Au+Au 200GeV)
nucl-ex/0903.1296
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Idea: Signals of mass decrease of n' at low p,

No signal @SPS in S+Pb NA44 data
Signal @ RHIC: in 200 GeV STAR and PHENIX Au+Au data
Am(n') > 200 MeV @ 99.9 CL
R. Vértesi, T.Cs, J. Sziklai, arXiv:0905.2803
Suggests: chiral symmetry restoration may start above top SPS energy
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Order parameter for deconfinement from identified particle v,
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Idea: look for the break down of the quark number scaling
If scaling: quark degrees of freedom are active (exp. view)

Measure: Vv /n as a function of KE /n of identified particles
needs high statistics PID measurement at low \/s
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Critical Exponents at 2" order PT

Relevant and important quantities:
critical exponents, universality classes

Reduced temperature: t = (T — j})f:{;.

Exponent of specific heat: (_-;_,(,[:) N w_u.; 4 less 5111;;‘111::11‘.

Exponent of order _ a . __
parameter: <\U\> ~ W"’{ for ¢+ < 0

Exponent of correlation _
length : §~ |t

Exponent of susceptibility:




Critical Exponents (2)

Exponent of the Fourier-transformed
correlation function:

Gap(k — 0) ~ k=247

Exponent of order parameter
in external field:

(o)) (t=0,H —0) ~ HY?

There are thus 6 critical exponents,
a, B, Y, 0 v, n
i : , 1% {
but only 2 are independent: 3(({ I __’,])

o

2 — dy

(2 —n)v
d+2—n
d—2+mn

Exponents <-> universality class!




Two particle Interferometry
for non-interacting identical bosons

Ay = i[eipr(ﬁ—ﬂ}eipz*(fz—ﬂ) + eip1°(f1—v)eipz°(f'2—ﬂ}]
2

50 that

P = [d'edy|Aulp(2)a(y) = 1+ |a(g)[" = Calg)

Width ~ 1/R . _
emission function

\ [ d*x 0S(x, K) '™ \2

C(p;>py) = 1+

\ [d*x DS(X,K)‘z

0.10
Qinv (GeV/c)




Correlations for various collisions

STAR prel. data g <a p_|_p

0.6
Q... (GeV/e)

Correlations have more information (3d shape analysis)

Use advanced techniques & extract it (~ medical imaging)
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CEP: Scale invariant (Lévy) sources

Fluctuations appear on many scales,
final position is a sum of many random shifts:

n w i
X= ) x;. flx)= / 7 I f () S(x — ) xy).
i1 ' hl

correlation function measures a Fourier-transform,
that of an n-fold convolution:

.ﬁq]::/dfcmﬂﬁﬁyﬂry ) =T1/(a).
: i1

Lévy: generalized central limit theorems
adding one more step in the convolution does not change the shape

filg) exp(igd; |vq|).,  []/fi(q) = exp(igd |vg|*)
=1

Lr

¥ o= S 5= Y5,

i=1




Correlation functions for Lévy sources

Correlation funct of stable sources:

R: scale parameter
a: shape parameter or Lévy index of stability
o =2Gaussian, a =1 Lorentzian sources
Further details: T. Cs, S. Hegyi and W. A. Zajc, EP]J C36 (2004) 67

C(q;0) = 1+Aexp(—|gR|*)

f(s)

1.2
1
0.8]

0.4

0.6]

Levy sources

Cla)
L5 |

14 |
1.3
1.2
1.1

BEC/HBT for Levy




Correlation signal of the CEP

If the source distribution g Levy index of sabilit
at CEP is a Lévy, it decays as:

p(R) o< R~ (1+a)

at CEP, the tail decreases as:

p(R) oc R—(d=24M)

hence: a as a functionof 1= | T-T.| /T

o(Lévy) =n(3d Ising) = 0.50 £ 0.05

T. Cs, S. Hegyi, T. Novak, W.A.Zajc,
Acta Phys. Pol. B36 (2005) 329-337




Critical exponents, universality class

Soft Bose-Einstein /HBT correlations:
measure Levy index of stability, a C(q;0) = 1 +Aexp (—]qR]a)

a =n : critical exponent of the correlation function
Note: pt scale below T_ ~ 170 MeV is essential !!

Universality class argument:
a decreases from 2 (or 1.4) to 0.5 (random field 3d Ising)
or even smaller value (0.03 in 3d Ising) at Critical Point

T. Cs, S. Hegyi and W. A. Zajc, EPJ C36 (2004) 67
T. Cs, S. Hegyi, T. Novak, W.A.Zajc,

C(q)  BEC/HBT for Levy
1.5}

Acta Phys. Pol. B36 (2005) 329-337 La b
1.3
12
1.1

yielding one of the 6 exponents that
CHARACTERIZE a 2™ order PT




Lévy fits to PHENIX prel. Au+tAu @ 200 GeV

C.(q,, ) for m*, Coulomb corrected
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4 steps for a definitive result on CEP:
- identify type of phase transition
- locate
- characterize
- cross-check

Concept of optical opacity:
- both attenuation measure, R |

- and lengthscale measure R, __needed

perfect fluid at RHIC:
12 orders of magn more opaque than Pb fory

Critical Opalescence:
Smoking gun signature to locate CEP

Levy stable Bose-Einstein/HBT correlations

) critical exponent n




Backup slides
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Signal of first order phase transitions from HBT R_,/R_..(m, Vs,,)

| k=250 MeV/c

H. Petersen, QM 2009 talk:
HG= hadron gas EoS +hydro
BM= bag model EoS + hydro
CH= chiral EoS with CP+hydro

arXiv: 0812.0375

Comment:

e UrOMD23 Rischke's hydro <) NA49 data

- /A= with FSI,(IF 5¢ )
—=— HG-EoS . ’ : £
—e— BM-EoS - /= with FSI,(GF 4 HBT puzzle is not RHIC specific
1 % exp. —A—CH-EoS - &= wlo FSI,(GF,5¢)
0.5 — T T T T T T T T T T T T 1 R /R

0 20 40 60 80 100 120 140 160 out/ " side
E,. (AGeV)

ab

sensitive to the EoS

Idea: look first order phase transition where R_ /R_. >>1

Measure: Gaussian HBT radii for pions (if possible kaons too)




Lattice QCD: EoS of QCD Matter

Schematic Phase Diagram of Hot and Dense Strongly Interacting Matter

Z. Fodor, S.D. Katz:
T.=162+2 MeV,

Quark Gluon Plasma U = 360+40 MeV

(color deconfined) (hep-lat/0402006

Critical Point

- 170 MeV

(T, 11 ) systematics: this meeting

deconfinement
and

non-colot-flavor chiral phase transitions

in general differ

hadron gas
(color confined)

nuclear gas

liquid color-flavor
locked

| nuclear superfiuid |

~ 310 MeV

At the Critical End Point, the chiral phase transition is of 2nd order.
Stepanov, Rajagopal, Shuryak:
(Static) universality class of QCD = 3d Ising model
PRL 81 (1998) 4816

CPOD@BNL, 10/06/09



Measure by two-particle correlations

Single particle spectrum:

Idx4S (x,p)

Correlations:
sensitivity to space-time information

dN, /dp,dp,
(dN,/dp,)(dN,/dp,)

C,(q)+ : [a’l‘|q>(l‘,(1)|2 S(r,q)

FSI Source function

Intensity interferometry, HBT technique, femtoscopy ....




Search for a 1st order QCD PT

QGP has more degrees of
freedom than pion gas

Entropy should be
conserved
during fireball evolution

Hence:
Look in hadronic phase PO
for signs of:
Large size,
Large lifetime,
Softest point of EOS

Hadron Gas

possible signal of a Without QGP

With QGP

1st order phase trans.
N
/




1 dimensional correlations:

typically more peaked
than a Gaussian

if a Gaussian fit
does not describe the data

then have the parameters
any meaning?

Example:
like signh correlation data
of the UA1 collaboration

p+ pbar@E_ . = 630 GeV

CPOD@BNL, 10/06/09

TR, T S S i

(++) and (--)

¢ UAI data
— APW power law
-- APW exponential
e APW Gaussian
EWS power law
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ES802 Si+Au data,

sqrt(s,y) = 5.4 GeV
Z. Fodor, S.D. Katz:
T.=162+2 MeV,

U = 360£40 MeV

(hep-lat/0402006
systematics: this meeting

Best Gaussian:
bad shape

T. Csorgo



Non-Gaussian structures, 2d, UA1 data

UA1 (p+p) data
B. Buschbeck
PLB (2006)

Best Gaussian
bad shape

0.1 02 03 04 05 0.1 02 03 04 05
al ql
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Femptoscopy signal of sudden hadronization

Buda-Lund hydro:
RHIC data

follow the
predicted
(1994-96)

scaling of HBT radii

T. Cs, L.P. Csernai

hep-ph/9406365
T. Cs, B. Lorstad
hep-ph/9509213

Hadrons with T>T. :

1st order PT excluded
hint of a cross-over
M. Csanad, T. Cs, B.
Lorstad and A. Ster,
nucl-th/0403074

CPOD@BNL, 10/06/09
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Backup slides (2)
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1st milestone: new phenomena

L i i T [ T
Au+Au Vs, = 130 GeV
central 0-10% ‘ - PHYSICAL
m(htshy2 | REVIEW
o LETTERS
- Pb+Pb{Au ¢ Jamuary 2002
a+o CERN-ISR ¢

L R =
Librany o Dvduer oo nuad Ve Porobibioed | wil o7
QE. Pubilisbod by This Assebcan Phyalcal Sechity

Suppression of high p, particle production in Au+Au collisions at RHIC
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2" milestone: new form of matter

PHENIX

charged hadrons

neviral pions

5 0 (L]
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39 milestone: Top Physics Stor

Cim |48 | hittp:/fwewewe, gip.orgfpruf2005/split/757-1, hitml

horme

AMERICAM INSTITUTE oF PHYSICS SEARCH

\ews Uniate

The AIP Bulletin of Physics News
NMumber 757 #1, December 7, 2005 by Phil Schewe and Ben Stein

Subscribe to  The Top Physics Stories for 2005

Phyvsics Mews
LUpdate

At the Relativistic Heawvy Ion Collider (RHIC) on Long Island, the four

; large detector groups agreed, for the first time, on a consensus

Physics News interpretation of several year's worth of high-energy ion collisions: the

Graphics fireball made in these collisions -- a sort of stand-in for the primordial
universe only a few microseconds after the big bang -- was not a gas of

Physical weakly interacting quarks and gluons as earlier expected, but something

Review Focus more like a liquid of strongly interacting quarks and gluons (PNU 728).

Physics Mews Other top physics stories for 2005 include, in general chronological order
Links of their appearance throughout the year, the following:

Archives the arrival of the Cassini spacecraft at Saturn and the successful landing
5006 of the Huygens probe on the moon Titan (PMNU 71&8);

2005

S8 the development of lasing in silicon (Mature 17 February);

http://arxiv.org/abs/nucl-ex/0410003

PHENIX White Paper: second most cited in nucl-ex during 2006




4" Milestone: A fluid of quarks

T T T | T T T T | T T T T T T T T T T T T T
AutAu s, = 200 GeV,min.bias | | |
A Ki @ D (proton v, shape for D)
] ~ 7 I -
¢ o ¢ ] 02, PP v
O mp 0 | L o ntr v
0.2/® d)d .. F - ~g °o *y ] O K'+K \j .
‘ B Ee Y ol v 8 %0 "0
L LV A A _ (b k J DD.
I O Lk | o 1 [
§$ 014 vb _
01 A 7
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KE, (GeV)

KE, (GeV) KE;/n, (GeV)

v, for the @ follows that  [RSECESELERMVGRE] v, for the D follows that
hadron _ uark
of other mesons KE """ ~nKE of other mesons

T

Strange and even charm quarks participate in the flow
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Milestone # 5: Perfection at limit!
“All "realistic” hydrodynamlc calculations 1tor RHIC tluids to

date have assumed zero viscosity

n=0 = “perfect fluid”

But there is a (conjectured) quantum limit:
“A Viscosity Bound Conjecture”, P. Kovtun, D.T. Son, A.O. Starinets, hep-th/0405231
Where do
“ordinary”
fluids sit wrt
this limit?
@4mn/s>10! . — THelium 0.1 MPa

= Nitragen 10 MPa
— Woicr |Eﬂ At

h

n 2 i(Entropy Density) = —s
4 4

RHIC’s perfect fluid
@4mn/s ~1

on this scale:

The hottest

(T > 2 Terakelvin)

and the most perfect

fluid ever made... " : 100 000 17
TEMPERATURE (K)

VISCOSITYENTROPY DENSITY

g

RHIC/PHENDC=10""K
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World Context: Search for the CEP

LHC: 2009 -

Approximate maximum
thermalized temperature

RHIC: 2000 > RHIC II -
/.IJ
¥ FAIR :2012-

\

Chemical freeze-out

Phase boundary

| J | | 1 | | | | [ | | | | | | | [ I | |
200 400 600 800 1000 1200
ng (MeV)
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