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Phase transitions in the early universePhase transitions in the early universe
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Understanding of QCD phase structureUnderstanding of QCD phase structure

1st order ?

CEP ?

T

μB

RHIC achieved:
High temperature & opacity
Strongly coupled matter with quark d.o.f

Tc

Is accessible region by RHIC
really crossover?

Crossover for any kinds
of order parameters?

Crossover mq!=0

Black = model prediction

Green = lattice predictions

Red = freezeout points from data

M. Stephanov, hep-lat/0701002

Relation with deconfinement p.t.?

Theoretical predictions on CEP

Conjectured chiral p.t.
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Landmarks at RHICLandmarks at RHIC
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RHIC SpecificationsRHIC Specifications
• 3.83 km circumference
• Two independent rings

– 120 bunches/ring
– 106 ns bunch crossing time

• Can collide 
~any nuclear species 
on 
~any other species

• Top Energy:
500 GeV for p-p
200 GeV for Au-Au

• Luminosity
– Au-Au: 2 x 1026 cm-2 s-1

– p-p  : 2 x 1032 cm-2 s-1

(polarized) 
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RHICRHIC’’s Experimentss Experiments

STAR
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π0 Cu+Cu 22,62,200 GeV (Run 5)

arXiv:0801.4555

EnergyParticle Species
π0 Au+Au 200 GeV (Run 4)

γ

φ
π0

η

Is medium dense enough?Is medium dense enough?

RAA ≡
d 2N AA dydpT

d 2N pp dydpT ⋅ Ncoll
AA

Nuclear Modification Factor
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Is initial temperature high enough?Is initial temperature high enough?
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arXiv:0804.4168v1 [nucl-ex] 25 Apr 2008

In central Au+Au collision
T=221±23(stat)±18(sys
Lattice result Tc~170MeV
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Is bulk collective motion seen?Is bulk collective motion seen?
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Any partonic degree of freedom?Any partonic degree of freedom?

Constituent quark number, nq scaling

KET=m(γT-1)=mT-m
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Experimental approaches toExperimental approaches to
critical phenomenacritical phenomena

• <qq-bar>:
• J/ψ suppression (deconfinment)
• low mass vector mesons and dilepton continum (chiral)

• Bulk collective observables:
• Density-density correlation in longitudinal space

(critical temperature for any order) 
• Isothermal compressibility (2nd order)
• Heat capacity (2nd order)
• Sound velocity via eccentricity scaling of v2 (1st order)
• Viscosity to entropy ratio with v2 and RAA  (CEP?)
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What is the critical behavior ?What is the critical behavior ?

A simulation based on two dimensional Ising model
from ISBN4-563-02435-X C3342l

Ordered T=0.995Tc Critical T=Tc Disordered T=1.05Tc

Black Black & White GrayVarious sizes
from small to large

S
ca

le
 tr

an
sf

or
m

at
io

n

Spatial pattern of
ordered state

Large fluctuations of correlation sizes on order parameters:
critical temperature (focus of this talk)

Universality (power law behavior) around Tc reflecting basic 
symmetries and dimensions of the underlying system:

critical exponent (future study after finding Tc)
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DensityDensity--density correlation in longitudinal spacedensity correlation in longitudinal space
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In narrow midrapidity region like PHENIX, cosh(y)~1 and y~η.

Longitudinal space coordinate z can be transformed into rapidity
coordinate in each proper frame of sub element characterized by 
a formation time τ where dominant density fluctuations are embedded.

Due to relatively rapid expansion in y, analysis in y would
have an advantage to extract initial fluctuations
compared to analysis in transverse plane in high energy collision.

Longitudinal multiplicity density fluctuation from the mean 
density can be an order parameter: ρηρηφ −= )()(
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Direct observable for Tc determinationDirect observable for Tc determination
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Product between correlation 
length and amplitude can also
be a good indicator for T~Tc

Susceptibility
Fourier analysis on
G2(y)=<φ(0)φ(y)>
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Intuitive observable: blob intensity Intuitive observable: blob intensity αα x blob size x blob size ξξ

GL with higher order terms

Many length scales appear
(a typical φk disappears)

T=Tc

T<Tc

Order parameter
φ(η)=ρ(η)−<ρ(η)>
φ<<1 in T>>Tc,
Ginzburg-Landau(GL)
free energy up to
2nd order term TT
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Two point correlation <φ(η1)φ(η2)>
in 1-D longitudinal space

Non monotonic increase
of αξ indicates T~Tc
w.r.t. monotonically
decreasing baseline
as mean density <ρ>
increases.

At RHIC
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Density measurement: inclusive dNDensity measurement: inclusive dNchch/d/dηη

Au+Au@62.4GeV Au+Au@200GeV

Cu+Cu@200GeVCu+Cu@62.4GeV

Nch/< Nch >
p+p@200GeV
Cu+Cu@22.5GeV

Negative Binomial Distribution
(NBD) perfectly describes
multiplicities in all collision
systems and centralities
at RHIC.
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Two point correlation via NBDTwo point correlation via NBD
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Differential multiplicity measurementsDifferential multiplicity measurements
Δη<0.7 integrated over Δφ<π/2
PHENIX: Au+Au @√sNN=200GeV

NBD can well describe
differential distribution too. 
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Zero magnetic field to 
enhance low pt statistics
per collision event.

δη

Phys. Rev. C 76, 034903 (2007)

http://link.aps.org/abstract/PRC/v76/e034903
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Extraction of Extraction of αξαξ productproduct
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Phys. Rev. C 76, 034903 (2007)

http://link.aps.org/abstract/PRC/v76/e034903
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αξαξ, , ββ vs. Npartvs. Npart

β is systematically shift to lower 
values as the centrality bin width 
becomes smaller from 10% to 5%. 
This is understood as fluctuations 
of Npart for given bin widths

αξ product, which is 
monotonically related with χk=0
indicates the non-monotonic 
behavior around Npart ~ 90.

Significance with Power + Gaussian:
3.98 σ (5%), 3.21 σ (10%)
Significance with Line + Gaussian:
1.24 σ (5%), 1.69 σ (10%)
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Dominantly Npart fluctuations
and possibly correlation in azimuth

Phys. Rev. C 76, 034903 (2007)

http://link.aps.org/abstract/PRC/v76/e034903
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Cu+Cu@200GeV

Au+Au@62.4GeV

Comparison of three collision systemsComparison of three collision systems

Au+Au@200GeV

Au+Au@200GeV

α
ξ

<μc>/<μc>@AuAu200

Normalized mean
multiplicity to that
of top 5% in
Au+Au@200GeV

Npart~90 in 
AuAu@200GeV
εBJτ~2.4GeV/fm2/c Phys. Rev. C 76, 034903 (2007)

Phys. Rev. C 76, 034903 (2007)

http://link.aps.org/abstract/PRC/v76/e034903
http://link.aps.org/abstract/PRC/v76/e034903
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Are there symptoms in Are there symptoms in 
other observables at other observables at 

around the same around the same NpartNpart??



Kensuke Homma / Hiroshima Univ. 24

In lower KET, there seems to be different behaviors between 
baryon and mesons. The transition is at Npart~90.

Deviation from scaling at low KEDeviation from scaling at low KETT region ?region ?

Npart  ~90

Low mass sigma field may repulse pion and attract proton? 
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MesonMeson--meson and baryonmeson and baryon--meson fluctuationsmeson fluctuations
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How about <cc> suppression?How about <cc> suppression?

Npart~90 in 
AuAu@200GeV
εBJτ~2.4GeV/fm2/c

Cu+Cu@200GeV

Au+Au@200GeV

Npart
arXiv:0801.0220v1 [nucl-ex]

102

J/ψ suppression pattern
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Plan for lower energy runsPlan for lower energy runs
(readiness of PHENIX)(readiness of PHENIX)
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PHENIX 2007PHENIX 2007

• Increase statistical & 
systematic precision of 
rare signals in AuAu, e.g. 
J/ψ, jet correlations, etc

• Increase reach in pT, 
especially with PID from 
new TOF-West detector 
(pT > 8 GeV/c)
– Identified particle 

spectra 
– Identified leading 

particles in jets
• Factor of three or more 

improvement in Reaction 
Plane resolution -
valuable to many signals
– v2 for J/ψ, γ , electrons, 

hadrons will be 
extended

• Low-mass lepton pairs 
with the Hadron Blind 
Detector
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VTX, FVTX, and NCC for future runsVTX, FVTX, and NCC for future runs

Pixel

Strip pixel

Forward VTX (FVTX)
Nose Cone Calorimeter

(NCC)

Central Vertex detector (VTX)

PHENIX can extend both rapidity and azimuthal coverage
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In/out of relevant detectorsIn/out of relevant detectors

RXN

FVTX

VTX

NCC

FY        2007              2008             2009          2010 2012

HBD

AuAu@200    dAu/pp@200                    10w LE runs     10w LE runsRHIC runs
(PHENIX expects)
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Accessible observables in PHENIXAccessible observables in PHENIX
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Choice of collision energiesChoice of collision energies

PRC73,034905 (2006) PHENIX preference

PHENIX preference
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SummarySummary
1. RHIC created strongly coupled high temperature & opaque state with 

partonic d.o.f. This is the very beginning of the scientific program on 
quantitative understanding of the QCD phase structure.

2. Correlation function derived from GL free energy density up to 2nd

order term in the high temperature limit is consistent with what was 
observed in NBD k vs δη in three collision systems. This provides a 
way to directly determine  transition points without tunable model 
parameters with relatively fewer event statistics.

3. The product of susceptibility and temperature, αξ as a function of 
Npart indicates a possible non monotonic increase at Npart~90. The 
corresponding Bjorken energy density is 2.4GeV/fm3 with τ=1.0 fm/c
and the transverse area=60fm2 The trends of αξ in smaller system in 
the same collision energy and in the same system size in lower 
collision energy as a function of mean multiplicity are similar to that 
of Au+Au at 200GeV except the region where the possible non 
monotonicity is seen. 

4. Combining other symptoms in the same multiplicity region, we hope 
to understand possibly interesting behaviors.

5. Lower energy runs will surely take place at RHIC. However, actual 
colliding energies are still under discussion between collaborations.
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