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Where 1s the QCP?

B Lattice QCD, Effective models...
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QCP Search in HIC

E The QCD critical point search from phenomenology
and experiments

-

focusing F

energy scan

l:
1 2:
3.

M. Stephanov, K. Rajagopal, and E.Shuryak,
PRL81 (1998) 4816
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Toward Quantitative Analyses

B Realistic Dynamical Model
« 3D Hydro + UrQMD Model
B The QCD Critical Point

* Focusing effect near the QCD critical point in isentropic
trajectories on the T-u, plane

E Emission Time Dependence
* High P; particles emit at earlier time
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3D Hydro+UrQMD,Mode

alss PRC75:014902(2007)

E Relativistic Heavy lon Collision
« Schematic sketch

collision thermalization hydrodynamical hadronization freeze-out

®3D Hydro + UrQMD expansion
Full 3-d Hydrodynamics . UrQMD

Hadron:ization ,
EoS :1st order phase transition Wl Cooper-Frye |  final state

QGP + excluded volume model  formula i interactions
. Monte Carlo

T Tsw tfm/c
T -:critical temperature > Tg,: Hydro = UrQMD
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Highlights of 3D Hydro+UrQMD
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Realistic Equation of States

B 3D Hydro + UrQMD
Full 3-d Hydrodynamics . UrQMD

Hadron:ization ,
EoS :1st order phase transition Wl Cooper-Frye |  final state

QGP + excluded volume model  formula i interactions
. Monte Carlo

T Tsw tfm/c
T -:critical temperature > Tg,: Hydro = UrQMD

initial conditions equation of states freezeout process
eparametrization *bag model *\iscosity effect of
hadron phase

J:L *Final state interactions

Realistic EOS with QCD critical point
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Toward Quantitative Analyses

B Realistic Dynamical Model
« 3D Hydro + UrQMD Model
BE The QCD Critical Point

* Focusing effect near the QCD critical point in isentropic
trajectories on the T-u, plane

E Emission Time Dependence
* High P; particles emit at earlier time
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EOS with QCD Critical Point

_ Nonaka and Asakawa, PRC71,044904(2005)
E Singular part near QCD critical point + Non-singular part

* Non-singular part
QGP phase and hadron phase
« Singular part

3d Ising Mode| <=  QCcp

g Same Universality Class
T. T, u
h:extermal magnetic field (If', h) <—>(T,MB ) i

* Mapping (r, h) 2> (T, ug) T
« Matching with known QGP and
hadronic entropy density

« Thermodynamical quantities
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EOS of 3-d Ising Model

E Parametric Representation of EOS
M =M,R"0

h=hRh(60)=hR® (0 -0.762010° +0.008046°)
r=R(1-6°) (R=20, -1.154<0 <1.154)

h : external magnetic field

B =0326
5=48

Guida and Zinn-Justin NPB486(97)626

T

Mapping ‘ QCD

h
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||Singular Part + Non-singular Part ‘|

3% Entropy Density
Srea(T51z) = %{1 — tanh[S (T, u,)1}S , (Tuy) + %{1 + tanh[SC(T,uB)]}SQ (T,up)

* S, (T,u,) Hadron Phase (excluded volume mode'" ATcrit
So (T, uz) QGP phase T critical region

* Dimensionless parameter: §_

Sc(Ta AuB) = Sc\/(ATcrit)z + (Atucrit)2 XD
Critical domain

¥ Choice of parameters: AT

crit?

AAucrit > D Ur

Thermodynamical inequalities Critical exponent near CEP

aS oP o keeps correctly.
), =0 (7)., = ()
oT ), v )|, ON

Il II
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Focusing Effect

E Isentropic trajectories on T- u; plane

Bag Model +

: " , Excluded Volume Approximation
With QCD critical point (No Critical Point)

= Usual Hydro Calculation

300 500 200 300 400
g [MeV] “us[MeV]

Focused Not Focused
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Toward Quantitative Analyses

B Realistic Dynamical Model
« 3D Hydro + UrQMD Model
B The QCD Critical Point

* Focusing effect near the QCD critical point in isentropic
trajectories on the T-ug plane

E Emission Time Dependence
* High P; particles emit at earlier time
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Emission Time Distribution

UrQMD : no QCD critical point 0
Au+Au, E,,=40 GeV/A

T

UrQMD —— protons x4, G+ <0.25
anti-p x700, 5+ <0.25
protons, 0.5 <+ <0.75
anti-p x100, 0.5 <37 <0.75

cut: -1 < Yem. <1

dN /dtemission

20

temission
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Toward Quantitative Analyses

B Realistic Dynamical Model
« 3D Hydro + UrQMD Model
BE The QCD Critical Point

* Focusing effect near the QCD critical point in isentropic
trajectories on the T-ug plane

Location of the QCD critical point . lattice QCD

Critical region experiments

E Emission Time Dependence
* High P; particles emit at earlier time
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QCD Cnitical Point?

Antiproton

Proton

—
o

2 2.4
(1/m,) d°n/dmdy (GeV“c")

(1/m,) d’n/dm dy (GeVc’)

158 AGeV

80 AGeV
158 AGeV . 40 AGeV
80 AGeV '

40 AGeV 30 AGeV
30 AGeV [

20 AGeV [ 20 AGeV

I " 1 N '} 2 | 2 b a2 o1l .. 1 2 |

. " " M M " 2 PRI PR PR 2 M . M 2 2 o 1 .
0.2 0.4 0.6 0.8 . . 0 0.2 0.4 0.6 0.8 1
mm (GeV/c?) m,-m (GeV/c?)

steeper p spectra at high P;

NA49, PRC73,044910(2006)
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Demonstration

early universe Search of
quark-gluon the QCD critical point
plasma from experiments

Dense Hadronic Medium

36 25, INA49:
Location of QCP

R'Hi.c SPSQCP L°°° (ug, T)=(550,159)

Bag Model

temperature T [MeV]

*Critical Region

| L -o12im®  [*Chemical freezeout point
‘, ,=0.

Dilute Hadronic Medium . (MB, T)=(406, 1 45)

n,=0.34 im~ = atomic from statistical model

ny=0.038 /fm’=1/3 n, nuclei npeutron stars
1 | - 1 P | ‘ 1

0.2 0.4 0.6 0.8 1 1.2 1.4
baryonic chemical potential 1 [GeV]
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Critical Region

LQCD

CP ./ Ben 50

temperature T

tanh[ S, (T,u,)]

~ 08 QGPphase
0
N> — o

| Dilute Hadronic Medium @

nx=0.34 /fm3 atomic \2-/

n,=0.038 /fm’=1/3 n nuclei

1 ® Lo 1 1 ‘OA .l ‘l_ F 120
0.2 0.4 0.6 0.8 1

baryonic chemical

QCD critical point
(ug, T)=(550,159)

| hadron phase
200 300 400 500 600 700
ug (MeV)

* Entropy density

1 1
Srea(T51z) = 5{1 — tanh[S (T, u,)1}S , (T, uy) + 5{1 + tanh[SC(T,uB)]}SQ (T,uz)
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Equation of State

E QCD critical point (,,_ T)=(550,159)

entropy density

trajectories

0
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Isentropic Trajectories

220

Chemical
Freezeout §

| === s/ng=29.4 (QCP)
—— s/ng=25.6 (CO)
e s/pB=22.2 ‘(FO)

0 200 400 600 800
pg (MeV)

Hadronization occurs
from the phase
boundary and
chemical freezeout
point
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Signature of QCP

phas'e boundar)'f

== s/ng=29.4 (‘(\)CP)
— s/ng=25.6 (CO)
L == s/ng=22.2 (FO)

200 400
pg (MeV)

*decreases (FO,CO)
sincreases (QCP)

0.006

- == s/ng=29.4 (QCP)
—— 5/ng=25.6 (CO)
== s/ng=22.2 (FO)

B (g, T)=(406,145) (QCP) 1
O (i, T)=(406,145) (CO)

A‘ (IIB"T)=(1406’145) (FO)

2 3 4

entropy density (GeV3)

with QCP_
steeper P spectra at high P-
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Toward Detailed Analyses

B Realistic Dynamical Model
« 3D Hydro + UrQMD Model
BE The QCD Critical Point

* Focusing effect near the QCD critical point in isentropic
trajectories on the T-ug plane

Location of the QCD critical point . lattice QCD

Critical region experiments

E Emission Time Dependence
* High P; particles emit at earlier time
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3D Hydro+UrQMD with QCP

QCP:Te =159 MeV, ugz=550 MeV

B Initial Conditions
* Energy density
e(x,y.n) =€, . W (x,y;b)H(1)

« Baryon number density
ng(X,y,1) = Ry, W (x,y:0)H (1)

 Parameters {1:0=0.6 fm/c
10=0.5 0,=1.5

* Flow
v, =n (Bjorken'’s solution); v;=0
E EOS: QCP, Bag Model
B Switching temperature
Tow=150 [MeV]

T.=170 MeV at uz=0 MeV

*longitudinal direction: H(n)

initial energy density

N

¢ (GeV/fm®)

—

b=2.4 fm

e . GeV/fm?3

max

2.0
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Isentropic Trajectories in Hydro

« Tand ugin one volume element close to center

Hydro with Bag Model Hydro with QCD critical point

ug[MeV]

*T=110 MeV

*Behavior of isentropic trajectories in hydro with QCP is different from
one in hydro with bag model.

*Focusing effect appears in hydro with QCD critical point.
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P Spectra in 3D Hydro

Hydro with QCD critical point \ Hydro with Bag Model

with QCP

-
o

with Bag Model

'y
S

b
o
[\

-t
o
(A}

1/(27) P;dN/dP; dy [GeV ]

-y
o

1/(2x) P-dN/dP; dy [GeV ]

IS

o

P; [GeV]

*7=110 MeV
*P; slope is almost the same.
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3D Hydro + UrQMD

Hydro with QCD critical point

Hydro with Bag Model

Switching temperature: 150 MeV
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P Spectra

QCD critical point Bag Model

-
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Bag Model
o
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1/(27) PrdN/dP; dy [GeV]

—
o

1/(2) P;dN/dP; dy [GeV™)]

IS

Because of focusing effect
At Tsy <‘uB>QCP > (1 >BG

Us [MeV]
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® QCP (T<y=140 MeV)
A QCP (Tew=150 MeV)
A Bag

;ﬁﬁfﬁﬁ?

1/(27) PrdN/dP; dy [GeV™]

IS

-
o

2 4
P [GeV] work in progress

o

=Narrow collision energy window is needed. € NAA49: anti-p spectra
Careful choice for initial condition of hydro calculation
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Summary

E 3D Hydro + UrQMD Model with the QCD critical pomt
* Isentropic trajectories AN
* P, spectra, hadron ratio _
B From experiments f Focusir"“'“i'g_,,%___#_ﬁ_____

information of the QCD critical point 100 360er V?t')o |
uivie

location, critical region, existence...
B Physical observables
 Anti-p/p ratio : promising and clear signature
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Back Up
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Consequence of QCP?

CERES:Nucl.Phys.A727(2003)97

. MeV
Fluctuations 500 400 300 200 100!‘LB (50 )25

— 2. B — I |

° -
CERES S 22 ® CERES, 2.2<1<2.7, 6.5% central
- 77 STAR, Inl<0.75, 6% central

40,80,158 AGeV Pb+Au W 2F % STAR Inj<t. 18% central

.. 181" & PHENIX, Inl<0.35, 5% central
collisions 1.6f

Mean Pt Fluctuation — 1::

AP; 1
G;T,dyb E< 12>T>_<_NT> 0.85

S v~ (1)) 0.8F
(M=t 0.4}

2V, 0.2f
2 _ 2 n 0 _ 1 | 1 1 1 1 [ 1 5
PT — Sgn(GPT,dyn) 10

' —No unusually large fluctuation or \'Suy (GeV)
~. hon-monotonic behavior

CEP: attractor of isentropic trajectories

I Similar correlation length and fluctuation is
100 300 500 observed near QCP.
u [MeVI
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(K™ +K)/(n*+ 1)
* Data
o UrQMD v1.3

sqrt(s)

Dynamical Fluctuations [%)]

i ‘
=)

(p+ p)/(nt+ 1)
* Data
a UrQMD v1.3

sqrt(s)

» Suggestion of QCD critical end point?

* Fluctuation <= (Conservation
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Singular Part of EOS

B Gibbs Free Energy
G(h,ry=F(M,r)-Mh

Free energ :F(M’r)=hoMoR2_ag(0) . oF
E Entropy Density for Singulai rart M) a=0.11

Guida and Zinn-Justin NPB486(97)626

0G| oh | 0G| ar

) oh| oT i or |, a1l M itical region

t |
mapping

(r,h) <> (T, ug)

ATC
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‘ Thermodynamical Quantities ‘
Srea(T>1z) = %{1 — tanh[S, (T, u,)1}S , (T,u,) + %{1 + tanh[S, (T,uB)]}SQ (T,uz)

% Baryon number density

OP '~ Is . .
nB(T’AuB)= u =fé’M (T ,[,LB)dT +I’lB(O,MB)
B 0 B
crossover
oT,
+ ;:L“B) SQ(TC,MB(TC))—SH(TC,MB(TC))) 160 ,Z? QCP
C L
1st order lzom"‘ T -
A C
% Pressure ) - 1st order 1
, , 80 | .
P(T, uy) = [Siea(T", 1t )dT+P(0, ) I BN
0 ‘e
_ 407 Me=1020 [MeV]
% Energy Density
0

0 200 400 600 800 1000

€ = TSreaI -P- Uphp
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Focusing Effect
3d Ising Model| ===  QOCcp

T—T. Same Universality Class
=
h:extermal magnetic field (r,h) «— (T, uy)

r

T, u,

Critical exponent

p
M={‘4h=+0 A4=%mﬂmﬂwr=0

h —Mﬁh=—0
p=036,6=4.86

l l Guida and Zinn-Justin, NPB486(97)626

*Critical slowing down
dynamical critical exponent
along h is dominant.

Berdnikov and Rajagopal,PRC61,105017(99
Ug
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