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//Vﬁé IS tHe QCD Critical Point?

o I . '
Lattice QCD, Effective theories.... Stephanov,hep-lat/0701002
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M. Stephanov, K. Rajagopal, and E.Shuryak,
PRL81 (1998) 4816 H

* QCP search
in heavy ion collisions
-Energy scan
-Experiments and phenomenology

¥
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Towards Quantitative Analyses

Realistic dynamical model

3D Hydro + UrQMD (hadron base event generator)
Equation of state with QCD critical point
Physical observables

Signals of QCP should survive after freezeout process.
e Fluctuations

e Hadron ratios

Chiho Nonaka



3D Hydro+UrQMD Model

e Schematic sketch Nonaka and Bass PRC75:014902(2007)

collision thermalization hydrodynamical hadronization freeze-out

cFb 0 Uoyp
Full 3-d Hydrodynamics - UrQMD

Hadroni?Zation ,
EoS :1st order phase transition ‘ Cooper-Frye !  final state

QGP + excluded volume model W formula . interactions
' Monte Carlog

T Tsw tfm/c
T -:critical temperature > Tg,: Hydro = UrQMD
Chiho Nonaka
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ghts of dro+Ur

Nonaka and Bass PRC75 014902(2007)
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Parameters fortHC —

Initial Conditions
e Energy density
e(x,y,n) =€, W(x,y;b)H(n)
e Baryon free
preliminary results
e Flow

v =1 (Bjorken’s solution)y;=0

Equation of State
1st order phase transition,

T =160 MeV

Switching temperature
Tyw=150 [MeV]

Chiho Nonaka
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“Multiplicities

dN/dy | LHC-1 | LHC-2
at you
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A%+3X0 33 19
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“P_Spectra
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b=2.4 fm * pion wind:
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iptic Flow at LHC
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0.18 — T (3D—Hydf0) . . .
= P (3D-Hydro) : *No significant difference
ALY R e 5 in initial energy difference
0.14 |
0.2 ———
0.12 b=7.5 fm
0.18 == " (3D-Hydro)
S0t s p (3D-Hydro)
0.16 |
0.08 |
0.14 |
0.06 |
012 ¢
0.04 |
> 01}
0.02 | g
0.08 |
00 L - v s
00 02 04 06 08 1.0 12 14 16 18 20 g |
Pr (GeV) 0.04 |
*Elliptic flow in hadron phase '
does not build-up 0.02 == LHC-1]
0.0 ..-"".“‘ N . L L L L .— l'.HC.2
00 02 04 06 08 1.0 1.2 14 16 18 20

P; (GeV)
Chiho Nonaka



Summary for LHC

Baryon free calculation
Single particle spectra
e P, spectra
Viscosity effect from final state interactions, Pion wind

Elliptic flow

e Insensitive to initial conditions

Work in progress
e With baryon current
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3D Hydro+UrQMD Model

e Schematic sketch C.N. and Bass PRC75:014902(2007)

collision thermalization hydrodynamical hadronization freeze-out

6 3B Bivdic | Uieip. e

Full 3-d Hydrodynamics , . UrQMD
Hadronigzation
EoS with QCD critical point ‘ Cooper-Frye | final state
4 formula . interactions
' Monte Carlog

Asakawa, Bass, Mueller,C.N.PRL101:122302(2008),
C.N., Asakawa, Phys.Rev.C71:044904(2005) T Tsw t fm/c

T -:critical temperature > Tg,: Hydro = UrQMD
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" EOS with QCD Critical Point

. ~_ C.N. and Asakawa, PRC71,044904(2009)
Singular part near QCD critical point + Non-singular part

e Singular part

3d Ising Model <mmm)p QCD

Same Universality Class

T-T.
. I, T, Up
h:extermal magnetic field (r ? h ) 4—'(T"uB)
- Mapping: (r, h) 3-d Ising Model QGP
v T
(T, uz) QCD h
Hadronic

Ug
Chiho Nonaka



_EOS of 3-d Isi

* Parametric Representation of EOS

:
M= M,R"0 ol
h = h,RPh(0) = hR® (8 -0.762016° + 0.008046°)

K,f=1re(1_¢92) (R=0, -1.154<0 <1.154)

A

h : external magnetic field

B =0.326
5 =48

Guida and Zinn-Justin NPB486(97)626
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/ming :3D Ising Model =» QCD

No Universality
* haxis ? * Critical Region?
3d Ising model e Lattice QCD

/ ,\/ h e Effective theory
r
h

QCD

e Experiments

inputs in our model
tangential line

Up
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“Focusing Effect

o Isentropic Trajectories on QCD phase diagram

Bag Model +
With QCD critical point Excluded Volume Approximation
(No Critical Point)

NS

200

T [MeV]

160

120

80 |

80— \
100 100 200 300 400 500 600
us[MeV]
Focused Not Focused
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ignal of QCP

Signal of QCD critical point should survive even after
freezeout process.

collision thermalization hydrodynamical hadronization freeze-out
expansion

e Fluctuations: conserved values ex. charge, baryon number
e Hadron ratios: fixed at chemical freezeout temperature T,

Chiho Nonaka




_Slowing outW

r Berdnikov and Rajagopal’s Schematic Argument

T

:» » slower (longer)
expansion

expansion
e Effect of Focusing on E?

B. Berdnikov and K. Rajagopal,
Phys. Rev. D61 (2000) 105017

Correlation length

longer than Eeq
0

1 \
:: > €eq 1"
q &%

} along r = const. line

Time evolution : Bjorken’s scaling solution along ng/s

__200 00
3 1601
g L
— 120¢
30

s T,=1fm, T, =200 MeV
100 300 500 700
i MeVi
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“Correlation Length

Widom’s scaling low
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“Fluctuation in 1d Hydro.

. ’
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ignal of QCP

Signal of QCD critical point should survive even after
freezeout process.

collision thermalization hydrodynamical hadronization freeze-out
expansion

e Fluctuations: conserved values ex. charge, baryon number
e Hadron ratios: fixed at chemical freezeout temperature T
Key: T, depends on transverse momentum

Chiho Nonaka




_Hadron Production on

UrQMD : no QCD critical point

Au+Au, E,,,=40 GeV/A

7 :
UrQMD —— protons x4, 3+ <0.25
anti-p x700, 5+ <0.25
o6r protons, 0.5 <31 <0.75
A anti-p x100, 0.5 <3+ <0.75
I 1
.g ' cut: -1 < Yem. = 1
‘é 4|
HGJ
© v.ul1
~ 3+t
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2 ’A ()
‘5 0.008
e
1t £ 0.007
o o
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* Hadron ratios depend on transverse velocity.
Chiho Nonaka
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Isentropic trajectory
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* T, depends on transverse velocity.
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Demonstration

.....

early universe

SR S

T

.......

quark-gluon

plasma

Dense Hadronic Medium
% n_=0.5 /fm”
= ®[ n-038/m=25n,
-
= LQCD
S 200 ,
g [RHIC SpsQCP
o - Bag Model
£ Y [T |
s 150 »,

100
SIS )
| - n,=0.12 fm™
50 |- Dilute Hadronic Medium @

n_,_=0.34 ;"fm3 atomic

n,=0.038 /fm’=1/3 n, nuclei

Mp=1-998. Yoo IS neutron stars

0.2 0.4 0.6 0.8 1 1.2 1.4
baryonic chemical potential 1 [GeV]
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Search of

the QCD critical point
from experiments

SPS
Location of QCP

(ug, T)=(550,159)

*Critical Region

parameter

| *Chemical freezeout point

(MB) T) = (406)145)
from statistical model
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baryonic chemical

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

* Entropy density

e 120

40

hadron phase
500 600

300
Ug

200 400
MeV)

1 1
S (Touty) = 5{1 — tanh[S(T,u)}S , (Tu,) + 5{1 + tanh[[S, (T, ug 1} Sp (T 1)
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~ » QCD critical point (u;,T)=(550,159)

30
20

10
0

s (frr_13)

entropy density

Chiho Nonaka

o 60 300

trajectories

500 700
Ug (MeV)



Jseﬂfroplc TW

"""" phase boundary Hadronization occurs
200 | between the phase
180 | boundary and
% sgo | — chgmlcal freezeout
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jl%ﬁﬂture of

........ phase boundary . s/n8;29.4 (QCP')
— s /ng=25.6 (CO)
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N R R
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steeper P spectra at high Py




- QCD Critica

Antiproton

[ |
107 |
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“3D Hydro+UrQMD with QCP

Initial Conditions

e Energy density
e(x,y.n) =€ W(x,y;b)H(n)

e Baryon number density

ng(x,y,n) =ng. . W(x,y;b)H(n)

e Parameters
7,=0.6 fm/c

1,=0.5 0,=1.5
e Flow

v, =7 (Bjorken’s solution); v=o0
EOS: QCP, Bag Model

Switching temperature
Tew=150 [MeV]

Chiho Nonaka

QcP: Te=1589 MeV, ug=550 MeV

T.=170 MeV at u;=0 MeV
*longitudinal direction: H(n)

initial energy density b=2.4 fm

N

¢ (GeV/fm®)

-
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“3D Hydro + UrQMD

Hydro with QCD critical point Hydro with Bag Model

200 200

180: ]
e QCP >"160
s 160 T @ | =
- ]

140 D Ug~430 MeV. =~ 1200

- o uamb %0 a ; a ; :

200 300 400 500 600 100 300 500 700
ug [MeV] tiy (Mev |

Switching temperature: 150 MeV
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_ PySpectra

QCD critical point Bag Model
— 103 ' i e Ko i Bag Model
% 102 | o :;" % E;
> 10 g, Z %o,
(- 14t aas .. n’:’ H %
% -1 e 3 Q-'.'.!
> 10" | 2 ﬁf iri
T 4 ?—
2 4
d it -
Si 1073 Qt‘:,
- 10™ : - 10 :
0 1 2 3 4 0 L 2 3
. P-[GeV] Pr [GeV]
150 QCP
e Q ‘
e A . Because of focusing effect D P
140 o e
At Tow <MB>QCP = <MB >BG = JTQcp  JTBG
120
200 300 400 500 600
Us [MeV]
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“At RHIC

* Smooth connection to lattice data at u=o0

* 7 parametrization (lattice)
=6 L Huovinen&Soltz@QM200
Y 6 —— QOur EoS @Q 7
o5

4

3 -

2 -

1L EESSRS

0 F QGP gas EoS

106 200 360 400

T [MeV]
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At RHIC

c.entrality 0-6 %
=+ (PHENIX)

K* (PHENIX)

p (PHENIX)
== 7 (Hydro)
=== K" (Hydro)
=== p (Hydro)
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(;.A®9) Ap *dP/NP'd (£2)/}
9
9
Q
&~
b E
/mB
oy M~
9 of
&S
2R3
(o] -
533
I Il
=82
8@ o
523
O I
.O
o o o o o
o o o o o
o 0 (o] < N
e

P (GeV)
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Summary

- o
C
Signal of QCD critical point:
p/p ratio as a function of transverse momentum
200 T}

Towards quantitative analyses
e EoS with QCP _
0 + o L
Focusing effects in isentropic trajectories - Focusing—-
100 300 500 700

3D Hydro + UrQMD model 1t MeV1

e P, spectra, hadron ratios

T [MeV]
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At RHIC

1000 ¢t éharged H;xdrons
O PHOBOS (0-6 %, 6-15 %, 15-25 %, 25-35 %)
=== Hydro (b=2.4, 4.5, 6.3, 7.9 fm)

800

600

dN/dn

400

200

Chiho Nonaka
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3
NA 10 c.entrality 0-6 %

| O  «" (PHENIX)
% 1()2 - A K* (PHENIX)
(O] O p (PHENIX)
N 10 | — (Hydro)
> === K" (Hydro)
© === p (Hydro)
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=Z 10 |
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107 |
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Back Up
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Singular Part +W

—

o Entropy density

1
Srea(Tsltz) = %{1 — tanh[S (T, u,)1}S , (Tuy) + 5{1 + tanh[SC(T,uB)]}SQ (T,up)

° AT .
S (T,u,) Hadron Phase (excluded volume model)  Au, Crit, ol e gion
SQ (T,u,) QGP phase T

o Dimensionless parameter: Sc

Sc (Ta AuB) ™ Sc \/(ATcrit )2 + (Atucrit )2 X D
Critical domain

o Choice of parameters A7 Au_.,D

Y

uR

Thermodynamical inequalities
N
all Il oN

Chiho Nonaka

Critical exponent near CEP
keeps correctly.

>(

T,V




Singular Part of EOS- B

Gibbs Free Energy Guida and Zinn-Justin NPB486(97)626
G(h,r) = F(M,F) - Mh
oF

F . F(M,r)=hyM,R"“g(0) «— h=|—
ree energy: F(M,r) = h, M, R* (aM)r a=o.11
Entropy Density for Singular Part

- E - oG| oh 0G| or AT

= M = = I AN TAAMBcrif.I__:': & ritical region
f& - t . )

| }r?applngT
<E - oOF - oM . (ra ) ( ﬂu’B)

or|, orl|, or| g
% URr

Chiho Nonaka



T/Pl%modynammﬁﬁﬁﬁes/

1 1
S (T.pt,) = 5{1 — tanh[S, (Tou,) VS, (Tt ) + 5{1 + tanh[S,(Toup 1} S, (T 11,)

¥ Baryon number density

nB(TMB)—aM f(w ( ',MB)dT + 1, (0,uy)
B 0 B
crossover
AP (5, T (1) - SulTe (7)) 16 e
C L
1st order 120 ;MA IT -
\d c
* Pressure ) _ 1st order :
' ' 80 - e
P(T, ug) =fSreaI(T , g )dT'+P(0, 1) N,
0 %
. 401 Me=1020 [MeV]
% Energy Density
0

0 200 400 600 800 1000

€ = TSreaI -P- Uphp
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p Spectfé

. ® QCP (Tey=140 MeV)
S anti-p A QCP (Tsw=150 MeV)
A Bag
Q
O,
>
©
P
(a
S '3;;.“1
pd
P |
s Bi o
- %
&
- 10-4 R
0 1 2 3

4work in progress

Pr [GeV]

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

Chiho Nonaka




“Correlation Length

Widom’s scaling low

4?00 200 300 400 500 60(
u [MeV1

Chiho Nonaka

Te=154.7 MeV
""""""""" Te=143.7 MaV|

...............................................................................................




\\/

“Fluctuation in 1d evolution

o
d 1
—m (t)=-1|\m_(7) | m,(T)- ;
dt [ ]( £ (1) 5 fluctuation
Sy - N
il gt) ml) gy
7z =3.0 Model H
(Halperin RMP49(77)435)
004 —
003 —
200 001 —
=160 020,02 22 2% 34,00
D -
=.120( -0.50, 0.26
=
80 [0.50. 0.3
40 1 1 1 1 1
0 200 400 600
uiMeVi * Critical slowing down

» Evolution rate

Chiho Nonaka



“"Recent Status of Dynamical Models

collision thermalization hydrodynamical hadronization freeze-out

initial conditions
‘parametrization
Glauber type

*Color Glass

Condensate
*Flux Tube

eInitial fluctuation

Chiho Nonaka

expansion

equation of states
*15t order phase
transition

Lattice QCD

Viscous Hydrodynamics

freezeout process
*Sudden freezeout
*Chemical equilibrium

-Partial chemical equilibrium
*Viscosity effect of

hadron phase
-Final state interactions



_Focusing A —

3d Ising Mode| €=  OCp

T Same Universality Class
TC
h:extermal magnetic field (7'9 h) ' ' (TﬂuB)

r

T, u,

*Critical exponent

Vi e " = +0 M = sgn(h)‘h‘l/(S r=0
h —|r|ﬁh =-0
p=0.36,0=4.86
r 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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Wn Len

—

€

Widom’s scaling low

i

EL(r,M)= M’ g
‘* a1/

Te=154.7 MeV
""""""""" Te=14317 MV

Yoo 200 300 400 500 60

u IMeV1 0 2

* Max. Eeq depends on n §fs.

* Trajectories pass through the region where
Eeqis large. (focusing)

*n;/s<+«—non-critical component of the EOS
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Correfation Leng

e £ : time evolution (1-d)
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large due to transverse expansion.

- £ is larger than € eqt T;. «— Critical slowing down
» Differences among Es on n fs are small.
* In 3-d, the difference between § .gnd € becomes
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