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«» Phase Diagram of QCD =

‘Qderstanding of phase diagram and EOS is one
of the main topics in modernnuclea phys
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Taken from http://theory.gsi.de/~friman/trento_06.html



Constraint of EOS from
s Observation of Compact Stars

Mollel EOS P(p) : Pressure as a function of mass-energy density

Tolman-Oppenheimer-Volkov eq. (Hydrostatic equilibrium)
dP _  G[m(r) +4mr3P(p)/]lp + P(p)/]
dr r(r — 2Gm(r)/c?)
dm(r) 5
- o 4mrep Observation of
" compact star mass
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TOV eq. plays an important role in understanding of EOS
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onstraint of Cosmological
s, Parameters from CMB

‘ “Best” cosmological parameters
; C.L.Bennett et al.,Ap.].S (03
Observation PRLRP!('03)

Table 3. “Best” Cosmological Parameters

C O B E / W M / \I - Description Symbol Value + uncertainty  — uncertainty

Total density Dot 0.02 0.02
Equation of state of quintessence w 95% CL
Dark energy density a 0.04 0.01
Baryon density k2 0.0000 0.0009
Baryon density 2 0.004 0.004
Baryon density (em=?) g, 0.1 10-7 0.1 10-7
Matter density 2,02 0.008 0.000
Matter density 2, 0.04 0.01
Light neutrino density 0,h2 95% CL
CMB temperature (K)* Tewts X 0.002 0.002
CMB photon density (em~3)® n, 0.9 0.9
" Baryon-to-photon ratio 7 61x10-10  03x10-10  02x10-10
O O S Baryon-to-matter ratio 2,07 017 0.01 0.01
O Fluctuation amplitude in 87! Mpe spheres o8 0.84 0.04 0.04
Low-z cluster abundance scaling asE 0.44 0.04 0.05

Power spectrum normalization (at ko = 0.05 Mpe=1) A 0.833 0.086 0.083
Scalar spectral index (at ko = 0.05 Mpe™ 1) ne 0.03 0.03 0.03
V4 V4 Running index slope (at ko = 0.05 Mpe™!)* . —0.031 0.016 0.018

Tensor-to-scalar ratio (at ko = 0.002 Mpe~1) <090 05% CL
Redshift of decoupling 1089 1 1
Thickness of decoupling (FWHM) 195 2 2
e Hubble constant [ 071 0.4 0.03
Age of universe (Gyr) 1 1.7 0.2 02
ling (lyr) tae. 79 s ¥
Age at reionization (Myr, 95% CL)) [ 180 220 30
Decoupling time interval (kyr) Atgee 118 3 2
Redshift of matter-energy oquality g 3233 194 210
Reionization optical depth - 017 .M 0.1
Redshift of reionization (95% CL) s 2 10 o
Sound horizon at decoupling (*) 94 0.508 0.002 0.002
Angular size distance (Gpe) da 14.0 0.2 03
Ta ke n fr Acoustic scale £a 301 1 1
Sound horizon at decoupling (Mpe)d r 147 2 2

http://lambda.gsfc.nasa.gov/ S

bderived from COBE (Mather et al. 1099)

“lpp 00

diy =70, Ga=rodi?

Analysis codes play a major role
in precision physics.
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.« Mind The Gap”

eThe first principle (QuantumChromo Dynamics)

L= ;Ei(ime%

— mdj;)i;

eInputs to phenomenology (lattice QCD)

[

P = P(e, iRmptexity

Non-linear interactions of gluons

Phenomen%ctgblﬁlgy@aglﬁnﬂaics)
3Dynam1,cal Many, Ledy gystem

N
o .., Color conf'unement "
AN 17 — fe+ P(e,n)ju'u
N

LV‘.) eExperimental data

@ Relativistic Heavy Ion Collider
~150 papers from 4 collaborations

since 2000

1
L ZFHJV&FMJIVQ,/

ekJQCDOC |

=P(e,n)g"




.« Lessons from Other Fields

;“' phenomenology people

® Necessity of collaborative activity
« INn more extended community

N 'ONecessity of analysis tool(s) in
o R.H.I.C. physics

® Toward establishment of
the “observational QGP physics”
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T.Hirano and Y.Nara('02-)

Current Status of Dynamical
“® Modeling in H.I.C.
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BULK
. 3D Hydro
® 3D Hydro+Cascade

s oCGC initial conditions

NL
1)



Full 3D Hydro+Cascade Model

" t
L. 00 o ©, 01 @
ce © elo o © ©

© 4 o0 o

Hadron gas
wVia hadronic
cascade model

QGP fluids
via ideal
hydrodynamics

NG 3 Glauber/

. ’ \ < Color Glass

Condensate




TH et al. ('06).

o Centrality Dependence
s of v,

0.14 - n ”

A UAUZ00 — CGPhadon ydro Discovery of “large” v, at
0.1 2:_ ------- Hadronic cacade RH IC
0.1 +  PHOBOS(hit)

e vV, data are comparable
with hydro results for the
first time.

e Hadronic cascade models
cannot reproduce data.

s PHOBOS(track)

050 100 150 200 250 300 350 400
3 Noar This is the first time for
@”@ ideal hydro at work in H.I.C.
Wk - Strong motivation to

develop hydro-based tools.
Result from a hadronic cascade (JAM)

(Courtesy of M.Isse)



TH('02); TH and K.Tsuda('02);
TH et al. ('06).

Pseudorapidity
s Dependence of v,

- AUARED v, data are comparable

o b=8sfm  S¢Pthadron)with 3D hydro results

L QGP only again around h=0
eNot a QGP gas - sQGP
eNevertheless, large
discrepancy in
0.02]- j forward/backward

o d oo o rapidity

. > See next slides
71}

+ PHOBOS 25-50%

0.08
<N 0.06

0.04

LA




* Importance of Hadronic
& “"Corona”

" AuAu200

0.12 :
: ®*  QGP fluid+hadron gas .BOItzmann ECI for
0_1:_ b=8.5fm QGP+hadron fluids hadrons instead Of
- QGP only .
008l «+  PHOBOS 25-50% hydrodynamics
: eIncluding viscosity
>' 0.06- through finite mean free
0.041 path
0.02|
L oy 11 Perfect fluid QGP core
: QB - - 6 _|_
3 n . : i
- | Dissipative hadronic
T.Hirano et al.,Phys.Lett.B636(2006)299. corona

T.Hirano and M.Gyulassy,Nucl.Phys.A769 (2006)71.



Highlights from a QGP Hydro
a '+ Hadronic Cascade Model

[
10°
+ — b=2.0fm, Glauber

b=7.2fm, Glauber (x10™")
—— b=9.7fm, Glauber (x107

* PHENIX 20-30%(x10")
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(4]
£ 10
T 1
%’ 1071
3 102
§ 10° PHENIX 0-59
N 404f o
T, sF T PHENIX20-30%(x10")
10 gF * PHENIX 49-5001:,@10'2? |
0 05 1 15 2 25 3
pr (GeVic)

107t~

AuAu200

p — h=2.0fm, Glauber

b=7.2fm. Glauber (107"

— b=9.7fm, Glauber (x10™

= PHENIX 0-5% .
* PHENIX 20-30%(x10"") *
2 RHEND S |
0051152 253 35 4
pr (GeVic)

540.25 -
D_z-. plqns 1 ']
: n=0
0.15: +.- E
0.1 ; :
D‘-ﬂf_ BH."‘I"LH r.-l]B
o Freliminar

Adapted from S.]).Sanders

(BRAHMS) @ QM2006

Frrpa. Latt B EJ6, 299 (2005

Works quite well!




TH et al. (in preparation).

« Origin of Mass Ordering

0.25
B 0.25
02l o & b=7.2fm

—e— 71,w rescattering

0.15 --&-- g,w/o rescattering

0.2F —«— p' wrescattering
> 01 - --©-- p, wio rescattering
0.05; 0.15:_
05' o -
000552040608 1 1214 1.6 1.8 2 0.1-
p; (GeVic) B
B 0.05
- oy b=7.2fm
[ @
ety e by by
7}\“’, 8.2 04 06 0.8 1 1.2 14 16 18 2
- - : (GeVic)
Mass ordering behavior Pr

T
\V‘..\ comes from hadronic

rescattering.

- Not a direct signal of “perfect fluid QGP”

- Interplay btw. QGP fluid and hadron gas



Sensitivity to Initial

s " Conditions

4
N

L = no diffuseness
- — CGC
6L — Glauber

m 0 2 4 6 8 10 12 14
b (fm)
1

Novel initial conditions

V)\Vrom “Color Glass Condensate”

\\/Abead to large eccentricity.

Hirano and Nara('04), Hirano et al.('06)
Kuhlman et al.('06), Drescher et al.('06)

0.2
0.18E * hydro+JAM
" b=8.5fm T"=100MeV
046 Ml T"=169MeV
0.14F + PHOBOS 25-50%
012
S0af
0.08F
0.06
0.04F
0.02)
% I
0.2
018 T hydro+cascade, CGC
-RE hydro+cascade, Glauber
0.16 +  PHOBOS(hit)
F «  PHOBOS(track)
0.14F v STAR(v,{2}, 0.15<p,<2GeV/c)
0.12E m  STAR(v,{4}, 0.15<p,;<2GeV/c)
o o PHENIX{(0.2<p,<5GeV/c)
0.1
OEIIIIII‘
0 50 100 150 200 250 300 350 400

Npart

Need viscosity/soft EOS in QGP!



. EXxcitation Function of v,

o
(4
0.4
- Au+Au Charged, b=6.3fm
0.355 CGC+hydro, T =100MeV | Hadronic Dissipation
- --#-- CGC+hydro, T =169MeV .
0-35— —e— CGC+hydro+cascade ¢|S huge at SPS.
0.25: estill affects v, at
> 02 S, RHIC.
0155 eis almost negligible
0.1 —— at LHC.
0.05;—
gre ~ OZ
Al 10 10° 10° 10°



.

. HARD/RARE PROBES
eHydro+Jet model
eHydro+]/Y model

Interplay btw. soft and hard

s eJet-fluid string formation
it



. Utilization of Hydro Results

Jet.quenching B Thermal
J/psi suppression Recombination radiation
charm diffusion Coalescence (photon/dilepton)

Meson

W71

Baryon

Information Information Information
along a path on surface inside medium
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t=0.6fm/c |

10

- Color: parton density
. Plot: mini-jets

L Au+Au 200AGeV, b=8 fm
-transverse plane@midrapidity

rFragmentation switched off |

-10 -5 0 5 10
X

=,

_bo
_l18
_l16
14
2
1o
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, Jet Propagation through a
% QGP Fluid

hydro+jet model

T.Hirano and Y.Nara ('02-)

Full 3D ideal hydrodynamics

PYTHIA

Parton distribution fn.
pQCD 2->2 processes
Fragmentation

Gyulassy-Levai-Vitev

formula

Inelastic energy loss



p+ Distribution from
s, Hydro+Jet Model

3 10°; i anly Soft + Quenched Hard
Ty '-EE'EE':%: picture works reasonably
Z10's . PHENIX p well
7 %:g >Re/Co components
|§-'1u-4§ 30 R may be needed for a
s better description
. ::E'T:pxﬂl .1

10‘3} B
. Note: Hadronic
N T cascade is switched off
’ Ty T B in the bulk
p; (GeVic)

T.Hirano and Y.Nara, Phys.Rev.C69,034908(2004).



.« Back-To-Back Correlation

AN

=8 o
E 1 '7; —Quenching + broadening
g 1 .65F —Quenching <k2T:.» =2 GeV/c?
o - —No quenching %
S 1BL - STAR
S *
- W {-
. B 1.5:—_
f’“*% ‘* lé++* Not only energy loss
m— } but also deflection are
%\“ 13— ~=70 T 23 found to be important.
N7 1N A¢ (radians)

T.Hirano and Y.Nara, Phys.Rev.Lett.91,082301(2003).



Gunji, Hamagaki, Hatsuda, Hirano, PRC (in press)

Onset of J/¥ Melting in a
N QGP Fluid

rl

Hydro+J/Y model

>.
N 12
™ o [ —@— PHENIX Au+Au (Jy|<0.35)
X, Wl — s,
' - — 5,
'8 osl  ~i 51,=0.7'8,,+0.3°8,
u O R B R
((v) : i o Be
7 Y L R -
c  oef, %
lg 3 : B
o " N
h L
S o7
s 8 [
m D_IIII||||||||II|IIII|||||||||I|||II|IIII
ﬂ\‘[, 0 50 100 150 200 250 300 350 400

Number of participants

N7 m

J/Y is assumed to melt away above T,, ~ 2T,
Local temperature from full 3D hydro simulations



Heavy Quark Diffusion in
&  a QGP Fluid

N

0.2r
0.1 5f——r = 25fm(T=0.2GeV)

[ 1 =7.4fm s _I_-|— +

0.1 1, =25Mm == ‘|‘
[ 1 =0.74fm =

~0.05] —— ______,__ :|t
B o=
" - _
. _005:_ b—55fm

—— 0505 1 15 2 25 3 35 4

AL p, (GeVic)

W v, is sensitive to relaxation time for heavy quarks in QGP.
"~ Toward comprehensive understanding of transport

properties of QGP |
Talk by Akamatsu at KPS meeting yesterday

Akamatsu, Hatsuda, Hirano (work in progress)



Hadronization through Jet-
& Fluid String Formation

Space-time evolution of the QGP
fluid > Open data table

0.25 . - I '
JFS hadron ——
STAR hadron™ =
Ty 0.2 | Au+Au, Vs=200 AGeV
> « s
8 o015} ' +
© n
© 01

)
vz (Pr

¢ 0 2 4 6 8 10 12
N :
L\v{A y Fragmentation
Energy loss - PYTHIA
> GLV 1st (Lund)

order

Hirano, Isse, Nara, Ohnishi, Yoshino, Mizukawa, nucl-th/0702068; (work in progress)



Summary & Outlook

",
%, e Development of an analysis code in
* H.I.C.
O QGIIID fluid + hadronic gas picture works
we
® Sensitivity to initial conditions in hydro
7 O ECI)E)dependence (not discussed in this
ta
® e Application of hydro results
- ® Single- and di-hadron distributions at
= high p;
AT ® J/V¥ suppression
\:ﬂ\ ® Jet-Fluid String formation
. . ® (EM probes)

® Toward an open and standard tool in
H.I.C. (like PYTHIA, CMBFAST, ...)



T.Hirano and Y.Nara('02-)

Current Status of Dynamical
“® Modeling in H.I.C.
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Dynamics of Heavy Ion

d

] Collisions

P
N Freeze-Out

4

,
&l

|

QGP
< 1 fm/c
- |
4 4
v@rb(o 2
Time scale Temperature scale

10fm/c~10-23sec

100MeV~10%2K

‘t Tfo  Tch Tc )
' Ly

ons)



T.Hirano and M.Gyulassy,Nucl.Phys.A769 (2006)71.

. Hadron Gas Instead of

% Hadron Fluid

A QGP fluid surrounded “Reynolds number”
by hadronic gas . 4 n

37Ts
Matter proper part:
(shear viscosity)
(entropy density)

1n/s

-

big small

QGP: Liquid (hydro picture) in Hadron in QGP
Hadron: Gas (particle picture)




TH and Gyulassy ('06)

.« A Probable Scenario
'h shear viscosity, s : entropy density

niTys(T)
10¢

. eAbsolute value of viscosity eIts ratio to entropy density
e n(sQGP) > n(hadron) | 7n/s(sQGP) < n/s(hadron)
Y .
W7 QGP fluid at work!

. - Rapid increase of entropy density?!
- Deconfinement Signal?!
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‘. VZ(pT) for pll KI and P

0.06

0.05

0.04

~ 0.03
-

0.02

0.01

0.12

0.08
0.06

LIk oo
o STAR,x o

ol

0 02 04 06 08 1 12 14

(d) 40-50%, b=9.7fm

p, (GeVic)

=k pobin b b b by ||||I|IIII|IIII|IIII|III I|||||||||III|III|II|||||||II|III|II plbonblenlonlon i

“— Due to fluctuation of geometry

> |

TH et al. (in preparation).



