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Introduction

Mainrpurpese: Understanding oif @CIDrmatier In
equilivrum under extreme condition (QGP)

s Equation of state

a [ransport coefficients

IHeavy. 1o collisions at relatvistic Energies
x Unigue opportunity, but complicated dynamics

Analysis cedes play Important reles Invareus

fields

a Cosmic microwave backgreund: CAMB, CMBEAST,
ete.
x Elementany particle reactions: PYTHIA, HERWIG, ete.




Introduction (contd.)

HYydredynamics descrikhes dynamics of
matier underlecal thermal eguiliartm

s Hydredynamics canr e applicanie in the
Intermediate: stage.

s Need medelingl hefore: anal aterhydre regime
Initial cenditions
Ereezeout

Detaled anadlsystematic analysis hased on

ideall iydre tewards quantiiying ViSceus
effects




IHybrid Approach

‘Conventional hydro modeIaI ‘Hybrid mode|

\NE T/

co ©

hadron fluid
QGP fluid

collision QXI

1“\




Short Histeny: of Hybrid
(A+1)Drideal hyéIAr\op Mrgﬁlgn)umitru et all (F99)

= mean pr, HBT, ...
(2+1)Diideal hydre + ROMD: Teaney et al. (*01)

= V,(p1), Vo(cent), v,(sqrt{s}), ...
Importance: efi hadrenic Viscosity: TiH ana

Gyulassy: ((05)

(1D ideall hydre + JAM: TH et al. (*04)

(1) Dridealfhydre + Ur@MD: Nonaka et al.
('06)

(8F+1)Diideal hydre + Ur@QMD: Werner et al.(*09)
n V2(eta), ...

(2+1)D viscous hydre + UrOMD: Heinz-Seng
('10)

@IV/EDE a ay =




Typlcal Results So Ear

Au+Au Charged, b=6. 3fm
--#- CGC+hydro, T -1UDMeV
--#-- CGC+hydro, T"=169MeV
—+— CGC+hydro+cascade

o
o
)

—=—LH8 Hydro+RQMD

—=-LH8 Hydro Only
« Hydro T.=120 MeV

~e=LH-- Hydro+RQMD
=o=L_H== Hydro Only
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400, 600 800
SPS RHIC dN_,/dy

Large suppression in small multiplicity
PUERR et al.(01) TH et al.(07)




Typicall Results So Ear (contd.)

QGP fluid+hadron ga
QGP fluid+hadron fluig
QGP fluid only

+ PHOBOS 25-50%

Suppression In ferwvard and: hackward rapidity.

Importance ofi hadrenic VISCosIty.
TH et al.(’05)




Typical Results So Far (contd. 2)

- —e— j,w rescattering

L --&-- m,wlo rescattering
£~ —s— p, w rescattering
- --2-- p, w/o rescattering

120-30%

P & STAR, =
0-*1- = STAR, K - et
C -~ STAR, p [ o2

- :.u.I...I...I...I...I...I...I...I...I... C o e e e oy e by
0'050 02040608 1 1.214 1618 2 8.2 04 06 08 1 12 14 16 1.8 2
p; (GeVic) Py (GeVic)

Mass dependence is o.k. fromMass ordering comes from
hydro+cascade. hadronic rescattering effect.
When mass splitting appears?Interplay btw. radial and elliptic

—_ TH et al.('08)




A Hybrid Approach:
Initral Cendition

hadron %S/Model* \

‘MC-Glauber
*MC-KLN (CGC)

1 8part’ 8R._P.
 Centrality cut
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*H.J.Drescher and Y.Nara (200




A Hybrid Appreach:
HYydrodynamics

st %S@eal Hydrodynamicg
eInitial time 0.6 fm/c

Model EoS

e|attice-based®
o1st order

harder

[
]
[
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I T
[
| B 9
| 1 158 2 25 3 3.5 4 4 )

#Lattice part : M.Cheng et al. (2008) + resonance gas (Mo




A Hybrid Approach:

Hadronic Cascade
hadron gas

Interface

e Cooper-Frye formula
at switching temperature
T, = 160 MeV
 Resonance gas
model at T=160 MeV
Hadronic afterburner

e Hadronic transport
model based on kinetic

weory > JAM*

*Y.Nara et al., (2000)




Ececentricity: Eluctuation

Adoptedfiom D:Hoeiman(PHOBOS
talk at Q2006

LIJi
A'sample event
s, (romMonte Carlo

Glauper medel

IRteraction; PoINLS off participants Var, event by,
event.

=~ Apparent reaction plane alse vanes.

> e effect Is significant fier smaller system

suchias Cu+Cu collisions
See also talks by Poskanzer and




Event-by-Event Eccentricity

s 2l
(y*) — (v)°, - [dPziso(xy)
(zy) — (x)(y)-

2 2
Oy — 0%
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g, +0;

V(02 —02)? + 402,
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o, t0;

€ part

A

tan 20 = -2 L
202y (z), (y)




Initial Condition with an Effect of
Eccentrcity, Eluctuation

Reaction plane

Throw a dice Lo oG 5 |
o) Chooseb‘ TR L @ :>

average . i
~ pover events '

Participant plane

Shift: (=x>,<y>)
Rotation: Y
E.q.)

NL_ 7= 279 v 1 Ry i
part : . -
Npa "= 594 @ * .
In Au+Aurcollisions average

at 0-10% centrality I A A . -




Eccentricity W.r.t. Participant

—— MC-Glauber, ¢, , 7 —— MC-Glauber,¢

MC-Glauber, ¢, . MC-Glauber, ¢,

—|||||||1 N R D T R M. O
00 50 100 150 500 250 300 350 400 00 20 40 NBO 80 100 120
part

part

Large fiuctuation; in smallfsystem suchias
Cu+Cu and! peripheral Au+Au
Need these effects for apple-to-apple comparson




Caveat in Monte Carlo

ch

0 We consider this’#

auber calculation:
pws(Z) = / ) G ) s () o

MC-Glauber calculation:

Einite
nuclieon
profile

pws(@) # p(€) = f A(Z — Zo) pws(Zo)d>zg

O(r— | @ — o |)

A(Z — Zg) = %

ﬁ

3 1mn
AT Ui

V — ==
3’T T




More diffused!

> Reduction of
eceentriciy by =5-10%
— Necessity: of
[ie-tlning parameters
N Weeds-Saxon
123 4 5 6 B denSity
r (fm) > \\We hiave rettned

or = 0.535 M2 44afiN>rc79, 064904 (200




Caveat In Monte Carlo
Approach 2

2-component model:
dS [1 — 8 dNpart

AN
angy el

2

Given from Monte Carlo

Interaction point (part./coll.
/L Coarse graine
Interaction region

> X
See also, Appendix Iin
H.-J. Drescher and Y. Nara, PRC75, 034905 (




Matter Profile aiter Coarse-
Graining
One typical central event

o, NG @ -
' 40 10
10 [ ol L5 =53 L & 1% 7 o L -5 ] [} 165 i
% (fmi} % (frmi}

o 2 X G

18

Coarse-grain@




Ececentricity with Smeared
ejle

€ arr MC-Glauber

..................... ey 0.5x0, ~10 % reduction
~ 50-100

€ art? Oin (default)

........... o 20, around N part

In the default model
(smearing area = c;,)

200 GeV

50 100 150 200 250 300 350 400
Npart

How to quantify smearing area?

- Modeling of entropy production and
thermalization process:. CGC + Glasma?

- Open problem: Importance of understanding
hydrodynamic initial conditions




Gold and Cepper, Delormed?

Radius in Woods-Saxo P.Filip et al., PRC80, 054903(2009)

Ry — Ro(l + B9Y9q + /64Y40) 1.4 [ Au+ Au \[Syy= 200 GeV
* + Deformed/Spherical .__.-
02 = —0.13, 84 = —0.03

E =

o

(=2
W
R
o
2
—
3]
i K

0160 200 300 400
Npart

7 Important in very
Oblate Au+Au Collision .4 collision(?)

*P.Mdller et al, At. Data Nucl. Data Table 59, 185 (1995)




Peformed Gold and Copper

sphere . sphere

deformation = deformation

3
LAU+AU

o by by b b by by Py
00 50 100 150 200 250 300 350 400
Npart

Effect of deformation Is seen
only in very central events




Initial Conditien; Dependence

—— MC-Glauber, ¢, 7 —— MC-Glauber,¢

MC-KLN, ¢ . 8 - MC-KLN, ¢ .

i Au +Au

00" 50 100 150 ﬁoo 250 300 350 400

part

EMC—-KLN > EMC—Glauber




Steeper Transyverse Profile in
CGC

T no diffuseness

. ; — Glauber

Closer to hard sphere Note: Original KLN
than Glauber model (not MC-KLN)




Inputs N Vedel Calculations

Au+Au, MC-Glauber - Au+Au, MC-KLN
Cu+Cu, MC-Glauber - Cu+Cu, MC-KLN
PHOBOS, Au+Au - . PHOBOS, Au+Au
PHOBOS, Cu+Cu - . PHOBOS, Cu+Cu

12)

part
.
N

et ot ¢
N w O A
T T TTT TTTT TTTT TTTT T T1T TTTT

12)

part

ch
ch

|

Z
=

=
<
—
=
2

(dN_/dn)/(N

2557 (b)

e b b b b b b by :IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII
20 50 100 150 200 250 300 350 400 2 50 100 150 200 250 300 350 400
N

part

Parameters are fixed in Au+Au collisions

3 1 — 5deart choll
Glauker: = [T r +5d2xl]

KIEN: standard parameters




Systematic Studies on Elliptic

_ Elow
PDefauli’seiting as a reierence result(

)

s MC-Glauber, .., Spherical nuclel
s [attice-based crossever EeS
x  Hadrenic rescatiernng

15 Wit rescatternng vs. Without rescatternng

2. Lattice-based crossover Vs, 15" order
pPhase ransitien

g 8part VS. SR P,
. Glauber vs. CGC (factenized KILN)




Comparisen with Data

0.18

I ——a—— Default setting (all pT)
0.16 C STAR(vz{z}, 0.1 5<pT<ZGeWc)

- ——o—— Default setting (all p,)

0.14} . STAR(v, {4}, 0.15<p_<2GeVic)
0.12F PHENIX(v,{EP},0.2<p_<5GeV/c)

R Au+Au i Cu+Cu

STAR(v,{AA-pp,TPC}, 0.15<p, <2GeV/c)

0.065 %" "
0.04;
0.02;

Cooo o b Ly by v by by g 1y
00 50 100 150 '.2‘00 250 300

I B
350 400

part

Note: v {2}>v,{"true”}>v,{4} Slight overshoot

“True™: J.Y.Ollitrault, A.M.Poskanzer and g !
S.A.Voloshin, Phys.Rev.C80, 014904 (2009). 1IN peripheral

STAR: PRC72, 014904 (2005) ; PRC $£8HH Y2010), PHENIX: PRLO1,18



Comparisen with; Datal (contd.)

0.18¢

0.163 —s— Default setting (all pT)

044t - PHOBOS(hit)
042 *+ PHOBOS(track)
« 0.1
> 0.08L

0.06 | b o
0.04;
0.02;

Coovoo Lo b v b by gy
00 50 100 150 500 250

part

- __. Default setting (all pT)

PHOBOS(hit)
PHOBOS(track)

Cu+Cu

I I A
300 350 400

System size dependence
-> Overshoot also in peripheral collisions
- Room for (tiny) QGP viscosity

PHOBOS: PRC72, 051901(R) (2005);PRL98, 242302




Effect of Hadrenic Rescattering

0.18¢ -
- ——— w. had. rescattering - ——— Ww. had. rescattering

0.16; w.o. had. rescattering u w.o. had. rescattering

0.14- .  PHOBOS(hit) -+ PHOBOS(hit)
0.12- + PHOBOS(track) ~ « PHOBOS(track)

S pon T * Au+Au o Cu+Cu

0.06 "
0.04;
0.02;

Coo oo Lo by by v Ty g g Ly
00 50 100 150 600 250

300 350 400
Vv, IS slightly enhanced in peripheral collisions.
- Not yet “guenched” at hadronization

V, In central collisions is generated during the QC




EoS Dependence

0.18;
0.16"
0.14F
0.12F

o 01
0.08"
0.061%
0.04]
0.02-

—s— Crossover

1st order
+  PHOBOS(hit)
« PHOBOS(track)

Au+Au

%50 100 1

R B I I A
50 500 250 300 350 400

part

—s— Crossover

1st order
+  PHOBOS(hit)
= PHOBOS(track)

Cu+Cu

15t order phase transition mimics viscous correctia
No room for QGP viscosity in the 15t order p.t. mot




Effect ofi Ececentricity. Eluctuation

0.18¢ -
0.16" —e— participant plane - —e— participant plane
L reaction plane = reaction plane
0.14 .  PHOBOS(hit) - »  PHOBOS(hit)
0.12F « PHOBOS(track) - » PHOBOS(track)
o 0.1 -
0.08: ;
0.06 -
0.04-
0.02-

Covooa Lo o b b by g 1y
00 50 100 150 ﬁDO 250

I I A
300 350 400

part

Effect of fluctuation = Large in small system
Importance of eccentricity w.r.t. participant planeg




Initial Conditien; Dependence

0.18;
0.16] _
0.14f . PHOBOS(hit) - + PHOBOS(hit)
0.12F « PHOBOS(track) - = PHOBOS(track)
0-1f T, C .

0.08
0.06
0.04]
0.02:

—— MC-Glauber - —s— MC-Glauber

Coo oo b o L by by 1y
00 50 100 150 600 250

I B R
300 350 400

part

eSensitive to initial models.

Perfect fluid and CGC, compatible?

- Need more studies on initial condition
and viscosity




Effect of Deformation

0.18¢
0.16]

—— Spherical - —— Spherical
Deformed C Deformed

0.14f .  PHOBOS(hit) - *  PHOBOS(hit)
0.12F « PHOBOS(track) - = PHOBOS(track)

0.15

> 0085, Au+Au - Cu+Cu

0.06 4{“ b
0.04]
0.02-

Covv b b by b i by
00 50 100 150 200 250
Npart

I T B
300 350 400

Almost no effects in semi-central collisions
Small effect in central and peripheral event




Comparisen with Data: p- dist.

— 0-5% — 0-5%
10-15% (x107) 10-15% (x107)
20-30% (x10%) 20-30% (x107?)
seee 40-50% (x10°7) 40-50% (x10%)

AUu+Al

T

T

= PHENIX 0-5%

e, i
s PHENIX 10-15%(x10) i 7p "PHENXOSN o
* PHENIX 20-30%(x10?) -15%(x107)

. 5 v PHENIX 20-30%(x107%)
¢ PHENIX 40-50%(=10") » PHENIX 40-50%(x10")
| [ | | L1l 1 0-9 | |

1 1.5 2 25 3 0051152 25 3 35 4
P, (GeVic) P (GeVic)

c:'_'h
>
D
S,
“o
S
>
5
a
S
=z
p=3
=
N
-
e

p+ distribution Is output in hybrid models.
— Atwork up to 2-3 GeVIC 5 cnix: pres9,034909(20




P Dist. Int Cu+Cul Caollisions

— 0-5% — 0-5%
10-15% (x107) 10-15% (x107)
20-30% (x10%) 20-30% (x107?)
seee 40-50% (x10°%) 40-50% (x107)

Cu+Cu 3 . Cu+CL

T

T

c:'_'h
>
D
S,
“o
S
>
5
a
S
=z
p=3
=
N
-
e

109....|....|....| ........ ||n
1152253 0051152253354

P, (GeVl/c) P p. (GeVic)




Comparison with Data: V,(p5)

» default setting
< STAR, charged

) I(a} 571 0%| E

(d) 40-50% 3
02 04 0.6 08 1 12 14 16 18
p, (GeVic)

STAR: PRC72, 014904(2005)

o STAR, charged, v {FTPC}
o STAR, charged, vzﬁ: ‘?
.* . B -

(d) 40-50% *

oF
-0.0502

0.2 04 0.6 08 1 1.2 14 16 18 2
p, (GeVic)

Need (tiny?)
Viscosity In
small system
(such as Cu+Cu
and peripheral
Au+Au collision)
Not enough
statistics

- Stay tuned!




\l, VS, Transverse Density

V,/e monotonically
—=— Au+Au, w. had. res. _ .
e CurCu w. had. res. INcreases with
transverse density
even within ideal

hydro QGP.
- Finite lifetime
b 5 10 15 20 25 30 35 40 45 50 effeCt

—— Au+Au, w.o. had. res.

—=— Cu+Cu, w.0. had. res.
0

(1/S)dN/dn (fm?)

- Mimics viscosity
- This should be
subtracted(?)




SuUmmany.

mporiance: o hadrenic dissipation

Development of a hyerd moeadel (laeal
Aydre £ hadrenic aiterurnen) toward
Understanding| ofi the @GP

Sysiematic analyses; ofi elliptic flow: data
USing the: ybrd medel

s Glauber vs. CGC, ¢, VS. &z p , SpPherical vs.
deformed, 15" order Vs. CroSSOVEr, ...

Comment on /e
Tloward quantifying VISCeUS  COIrections




