BERRYEF

4 BEOBE-HH : BF-/HN\FOU-9+—ohoB22R0EEREFEX. BLUBRIGROB R
MoHRT I, BPBEOREARBRZIRTI-OITDELLLIBZEER (EYIBER. G-matrix . $15
DGR, BIEEHRF QCD )  NAN—RBEBRIGOCESFVRIGERETH L TRREEShIRFEER
lﬁ:‘%%:@ éﬁtgcggﬁig%ﬁﬂ%) CEOEBORMICOVWTRETIERIZ, ChSITOVWTORIEDIHE

8 BREHELNE _
BF-\FOY-9+—O0MBOHRBEERAEREFEXICOLVTLUTORARTEET S,

1. REAEAZELB T HERER
(a) BEPEOREAFERXE QCD HEIMEDOBE
(b) BOEWMMSOFTIO—F (FE-IFS5P =B, BESHEF QCD)
(c MXBWAOFHIZER

2 BEEETOBER. FEARERELALY E. AR
(b) YOSINAGDFIAFIVR
© BIALI—BEAA BEOERLGEEROERH.

3. EfRKEHMR
(a) ®&F-BZFEE. KAEEE. BHMHEE/EA ( G-matrix)
(b) NFAY - BRG (EPREL, 12/ VR, T)—VB8EK) .
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Nuclear Transport Models
and Heavy-Ion Collision
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Hydrodynamics vs Transport

J \/sNN <20 GeV — Transport model calculation explains v2 data.

# RHIC (& LHC) — Hydrodynamics is successful.

0.08
0.06

0.04

ﬁ ¢ _
’
1

0.02

Va
=]

-0.02 +

-0.04

-0.06

-0.08

M. Isse, AO, N. Otuka, P.K. Sahu, Y. Nara,

Proton v, for AGS to SPS Energies

AGS SPS

MH ——
MS |
H_
S_
cs
MS(N) ——

Exp. —&—

10 100
E;.. (AGeV)

PRC72 ('05) 064908 [nucl-th/0502058]

~ E LVABA B ife :
> 0.25| HYDRO limits -

015} &= ]

[ %% iﬁé”gﬁ& -
01:_ %l b * —— E,./A=11.8 GeV/, EATT _:

— @ E_IA=40 GeV, NAd@

0.05 i L] —@— E_./A=158 GeV, NA4D
: I? t —afe  V[5,,=130 GeV. STAR

— & \[5,,,=200 GeV. STAR Praiim. |

0 5 10 15 20 25 30 35

(1/S) dN _, /dy
U. W. Heinz, AIP Conf.Proc. 739 ('05) 163
[nucl-th/0407067]
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Heavy-Ion Collisions at Einc ~ (1-100) A GeV

# Study of Hot and Dense Hadronic Matter
— Particle Yield, Collective Dynamics (Flow), EOS, .....

AGS

SPS

JAMming on the Web, linked from http://www.jcprg.org/
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Nuclear Mean Field

# MF has on both of p and p-deps.

@ pdep.: (p, E/A)=(0.15 fm3, -16.3 MeV) is known
Stiffness is not known well

@ p dep.: Global potential up to E=1 GeV is known from pA scattering
Uip,, E) =U(p,, E=0)+03 E

# Ab initio Approach; LQCD, GFMC, DBHF, G-matrix, ....
— Not easy to handle, Not satistactory for phen. purposes

a8 Effective Interactions (or Energy Functionals):
Skyrme HF, RMF, ...

30

U(E)=U(0)+0.3E
/ 100 . : / :

R — /jf’ 50 |
E/A" v U
m \

0 ig}-\ F-.
A *‘i:\
,\“&m 50
10 : .l
! e e

(ia+p+ Cex(1 herm ——
(ii): C., ) term
(i}+(ii): Sky+mom (atp,) ——
. Hamla et a|7 .

(py » E/A)

-100

0 200 400 600 800 1000 1200 1400

Ejap(MeV)
—F.
1N

=(0.15 fm-? , -16.3 MeV)
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HIC Transport Models: Major Four Origins

# Nuclear Mean Field Dynamics

@ Basic Element of Low Energy Nuclear Physics,
and Critically Determines High Density EOS / Collective Flows

@ TDHF — Vlasov — BUU
8 NN two-body (residual) interaction

@ Main Source of Particle Production

@ Intranuclear Cascade Models
8 Partonic Interaction and String Decay

@ Main Source of high pT Particles at Collider Energies

@ JETSET + (previous) PYTHIA (Lund model) — (new) PYTHIA
# Relativistic Hydrodynamics

@ Most Successful Picture at RHIC
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’ Nuclear Mean Field Dynamics I
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TDHF and Viasov Equation

Time-Dependent Mean Field Theory (e.g., TDHF) i Fi 0, =hdo,
: : Ot ’
Density Matrn(()
p(r,r ’)22 o.(r)d; (r') = py=Ff (phase space density)
TDHEF for Denslity Matrix
., 0p o f
lhaz[h,p] - E={hW’f}P.B.+0(h2)

Wigner Transformation and Wigner-Kirkwood Expansion
(Ref.: Ring-Schuck)

OW(r,p)Ef d’sexp(—ip-slh)<r+s/2|0|r—s/2>
(AB)y=Ayexp(ihA)B, A=V '.-V -V'.V, (V'acts on the left)
[A,B],=2iA4,sin(hAI2)B,=ik|A,, B,},,+O(R)
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Test Particle Method

# Vlasov Equation

of
L by )1

# (lassical Hamiltonian

_of

at—l—va VUVf 0

2

hy(r.p)=5—=+U(r, p)
# Test Particle Method (C. Y. Wong, 1982)

dr, dp,

AN

1 0
—_—— 6 - 6 — . ? l: h ) — h )
Nozi: r=r)3{p=p) dt Vp v dt rew

Mean Field Evolution can be simulated
by Classical Test Particles

— Opened a possibility to Simulate High Energy HIC
including Two-Body Collisions in Cascade
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BUU (Boltzmann-Uehling-Uhlenbeck) Equation

# BUU Equation (Bertsch and Das Gupta, Phys. Rept. 160( 88), 190)
of

Ot
d p,dQ do
]coll[f :__f 2 2h) lzd—Q

X [ffz(l f3>(1_f4)_f3f4(1_f)(1_f2>]
# Incorporated Physics in BUU

——+V- V f VUV f ]coll[f]

I

@ Mean Field Evolution

@ (Incoherent) Two-Body Collisions

@ Pauli Blocking in Two-Body Collisions G/T

I,

O One-Body Observables (Particle Spectra, Collective Flow, ..)
X Event-by-Event Fluctuation (Fragment, Intermittency, ...)
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Comarison of TDHF, Viasov and BUU(VUU)

# Cat+Ca, 40 A MeV
(Cassing-Metag-Mosel-Niita, Phys. Rep. 188 (1990) 363).

1 i Iy i i 1 i i i
-0 -4 0 -] N -N 5 0 5 N -0 -5 1] 5 n
Zz (fml) Zz (fm) Zz {fml
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Relativistic Mean Field (I1)

8 Dirac Equation (iyo—y'U,-M-U, |Jp=0 , U=g,0 , U=-g.o0

\% S

# Schroedinger Equivalent Potential

150 A
. NL3
E-U —M-U, io-V (f):() NL3(mom-dep) —
—ic-V —~E+U,~M~-U |\g = 100 1 NL3*(present) — -
% Hama et al.(Exp.)
l]sep’\'ljs_l_gUV=_g(r0-_|_£goo(’0 5 >
m m t
2 2 = 0t
8s E 8
=—— P+t —— P
m,_ m m, -50

D091 15 2 25 3 354 45
Ex.,(GeV)

Saturation: -Scalar+Baryon Density
Linear Energy Dependence: Good at Low Energies,
Bad at High Energies (We need cut off !)

(Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)
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Phenomenological Mean Field

# Skyrme type p-Dep. + Lorentzian p-Dep. Potential

x 0 2 B 0 y+1
= =|d’r|= -

Po Po

ol -,
_|_Z J'd3rd3pd3p, ex f<r9p)f(r2’p2)
“ 2p, I+(p—p') 1y

1ﬂ0 T T T T T T T 30 T T
Aich{K=380 +
Aich(K=200
K=300 #*
o

| Sky+mom(H) ——
50 - 20

Wiham® f //

;‘
1] i~y 10
g 0 g g f;f
& <
o) K |
> . y (i): o+ B + G, Vterm g e %*’i;\ |
50 ¢ (ii): G, ) term i |
(i}+(ii): Sky+mom (at p,) -10 2 j’ il

Hamaetal. e

0 200 400 600 800 1000 1200 1400 ) 0 ()I_s I1 15 ) 25 3
Ejap(MeV) 0f 0n

Isse, AO, Otuka, Sahu, Nara, Phys.Rev. C 72 (2005), 064908
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Collision Term
and Particle Production
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Baryon-Baryon and Meson-Baryon Collisions

# NN collision mechanism

Elastic Energy Dependence of NN Reaction Mechanism
— Resonance N \
— String )”‘(
— Jet N Elastic N
N (t-channel) String N
: : : : » \IE- 2Mpy
~1MeV 140 MeV ~1.5 GeV ~100 GeV
Elastic Resonance Parton
(s=channel) N N A
P N
o T ~--"'II"*»._ ! ;::':!"2.. ;
EHE el A J" I/u’]'{
P ~-f N*
. . p Now
# Meson-Nucleon Collision N
— s-channel Resonance
— t-(u-) channel Res. s-channel ~ t-channel u-channel

R (or S) Form. Reggeon Exch. Baryon Exch. Strings

Yy K ik N T Y K MMM M
R N* Y*
/ P '
e N n N o N M N

— String formation
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NN Cross Sections

From Particle Data Group

.;:.af::'i'nt.. —
j Ela.
. Eﬁ Tot.

Resonance

(Threshold Enh.)

P,..(GeV/c)
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Meson-Baryon Cross Section

o
E
B

Resonance
(s-channel) 0
n p Elastic ——
nd Total
10°
a
E
5
10!} .
“]U i . — — .
1w’ 10’ 10" 10° 10°
P.nlGeVic)
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Reggeon Exchange

(Barger and Cline (Benjamin, 1969), H. Sorge, PRC (1995), RQMD2.1)
@ Regge Trajectory J=cx,(¢)~a,(0)+a’,(0)¢
# 2 to 2 Cross Section

do

___ P 2
a’Q_641Tj;pl.|M(S’t)|
(pipf)J
M(S,t)NZR — NF(t)exp[OLR(t)log(S/So)]
R
J
3 5
Hadron 3
Reaction1 p*
I ¢ p ,
/™ = -
; e (1) Hadron
Spectrum

Cross Sections (mb)

K’ Nucleon Reactions (Reggeon Exch.)

10

Kb? n, (CX)

S

XEARA

oD DowW AAAAA

10
P (GeV/c)

=]
[2] [3] [1]
ra

MM ey

=1
s [7] [1
c[c[l.

i P,
—
n
M
[}
e e et et

[=]

S
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String formation and decay

# What does the regge trajectory suggest ?

— Existence of (color- or hadron-)String ! \/'
Kd kd R’
M = 2f0 i —TrKR , J=2f:r>< ! r_ItK g1
V- V- (r/R) R 2

—>J—M /\

2TTK

# String Tension

1 ., string s d g
—x',(0)~0.9GeV > > k~1GeV/fm
2TTK
O O
# String decay %
Extended String
— Large E stored O—e O—e

— ( gbar pair creation (Schwinger mech.)

String = Coherent superposition of hadron resonances with various J

Lecture 2(a) 19



Jet Production

# Elastic Scattering of Partons (mainly)
with One Gluon Exch.

# Color Exch. between Hadrons

— Complex color flux starting
from leading partons

— many hadron production V4

— Jet production h
s PYTHIA /
@ Event Generator ® O

of High Energy Reactions
. [
— Jet production

+String decay ‘
for QCD processes O0—eO0—=o Z

(T. Sjostrand et al., Comput. Phys. Commun. 135 (2001), 238.)
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JAM (Jet AA Microscopic transport model)

Nara, Otuka, AO, Niita, Chiba, Phys. Rev. C61 (2000), 024901.
# Hadron-String Cascade with Jet production
@ hh collision with Res. up to m <2 GeV (3.5 GeV) for M (B)
@ String excitation and decay

@ String-Hadron collisions are simulated by hh collisions in the formation
time.

@ jet production is incl. using PYTHIA

@ Secondary partonic int.:
NOT incl.

Digquark
@ Color transparency: - i fm/c ~ Breaking
NOT taken care of or ~ 1GeV/im
Resonance
+ String
+ Jet
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| Collective Flows at AGS and SPS Energies I
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Collective Flow and EOS: Old Problem ?

# 1970's-1980's: First Suggestions and Measurement
@ Hydrodynamics suggested the Exsitence of Flow.
@ Strong Collective Flow suggests Hard EOS
s 1980's-1990's: Deeper Discussions in Wider E_ Range

@ Momentum Dep. Pot. can generate Strong Flows.
@ Einc deps. implies the importance of Momentum Deps.

@ Flow Measurement up to AGS Energies.

a 2000's: Extention to SPS and RHIC Energies
@ EOS is determined with Mom. AND Density Dep. Pot. ?

‘ Old but New (Continuing) Problem ! I
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What is Collective Flow ?

(Directed) Flow (dPy/dY)| |Elliptic Flow (V.) Radial Flow (3r)
Stiffness (Low E) Thermalization Pressure History
+ Time Scale (High E) & Pressure Gradient vV
€——=_VP
I 1

Until AGS Above SPS =V = [

] €
X
t ‘Jz > {0:
In Plane V2 <0:
QOut of Plane
;]C.y vlfl_a_},

A

Pr
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Side Flow at AGS Energies

# Relativistic BUU (RBUU) model: K ~ 300 MeV

(Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)

# Boltzmann Equation Model (BEM): K=167~210 MeV
(P. Danielewicz, R. Lacey, W.G. Lynch, Science 298(2002), 1592.)

RBUU  CASCADE —
=300 r FOPI —=—
= EB77 ——
§2GD L NA4G ——
=" EQOS ——

- -

N W i

kx 100 ¢

YAl Y 1 AT S

T 01 1 10 100

= Beam Energy (GeV/A)
Einc

'RBUU

Prmax/'Po- ~2 3 -5 7
0.4 -  DATA
- O Plastic Ball
- O EOS T K=380 MeV
0.3 - ®E895 - e
0.2 300
210
0.1 g T Tl
----- 167
0.0
BEM
0,1 0.5 1.0 50 10.0
Epeam/A (GeV)
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Elliptic Flow

# What is Elliptic Flow ? — Anisotropy in P space

# Hydrodynamical Picture
@ Sensitive to the Pressure Anisotropy in the Early Stage

@ Early Thermalization is Required for Large V2

Out-of-Plane Flow p2 _ pl
y (v,<0) v,=(——=>)=(cos2¢)

L \T/‘ Pt D,

X

In-Plane Flow
(v, > 0)

/|\
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Elliptic Flow at AGS

# Strong Squeezing Effects at low E (2-4 A GeV)

@ UrQMD: Hard EOS (S.Soff et al., nucl-th/9903061)
@ RBUU (Sahu-Cassing-Mosel-AQO, 2000): K ~300 MeV

@ BEM(Danielewicz2002): K=167 — 300 MeV

0.1 :
Au(X A GeV ) Au U QMD
' ' ' " RBUU & [
CASCADE ® [ .
ook — —— — T
| J.d'r ‘f
.-"'-’-'ll ‘_ul'
i o DATA

min. bias b <7 fm
DATA £+
‘f -
o Plasfiic Ball

| R |
003 - 0.1
— e R } 1 0058 F
- ] i L
] _u__d_-i'_.— #,d_—--' F@ l."-?lh :
0= ' 8 0sf-
’ I o EOS
Au(11.6 A GeV/c)+Au I ) '
.0.05 | i ': ) | i : % . Eagi
*
- b= 6 fm, abs(Yem/Ypr) @ 0.2 010 300 <.’ E87 |
0.1 ' L . L L - K=380 MeV .
: (l'm(éldll ﬂ 2 4 E S 1D 12 -llll 1 L ' |III 1 '] 1 L1ih 'l i
Hotential = =
* TFR95.FaT7 0.1 05 1.0 50 10,0
-1 -
0 e ila o % 10 12 Epeam/A (GeV)
Ep, 8Cnucleon)
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Elliptic Flow from AGS to SPS
a8 JAM-MF with p dep. MF explains proton v2 at 1-158 A GeV

@ v2 is not very sensitive to K (incompressibility)

@ Data lies between MS(B) and MS(N)

0.08 — ————— -_—
Proton v, for AGS to SPS Energies

AGS SPS

0.06

0.04

0.02

> 0

ﬁﬁﬂ!

MF for Res

¥

-0.08 — —
1 10 100

E,.. (AGeV)
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Dip of V, at 40 A GeV: Phase Transition ?

0.15
a Dip of V, at 40 A GeV may s
be a signal of QCD phase g Mﬁg
transition at high baryon °F
density. 0.05¢

( Cassing et al.) 01

4 However, the data is too " :
sensitive to the way of the Mﬁg
analysis (reaction °F
plane/two particle 005
correlation). 01

@ We have to wait for better a
data. 003

0 C

-ﬂ.ﬂﬂz

-ﬂ . 1 1 1 1 1 1 1 1 1 L
2 15 1 05 0 05 1 15 2
rapidity
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Flow and EOS; to be continued

# In addition to the ambiguities in in-medium cross sections,
Res.-Res. cross sections, we have model dependence.

@ RBUU (e.g. Sahu, Cassing, Mosel, AO, Nucl. Phys. A672 (2000), 376.)

+ In RMF, Strong cut-off for meson-N coupling in RMF
— Smaller EOS dep.

@ Scalar potential interpretation in BUU
Larionov,Cassing, Greiner,Mosel, PRC62,064611('00), Danielewicz, NPA673,375('00)

e(p.p) =VIm+Udp, p) + p* =m2+ p2+U(p, p)

* Due to the Scalar potential nature, EOS dependence is smaller.

@ Scalar/Vector Combination Danielewicz, Lacey, Lynch, Science 298('02), 1592

P ~ P
e(p, ,'I=m+f dp'v*(p', p) +U(p)., v(p.p)= =
P.p o P P.p P JF1+IFH*{P; ﬁﬂh

+ Relatively Strong EOS dependence even at high energy
@ JAM-RQMD/S Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908

+ Similar to the Scalar model BUU
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Elliptic Flow @ RHIC I
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Elliptic Flow in Hadron-String Cascade (I)

# Hadron-String Cascade (JAM) @ RHIC
@ Hadron Yield is reasonably explained up to 2 GeV/c (10-20 % error)
@ v2 is underestimated (20-30 % (integrated), 50 % (p,. > 1 GeV)

Au+Au (\'s = 130 A GeV) Au+Au (Vs = 130 A GeV)
NH 3 T T T ]
PHOBOS  —— T JAM — > 19 PHENIX (Min. Bias) / JAM (b < 13fm) |
800 - BRAHMS (5%) —=— ] G 102
PHENIX (5%) —v— ey
-'U E - -
% 400 - 'DI_ 10°
[ L
200 ¢ " Mid-Central (15-25%) & 107
> [
0 : : : : | 8 {072 : :
PHOBOS —o— JAM (5-53%) ~ —— © 45| STAR/JAM (b<13fm) ¢, L
6 L (refl) _ —5— (b<13fm) - --- + +
STAR (5-53%) —5— et
Sy < 10} Lo -
= e o R SR
I Py T >
/ 0L o a4 T e
0 - - - - ' STAR(std.) ——
42 0 2 4 0 0.5 1 1.5 2

Pseudorapidity n p+ (GeV/c)
T
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Elliptic Flow in Hadron-String Cascade (1)

# Why do we underestimate v2 Sahu-Isse-AO-Otuka-Phatak 2006
in Hadron-String Cascade ? Au+Au, sy = 130 GeV, b < 13 fm
@ v2 growth time is long 15 ~— ' ' v, —
.-""'..‘ N
(~10 fl.n/c),.due to hadron 10 N € (Last Coll) ——
formation time ( T~ 1 fm/c). 2 RN £ (1) -
— much longer than hydro % 5| N S~a
- b ———
o~ . =
> 0 _,/
ml<t T
.5 . .
0 10 20 30
STAR(Std.) —&— ' ' ' | time (fm/c)
8 I (4th) —e— ' . . . .
JAM(Std.) — 5 16 | \s=17,130AGeV h* -
6 | ! c.: % 14 | Mid-Central (16-24 %) i
g@ |:|:| [ ] L " 12 ? f ﬂ:_ "_-
S _,-{;.., 10 -F'
< 4 T B‘%\. 8 | [ﬁffﬁ =
< _
2 | | + 6 r STAR (Std) —B— |
vsyn=130AGeV h 4 L ‘fﬂﬁ; el
2 | JAM 130AGe\fr‘cf:$td.§: |
0 ' : : : : : : i 17AGeV(Std) -
U 1 I
0 10 20 30 40 S0 60 70 00 05 10 15 20
Centrality (%) pr (GeVic)
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Results of Parton Cascade

# Unexpectedly high parton cross sections of ¢ =5-6 mb have to be
assumed in parton cascades in order to reproduce the elliptic flow.

ZI-WEI LIN AND C. M. KO

0.08

0.07

0.06

0.05

0,04

0.03 |

0.02

0.01

FIG. 3. Tmpact parameter dependence of elliptic flow at
130 A GeV. The data from the STAR. collaboration [7] are shown
by filled circles, while the theoretical results for different partonic

@ STAR data
L4 no string melting
r B---8 3 mb with string meltir
r +—=+omb

L ¥—¥10mb

S

ol [IHLe

dynamics are given by curves.

m L 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0

0.20

PHYSICAL REVIEW C 65 034904

0.18
0.16 |
0.14
012
:_:-3‘,: 0.10 |

1

0.08

® STAR data
L—h no string melting
B ---8 3 mb with string melting
¢—#6mb

s ‘1tu‘ o
p, (GeV/c)

1.5

20

FIG. 4. Transverse momentum dependence of elliptic flow at
130 4 GeV. Circles are the STAR data for minimum-bias Au+Au

collisions [7], and curves represent the minimmm-bias results for
charged particles within 5=(—1.3,1.3) from the AMPT model.
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Cascade vs Hydro @ RHIC: Au+Au

a Comparison of v2 as a function of Npm

@ Cascade predict smaller v2 in peripheral collisions

@ Data lies between hydro results with two different initial condition
CGC (Color Glass Condensate) and Glauber type initial condition.

0.2
hydro+cascade, CGC
018 e hydro+cascade, Glauber
0.16 adronic Cascade, JAM
. A PHOBOS(hit)
0.14 . PHOBOS(track)
- v g$ﬁg(v2{ }, O.15<pT<28ewc)
= v,{4} 0.15<p.<2GeV/c
N 0;21 o PHEN&)&EO.}2<pT<5pdeV/c) )
> .

0.08
0.06H] 4.
Hydro is better, 0.045
CGC may be realized 0.02 e
o * o o b b b b b by Ny
in central collisions. %50 100 150 200 250 300 350 400
part
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Relativistic Hydrodynamics I
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Relativistic Hydrodynamics

# EOM: Conservation Laws

0,7**=0 Energy Momentum Conservation
ay(n,.u” )= 0 Conservation of Charge (Baryon, Strangeness, ...)

" = (et Pyu'u' - Pg"’

e : energy density, P: pressure,

ut :four velocity y(1,v), 5 | |
n;. :number density _~ é
=
o r .
= tau=0.,6
-5 t -
T. Hirano, Y. Nara, NPA743, 305 (2004) ! ' '
T. Hirano, K. Tsuda, PRC 66, 054905(2002) -5 O 5

x (fm)
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FLOW AND HYDRODYNAMICS ANISOTROPIC FLOW

QM2012, Luzum

1/S FROM FLOW (HISTORICAL)

“Glauber” initial conditions “CGC7 initial conditions
| ! | ! | ! | ! ! | ' ! | ! |
0.1 = PHOBOS |- 0.1 PHOBOS
— (.08}
L 1y/s=0.08
14 _ 006
:‘ -
n/s=0.16
— 0.04}F
4 oozk
0 ' — ks

1 I 1 I 1
0 . 100 200 300 100
o - C

(ML & Romatschke, Phys.Rev. C/78 (2008) 034915)

e Best extraction of /s by comparing viscous hydro to flow data
e Largest uncertainty from unknown initial condition J

MATT LUZUM (SACLAY) VISCOSITY OF THE QGP BI14472012 3720



Summary

# Heavy-ion collisions up to SPS energies seems to be reasonably
described by using hadron-string cascade such as JAM model,
while HIC at RHIC requires earlier thermalization (larger anisotropic
pressure).

# There are many things to do in high-energy heavy-ion collision physics.

@ AGS-FAIR-SPS energies
Nuclear matter EOS, Baryon rich QGP, Strangeness enh., ...
Puzzle: Is QGP formed below top SPS energy (Vs =17 GeV) ?

@ RHIC-LHC energies
— Consistent understandings are not yet achieved,
and we still have many puzzles

¢ Pre-equilibrium dynamics

* QGP properties (/s = (1-2) /4 =, Parton energy loss, ....)
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@ s . =5-200 GeV

Critical Point Search at RHIC
8 Beam Energy Scan (BES) program at RHIC

— p, <500 MeV at Chemical Freeze-out

@ First stage results of BES (@ RHIC
— Quark number scaling of v, works
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Backups
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When and where is QGP formed ?

# Incident Energy
@ AGS: Strangeness Enh. (High baryon p effect ?)

@ SPS:
J/y suppression (QGP?), Low mass dilepton enh. (chiral sym.)
Hydro overestimate v, data

@ RHIC:
Jet quenching, Strong v,, Quark number scaling of v,, ...

Hadronic Cascade underestimate v, data
— Bulk QGP formation seems to start between SPS and RHIC

# Proj./Targ. Mass dependence
@ AutAu: v,(Casc.) <v,(hydro) ~ v,(data)

@ Cu+Cu: Recently Measured
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Predictions of Cu+Cu Collisions @ RHIC (1)

# Single particle spectra

@ Cascade (JAM) and Hydro o5 | Hydrudﬁg? —
predict almost the same single particle ool p
spectra e Ceecieriseses
dN/dy, &Npdp dn S 10| b=2 fm
100F b=5 fm
# Surprising ? ol e R,
@ Initial Cond. of Hydro is tuned T R E—

to fit dN/dny (~ Energy per rapidity)

@ Cascade use fitted OnN

@ Themailzation is expected
at Low p (long time before particle

production)
— Coincidence may not be surprising

d®N/2rpr dpy dn (GeV2)

Hirano, Isse, Nara, AO, Yoshino, Phys. Rev. C 72(2005), 041901
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Predictions of Cu+Cu Collisions @ RHIC (1)

# Calculations were done BEFORE the

data are opened to public. 12[ H ) H%m e
ydro —
s Cascade and Hydro predict 12 Fydro(160) —=
very different Elliptic Flow ! z 4l
@ Cascade: small v2 T af
— Small int. in the early stage 2t r,/’_,,,.ﬁ\_
@ Hydro: large v2 OD ]
— Strong int. after T=t,~ 0.6 fm/c impact parameter bifm)
s T dependence s wydroram o |
@ 7" =160 MeV ~ Tc = 170 MeV ] Rygroie —=— 1
— short time of expansion — Bl
in the hadron phase E;; 5
- dF
@ 7 =100 MeV < Tc =170 MeV 3|
— long time of expansion f '
0
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Compared to JAM Model

o~ 0-1: b=5fm o ﬂ.1: E
> 000p — AM —Hydro(100) | S gef. — “AM /
0.08. ' PHOBOS (15-25%) — Hydro(160) 008 Hydro(100)
0.07 preliminary 0 [I?E_ — Hydro(160)
| 200 GeV “'E v PHOBOS
0.06 0.06F o y,
15-25% Cu-Cu - preliminary ;"
: 0050 200 Gev {
rrors 004 Cu-Cu / 1
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u A ETENEREENE NN NE NNl SRR FRE NS |
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fm

Cu-Cu more like Hydro than JAM hadron string cascade model

Here JAM uses a 1 fin/c formation time. Hydro (160) has kinetic freezeout temperature at 160 MelV

%'EC?S Division of Nuclear Physics, Maui, 2005 Richard Bindel, UMD 32



After Data are opened, ....

# Hydro wins Cascade at RHIC even for Cu+Cu collisions in the initial
stage evolution.....

a8 “Reaction Phase Diagram” seems to be .....

A

Au+Au oGP

Cu+Cu
Hadron

d+Au

AGS SPS RHIC
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Relativistic Hydrodynamics (11)

# One more condition is necessary
— Equation of State P = P(e, n) is needed

@ Independent Variables: e, P, v, n, — 6

@ Independent Equations: 4+1 =5
s Solve Hydro. in Bjorken Variables (t, 1, X, y) — Save CPU a lot !

@ Most of the Dynamics is govered by T during T < 10 fm/c

@ 1, approximately corresponds to 1, and fixed by inc. E.

# Parameters

@ 7, (thermalization time), Tch (chem. F.O.) — Au+Au dN/dp fit

@ Tth: Free Parameter

# [Initial Condition: Glauber type / Color Glass Condensate
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