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@ Introduction

o HIC atE_ ~100 MeV/A
» HIC at E_ ~(1-100) GeV/A
@ HIC at RHIC

@ Summary
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Hadronic Matter Phase Diagram
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HIC atE. ~ afew 100 MeV/A

@ Physics of Fragmentation and Liquid-Gas Phase transition
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Molecular Dynamics Study of Fragmentation

@ Quantum Molecular Dynamics (QMD)
& Antisymmetrized Molecular Dynamics (AMD)
— Reaction Dynamics, Mass & Isotope Dist.
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Molecular Dynamics Study of Fragmentation
o ISYUANRTERDIFRE

+ Equation of Motion
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Molecular Dynamics Study of Fragmentation
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Lessons from HIC @ 100 A MeV
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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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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
@ 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.

@ 2000's: Extention to SPS and RHIC Energies

+ EOS is determined with Mom. AND Density Dep. Pot. ?

‘ Old but New (Continuing) Problem ! \
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Mean Field Dynamics + Two-Body Collision

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

* Time-Dependent Hartree-Fock Eq. Z Wigner Z#t— Vlasov Eq.
» Pauli blocking ZF/ A L= Boltzmann AR DEHRIEZEA
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Comarison of TDHF, Viasov and BUU(VUU)

@ CatCa, 40 A MeV
(Cassing-Metag-Mosel-Niita, Phys. Rep. 188 (1990) 363).
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Hadron-Hadron Cross Sections

From Particle Data Group

Resonance
(Threshold Enh.)

Resonance
(s-channel)
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Exclusive Cross Sections in JAM

Nara, Otuka, AO, Niita, Chiba (JAM), PRC 61 (2000), 024901.
@ Ground State Hadrons, Resonances, and Strings
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JAM Results @ AGS Energy

@ p-A collisions

|!mlun distributions
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JAM explains AA collisions as well as pA collisions:
— Good Elementary Cross Sections for MM, MN and NN
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Mean Field and Particle DOF Effects @ AGS

@ Mean Field Effects at AGS Sahu, Cassing, Mosel, Ohnishi, 2000
— ViSible bllt Small fOl‘ pT Spectrum PE Sahu et al / Nuclear Physics A 672 (2000) 376-386
Essential for Flow cASEEErE E
. I EDS i
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Elliptic Flow from AGS to SPS

Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908
@ 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)
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Cascade vs H)_/dro @ RHIC: Au+Au

@ Comparison of v2 as a function of vV, ,

+ 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
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N 0;21 o PHENﬁ)&EO.}2<pT<5F()3TeV/C) )
- .

0.08
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CGC may be realized 0.045
in central collisions. o2+ TR h
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Lessons from AGS and SPS Energy HIC

o MIFHERDERIBIE
* 1 A GeV Energy — IG5 F4&
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Jet-Fluid String $R2/=F 118 #iFHE5

RRHE, K, L KIE, I52 9T
PHE X, —HER . KIF RREC AR, EHA=

Hadron correlations in Jet-Fluid String model

T.Hirano, M.Isse*, R. Mizukawa®, Y.Nara®, A. Ohnishi®, K.Y oshino®
U. Tokyo, Osaka U.#, Hokkaido U.®, Frankfurt U.¢

|»

@ Introduction

» High p. TO/\FA{LER . °
Spma o .QGP O _ Jet-Fluid String
o JFSTO/\FO>4HES Fluid Parton ©

° F&WH .

Isse, Hirano, Mizukawa, AO, Yoshino, Nara, nucl-th/0702068
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Highp /O ER

@ GSI, AGS, SPS — HIB/\FAY, AMJ T £ R LR
Nara et al., PRC61('00),024901; Isse et al., PRC72('05),064908.

* RHICTOE#ER{®= pQCD+E-loss+3H 3 B

AA
-l 2(b):J-dPTfA(rT—b/Z)IB(PT+b/2) Geometry
avd” pr
Vo doi
XKZ .[dxadxbd kad kbfamfbfﬁ d?
abed
XD(E.~AE, (rr);c—h) E-loss + Indep. Frag.

— LA LRREIEFZ->TLS (high p,. TD v, 5E)

— RHICTIXRMN) VTR IBELGLD M ?
Hirano et al., PLB636('06)299 (afterburner improves v, in Hydro+)et)
Sahu et al. Pramana 67 ('07)257 (cascade = low p, data except for v,)

Parton Cascade (Kinder-Geiger) (Parton cluster » hadrons)
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Jet-Fluid String formation and decay: Model

Isse, Hirano, Mizukawa, AO, Yoshino, Nara, nucl-th/0702068
o S=UTYMER=pPQCD (PYTHIA 6.4)

@ QGPEJG)/{_I‘?/{EE o .
* SRFTTAFER .0 QGP © , Jet-Fluid String

Hirano-Nara, PRL91('03), 082301; Fluid Parton ©
PRC69('04),034908 o
Hirano,Tsuda, PRC66('02),054905 7
etpgrton
* GLV IRJL¥—8%x factor (0O) °
Gyulassy-Levai-Vitev, PRL85('00), 5535.
o RN &k TR !
» "ZARHRNILEAH O (Vs — 2 GeV
( ) ) JFS
n, K Res. ! M

2 GeV

D(j=h)=| Pk, f (k, S )
XS(S:(kJ-+kf)2)D(SII"IMg(x sk .k oh
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Jet-Fluid String formation and decay: Results

Isse, Hirano, Mizukawa, AO, Yoshino, Nara, nucl-th/0702068
o ®UYhigh p N\FAVERE
— REHIRILXF—BENDE

L 4 RAA fit — E-loss fac. C = (6_8) % ‘ j
C = (2-3) in Hydro+Jet (Hirano-Nara) *

Au+Au, Vs=200 AGeV, 20-30 % /b=7.1 fm

#####

o 0.2 Hyd. - -
o RELTIRILE—BK P
VR S— koD, o TR
— high p. TOKREL v, " ’

* v,~8% @p,>6GeV/c
v, ~ (3-5) % in Indep. Frag.

STAR(prelim.) O

High pT TRAA fﬁ?@qjéE-loss T ) . PHENIX(prelim.) ©
=7 Ehigh pT/A\FOVHES 10T L) ?
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High p 7838t COBHEERELDHER

@ TT(T) —» med. pT
Nonaka et al., PRC69('04),031902

@ JT — med. pT (soft-hard)
Greco-Ko-Levai, PRC68('03),034904

@ TS — med. pT, (SS), — high pT
Hwa-Yang, PRC70('04)024905

@ TT(T)— Res. — med./low pT
Greco-Ko, PRC70('04)024901

Re;co. (TS, SS, J7T)

« T+”part of Jet”[Zk B/ NNOEBL
v DIERELRLY I FFEHFF
— JFS DR ERFE

T: Thermal (Fluid) parton
J: Jet parton
S: Shower parton

. (SS),

T T T J F(T)
Reco. TS, (SS), JF'S

IF

JFS

"2 GeV
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\FO> ] T 6 ES

o AutAuffIBTOERGHEBEDHELX=QCGPERDALTFIL
+ Hydro + Jet model Hirano & Nara, PRL (2003)
> R,, Z&BAT S E-loss TIX&RFHBEDHHE A+ 53 TEL

> Dxybr DB RZZEZSEEIREMYANSERATEE
+ Jet “absorption” model Drees, Feng,Jia, PRC71('05),034909

> DxybIN—b D exp(-oL) DFEFERTIIRIN ]

> IRILF—BRED L s - e
E®RIE? R o | J H"“l]‘%é,l;.}ﬂﬁ .............. _
+ JFS S al S
— R, , Z&tBA 9 SHE-loss z ‘
=&Y, #AHEEIEHEE S
£ 005t 9
u

K, ZE5m
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o fgE

@ Jet-Ridge structure

~ HIHC, #EIUELVERS
(narrow A@ +wide An corr.) T
» JFS TIXRZAL e

430

* Chiu and Hwa: BUMER T Jet|Z = 4
FYEBEToNT-]EL n DETEE®D :

Jid& parton A% coalescense

» Shuryak: TRJLE¥—%%KoI= jet
parton ASRAER DT IEEMHRL 5 1&
LTHNS

* Wong: Jet D TRILX—BREFIC
BHENT= radiation DEMITET S
BIDIEL n 9% D bulk parton :
[CKEGE pTZE5ZT/ANFAVIE e s
— radiation @ pT T KT HE. K|

85U AN ridge BBEEZH T
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Lessons from RHIC physics (until now....)

o hof=C& — jet parton BHFTELFHMIZZEL 7= bulk quark-
gluon matter PFEZIRILF—ZRWNEMNSEIEL. parton BNEEFE
BLTNFOV%EES,

* jet parton [XEEHRTIRILT—ZEKH->ThHhio/\NFOVIE

» bulk AN TEREICKYSFEHRTED
(SPS energy Tl BRI 7AT 712 E5ZXHH, EEMICZIE
AFIalb—avICETlhahot=,)

» HIf] pT 818 T baryon A% meson &Y%<, v2 HKELY,
o HHYDDHBIE — QCD Ytk

* jet [XTRIEAD feed back WOFRIK parton EOF/FEFESITLY, KYEL
pT NFOVDHHICHLEEBESZ 5,

o KA hoTLVELZE

> HAEHE. EVBRTEL. jet DRDIA-IRILF—DITES.
jet IR T+ 92 7ZE D baryon 15 5%, viscous hydro DEE KR
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Heavy-Ion Collisions — Past, Present, Future --

o BEAAVRIGIFHEBRDIEGEE
o f=FZLIEF M- IE—#R7FE

EXBRETROIE—DFR
AR TN THERRETHESIBNFNLE

* SPS £ T — n\FOY ANV J % . RHIC — Hydro, Jet, .....
o ELLWVEBHETOBAFZELLGNERRIIFE B TS
o ZLDORFIFIFREIDLELNSD

* pRLERELZRFREDAER — fragments

+ resonance,

string M HRIE — hadrons

* jet, fluid DT FFIE | — hadrons
o MHMNTHERE CIIIRFMRAT—ILINXELRE

» (EERED) fragment 4

e FEHSHTI EFimey 1758 TE

* Resonance, string FiiE[L, I RO R NFEEEBSLYLH, EFRHAL

HEMICEDHREMYANDEAEZELLY,

+ fragment 5

E R C(E-FamkY) coalescense [
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Near Future --- AA correlation ---

@ Longstanding problem in | @ Particle Correlation in HIC inglettriplet
hadron spectroscopy: '"dEp Par::}ﬁ:”; o
Does H (S=-2, B=2) dibaryon :ﬂ\}
below AA threshold ? /1 2: Relative w.

@ RHIC may solve this problem.

: 2
Lap dxydxa S (p om0 I (k)

+ If AA bOllIld, continuum w.{. “lar = CoP dxgdxg S (py%q.pg.%s)
must be orthogonal to b.s.w.f
and must have a node around - _AA Correlation Function 2
the scattering length. w0 QoEK)|  AGS, ﬁmﬂu_ -
+ Source size at RHIC may be Ezu ! #_-hﬁ 15
comparable to the scattering N . A
length, and w.f. are suppressed N SPS.5+5|  RHIC.Authu|
in the source, IFF AA bounds. z R
(Int. between AA is attractive.) | 1
0 1]

0 20 40 60 80 0O 20 40 &0 B0 10D
q (MeVic) q (MeVic)

Ohnishi et al., NPA 670 (2000), 297¢ [arXiv:nucl-th/9903021]
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Future HIC Physics
@ LHC & RHIC II: High pT Parton DOF becomes more important

+ Viscous Fluid ? (smaller coupling but larger density)

+ Feedback of Jet E-loss to Fluid (c.f. In supernovae, matter is hit by
neutrinos and shock may revive.)

+ Jet-Jet interaction
+ Color Glass Condensate would be more clearly seen.
@ FAIR: Competition of Hadronic EOS & QCD phase transition

+ 25-30 GeV/A — Highest density matter may be formed.
+ Coex. of hadronic and quark matter — Very small sound velocity

+ Critical End Point search
— Can we distinguish the first order transition and cross over ?

@ RIBF, RIA, ...

+ EOS of neutron rich matter, Fragmentation (Level density, Low E

modez )z
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Backups
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Centrality Dependence

Ly :
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0
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3 = 02| 7 et --- . :
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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.)

d<p >/dy

F=

_Fy(MeVic) |

prn.ax"fpl:]: 2 -3 =5 =7
T EELLILILLRL "Ré"h‘j'l'-] '_.'_'"" ‘ | T UL L UL L
RBUU CASCADE — “T o Plastiosal
0 F FDPI —a— | 0O EQS '___--"‘H...‘__ k=380 MeV
E877 —— | _“F g =
0l NA49 — | S |
EOS —=— 602 300
: - 210
O 01 - 7 T 167
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Directed flow v, at SPS

e JAM-RQMD/S

Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908

+ p-dep. (indep.) MF suppresses (enhances) v, . V1=<COS <I>>=< p.l PT>

+ “Wiggle” behavior appears with p-dep. MF at 158 A GeV.

015 - p_dep.

010 - 40 AGeV Proton

0.05 -

” o 4 iv 7% - 1 T
I 40 A Gev \

p-indep.

40 AGeV Proton

MS —— s ——
cs — | cs —— _
| NA4|.9 | | | NA4|.9 |
40 00 10 2020 40 00 10 20
y y

-dep.

AGeV Proton

p-indep.

158 AGeV Proton

S8 A GeV

MH ——

MS ——

€S — | cs —— |
| N,A4I.9 | | | NA4I.9 |
1.0 0.0 1.0 2.0-2.0 -1.0 0.0 1.0 2.0

¥
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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

Au (X A GeV ) Au . . -
min. bias b <7 fin l 7 MD Pmax/PO: ~2 ~3 =5 =7
2 < v 0.2 r 1 T T T Iy T T

(1

0,05 |- ]
0.05 01 ' ' ' " RBUU ]
CASCADE = i . |
) _ RBUU DATA -2 ool cascede” Z ]
i 0.05 F . i o |
—-"$ L;L [ "”J ..-'Jr |
9 et S I ;o
i] T — : § 0,08 — < Plastic Ball 4
\ % 2 v S : o EQS
Auf11.6 A GeV/c)+Au i '
0.05 iy ‘ ) | _ ‘ ; . EHEI?
L 2
: b= 6 fm, 3bS{YerYpro)) @ 0.2 om0 300 K, =87
_ﬂ1 1 L L L L K=3M MH"-'.
: Cascade ] 2 4 G 8 10 12 Ll T P | .
Hoten tial = =
+ TR05 TR 0.1 0.5 1.0 50 10,0

- 0 e il; . 6 2 10 12 Epeam/A (GeV)

Ep, BHCn urlru-n]_
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Elliptic Flow in Hadron-String Cascade (1)

Hadron-String Cascade (JAM) @ RHIC

+ Hadron Yield is reasonably explained up to 2 GeV/c (10-20 % error)
+ v2is underestimated (20-30 % (integrated), S0 % (p, > 1 GeV)

Au+Au (Vs = 130 A GeV)

Au+Au (Vs = 130 A GeV)

NH 3 T T T 4
PHOBOS  —— JAM — > 19 PHENIX (Min. Bias) / JAM (b < 13fm) |
800 - BRAHMS (5%) —=— : O 102 i
PHENIX (5%) —— g 1
5 5007 (oo © 10!}
% 400 ¢’Central (6%) i) 100 |
...... = F
; o
= o1
200 ¥ lid-Central (15-25%) ~ 10
. Z 5 | ]
0 | | | . s 10 , , ,
PHOBOS —— JAM (5-53%) ~ —— 15 | STAR/JAM (b < 13 fm) L IR
6 L (refl) A (b<13fm) + +
STAR (5-53%) —&- L P )
‘5? 4 ‘5? 10 B . ® Py - _
g R D RS
e > i
2 r % qﬁ) T# + 1 "*#, P+p he —
t / \_9 0 L_o Ak e
0 . . . . . STAR(std.) ——
4.2 0 2 4 ' ' ,
-~ 0.5 1 1.5 2
Pseudorapidity n pr (GeV/c)
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Elliptic Flow in Hadron-String Cascade (11)

@ Why do we underestimate v2 Sahu-Isse-AO-Otuka-Phatak 2006
in Hadron-String Cascade ? Au+Au, Vsyy = 130 GeV, b < 13 fm
. . 15 . .
+ v2 growth time is long Soe V) —
(~ 10 fm/c), due to hadron 10 N € (Last Coll) ——
. . 9 AN N e gy eeee-
formation time ( T~ 1 fm/c). L . S N €M
w B . -~
— much longer than hydro ~ PRE— ——
> 0 —H/ _
ml<1 T
-5 . .
0 10 20 30
STAR(Std.) —&— ' ' ' | time (fm/c)
8 r (ath) —e— ' . . -
JAM(Std.) — 4 16 | Js=17,130AGeV h*
6 L E.] E~] rlL 14 + Mid-Central (16-24 %) ;
g |;|;| ° L ] _ 12 ? f ,ﬂ."..
4 T & 19 & I, it
o 8
2 - - + 61 STAR (Std) —E5—
vsyn=130AGeV h™ 4 L %’:ﬁ; el
2 L JAM 130AGeV(Std.) :
0 : ' ' ' : : : 0 ? , , 17AG9'EF?§{:::; -------
0 10 20 30 40 50 60 70 0.0 0.5 1.0 1.5 2.0
Centrality (%) pr (GeVic)
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Predictions of Cu+Cu Collisions @ RHIC (1)

@ Single particle spectra
+ Cascade (JAM) and Hydro

predict almost the same single particle

spectra
dN/du, d°N/p dp dy
@ Surprising ?

+ Initial Cond. of Hydro is tuned
to fit dN/dy (~ Energy per rapidity)

+ Cascade use fitted OnN

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

production)
— Coincidence may not be surprising

300

JAM
250 L Hydro(100) ——
b=1fm
200 ieessssesese,
E aetessEesee;
> 150 b=2 fm
ke
100 ¢ - b=5 fm

d®N/2rpr dpy dn (GeV2)

-B- s s s
0 05 1 15 2

Hirano, Isse, Nara, AO, Yoshino, Phys. Rev. C 72(2005), 041901
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Predictions of Cu+Cu Collisions @ RHIC (11)
@ (Calculations were done BEFORE

the data are opened to public. 12} H'y droa ——
. 10F  Hydro(160) —a—
@ Cascade and Hydro predict al
very different Elliptic Flow ! £ gl
+ Cascade: small v2 ; _
— Small int. in the early stage 0 r,/)—"“*-'\.
+ Hydro: large v2 0 1 2 3 4 5 6 7 8
’ . impact parameter bifm)
— Strong int. after T=t,~ 0.6 fm/c 0
ol be5im HNWHE']"; —— |
@ T dependence 8 Hydro(160) —=— -
7L
* T =160 MeV ~ Tc =170 MeV < 8|
— short time of expansion = : |
in the hadron phase 3 |
E n
* T =100 MeV < Tc =170 MeV (
0

— long time of expansion
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Compared to JAM Model

b=5fm

0.1 0.1 ,
N [~ -
> 000l — VAM — Hydro(100) | S et — ‘AW /
008 * PHOBOS (1525%) — Hydro(160) 00sf  ydro(100)
0.07| Preliminary 0 UTE— — Hydro(160)
| 200 GeV “IE v PHOBOS
0.06 0.065 o p
15-25% Cu-Cu : preliminary ;;
: 0055 200 Gev {
rrors 004  Cu-Cu / 4
| 0.030
0.025
0.01F
u Ll b bev e bvena bvara v b

0 1 2 3 4 5 6 7 8
fm

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

Here JAM uses a 1 fm/c formation time. Hydro (160) has kinetic freezeout temperature at 160 MelV
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Cronin and Shadowing Effects

Standard (EKS, ...) 0.7 . . —
Cronin+Shadow 0.6 | + VHRIME L <= |
enh. med.p. R, os | | + +
and suppr. highp R, . .04 +
- L. S
% 03} e —
0.2 + JFSt“no — 1
JFS ° Cronin -
0.1 | JES n° Shadow ——
0 JFS 7 Cronin+Shadow —
0.25 - - — -
W JFSno —
n,. JFS Cronin -
0.2 w " JFS Shadow == -
n ° JFS Cronin+Shadow —
0.15 > @)
.
0.1
0.05 1t " (PHENIX prelim.)
1A
:b@? 1|£'A t ° (STAR prelim.)
T 0 .
— 0 2 4 6 8 10 12
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Two Hadron Correlation

o ppfE3R®D correlationlX pythia CERBATES

o Aut+tAuffiZEZxR5E.
+ IF model TlE180°H HBEI D JHENF L
» JFS model CIX180°4HRAMD HEEEHEMIZITE R

025 —— r r r r 025 e . . . .
2. JES model(=1.4) ——
| i u..' I'I'Il.'lldl'l ........... - ]
: M z " STAR —=—
BN ER N ER
g £
o b1 = 0
£ 005} £ 005}

0 n2 R In2
Adp

Gl zrza
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AMD (Antisymmetrized Molecular Dynamics)

Ono-Horiuchi-Maruyama-AQO, 1992

@ Gaussian Approximation for single particle wave function

\‘F::-:AHM/I.::-, y=¢p(r;Z)X(o,T) , Z=NvD+ L_g

=2 13/4 2 Ay
blr:Z)==

XV expl=v(r=ZINvV+7%2) o exp(—v(r—D)+i K (r—D)/R)
| L ;

@ Time-dependent Variational Principle — Equations of Motion

(Ylinolot—H|YY d oL oL | iz,
j— : — - ——0 — Ihc:m JH — prem—
5312 dr o(dZldi) 0Z, I8 07,

o)
S

L

@ Ignoring Antisymmetrization
— Quantum Molecular Dynamics EOM (= Classical EOM)

dD, oH dK, 0H
dt oK,  dt &b,

‘ Classical-type EOM is obtained through Gaussian + TD VPI
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Mean Field E ﬂects in Mt Seectrum

AGS: Au (11.6 A GeV/c)+Au, Central Mean Field affects
JAMROMDE | the Mt Spectra
E802 o - even at SPS energy.

_ proton iy

SPS: Pb (158 A GeV)+Pb, Central -
NA49 =+ -

1/(2nmy) d*N/idy dmy (GeV™?)
=

10"
101
102 _ _ _ _
0 0.5 1 1.5 2
my - M, (GeV)
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Dip of V, at 40 A GeV: Phase Transition ?

E . 1 40A GeV ;
o1f peripheral : :

[x ]
=
S
S o0.05fF ?‘%
o =l

@ DipofV, atd40 A GeV

may be a signal of QCD
phase transition at high
baryon density.

0.05F

0.1E

(Cassing et al.) o

@ However, the data is too 0.05F i
sensitive to the way of e e
the analysis (reaction 0.05F
plane/two particle 04
correlation). 0.1}

+ We have to wait for 0.05F

better data. °F

0.05F

-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) = Im+Usp. p)P + p* =m2+ P +U(p, p)
> Due to the Scalar potential nature, EOS dependence is smaller.

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

VPE+ m*(p, p))F

F rr ¥
g(p,p)=m +f dpviip,p)+Ulp), U (p, p) =
0
> 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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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.

f X
006 + ¢ /
1 !

0.05 F

004 F
0.03 | E
f ® STAR data g
002 T A —Ano string melting
. ®---m 3 mb with string melting
001 F +—e6mb

¥—-¥ 1(dmb

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

ol [IHLe

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

dynamics are given by curves.
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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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Hirano @ QM2006

Initial Conditions in Hydro

/ Glauber-BGK type \

[Reference Initial Condition]
Transverse profile:

Entropy density
X appart + bpcoll

Longitudinal Profile:

Brodsky-Gunion-Kuhn triangle

_ene.density

/ Color Glass Condensate

*Unintegrated gluon distribution
a.la. Kharzeev, Levin, and Nard1
*Gluon production via k.

factorization formula
*Count deposited energy in dV at

(1,.x,1), T, = 0.6fm/c

_ene.density




Hirano @ QM2006

Two Hydro Initial Conditions Which
Clear the “First Hurdle”

Centrality dependence Rapidity dependence

BGK-Glauber
CGC (IC-e)
PHOBOS, SNN=Au+Au 200GeV

—e— Glauber, 0=0.85

+

—— CGC, IC-e
+ PHOBOS

50 100 150 600 250 300 350 400

part

1. CGC model Kharzeev,Levin, and Nardi
.Implemented in hydro by TH and Nara

Matching 1.C. via e(x,y, ]
2.Glauber model (as a reference)
N N_,=85%:15%

part C




Hirano (@ QM2006 TH et al.(’06); in preparation.

Highlights from Glauber + QGP Fluid

+ Hadron Gas Model

T4e.=100MeV
--# - hydro+cascade
4+ PHOBOS(hit)
* PHOBOS(track)

p — p=2.0fm, Glauber
—— p=7.2fm, Glauber (=10 [ -

—— b=9.7fm, Glauber (x10™

P

= STAR. =
= STAR. K
0-30% —“smrp
50 100 150 200 250 300 350 400 ¥ -0'050 02040608 1 12141618 2
Ny pr (GeVc)

e hydro+JAM i = PHENIX 0-5%
— T"=100MeV - * PHENIX 20-30%(=10"")
""" T"=169MeV = PHENIX 40-50%(<107%)

+ PHOBOS 25-50% 107
005115 2 25 3 35 4

p; (GeVic)

- -

Good agreement for bulk
(p<~1.5GeV/c)

—> What happens to the CGC case?




Recombination and Fragmentation
Fries,Muller,Nonaka,Bass, PRL90, 202303(2003);, PRC68,044902 (2003)

@ Successes: quark number scaling, baryon/meson ratio
— v, ~0.10 at high-pT .

I, 9)=1 +2v,(p/2) cos ¢) X (1 +2v.(p/2) cos ¢)
~1+2x2v,(p/2) cos ¢

@ Problems: Sharply edged density dist. (Hard Sphere)
t(b)=vVR 2> - (b/2)

0.2
— E-loss 0 € — v2 ~0.10 P B eI
e e 0.15 ' =
+ Woods-Saxon density distribution
— v2 ~0.05 : Half of H.S. & oo
-- 7" Reco
005\ f e m Frag
— 7" R+F
== 7" R+F NW
0.0
0 1 2 3 456 7 8 9 10

P; (GeV)
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Unsolved (or NewlyFound) Problems at RHIC

Mach Cone / Color Cerenkov

+ Many low pT particles are observed along the Quenched Jet
(Angle from Jet = 120 deg.)

J/ y Production Mechanism

+ With the expected absorption ratio at SPS,
J/y yield @ RHIC is underestimated.

Baryon(Hyperon)-Hadron azimuthal angle correlation

+ Around the high pT baryon angle, many hadrons are observed
as in the case of jet production — Baryons are also formed in jets.

High p_ v, problem

+ With the energy loss explaining p_ spectrum,
elliptic flow is calculated to be too small at high p_.

And Many....
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Impact Parameter Dependence

@ Mid-p, v, (3 <p, <6 GeV/c)in JFS is larger than

the “Strong E-loss Limit” with Woods-Saxon profile
in Independent Fragmentation, but still smaller than Data.

V5 (pr=3-6 GeVic)

0.25 ¢ | . '
C % Vo{d} JFS hadron™ T —
- STAR hadro
0.2 L AutAu, Vs=200 AGeV -
0.15 | &"" -
- LRl
01 F L e
0-05 :_ i f:,.:§::i:,'i:,:§:5§f§fEE:E:E:E::;-= ¥ L | k
; I ,, I I N
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