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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

- EIRIX—TCEELFEYIGERLE
BIRILE—C100 A MeV) THRERRGEHRT—FEBEZHE

- EDFOLGRAFEHEZEATREN?

LivV, f-VUV, [ =1,
Loy ___Idpzdﬂ do

coll 2 h) IZdQ 4
X [ff( f)(1_f4)_f3f4(1_f)(1_f2)]
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Comarison of TDHF, Viasov and BUU(VUU)

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

1 i [ i i 1 i i i
-0 -4 0 -] N -N -5 0 5 N -0 -5 1] 5 n
Zz (fml) Zz (fm) z {fml
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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
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@ AutAu Collision

T Au+ """ Au —ptx at 11 6AGeVie
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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 but small for pT Spectrum PK Sahu ot al. / Nuclear Physics A 672 (2000) 376-386
Essential for Flow e
FoPI —8—
[ EOS i

EB95
EBTT —¥v—

@ Particle DOF Effects
— Seen at high p_

PK Sahu et al. / Nuclear Physics A 672 (2000) 376-386 Repulsive

— — " Boam Enorgy (Govia)
- caspaRea® | Beam Energy (GeV/A)
2
S 10¢ ;
& Switching Vs = 3.5 GeV
= 1 (JAM fit)
= 3 ]
o e
= | Au(11.6 A GeV/c)+Au ol

- b=35fm R
"0 02 o4 o6 o8 112 Sw1tch1ng \/S =2.6 GeV

m-mg(GeV)

(HSD default)
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Relativistic OMD/Simplified (ROMD/S)

@ RQMD = Constraint Hamiltonian Dynamics
(Sorge, Stocker, Greiner, Ann. of Phys. 192 (1989), 266.)

@ Constraints: ¢ = 0 (Satisfied on the realized trajectory, by Dirac)

* Variables in Covariant Dynamics = 8N phase space: ¢ Yy

+ Variables in EOM = 6N phase space
— We need 2N constraints to get EOM

@ On Mass-Shell Constraints
HiEpf—mf—Zmi V.~0
@ Time-Fixation in RQMD/S
X;=a(q,—qy)~0(i=1,~N-1) , Xy=aqy—1~0
a= Time-like unit vector in the Calculation Frame
(Tomoyuki Maruyama et al., Prog. Theor. Phys. 96(1996), 263.)
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ROMD/S (cont.)

@ Hamiltonian is made of constraints
:Zi u,p; (b;=H (i=1~N),X,_y(i=N+I1~2N))

0
@ Time Development d{ f +Hf O H L 9, p.0=8,

@ Lagrange multipliers are determlned to keep constraints
— We can solve obtain the multipliers analytically in ROMD/S

d o,
T ~0 — 5i,2N+Zjuj{(l)i’(l)j}NO

@ Equations of Motion
H:Zi(piz_mf_ZmiVi)/ZpiO , pz'OZE':\/pz'2+mz'2+2miVi

dr, _OH 7’+Z.m£a?, 4P OH _ —Z-m(]}alﬁj

dT op; p, I p 0P dt Or, I p' OF,

We can include MF in an almost covariant way in molecular dynamics
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Particle “DISTANCE”

Particle “Momentum Difference”
2 o
pTi].ZEpup“—(puPZ.) /P;=p2 (m CM)
P=P,—D,;

‘ Lorentz Invariant, and Becomes Normal Distance in CM ! I
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Nuclear Mean Field

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

» pdep.: (py 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
U(p,, E) =U(p,, E=0)10.3 E

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

@ Effective Interactions (or Energy Functionals):

Skyrme HF, RMF, ... U(E)=U(0)+0.3E
= 100
Sky+mom(S 50 -
E/E" v EF
[T E A u
A A ) As (i a+_[_3l+ce,zs))term —
(,00 , E/A) -::/' ()G séﬂrf:: a(az ;5) —

:(015 fm-3 , _163 MCV) - 0..5 1 01{; 2 2.5 3 o 200 400 stI)Eo (::') 1000 1200 1400
lab

+
BIRLYLEA(AVRRE e 15




Skyrme Hartree-Fock
See Ring-Schuck for details

@ Zero-Range Two- and Three-Body Interaction

vlj:toé(ri—rj)—l—llé(rl.—rj)kz—l—kzé(ri—rj)]

2
+t2k5(7'i—l"j)k—|—iWO[O'i—l-O'j]X(S(Vi—I’j)k
1
k:E(Vi_vj)
vijk:t35(ri_rj)5<rj_rk)
@ Energy 2Density (Even-Even, N=7) b2
h 3. 2 1 3 . Fo3 1 2
H(r)= +=t,p+—t,p+D .t — +—t,pt—1t
() 2m*(p)T glop T tsp +Deriv. terms —p|o 2w (p) 8 0P TTelP
=Y Vel I L s,
AU omt(p) 2m 16T T

Problems in Skyrme HF (in Dense Nuclear Matter/High Energy)
Repulsive Zero-Range 3-body Int.: — Ferromagnetism
Energy Dep. = Linear (m* term) — Too Repulsive at High E
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Relativistic Mean Field (1)

Serot-Walecka, Walecka text book.

@ Describe nuclear energy functional in meson and baryon fields

+ Fit B.E. of Stable as well as Unstable (n-rich) Nuclei
+ Has been successfully applied to Supernova Explosion
+ Three Mesons (o,m,p ) are included

+ Meson Self-Energy Term (o,m)

f':&N (?@ — M — g,0 — gu _9‘,«07’"ﬂL fja) YN

1 1 1 1
_a,u, a S22 3 = 4
+ 5 00,0 ngcr 3920' 4930
1 v 1 2 u 1 apy pa 1 2 _ap 0 1 )2
- ZW 4 i aF 5 MW" Wy — ER R, + 5P Py + 263 (wyw”)
- . — . 1 Y
+we (?‘ﬁ _ mﬁ) we +w:,z?’awb’ - ZF,U,L-'FH 3
W,u,:x — Oy — auw,u, )
RS, = 0upl — 0,05 + g™ p™ p™
Fo=0,A,—0,A, . (2)
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Nuclear Matter EOS and Nuclear Binding E in TM
Sugahara-Toki, NPA579 (1994), 557.

@ Example: TM1 parameter set
+ Nuclear Matter: 64 and ®4 terms soften EOS (K ~ 280 MeV)

+ Finite nuclei: Explains B.E. from C to Pb isotopes

9

Symmetric Nuclear Matter EOS o . ™
80 8 N7y Sn —
Pb
. 60 7| ]
% 40
< 2 1
-«
= 0 # 5 r exp. °®
SCL. —
220 .l TM1 and 2 e

: _3 3 | | | | 1 1 |
Pp (fm ) 5 15 25 35 45 55 100 150 200
c.f. SCL=Chiral RMF with log o term.

(K. Tsubakihara and AO, 2007)
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Relativistic Mean Field (11)

@ Dirac Equation (iyo—y’U,-M-U,)y=0 , U=g,w , U=-g,0

S

@ Schroedinger Equivalent Potential

E-U,~M-U, —io-V (f):O 150 T
iocV —E+U,—M-U_|\g NL3(mom-dep) —
S 100 NL3*(present) —
E E © Hama et al.(Exp.
UsepNUS+_UV=_gGO-+_gww g__ 50 + i ( p)
m m o
gz E gz c”;"::
___f,ps-l-;_z,pB =5 07
-50

D05 1 15 2 25 3 35 4 45
Exi,(GeV)

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

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

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

V:Z V-=fd3r X[ £ 2—|— B (o)™
it 2\ py y+1\p,

C(k) ,
_|_Z fd3rd3pd3p' ex f(l",p)f<l"2,p2)
* 2py 1+(p—p')/u;

1ﬂ0 T T T T T T T 30

Aich(K-380) +
Aich{K=200) -
K.=300 #
99 - Sky+mom{H) —— d/

o0

Rmom(s) —— [‘ /
10 /

(ioe+B+ Cex“ kerm o ’%}
(ii): Co, ) term . )
(i}+(ii): Sky+mom (at p,) -10 =
| Hamla et alT .

E/A (MeV)

Usep(MeV)
n
= =
&
&
\

0 200 400 600 800 1000 1200 1400 ) 0 05 1 15 ) 25 3
Ejap(MeV) 0f 0n

Isse, AO, Otuka, Sahu, Nara, Phys.Rev. C 72 (2005), 064908
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Exercise (4)

@ Prove that the single particle potential with SKkyrme interaction
has a linear dependence on energy. From NA elastic scattering,
the energy dependence is found to be

Up,, E)~Ulp,, E=0) + 0.3 E

at low energies. Obtain the value of m*/m which explains the
above energy dependence.

@ Obtain the form of the Schrodinger equivalent potential in RMF.
You will find that the spin-orbit potential appears as a sum of
scalar and vector potential.
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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 NV
f—=-VF
1
- _ — WV P
Until AGS Above SPS V=g

X

X
t vz > ():
In Plane V2 <0:
Out of Plane
;]c.y vlfl_c.y
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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) |

RBUU  CASCADE —+
Oy FOPI —=— -
EB77 ——
ol NA4G ——
EQOS —
0 o
0.1 1 10 100
Beam Energy (GeV/A)
E.
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Prmax'Po: 2 -3 ~5 =7
I II| I I I | LI II| I I I | UL II|
0.4 -  DATA
. O Plastic Ball
| O EOS Pty K=380 MeV

- ® E895

+ EBTT

am"

- BEM

]
"""""
T

167

0.1

I'_'I,5I ‘I1 i 5.0
Epoan/A (GEV)

10.0
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Directed flow v, at SPS

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

@ JAM-RQMD/S
+ p-dep. (indep.) MF suppresses (enhances) v, . v1=<cos <I>>=< px/ pT>
+ “Wiggle” behavior appears with p-dep. MF at 158 A GeV.

- p-indep.

40 AGeV Proton

T I
0.10 40 AGeV Proton AGeV Proton 1 158 AGeV Proton

\ -dep. I p-indep.

0.05 -

> i 0% 4 ! —+ ®
. . iv X
)
. £ 1
w40 A GeV 58 A GeV
j MH —— H — 4
MS —— s —— MH ——
CS — | c§ —— | ngg —_— S
. NA4O —@— | . NA49 —@— NAJD @ | NS e |
-1.0 0.0 1.0 2.0-2.0 -1.0 0.0 1.0 2.0 ' ' . ‘ . |
1.0 0.0 1.0 2.0-2.0 -1.0 0.0 1.0 2.0

y y y
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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

min. bias b <7 fm l ) MD Prmax' PO ~2 ~3 ~F
-D-l = } = D\I r h !III T T 1 1T T
0,05 =
I:HT_'] 3 E ﬂ1 T T T T REUL[ - ’J,,*"‘F-" a
CASCADE nm i 7 |
l ]l ] - cascade .- 4 8
PR ] RB DATA 00— — — — — — — Lt S ]
} 0.05 . i -~ fr i
» _ A L FF,-" ' J
R _¢,-r—-**"’ F$ -1 - 7! DATA 1
_ ! 167 _ ]
i] T — : § 0,08 — / < Plastic Ball 4
! I ; o EOS ]
0.05 - ':b Aul11.6 A GeVic)+au | i ; # EROS i
7] b= & frm, ahs[ycmrfpmj] @ 0.2 0.10F 300 \‘.—‘"-# + E&TT ]
0.1 1 L L L L K=380 MeV I 1
® Coscads o 2 4 G & 10 12 Ll Lyl Ll
B Foten tial 518 L - I - 1188 M
F495 T 0.1 05 1.0 50 10,0

+  [LRa95 A7
0.1 ﬁ;i' -
0 2 I, e 6 2 10 12 Epeam/A (GeV)

Ei,h #HCnncleon)
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Elliptic Flow from AGS to SPS
@ 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
0.06 [
0.04 AGS SPS
N B !: v _ ﬁ .
0.02 | e —an : 3
> 0

ﬁﬁﬂ}

MF for Res / 2

1

-0.08

E,.. (AGeV)
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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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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)

PHOBOS .
800 - BRAHMS (5%) —=—
PHENIX (5%) —v—

JAM —

5 600 P IEN
® Central (6%
Z 400 ntral (6%)
200 3 Mid-Central (15-25%)
0 — : : .
PHOBOS —— JAM (5-53%) —
6 - (refl.) —5— (b<13fm)
STAR (5-53%) &
2 4
:,N
2 - %CFH),-*" T‘H’+ -
¢ / ¢
0 |
4

-4 -2 0 2
Pseudorapidity n

[
<

d>N/27p; dpr dY (GeV?)

.
O
150 I %

'U'z (?r”‘u}

o
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Au+Au (Vs = 130 A GeV)

10° |

PHENIX (Min. Bias) / JAM (b < 13 fm) |

| STAR/ JAM (b < 13 fm) | b4y

-
o

o

e A

¢*¢++

-------

- p_l_p hi I

S
STAR(std.) —e

0.5 1 1.5 2
pt (GeVic)
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Elliptic Flow in Hadron-String Cascade (11)

2 Why do we underestimate v2

in Hadron-String Cascade ?

Sahu-Isse-AO-Otuka-Phatak 2006
Au+Au, Vsyy = 130 GeV, b < 13 fm

. . 15
+ v2 growth time is long Soe V) —
(~ 10 fm/c), due to hadron 10 b SN € (Last Coll) ——
. . 0 ) NC o) eeee-
formation time ( T~ 1 fm/c). ) . S N €M
wJ - . "'"‘*--..‘__ -
— much longer than hydro ~ e S
:;N 0 _ﬁ/‘i““‘ ....
<t T
-5 1 ]
0 10 20 30
STAR(Std.) —&— time (fm/c)
8 I (4th) —e— . .
JAM(Std.) — & 16 | Js=17,130AGeV h* 1
6l 4] E~J 14 | Mid-Central (16-24 %) i
Q hoe @ * 12 ? P
T\l 4 i @ 10 __‘.-_;', ]
= T =~ g & e === ]
=
2 1 | + 67 STAR (std) |
vsyn=130AGeV h 4 L %’:ﬁ; el
2 L JAM 130AGeV(Std.) — |
0 : . ' ' ' ' : 0 ? , 17AG9'EF?§{:::; -
0 10 20 30 _4” 50 60 70 0.0 0.5 1.0 1.5 2.0
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.

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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PHYSICAL REVIEW C 65 034904

E o010}

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

p, (GeV/c)

0.5 L0

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?




OGP Signals: Quark Number Scaling

@ When n quarks recombines
to a hadron, v2 is enhanced
by n times.

v;'{adron (PT)= n v;’arton (PT/l’l)

Fragmentation p

. a’-u*l.ﬁm.ﬁu - 200 Ge'-.f:l I'-'Iitl-lapitllnl:.r | q
045 N=2 o T * n=3 o F'+E’ & ] = /
K;+K' . « AtAY q
c 01 sKs” ~ e
4 K " q 3 i T 8 4
} 4 T
g * ﬁ *+ Lok 4 . . V
005/ f.i‘s' | \ - Recombination pr[GeY]
N " STAR
o PHENX Fries et al. PRL 90 (2003), 202303
0 1 2 3 Nonaka et al., nucl-th/0308051

Transverse Momentum p./n (GeVic)

Recombination Picture seems to work well
... Parton Elliptic Flow
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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

» Woods-Saxon density distribution %'

— v2 ~0.05 : Half of H.S.

o
> 0.1
-- 7" Reco
005 f = e n Frag
— 71" R4+F
== 7" R+F NW
0.0
0 1 2 3 4 5 6 7 8 9 10

P; (GeV)
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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

0.18
0.16
0.14
0.12
s 0.1
0.08
0.06

Hydro is better,

CGC may be realized
in central collisions.

0.04F:"
0.02
O:I 1

hydro+cascade, CGC
hydro+cascade, Glauber
adronic Cascade, JAM
PHOBOS((hit)
PHOBOS(track
STAR(VT
v.{4}, 0.15<
PH ENﬁ)&EO.}2<pT<5F()3TeV/C)

~n
]
Ty, 8
* g
x
Ty
L

}, 0. 1)5<pT<2GeV/c)
<2GeV/c)

BIRILXF—ES4AVRE

Npart

A IR I P BT PR B A e
0 50 100 150 200 250 300 350 400
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When and where is QOGP 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
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

dN/dn

d®N/2rpr dpy dn (GeV2)

300

JAM
250 L Hydro(100) ———
b=1 fm
200  eevmmrioan
150 | “b=2fm
100F s b=5 fm

-B- s s s
0 05 1 15 2

Hirano, Isse, Nara, AO, Yoshino, Phys. Rev. C 72(2005), 041901

BIRILXF—ES4AVRE
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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

> p0of — AM

— Hydro(100)

008 T PHOBOS(15-25%) — Hydro(160)

0.07 preliminary
| 200 GeV

15-25% Cu-Cu

o 0.1

> 0.09
0.08
0.07
0.06

0.05

rrors ().04

0.03
0.02
0.01

0

— JAM

— Hydro(100)

— Hydro(160)
+ PHOBOS

preliminary
200 GeV

Cu-Cu /\‘

I.."

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 fin/c formation time. Hydro (160) has kinetic freezeout temperature at 160 MelV

%'EC?S Division of Nuclear Physics, Maui, 2005
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After Data are opened, ....

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

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

A

Au+Au OGP

Cu+Cu
Hadron

d+Au

AGS SPS RHIC
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Lessons from AGS and SPS Energy HIC

° FIFERDERBE
* 1 A GeV Energy — IG5 F4&

*+ 10 A GeV Energy (AGS) — 23

Rt + SRR iR

IR/ \FAVE
» 100 A GeV Energy (SPS) » AR5 &

o WELTEHEDREZIRYANSLHEN
* pT ARJMVICEEMICREZEZ S,
* HoHLGTEHETZRYANGWIGS

— formation time FZE AL THEER

(EFRNETHEEEIET S

ER. AR T E

= B+ AR R

* RHICIRILX—TO/N\FAOVE#EER LK

» SPS TRILF—FETTHIILTLVS formation time Z{F5 &,
R TOREERNNTES

— EUVREEER R, /DSEAEF

BIRILXF—ES4AVRE

170 —(%F(Z high pT)

= B+ AR IR

DES(EN)ERE
R 11204 G F YR 255))
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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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Hadronization Mechanism at RHIC

o Highp.: Indep. Frag. of Jet Partons (E.g. Hirano-Nara)

O Explains pT spectrum when E-loss is included.
X Elliptic Flow v is small at high p,. < This Talk

o Medium p,.: Recombination (E.g. Duke-Osaka-Nagoya)
O Explains Baryon Puzzle and Quark Number Scaling of v,
X Hard sphere density profile is implicitly assumed

o Low p,: Equil. Fluid Hadronization (E.g. Hirano-Gyulassy)
O Explains p, spec. and v, at low p,
X Results depends on the Freeze-Out Conditions

QGP Signals are understood separately,
and they are not necessarily consistent.
— Further Ideas are required !
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How can we get large v, at high p_?

@ Quark Recombination — Combined Objects have larger v2

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

@ Energy Loss in QGP generates v2

* Large/Small suppression in y/x directions

Plausible Hadronization giving large v2 at high pT
 Combination of several partons
* Large Energy Loss

— Jet parton picks up Fluid parton
and forms a string (Jet-Fluid String)
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Jet-Fluid String formation and decay: Model
Isse, Hirano, Mizukawa, AO, Yoshino, Nara, nucl-th/0702068

o S=UTYMER=pQCD (PYTHIA 6.4)
@ QGPEJG)/{_F?/{EE o
v 3&%%%&@ o "QGP °© o Jet-Fluid String
Hirano-Nara, PRL91('03), 082301; Fluid Parton ©
PRC69('04),034908 o
Hirano,Tsuda, PRC66('02),054905 .
* GLV IRJILX—B%x factor (0) ©
Gyulassy-Levai-Vitev, PRL85('00), 5535.
o RN HERE - iR !
» "ZARHRNILEAH O (Vs — 2 GeV
( ) | JFS
n. K Res. |
2 GeV M

D(j—h)=) &k, folky, T, % (7))
XS(S:(kj-+kf)2)D(Srrmg('xf"S, k., k;)—h)
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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 RAA fit — E-loss fac. C = (6_8) % ‘
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 pTCRAAZ i B g SE-loss T __ PHENIX(prelim,) ©
v2 T—3% RIXEEA R P O
— 75 high pT/A\FAVHRESNAOT LN ?
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IR IRE LD B
o JMITTRA RS (IF) PP (200 GeV)  Au+Au (200 A GeV, JFS)

3 ' ' — ' pafton — 6
> pp—Gli 1F ~XIN|):/66&E¥ EE 70 | I?adrnn hadron ---- | 5 Z:
— BLRM)2T(60-70 GeV)At 14
Z<LMD/\FA(20-25) [ZERIR 5 | 5=
s AATO IF @ pT (After E-loss) 8 -
~pp THOAN)VTHR@ p, g e
2§
Z

=

~OOT0GV 1 Sy s S—hY DI IR
- (3-5) GeV | ~ EINAN) T D HRIR
TS| > AAMBRO DTy N HREET
CHIFEBVARNIVTHMESN S ?

/ T ¢ o |
Hadrons 7 a2l
v ® 5-7 Hadrons 0 | | | | |
(JFS) 0 5 10 15 0 5 10 15
\ /f prarlon, pTh (G IEV) prarlon, pTh (GBV)
String Mass

BIRILX—EBEAAV R 54



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)

1‘%&%%4

» T+”part of Jet”[ZKSH/\FA 4
. n DE ALY IS HEAEF

— JFSO):

E Y

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

BIRILXF—ES4AVRE
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N\Fa> o518
o AutAuffIZBTORFHEBEDERL=QGPER DAL\ FIL

+ Hydro + Jet model Hirano & Nara, PRL (2003)
> R, ZEBAT S E-loss TIX&RAHEBOMF N +5TEN

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

> DxybIN—b D exp(-oL) DFEFERTIIRIN ]

> IRILEF—EBLED 0.25 IS modeli ——
BERIL?  aal : “"“u‘-’{.,..mi .............. |
+ JFS § o | STAR ——
— R, , Z&tBA 9 SHE-loss z ‘
[2kY. #AHEEIEN %L g M
£ 05| 9
u

K, ZEE
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o fgE

@ Jet-Ridge structure

— RITL, HEICIEUEES .
(narrow A@+wide An corr.) g™

» JFS TIXR 2% P
+ Chiu and Hwa: BUL\EFE T Jet [C EEE 25 ,,,\:,!t

FYRELNT=IEL n DEED

Fidk parton HY coalescense

* Shuryak: TRILF—%KDI= jet
parton ASTRIER DI IEE MR 5 1&
LTHEHNDS

* Wong: Jet DITRJLF—EBREFIC
B Eh7= radiation HANEHIET S
BIDIEL n 9% FFD bulk parton ;
IZKEG pT Z5ZAT/\FAVIE prad. G
— radiation ) pT ¥ KT HE. K]

85U A ridge BEEZH 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 R MTELERMEICKYSFEEBRTES
(SPS energy £ T, RABEBRII 7L T 712 EZ B8,
EEMICIERFIIaL—avICBTEN o =,.)

» 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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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) even in lighter nuclear collisions such as
Cu+Cu collisions.

@ 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., ...

+ RHIC-LHC energies
Detailed studies of QGP properties have just started
— Consistent understandings are not yet achieved,
and we still have many puzzles
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Backups
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Hirano, Isse, Mizukawa, Nara, AO, Yoshino, in preparation
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Jet-Fluid String Formation and Decay

Jet production: pQCD(LO) X K-factor (PY"{HI;A6.3, K=1.8, pp fit)
. OCD(LO
o jet K O-ﬁ'?et
Jet propagation in QGP
3D Hydro + Simplified GLV st order formula X C
(Hirano-Nara, NPA743('04)305, Hirano-Tsuda, PRC 66('02)054905. Web version!
Gylassy-Levai-Vitev, PRL85('00)5535)

; 2F

AE=C><91T%CRI dt(t—1,)p,, log(—)

u'lL ;
Jet-Fluid String formation L
Fluid parton breaks color flux, Fluid ’;art:;/
according to string spectral func. ° o o
o i Jet-Fluid String
P(\s)oc® (Vs—+s,)  (Vsy=2Gev ) o Y

Only g and light q (qbar) are considered.
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http://ntl.c.u-tokyo.ac.jp/~hirano
/parevo/parevo.html

QGF Fud Evaluton

A realistic space-time evolution of fluid parton density is indis pensable for
quantitative estimation of parton energy loss in relativistic heavy ion collisions.
In this webaite, we make our hvdro results open to public. We used these hydro
results for studies of jet quenching and back-to-back correlations in the

following papers:

T.Hirano and Y. Nara, Phys Rev.Lett. 91.082301(2003),
T.Hirano and Y Nara, Phys.Rev.C69,024008(2004).

[nitial parameters in hydro are so chosen as to reproduce the pseudorapidity
distribution observed by an experimental group. The resultant initial parameters
are Emax = 45 GeV/fm3, nflar = 4.0, nGauss = 0.8. For further details on
. initialization in our model, see |
-é_, http: ffntl.coo-tokyo.ac jofwhireno pere vofoarevo hirl || B site States Mot Verified




String Mass and P, in JFS

@ Compared to pp collisions (and thus to Ind. Frag.),
JFS has much smaller mass and decays into fewer hadrons.
— high pT hadrons are enhanced — Larger E-loss is required

pp (200 GeV) Au+Au (200 A GeV, JES) 25 e
80 T T T r v ¥ [ g 2'} | pT -{pT >
= parton — parton — _ w
ﬁ 70 | hadron ---- | hadron ---- | 5 =~ C 15
< : - A
=~ : : ‘ S £ 10
£ e & 5|
] = 0 i “h
rion
— prl - <pp >
Z 3
n 2
5 A%
£ &1
z '-*} v
"‘-‘ 0
< 0
- £ ll]'z &
%) 2 |
s 4 K- :g.4
= —— E i
Z 2 » T 2 10°} B
g T _ 8
7z = 10 hadron ==
0 . . . . . . 0 g 10-“]- ; ) i
0 5 10 150 5 10 15 < 6 S5 W I
praﬂan, p’[‘h (GeV) pT]JEIt‘t{m’ p'l‘h (GeV) pr s pr (GeV)
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Energy Loss Factor C : p,Spectrum Fit

@ For the same C — dN, ¢ (highp,) > dN, ,(highp;)

@ p, spec. fit — Ind. Frag.: C= (2.5-3), JFS: C= §
— Large Energy Loss is necessary / allowed in JFS

d>N/27 pp dpp dy (GeVie)™?)

"
=

[
—
b

—_—
S =
o Il -

-
=
=

" PHENIX(n"x2) *

C AudAu, Vs=200 AGeV, b=7.4 fm

PHENIX
STAR
Ind.(C=3)
JFS(C=3)
(C=8)
(C=16)

0 2

4

6 8

pr (GeV/e)

¥

N/2r pp dpp dy ((GeVie)™)

dZ

"
=

=
<
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[
=]

—
[—]

[
(3]

—
=,
e

(=
=
==

o
=
T

=
I

[
=
L

Phenix n° (x2) ——
JES(C=8), . —
Ind. (C=2.5),n° —

Cent=0-10-20-30-40-50-60 % |
b=3.1, 5.5,7.1,8.5, 9.7, 10.8 fm
x 10% 1070 102,10 1074, 10°%)

" Au+Au, Vs=200 AGeV 60
0 2 4 6 8 10
pr (GeV/e)
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Elliptic Flow: p . Deps.

@ HighpTv,:~5 % inInd. (C=3) < ~8 % in JFS (C = §)

T, K(PHENIX) - T, K(PHENIX) -
h(STAR) —o- h(STAR) —o-
0.2 mﬁiﬁ § (Ind..C=3) — 1 0.2 7 (JFS, C=8) — |
3 4 m(JFS,C=3) nf (+Hyd.) —
E’ [ {(:{:?2} — :. jet —
= T— str +—
=0t Eﬂj ] {2 oa ? -
| “ 1]
Au+Au, v5=200 AGeV, b=7.4 fm Au4Au, Vs=200 AGeV, b=7.4 fm
0 2 4 6 8 10 12 0 2 4 6 8 10 12
pr (GeV/e) pr (GeV/e)

Origin of Large v, = Large E-loss factor C + Fluid parton v,
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Elliptic Flow of pions

@ Observed pion v, atp_>35 GeV/c~10 %

— V2(JFS,p,.> 35 GeV/c)~8 %

0.3 .

0.1

Hyd. v,=0.11xp
JFS =

Hyd.+JFS nt
STAR T,

STAR hadronjr
STAR prelim m;
PHENIX prelim n—

-+

com| ||

+ |

+
>

Q

JFS: C=8
; Au+Au, Vs=200 AGeV, b=7.4 fm
0 1 2 3 4 5 6 7 8 9
pT (GeVic)
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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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JEFS Summary

@ Jet-Fluid String (JFS) formation and decay 1s proposed
as a mechanism to produce high p.. hadrons.

+ Effecitve to produce high p, hadrons

+ Event-by-Event Energy-Mom. conservation < Ind. Frag.

+ Simple and small mass strings decaying into a few hadrons
< Ind. Frag.

@ When we FIT p_spectrum, large v, emerges at high p .

» Large E-loss+fluid parton v,

QGP e
@ Problems and Homeworks & ;
FFluid Parton e O
+ Mechanism of large E-loss i Jet-Fluid String
+ d+Au fit — Cronin Effects , “Jetparton

* s-quarks, string spectral func.
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Comgarison with Previous Works

# J. Casalderrey-Solana, E.V. Shuryak, hep-ph/0305160
@ Quarks, diquarks and gluons in QGP cut color flux (~ JES).

@ Large E-loss is generated by “phaleron”

@ Large E-loss leads “surface emission” — large v,
# Recombination (Duke-Osaka-(Minesota)-Nagoya)
@ Predicts large v, (~ 10 %) at high-pT
» Sharply edged density dist. — E-loss L — v,= 10 %
> Woods-Saxon density dist. — 1,5 %

@ Entropy problem: S(QGP) = S(H) requires Res. and Strings
@ Spectral Func.: o func. < 0 func. in JFS

Ohnishi@Nagoya, 2006/12/18-20



K-factor

s K-factor — absolute value of 6
s Experimental Data: pp > 1’ @ \/sNN =200 GeV (PHENIX)

1 dZ o.eXP O.I’QCD(Ist) dz NpQCD(]st) O.PQCD(lst)
o2t p,dp.dy o™ 2mp,dp.dy o
¢ =21.8 mb (trigger)
o PQCPAsH) =9 9 mp

s pythia6.3 fit:
A=08—>K=1.8
((sjet (p,"*"*>2Gev/c)= 17.5 mb)

# pythia6.2 fit:
A=09 - K=20
(0,,~19.6 mb)

exp

7

N/2% pp dpp dy ((GeV/ie)™)
=

" ¥ (PHENIX) —— |
10" pythia6.3 (x 0.8) ——— -
6.2 (x0.9) — |

O

[
=
=

0 2 4 6 8 10 12 14 16
pp (GeVie)
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8 Low pT spectrum is assumed and combined.

d’
E

NHyd

&*N/2n pp dpp dy (GeVie)?)
S

dp’

Combined with Low p._ spectrum

JFS: C=8

[ Au+Au, vs=200 AGeY, b=7.4 fm

" PHENIX(n"x2) °
PHENIX
STAR *

JFS5(C=8) — |

Hyd.
Hyd.+JFS —
ini-jet

"Etring,_.__._ |

0 2

4 6
pr (GeV/c)

I

0.2 |

(pr)=Aexp(—pIT)(1+BI(1+(p;/ p,)"))

v, (py)=0.14 p,

mi

A

TK(PHENIX) -

h {STAR] —a—
T [JFS C=8) —
m, (+Hyd.)
I:J ]Et
sir -

1]

Au+Au, Vs=200 AGeV, b=7.4 fm

e
e —
-
|

2

6 8 10 12

pr (GeV/e)
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Nuclear Modification Factor

s pp Deps.

R, , (hard)
el T TR
SN 00 = D B O 02 b

]
e

L]

=
b

=
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Discussion

s Mechanism to produce high p_ hadrons in JFS
@ String Decay from Lorenz boosted fluid

@ Relative momentum is relatively small
— Smaller number of hadrons with high p_ are formed

< Independent Frag. (Large no. of Low p_ hadrons)

fluid et Frag.

jet
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Energy Loss Factor

s Additional Factor for Energy Loss — High p_ hadron yield
s Exp. Data: p_spectra of 7 in Au+Au (PHENIX,STAR)

d? N E» . 1 d’ NJFS(C)
210 prd prdy JethetZTrppoTdy
— Determining N is important !
Ncoll =373 @ b=7.4 fm (PHENIX estimate)
GNNjet =17.5 mb (pp fit pythia 6.3), 6™, _=47. 4 mb (JAM)

NN
g .
N = j.fjfd;"TA(rT+b/2)TB(rT—b/2)= N
fot

TA(rT)=f dzp(r;,z)
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Further Problems

s Very large energy loss is required to explain p_ spectrum.
@ C= 8inJFS «—~ C=2.7in Hydro+Jet model (Hirano-Nara)

Is it possible to justify this large energy loss ?

a Elliptic flow at medium pT is underestimated.
— Fluid-Fluid String would be necessary to consider.

# Large baryon yield at medium pT may not be explained.
— Three parton string ? (Jet-Fluid-Fluid, Fluid-Fluid-Fluid)

# String formation probability should be evaluated
in pQCD matrix element + string level density.

# Strange hadrons
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