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Hadronic Matter Phase Diagram
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Part I: Basics in high-energy heavy-ion collisions

# Nuclear Mean Field Dynamics for HIC

# Hadronic Cascade and Hadron-Hadron Cross Section
s Regge, Strings, and Partonic Interactions

s Relativistic Hydrodynamics

# Mean Field adopted in HIC
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HIC Models: Major Four Origins

8 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

8 Relativistic Hydrodynamics

@ Most Successful Picture at RHIC
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HIC Models: History

1970's~
TDHF Cascade Jet+String Hydro
P Classical
danly Con. /M
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1990's~
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Nuclear Mean Field Models
for Heavy-Ion Collisions
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TDHF and Viasov Equation

# Time-Dependent Mean Field Theory (e.g., TDHF) ;3 %: ho,

ot

# Density MatrOix

plr,r ’)=Z ¢, (r)p; (r') =  py=f (phase space density)

s TDHF for Density Matrix

ey L, 9f_ 2
lhE=[h,p] Ot {hW’f}P.B._I_O(h)

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

O, (r, p)Ef d’ sexp(—i p-sIk)<r+s/2|0|r—s/2>
(AB)y,=Ayexp(inA)B, A=V'-V -V'.V,  (V'acts on the left)
[A, B],=2iA,sin(hA/2)B,=ik{A,, By}, +O (k)
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Test Particle Method

s Vlasov Equation

Ly, f s =L 40V, f =V UV, =0

# Classical Hamiltonian
2

hy(r, p)=L—+U(r, p)

2m
8 Test Particle Method (C. Y. Wong, 1982)
AN
] « dr, dp,
r,p)=—>) ol(r=r.)0(p—np. > =V h_, ==V h_,
p) NOZZ_: (r=r)8(p=p,) =V, —i==V.h,

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

s BUU Equation (Bertsch and Das Gupta, Phys. Rept. 160( 88), 190)
0
_f‘I‘V’Vrf—VU'fo:ICO”[f]

Ot
_ 1¢d’p,dQ do
Icoll[f]__a (27T7’2)3 Vlzd—Q
X [f fo(I=f3)(I=f)=f3f.(1=f)(1=f,)]

# Incorporated Physics in BUU

@ Mean Field Evolution

@ (Incoherent) Two-Body Collisions

@ Pauli Blocking in Two-Body Collisions

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)

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




Exercise (1)

s Prove that the spatial integral of the Wigner function f(x,p) gives
a momentum distribution of nucleons.

# Prove that the Wigner function with test particles satisty the
Vlasov equation when the test particle follows the classical EOM.

# Prove that the collision term becomes zero (i.e. gain and loss
terms cancel) in equilibrium.

# Derive the collision term for bosons, which disappears in
equilibrium.

8 (ADVANCED) Prove the relation of the commutator and Poisson
bracket. (It takes a long time ....)

8 (ADVANCED) Prove that the Wigner function can be negative.
(Therefore, the probability interpretation is not always possible.)
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AMD (Antisymmetrized Molecular Dynamics)

(Ono, Horiuchi, Maruyama, AO, PTP(1992).
# Gaussian Approximation for single particle wave function

¥>=Alllw> ., w=06(r;Z)X(0,7), z=WD+——k
. 34 2% v
A\ Y%

b(riz)=|= exp(=v(r=21{v)'+Z%12) o exp(=v(r=D) +iK-(r—D)/h)

# Time-dependent Variational Principle — Equations of Motion
_(Ylirolot-HY) 4 0L 8L _
B (P|¥) " dro(dZ/ldt) 0Z,

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

dZ, OH

0 Ty a7,

dD;, 0H dK, OH
C=5 — = ; _—
dt 0K, dt 0D,

Classical-type EOM is obtained through Gaussian + TDVP
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Collision Term in AMD

s Approximate Canonical Variables

W= @ZJ:\/;RF" \/éh P, , Q,;=B, B; , B=(ylw;)
Example <|_>=Z B]‘,i1 Bul
i !

ZXZ;=) WXW,

Collision Procedure in AMD

z z P;
Transt. l Inv. Transt. Py G=T blf_lax
W — P, P,

Physics included in AMD
Time Evolution of Anti-Symmetrized Wave Function
Collision Term = “Canonical"’ Variable + Classical Analogy
Event-by-Event Fluctuation

Problems: Non-Rela., Classical Analogy of Collision term, CPU cost

A. Ohnishi, Istanbul 06 (06/06/12-16)




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: q4.sP,

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

On Mass-Shell Constraints
H.=p—m.=2m,V.~0
Time-Fixation in RQMD/S
X, =a(q,—qy)~0(i=1,~N-1) , Xy=aqy—T1~0
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
H=) u, (¢;=H,(i=1~N),X,_y(i=N+I1~2N))

df _0f _
dT_aT—I_{f’H} ’ {q“’pv} guv
s Lagrange multipliers are determined to keep constraints

— We can solve obtain the multipliers analytically in ROMD/S

d
"0 0 6t X 0

s Equations of Motion

8 Time Development

H=) (pj-m/=2mV )i2p] , p/=E= \p+mi+2mV,

dr, 0H _ ]9+ m; oV, dﬁzNaH =y OV
dT apl pi Jpg 81—51 ’ dT al" Jp;) 87’_':

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

2
2_ I,l 2_—)2 ()
P =1, 1 — [P,=7" (in CM )

u
ruPij

Pl.].Epl.—I—pj , rEri—rj
Particle “Momentum Difference”

1P2=%"  (in au)

Y

p.P;

2 __ H
pTij :pup —
P=P—D;

‘ Lorentz Invariant, and Becomes Normal Distance in CM ! I
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Exercise (2)

8 Prove that the TDVP (time-dependent variational principle) gives
the Schrodinger equation when the wave function is not
restricted, for example to a Slater determinant.

8 (ADVANCED) Prove that the AMD wave function is equivalent to
harmonic oscillator shell model wave function when all Z's goes to
zero. (This tells you why the Slater determinant of (s-wave)
Gaussians can describe nuclei above s-shell.)

8 (ADVANCED) Obtain the Lagrange multiplier in RQMD/S.
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Cascade Model
Hadron-Hadron Collisions

AA collisions at High E.
~ Sum of (Multistep) NN collisions (Cascade)
+ Interesting Physics
— Cascade gives the “baseline” of evaluation !
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Baryon-Baryon and Meson-Baryon Collisions

# NN collision mechanism Energy Dependence of NN Reaction Mechanism
Elastic N
N
— Resonance )"(
—> Strlllg N N“Eé%satltcnel) N stn N
. Jet ' RN
~ 1 MEV 140 MEV ~1 5 GeV ~100 GeV
{SEIEE“I'?;IEHE N Resonance Parton

# Meson-Nucleon Collision

s-channel t-channel u-channel

— s-channel Resonance R (or S) Form. Reggeon Exch.Baryon Exch. Strings
MM’ M
— t-(u-) channel Res. Y K Y K
o o R * y*
— String formation /
T N Lt N
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NN Cross Sections

From Particle Data Group

pp Tot. -
j Ela.
- Eﬁ Tot.

._ ] pd Tot. —

Resonance
(Threshold Enh.)

P_.(GeV/c)
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Meson-Baryon Cross Section

10° ¢
10°
a5
E
w]
10"
Resonance
(s-channel) o
n p Elastic ——
m d Total '
10°
i}
=
B
10!} .
i
100 Lo L _
1! 10® 10t 0% 10°
P (GEViC)

Division ofPhysics
raduate School of Science
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Reg e, String, and Jet

A. Ohnishi, Istanbul 06 (06/06/12-16)
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Reggeon Exchange

(Barger and Cline (Benjamin, 1969), H. Sorge, PRC (1995), RQMD2.1)
# Regge Trajectory J=, (1)~ ,(0)+ax'(0)¢

K’ Nucleon Reactions (Reggeon Exch.)

s 2 to 2 Cross Section o Wﬁfﬁ
do _ Py 2 y
d.Q_647Tspl-|M(S’t)|

M ( t)NZ (pipf)JNF( \ t)log(s/ )]

S, R i— I, Jexp |, (t)log(s/s, .
3 4 5A 5
Hadron 3
Reactlon p~
- - : p .2
” oG 7] Hadron

Spectrum
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String formation and decay

# What does the regge trajectory suggest ? \/‘
— Existence of (color- or hadron-)String !
Kdr R Kdr r_ Tk R’
M=2 =mtkR , J=2| rx
fo V- (rIR) R ‘[07” V- r/RZR 2 " /\\
MZ
J=
N 21K > = O+(><) + +
a8 String Tension string s d g
;=o<’R(O)~O.9GeV‘2 — k~1GeV/fm
21T K O -
# String decay
Extended String }

— Large E stored
— ( gbar pair creation (Schwinger mech.) O—e0O—e

String = Coherent superposition of hadron resonances with various J
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Jet Production

# Elastic Scattering of Partons (mainly)

8 Color Exch. between Hadrons

with One Gluon Exch.

— Complex color flux starting
from leading partons
— many hadron production /

— Jet production /
s PYTHIA

@ Event Generator
of High Energy Reactions # t

— Jet production L
+String decay Oo—e 00— Z

for QCD processes

(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.: Diquark
NOT lIlCl. N 1 fm/c Breaking ‘\ (
Color transparency: N for i~ 1 GeV/im

NOT taken care of
Resonance

+ String
+ Jet
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Exercise (3)

Prove that the sum of Mandelstam variables becomes a constant.
S=P;1P,)% t=@p;) wu=pp,)
in 1+2 — 3+4 reaction.

Draw the Feynman diagram of K-+p — 77 + 2" . You will be able
to guess that the angular distribution becomes backward peaked
due to the u-channel dominance.

Explain why we have peak structures in MB collisions and we do
not see peaks in BB collisions.

(If you already learned QCD,) Obtain the squared Feynman
amplitude of qq — qq in the tree level averaged over the color
and spin. (You can ignore quark mass.) You will see the cross
section is divergent at forward angle. Explain why we do not see
this divergent behavior in NN collisions.

A. Ohnishi, Istanbul 06 (06/06/12-16) 28



Relativistic Hydrodynamics

A. Ohnishi, Istanbul 06 (06/06/12-16)
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Relativistic Hydrodynamics

s EOM: Conservation Laws
0,7"=0 Energy Momentum Conservation

0 nut=0 Conservation of Charge (Baryon, Strangeness, ...)

" =(e+ Pu*u’ — Pg"”
e : energy density, P: pressure,
ut :four velocity y(1,v), n, :number density

| | %
.-"E'-.
ot :
= tau=09 .6
T. Hirano, Y. Nara, = T |
Nucl. Phys. A743, 305 (2004) : '
T. Hirano, K. Tsuda, _5 O 5
Phys. Rev. C 66, 054905(2002) » (fm)

- Division Qf Physics
e School of Science

S e A. Ohnishi, Istanbul 06 (06/06/12-16) 30




Relativistic Hydrodynamics (I1)

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

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

- Z

@ Independent Equations: 4+1 =5
Solve Hydro. in Bjorken Variables (7, n, 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

@ T (Thermalization time), Tch (chemical F.O.) — Au+Au dN/dp fit

@ Tth: Free Parameter

Initial Condition: Glauber type or Color Glass Condensate

A. Ohnishi, Istanbul 06 (06/06/12-16) 31



Nuclear Mean Field for H
--- Density and Momentum De

IC
’pS. ---

A. Ohnishi, Istanbul 06 (06/06/12-16)
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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

Up,, £) =U(p,, E=0)+0.3 E

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

s Effective Interactions (or Energy Functionals) U(E)=U(0)+0.3E
: Skyrme HF, RMF, ...

30 N T T
Aich(K=380 +
Aich{K =200
K=300 *
2g | Sky+rmom(H )
Sky+mom(M
Sky+mom(S

U
A

100

50 -

0

50

-100

7/

(i):0;+B+Cex(1 kerm ——
(")- C (2)t arm |
(i{ii): Sky+mol rI1( atp)) ——
Ha ama aet I .

0 200 400 600 800 1000 1200 1400

Eyp(MeV)
~E,
C
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Skyrme Hartree-Fock

(c.f. Talk by Van Giai and Lynch, See Ring-Schuck for details)
8 Zero-Range Two- and Three-Body Interaction

vy.:toé(ri—rj)—k%[6(ri—rj)k2—l—k25(ri—rj)]

—|—tzk5(rl.—rj)k—l—iWOIO'Z.—I—GJ.]Xé(ri—rj)k

1
=Z(V,-—Vj)
=t;6(r,—r;)6(r,—r;)

yk

s Energy Dens1ty (Even-Even, N=7)

n’ 3 1 5 . nky 3 I
H(r)= +2 1,0 +—1,p°+ D terms —p|= +2tpt—t
(7) » (p)T glop +Tetsp +Deriv. terms —p|- (o) 8 0Pt lsp
A
:
=2, Vel 2m*(p) 2m TSR

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

A. Ohnishi, Istanbul 06 (06/06/12-16) 34



Relativistic Mean Field (1)

(c.f. Talk by Peter Ring, See e.g 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 (c,0,p ) are included

@ Meson Self-Energy Term (c,0)

f':?zi'\r (?@ — M — 9,0 — gu _nga fja) YN

1 1 1 1
+ —0"00,0 — =m20° — —gy0° — —g30*
9 2] ) o 392 493
- lW‘“‘“W — lme‘“’w - lR“"‘“‘"”R“ + lmQ Wt + l(3 (wuw™)*
1 p T S T o TP P T g8
- /. — . 1
+we (Zﬁ e mﬁ) wﬁ +¢ﬂ@wu - EF,U,VF’[L# ’
W,u,:x = Oy — a.uw,u, )
RS, = 0upl — 0,05 + gpe™ p™ p™
F.=0,A,—-030,A, . (2)
o A. Ohnishi, Istanbul 06 (06/06/12-16) 35
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Nuclear Matter EOS and Nuclear Binding E in TM

s Example: TM1 parameter set
(Sugahara and Toki, Nucl. Phys. A579 (1994), 557.)

@ Nuclear Matter: 64 and w4 terms soften EOS (K ~ 280 MeV)

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

9 T T T T T
Syvmmetric Nuclear Matter EOS 0] ':/& 'ﬁE‘“"-\Ff ™
S0 8 C ¢/ }( 4~ Zr Sn T
e /S P
-~ 60 ?_ ::III.-' ?IIT i i |
"'; 40 .:'II j:l '-._l
£ 50 61 7] N 1
< i
=0 st 1 exp.  *
i SCL —
20 ¢ i TM1and2 -
4+ -
3 d 1 1 1 1 1 1 1
150 200

5 15 25 35 45 55 100
c.f- SCL=Chiral RMF withlog o term.

(K. Tsubakihara and AQO, in preparation)
36
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Relativistic Mean Field (I1)

s Dirac Equation (iyo-y°'U-M-U |y=0 , U=g,0 , U=-g0

# Schroedinger Equivalent Potential

E-U,~M-U, —ioV (f)=0 150 NL3' =
io-V —E+U ,—M-U,_|\g NL3(mom-dep)
S 100 NL3*(present) —
E N E © Hama et al.(Exp.)
UsepNUS-I-;UV__gO'O--I-Zgww % 50 + 5
(N
8 E 8o Y _
-90

D 0o 1 10 2 25 3 35 4 45
Exin(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.)

Dwzsmn ofPhyszcs

) W o A. Ohnishi, Istanbul 06 (06/06/12-16) 37

* hitp://phys.s ci.hokud



Phenomenological Mean Field

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

v=> V=] d’r 3

2 y+1

B
y+1

P

Po

C(k) ,
_|_Z fd3rd3pd3p' ex f(r,p)f(r;pz)
‘ 2Py 1+(p—p') [

100 T T T T T T T 30
Aich{K= 330 +
Aich{K=200
K.=300 #
90 - Sky+mom(H) —— s
. Sky+mom%lu1} E—
Sky+mom(S
10 fé‘f-
A x{

N
o (ia+p+ CEXU ferm 0 %*E;R |
50 ¢ @GP term ] “-\ﬁ |
2 S

an
=

E/A (MeV)

Usep(MeV)
=]

(i}(ii): Sky+mom (at p,) -10 f
Hama et al e
100 ' 20 .
0 200 400 600 800 1000 1200 1400 0 05 ] 15 > 25 3
E|ap(MeV) 0f0n

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

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

U(py, E) ~U(py, E=0) + 0.3 E

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

s 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.

A. Ohnishi, Istanbul 06 (06/06/12-16) 39



Summary

s Basic ingredients in HIC models are explained.

@ Mean field dynamics

@ Two-body hadron-hadron collisions
@ String formation and Jet production
@ Hydrodynamics

# While nuclear MF at low energies are well investigated, it is not
trivial how to apply these MFs to higher energy reactions.
At present, phenomenologically parametrized potentials are
frequently used.

# Students interested in HIC up to 1 A GeV should understand
mean-field dynamics and NN cross sections (and  productions).
Students interested in RHIC physics should understand parton
dynamics and strings, and hydrodynamics.

A. Ohnishi, Istanbul 06 (06/06/12-16) 40



Part II: Collective flows from AGS to RHIC energies

--- Cascade vs Hydrodynamics:

When and where is QGP formed ? ---
Akira Ohnishi (@ Hokkaido Univ.
in Collaboration with

K. Yoshino (Hokkaido U.), M.Isse(Hokkaido U.— Osaka U.),
T.Hirano (U-Tokyo), Y.Nara (Frankfurt), P.K.Sahu (IOP, India)

8 Collective Flows from AGS to SPS Energies
Isse, AO, Otuka, Sahu, Nara, Phys.Rev. C 72 (2005), 064908

# Hydro. vs Cascade Comparison at RHIC

Hirano, Isse, Nara, AO, Yoshino, Phys. Rev. C 72(2005), 041901
Sahu, Isse, Otuka, AO, Pramana, 2006, in press.
Isse, Ph.D Thesis

# Jet-Fluid String formation and decay at RHIC
Hirano, Isse, Nara, AO, Yoshino, in preparation

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 41



Collective Flows
S and SPS Energies

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16)
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HIC at AGS and SPS Energies

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

AGS

SPS

Division o{'Ph.ysi(:s
raduate School of Science

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16)
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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 DV
f‘.ﬁ .
- _ —V P
Until AGS Above SPS = V={ =

] -
X
t UE > ():
In Plane V2 <0:
QOut of Plane
X
Y
. q r"J" . : |" ;'-}’ BT
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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 PmaxlPo:  —2 BEM5 -
CASCADE —— . O EGS e N K=380 MeV
EE"':}EI FDP' —a— 0.3 — = E8OS s ey
2 EB77 —— 0)
Ezﬂ[:l NAI#E} T 7] {:% 0.2 i 300
= EOS —— - 4
ey R A 210
“00 fe L TTE A o7
[:I " o o '+, o 0.0
0.1 1 10 100 Yo s a0 o 100
—— F'. Beam Energy (GeV/A) Epearn/A (GeV)
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Directed flow v, at SPS

a8 JAM-RQMD/S (Isse, AO, Otuka, Sahu, Nara, Phys.Rev. C 72 (2005), 064908)

@ p-dep. (indep.) MF suppresses (enhances) v, . v,=(cos)=(p./ p;)
@ “Wiggle” behavior appears with p-dep. MF at 158 A GeV.

0.15 - p_dep.

010 - 40 AGeV Proton

pl-de[I). B i)-iﬁdef). /

158 AGeV Proton

p-indep | ,

40 AGeV Proton 158 AGeV Proton




Elliptic Flow

* What is Elliptic Flow ?
@ Anisotropy in P space
* Hydrodynamical Picture

Out-of-Plane Flow @ Sensitive to the Pressure

Y (V2 <0) Anisotropy in the Early Stage
@ Early Thermalization is
‘\ T /4 Required for Large V,_

In-Plane Flow
(v, > 0)

22
Px—D

v, =(—5—3)=(c0s2¢)
p.tp

/|\
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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 (Sahu2000): K~ 300 MeV
@ BEM(Danielewicz2002): K=167 — 300 MeV

BEM
-'Lu(“'i A GeV ) Au F - -1 —E T
mim. I.'Ii'lEl.l 'J'fn:l | I rQMD Prmax PO- = i
<y o= T =TT TTTT] LI B B B R
0,05 =
0.05 | 1 01 RBUU & )
CASCADE = ada
| DATA £ 0.00 - _ Cascade . _ i
% | 0.05 7
__.~$ A
g = DATA
0 T : 8 005 o Plastic Ball
¥ i 10 o EDS
e ED Aui11.6 A GaVic)+Au ) ® EROS
) i - ) L T
b= G fm, abs{ycmh,'pmj] @ 0.2 0,10 |- 300 Nt Ea7
0.1 L L L L L : K=380 MeV
® Cascade ':} 2 4 B 3 1D 12 i el 1 1yl 1 | 1 |
B Fotential
* [R5 ATy 0.1 05 1.0 50 100
=(1.1 ¢ .
0 2 e 6 8 10 12 Epeam/A {GEV}
Epa, BHCnucleon)

Y ~ Division ofPhysrcs
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Elliptic Flow from AGS to SPS

s 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

Prutnn Vp for AGS to SPS Energles

AGS SPS

0.06

0.04

0.02

o u L

ﬁﬂﬂ!

MF for Res

Y

-0.08 “

1

E; . (AGeV)
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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)

g(p.p)=vIm+Udp. p)*+ p* =m2+p2+U(p.p)
» Due to the Scalar potential nature, EUS dependence is smaller.

@ Scalar / Vector Combination
Danielewicz, Lacey, Lynch, Science 298(2002), 1592

p
VPR +m*(p. o)

P -
e(p, p) =m+f dp'v*(p’, p)+ Ulp), V(P.p) =
0

>Relath\/l.” L Ulls ) VAV e/ U\«P\/IIU\/II\«\« vvyuil aal ]

@ JAM-RQMDY/S (Isse, AO, Otuka, Sahu, Nara, PRC 72 (2005), 064908)
» Similar to the Scalar model BUU
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Cascafe 1) Hyd£0 @ RH ZC I
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Why do we have QCD Phase Transition (I)

# Pressure of mass less particles: Stefan-Boltzmann Law (cf S.H.Lee)

<2V . P, QGP QGP
Q= —- — T,
90 (ZB: gB + 3 ZF: QF) .

3 81

Pion Ga

s Hadron Phase ~ Three massless pions e T
B i A
2 2 -B Pion Gas
P — T € T Pressure fe T
30 " 10 Bag Model
8 QGP ~ Massless partons

and vacuum modification Pion Gas \ M
Hagedorn
2
371 37,
€ — T + B ’...‘ >
PQGP 90 T —B oGP 30 ~"  Energy Density

‘ OCD phase transition=DOF change + Vacuum change I

DOF =2(spin)x2(q, g)x3(color)x2(flavor )x7/8(Fermion) +2(spin)x8(color )
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Why do we have QCD Phase Transition (1I)

(ctf S.H.Lee)
a8 Lattice QCD simulation
@ Figure: (E/V)/T4, P/T4
@ Sudden change of (E/V) around i~~~ ' 1
T =150-200 MeV Fit “5'“{-5.- C'i:f,- ':..-'.':rll]n!;_r |

@ Smoother change of P around

T =150-200 MeV
— Phase transition to QGP

3P/ T*

P
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OGP Signals (1): Jet Quenching

T UL L L L B L L BRI
i e d+Au FTPC-Au 0-20% i

~ 0.2 -

3 - — p+p min. bias n -

S | ]

= - T * Au+Au Central -

o - T .

g 0.1 T 4. -

o = ' ]

Z [ !

= | d + Au: Backward Peak
Uved LS N Aut Au:
=z | L | J | { No Backward Peak

A ¢ (radians)
STAR (nucl-ex/0306024)

Jet Energy Loss also lead
to reduction of back-to-back correlation

(i, Division 0{ Physics
Graduate School of Science
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by Esumi

I

Nucleus-nucleus
collision

—H—

A\ 4

Proton/deuteron-nucleus
collision

<




OGP Signals (II): Nuclear Modification Factor

8 Do we really see suppression of

high energy particles at RHIC ? £

— YES for Aut+Au Collisions, m
and NO for d+Au Collisions !

# Nuclear Modification Factor

dQN/dedﬂ
Tap d?oPP /dedT]

Rag(pr) =

d + Au: Initial State Effects

1.8

1.2
1
0.8

0.6
0.4F
0.2F

o

High Energy Particles are suppressed in
Au + Au Collisions

but NOT suppressed in
d + Au Collisions

at RHIC compared to p+p collisions !

1.4I

:— O M charged hadrons
: A@®

neutral pions

rﬂ:ﬂﬁqﬁ

or <V imh

Au + Au:
Initial State
+ Final State Effects
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OGP Signals (IIl): Quark Number Scaling

# When n quarks recombines 10
to a hadron, v2 is enhanced
by n times.

v;ladron(PT)=nv;’arton(PT/n) -;g

vain

Fragm¢ntation ~p

p
AutAL i, = 200 Ge'-.-' Mid- |a|1|nlll:.r q /
' ' ' ' ——

05— N=2 o it * n=3 op+p | 1 . ] ;
K¢+K-¢ Iﬂ‘l‘ﬂ‘ q / .. i
0w % il
01 «Ks — .

YRR : PR
o05|- ‘i,s"D . _ Recombination >
Ny * STAR
n_l_??ﬁ ___________ . .‘.’.:T’T'I’.EF*.""?F'_ Fries et al. PRL 90 (2003), 202303
o 1 2 3 Nonaka et al., nucl-th/0308051

Transverse Momentum p./n (GeV/c)

Recombination Picture seems to work well

... Parton Elliptic Flow
-

. Division 0{ Physrcs

o Umletsn‘y A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 57
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When and where is QGP formed ?

8 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)

@ Cut+Cu: Recently Measured

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 58



Cascade vs Hydro @ RHIC: Aut+Au

s Comparison of v2 as a function of Nyure

@ 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
. s PHOBOS(hit)
0.14 . PHOBOS(track)
- v g;ﬁg(vz{ 1 O.15<pT<28e¥5c)
= v.{4} 0.15<p.<2GeV/c
N 0;21 0 PHENﬁ)%EO.}2<pT<5F()3TeV/C) )
> .

0.08
0.061] g
Hydro is better, 0.04F;"
CGC may be realized 0.02 e :
. o o ol b b b b b by
in central collisions. % 50 100 50 200 250 300 350 400
part
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ZI-WEI LIN AND C. M. KO PHYSICAL REVIEW C 65 034904

nﬂj& 1 T v oy T R L [P ] ':I.Eﬂ' e D et
5 ] o1z | ® STAR data ]
0.07 ~ y ) L—h no siring melting ]
[ - 4 ] 0.16 L ®---83 mb with string melting
0.06 F ! . *+—e6mb E
! / ] 0.14 |
0.05 ~ 7 0.12 +
004 F ] £ 0.0 F
f @ STAR data In\ 0.06 |
0.02 r &—Ano string melting ]
- E---83mb with string mcltingr\i ] 0.04 -
001 ' e+—e6mb ‘ ] I
¥—-¥ 10 mb ] 002
m T S — {].m " i i A i i i i L " " " " '} i i i i 1
00 01 02 03 04 05 06 07 08 09 1.0 0.0 0.5 1.0 1.5 20
Nr.l s P {GEV."ICJ
FIG. 3. Impact parameter dependence of elliptic flow at FIG. 4. Transverse momentum dependence of elliptic flow at

130 4 GeV. The data from the STAR collaboration [7] are shown 130 4 GeV. Circles are the STAR data for minimum-bias Au+Au
by filled circles, while the theoretical results for different partonic collisions [7], and curves represent the minimum-bias results for

dynamics are given by curves. charged particles within 7= (—1.3.1.3) from the AMPT model

Unexpectedly high parton cross sections of 0=5-6 mb have to

be assumed in parton cascades in order to reproduce the
elliptic flow.

I ~ Division of Physics
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Predictions of Cu+Cu Collisions @ RHIC (I)

# Single particle spectra 300

Hyd (ngﬂgﬂ‘} -
i ydro —
@ Cascade (JAM) and Hydro iz b=1 fm

predict almost the same single 5 feecsertanss

particle spectra z 190 b=2 fm

dN/dy, &’ N/p (dp ,dn R I v
ol e ..

8 Surprising ? 0

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

@ Cascade use fitted oy,

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

production)
— Coincidence may not be surprising

d®N/2mpr dpy dn (GeV?)

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 12l T JAM ——
the data are opened to public. 10} Hydro(180) —m—

E_
# Cascade and Hydro predict £ gl
very different Elliptic Flow ! 7 4
@ Cascade: small v2 E e T
— Small int. in the early stage T 5 5 4 5 & 7 s

impact parameter bifm)

@ Hydro: large v2
— Strong int. after T=t,~ 0.6 fm/c

' | JAM —e—
- b=51m Hydro(100) —— 1
Hydro{160) —=— -

s T dependence

o T =160 MeV ~Tc=170 MeV &
— short time of expansion
in the hadron phase

@ 7" =100 MeV <Tc =170 MeV ——
— long time of expansion n

)

O AN W AR D N OO
LI LI LI 1
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Compared to JAM Model

o 01: b=5fm . u1_ ;
> 000f — VAM —Hydro(100) | S» ggef. — YAM /
008 ' PHOBOS (1525%) — Hydro(160) o0sf.  ydro(100)
0.07 preliminary 007 — Hydro(160)
| 200 GeV “IE v PHOBOS
0.06 0.06F o /
15-25% Cu-Cu - preliminary ;,f
=/ 0050 200 Gev }
rrors .04 Cu-Cu /f
| 0.03)
U.DZE—
0.01F
u A EEEE NN NN NN F RN AN N

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 MeV

%'E.% Division of Nuclear Physics, Maui, 2005 Richard Bindel, UMID 32



After Data are opened, ....

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

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

A

Au+Au OGP

Cu+Cu
Hadron

d+Au

AGS SPS RHIC
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Jet-Fluid String Formation
and Decay at RHIC

Hirano, Isse, Nara, AO, Yoshino, in preparation

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 65



Hadronization Mechanism at RHIC
s 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. (< 7his Talk

s Medium p.: Recombination (E.g. Duke-Osaka-Nagoya)
O Explains Baryon Puzzle and Quark Number Scaling of v,
X Entropy decreases in “n — 1” process

s 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

OGP Signals are understood separately,
and they are not necessarily consistent.
— Further Ideas are required !

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 66



How can we get large v, at high p_. ?

8 Quark Recombination — Combined Objects have larger v2

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

s 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)

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 67



Jet-Fluid String Formation and Decay

Jet production: pQCD(LO) X K-factor (PYTHIAG6.3, K=1.8, pp fit)
o =K O_pQCD(LO)

Jet
Jet propagation in QGP
3D Hydro + Simplified GLV 1st order formula X C

(Hirano-Nara, NPA743('04)305, Hirano-Tsuda, PRC 66('02)054905. Web version!
Gylassy-Levai-Vitev, PRL85('00)5535)

(xi 2F,
AE:CX97TICRI dT(T—T,) pglog(

Jet

)

o . ueL NI
Jet-Fluid String formation o °
Fluid parton breaks color flux, Fluid Parton. o
according to string spectral func. . Jet-Fluid String
P({s)c®(s=s,) ({s,=2GeV) Mt

68



http://ntl.c.u-tokyo.ac.jp/~hirano
/parevo/parevo.html

QGF Fud Evalution

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 website, we make our hydro results open to publie. 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 034008(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/ftm3, nflat = 4.0, nGauss = 0.8. For further details on
: initialization in our model, see |
-.ﬂ' http: fintl.c.o-tokyo.ac . jo whiremo perevofoarevo bkl [| & site Stutes Mot Verified




Energy Loss Factor C : p, Spectrum Fit

s For the same C — dN ¢ (high p,) > dN, ,(highp,)

s p, spec. fit — Ind. Frag.: C= (2.5-3), JFS: C= 8§
— Large Energy Loss is necessary / allowed in JFS

PHEnix :l'-:lI I{XZE -

GRS =
. ' . . nd. (C=2.5),n° —
1 “1 _ c PHENIK[TIU X2y * | 10° Cent=0-10-20-30-40-50-60 %
- T PHENIX “ h=3.1, 5.5, 7.1, .5, 9.7, 10.8 fm
STAR - 1072 (x 10" 10 107,107,107 107
0 Ind.(C=3) —
10 I
JFS(C=3) 10"
(C=8) —

(C=16) —

"
=
=

(=
=,
-]

d*N/2x pp dpy dy (GeVie)?)

[
=
=

d*N/2n pr dpy dy (GeVie)™)
=

% | _ T i
10 Au+Au, Vs=200 AGeV, b=7.4 fm =

-
=
o

" Au+Au, Vs=200 AGeV 60
0 2 4 6 8 10 - : : : -

0 2 4 6 8 10
l]'T [GE‘\’J’E} Pr (GeV/e)
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Elliptic Flow: p, Deps.

s High pT v,: ~5 % in Ind. (C = 3) — ~8 % in JFS (C = §)

| | T K(PHENIX) —e- | | T,K(PHENIX) —e-
. h (STAR) —o- h(STAR) —o-
0.2 mgiﬁ § °(Ind.,.C=3) — 1 02 %88 a°QFS,C=8) — |
b B n (JFS,C=3) B mf (+Hyd.)
(C=8) — \\ b jet —
- : (C=16) — ] str —
<10 gf e e @ .:
| = —
i /= T vy __
0 ﬁ i _ o
Au+Au, vs=200 AGeV, b=7.4 fm Au+Au, Ys=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, I
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JES Summary

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

a Effecitve to produce high p,hadrons

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

@ Entropy does not decreases, but increases. < Reco.

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

@ Large E-loss+fluid parton v,

O
# Problems and Homeworks o‘pGP .

®
Fluid Parton 0

@ Mechanism of large E-loss .
@ d+Au fit — Cronin Effects :

@ s-quarks, string spectral func.

Jet-Fluid String

Jet parton
O ®
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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

! Sag ol for listening ! I
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Backups
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Effective Free Energy with Baryonic Effects

s Effective Free Energy

2
¥
i = 4 4 p®l ~(g) o
Feff(qu) _ ;—)&2 ! FEH (ygfj'q) —l_Feﬂ' (gq‘f" ;“)
7
2 G[!:l} Ist — 1
1 R : Ind --- — -
TPl TCP e 0.3
0.8 ~ \\
] ‘ L
L -
= 0.6 G[lil} Y =
0.4 (one local min.) ’,*’ \ I -0.5 F
”.2 - & ]i" A -l
"_ - —-Earyon Ef .l'l.} -1 - | I
0 0.1 0.2 0.3 0.4 0.5 () 0.5 1
W1 o/T,

Baryons Gain Free Energy
— Extention of Hadron Phase to Larger u !

Dwzsmn

Graduate S

Hoklcaido UHH etsn‘y
- http://phys.sci.hokud.
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RMF with ¢ Self Energy from SCL-LOCD
s ¢ Self Energy from simple Strong Coupling Limit LQCD

S — —3(M,VyM) (1/d expansion)

—  bo? + (Y ox) (auxiliary field)
2 2

—  bo*|—alogo ermion Integra
l log (K Integral)

# RMF Lagrangian Non-Analytic Type ¢ Self Energy
@ o is shifted by f; , and small explicit y breaking term is added.

L=yt — vV, — M + go0) 9 + £ 4 £0) 4 EEJ.,U)

T }‘ L.
U, + i(w#_uﬁ )2
. _] x2 _fn2 2 2
U, (o)=2af(olf_), f(x)—z —10g(]—|—x)-|—x—7 , a== ma—mn)

A. Ohnishi, HFDO6@YITP (2006/2/20-22)  n¢



Nuclear Matter and Finite Nuclei
s Nuclear Matter: By tuning A, g,N, Mg, £OS can be Soft !

s Finite Nuclei: By tuning LN Global behavior of B.E.
is reproduced, except for j-j closed nuclei (C, Si, Ni).

9

Egation Of State . .
80 ) S N —
Bbggtg e 8 ,.ﬁ,* ' #Ca Ni Zr Sn sz,
> ANy
Sl I Y F—. 27lh" : Pb
- - R ; lr o1 ' . ;....-.--_H,
> 40 | SCL-SU(2) 5 |t 3L . r .
= c 61} 7L 7 Ca |
< o |l 61 4/ Si |
< S 5 Hi | i i
B & |c e © _
2D I . | 4 _| E}Ep 3 _...C . | |
) ! . . . . TM1 Eiﬂgdlil S | 10 20 | 30 40 .ED
0 01 02 03 04 05 06 3 0 100 150 200
-3
pg (fm™) A
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High pT v2 puzzle ?

# V2 data at high pT seems to exceed the strong quenching limit
(Hard Sphere or Hard Shell)
— We need to have a mechanism to go beyond this limit.

025
= L & Vy{4} 5
& 02 - o g
w B .
ey - -
W L - _
+ 0.15[ ok + |
W +..e:§“"r‘ .
L e i
s M E
o M i
< .05 > Woods -
= > “Saxop g
(3| - -
- L e ]

D| T v oo by oo oy by ]

0 2 4 B 8 10 12
b (fm’

FIG. 4 (color online). v, at 3 = p, = 6 GeV/ ¢ versus impact
parameter, b, compared to models of particle emission by a static
source (see texr).

STAR, PRL93, 252301('04)
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Pion v, @SPS 40, 158 AGeV
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Elliptic flow v, at SPS

s Rapidity dependence of proton v,

— 158 A GeV data are well explained,
but the collapse at 40 A GeV cannot be explained.

p-dep. p-indep. p-dep. p-indep.

40 AGeV Proton 40 AGeV Proton 158 AGeV Proton 158 AGeV Proton

0.06 —

158 A GeV

MH ——— H— |

MS T s
CS — cs ——
. ‘ NA4G @i | . _ NAd9 @
2.0 1.0 0.0 1.0 2.0-2.0 1.0 0.0 1.0 2.0
y y
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Elliptic Flow: Parameter Deps.

s v,(jet): saturating behavior 0.1 — -
. e
(large E-loss limit) ~ 8 % 009 e {[?;ﬂsg — ,,f
- string e
s v,(string): growsup to~10 % 3 "% /
. . . N 0.07 ’ i i
larger than v,(jet, limit) 5 | JFS
s v, (h): string decay reduces v, " 0.05 | /
v .e t < p h < " S trin - .MHAU* w:«;:!ﬂllil AGeV, b=T.1 F‘m
— 2(] ) 2( ) 2( g) ﬂﬂ42 I'nd.. ; : -

C (Energy Loss Coef.)

For p>2GeV (p,=10 Gel)
Ind. Frag. with C=2.5 —v, =5 % (4 %)

Large E-loss factorC — +3 %
Fluid parton v, — +1%

JFS with C =8 —v, 29% (8 %)

A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 81



Dip of V2 at 40 A GeV: Phase Transition ?

# Dip of V2 at 40 A GeV
may be a signal of QCD
phase transition at high
baryon density.

=
—

proton v,
=
(=]
[ %]

#a However, the data is too
sensitive to the way of
the analysis (reaction
plane/two particle : . _
correlation). Bl 7 s A

i m v,{2 -
01} o vg{s andard

* We have to wait for 00sE ] 1! 5
better data. ﬂz—ﬁ%ﬁ&r%-i-ﬁ- SSINNE
F0 RS AN T X e T

018 L
2 15 1 05 0 05 1 15 2

0.05F

= 1 -
0.05F i —

rapidity
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Hadron Formation Time

JHF Energies SPS Energies

3

15 fm i
m
4-5fm 1-2fm
Multiple Hadron-Hadron Collisions String-String, String-Hadron Int.
C 7 (Approx.) Thermalized Hadron Gas + Int. within Co-Movers

It takes T 1 fm for hadrons to be formed (and thus to interact)
— Pre-Hadronic Interactions are necessary at SPS & RHIC
— Hot & Dense Hadronic Matter would be formed at AGS & JHF

= It " Division of Physics
E ; 5’,;‘;;‘;;-‘,’55"”""{"’5‘?'{’"‘2“.’ A. Ohnishi (Part Il), Istanbul 06 (06/06/12-16) 83

~ http:/phys.s




Comparison with Previous Works

s 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 UL — v, =10 %

» Woods-Saxon density dist. —v,=5 %

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

s K-factor — absolute value of 6

s Experimental Data: pp > 7’ @ \/sNN =200 GeV (PHENIX)

bi d’ o 0.pQCD(1st) A’ N pOCD (1st) 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
(™ (p,*"*>2Gev/c)= 17.5 mb)

exp

.

N/2T py dpy dy ((GeV/ie)™)
=
=

" ¥ (PHENIX) —e— |
10" pythia6.3 (x 0.8) ——
6.2 (x0LY) —

—
= =
= - —

s pythia6.2 fit:
A=09 - K=2.0

~ 0 2 4 o6 8§ 10 12 14 16
(6, = 19.6 mb) S Sl

dl
=
=
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Combined with Low p._ spectrum

s Low pT spectrum is assumed and combined.

d’ N 8 Hyd
E— “(pr)=Aexp(=p/T)(1+BI(I+(p./ p,)")) (Pr)=0.14 p;
_ e ©,K(PHENIX) -o-
AT PHENDERR _ LAY
> STAR - 0.2 Eﬂ T (JFS C=8) —
3 10 S JFS(C=8) — | ;. (+Hyd.)
= - Hyd. g{d“i o f U jet ™
plﬂ'l lm_]et str —
& et 3 ¢
51“_4 sfrmg |
&
-

6 | JFS:C=8 h
107 I Au+Aun, Vs=200 AGeV, b=7.4 fm T
1 1 L 1 [:
0 2 4 6 8 1
pr (GeV/c)

SN o khicido Um:ersn‘y

" http://phys.sci.hokud.

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

2 4 6 8
pr (GeV/e)

10 12

Dwzsmn ofPhysrcs
Graduate s
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Elliptic Flow: Centrality Deps.

s Ind. (C=3): v,~5 % atb=7fm
s JFS (C=8): v,~10 % atb~=8.5fm

0.15 - -
Ind. (C=2.5) —
Jet
_ JFS (C=8) —
- jet )
> 0.1 string '
~l
A
s
=, 0.05
e
0

0 2 4 6 8 10 12
b (fm)
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Nuclear Modification Factor

# (Centrality Deps.

JFS —

= = N
S0 = B S Ob

E
=
=
-
-
o

—
=

L]

—
k-3

| | | 00 %
0 A 4 6 8 10 12
pr (GeV/e)
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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)

[t

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)

dZNExp. _N 1 dZNJFS(C)
210 prd prdy JethetZTrppoTdy

— Determining Njet 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 . = NNfd;rTA(l"T‘l‘b/Z)TB(rT_b/Z): ~ Ncoll

Jet Jet NN
fot

TA(rT)=fdzP(rT’z)
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Further Problems

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 ?

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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