B OFRE 2003

BRI IZEBNFOHEHEDIFE
tiEaXsF K& B

BEIRILF—ORRIEETERINSIEZERZMEIN O =EENT-
B\FOUYMEDHEIZDODWVTERT D, £l=. CO=DIZRELL S
%E_uﬂﬂgé/]*h!f‘ﬂﬁtﬁ/zE*?’-}iﬁr.\'~9L\Twﬂzkmmiﬂﬁﬂng\'t@
q:I:IR 1Tjo

‘OVYPEDOHEROEE

B %1 - [UtBtRERFS

%ﬁ AL RAME.

*%f%f R/ \FO 48 EQCDIEERFS

ERTERX . HEGFSEHE. HEHER FHBpEHEERY,
jJ N\FOVRBIERGETER, /\—b2 NP
B ERRL SRR

S EMEEEIRILE—EAA R

—
-
P53
~

-

=

B
)T#"&“:“

20N

B 5 E§
N
= 31}

¥

oo} it

PSR
~

-~

l. =]
~

-~

=

>

4

N .
© IERER
v
p=111]

oy B
hE:

?%t

m )

>|_
caIp
Cor

o
2L &
=
e
|_H
£

§

~ %I$§|-

EmEm
S it
Eul'Ek]-

S
“ )d:r

o1 b
H TR



1. &-i\pnyﬁﬁmmﬁwma |

>(
= %’E &R - [ ABfEERTS

EEREYE AN UORAYE

SR/ B ERYE e/ \FOUYE EQCDIRERFE




Hadronic Matter Phase Diagram

Hadronic Matter Phase Diagram

Early Universe

T 4

~ 200 MeV

High E. HIT

Color SuperConductor

5 ~8 MeV

............
.............

el "'. Liquid ¥ K Solid J/ Black Hole

j -
® . P v g 0 " 10Po Pe
o " $ b ¢

¢ ¢' ¢' Meson Cond.

SuperCooled Mucl. Matter Mormal Muclear Matter



Hierarchies in Nuclear Physics

> Quarks and Gluons (QCD)

> Nucleons and Hadrons (NN Interaction, Effective Lagrangian, ...)
> Finite Nuclei (Effective NN Interaction, Model Space, ...)

> Nuclear/Hadronic Matter

Nuclear Physics = Physics of Four (or Three) Hierarchies

Physics of Nuclear/Hadronic Matter

* Two-Fold Structure:
Quark & Gluon <> Nucleon/Hadron < Nucleus

* Relation to Astrophysical Objects/Phenomena:
Early Universe, Compact Objects

* Similarities to Superconductor in Solid State



Phase Diagram of Superconductor CeRhins and Celn3
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Nucleosynthesis
184

Nucleosynthesis o8 114

Hburning 50

i r-process

Big Bang ‘ N




Nuclear Physics in Supernova
* Nuclear Reaction Rate

* Mass, Life-time, Excited Levels of Unstable (esp. n-rich) Nuclei

r-process path and element abundance

Physics of Nuclear/Hadronic Matter
* Nuclear Matter Equation of State — Hydrodynamical Evolution

p,=(10"=5)p, (10°—10"glcc)

T=(0.1-30)MeV  (10°—3x10"K)
* Particle/Fragment Composition — Various Reaction Rates
Y, Y, Y. Y5, Y(°Fe), ..

* Neutrino Interaction on Nucleon and Nuclei
— Initial Electron Density and Later Opacity

e+ A-v+B, v+ A—-e+B, v+A-v'+ N+ B, ..
(Physics at K2K Near Detector !)
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Nuclear Ligquid-Gas Phase Transition

Nuclear Int. Van der Waals Int.
= LG Phase Transition is expected.

RMF LG Coexistence Boundary

P TSN Mat — P
10 &= Sym. N.M. -~ =
< B NS Mat. —— = i —

1l
C i

—

— 1 T 1 vl =ob5.010,_ 080 i
p for-Shvats fromdowrtot E

Po 10" 10% 10°® 10%* 1072

Baryon Density (fm's)

Recent Experimental Progress
Two indep. exp. on two indep. Observables show
the Existence of First Order L.-G. Phase Transition.
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10

T (MeV)
CJ"}

Nuclear Caloric Curve

J. Pochadzalla et al., Phys. Rev. Lett. 75 (1995) 1040.
(GSI-ALLADIN collab.)

| o VAL+ AU, 600 AMeY _
| aNer o, 8 amey  + 1 Boiling Temperature is Clearly Seen
'_ V10 <E :>/’<A> _'+_ _

Wfﬁf | Fragment Yields are assumed

- to follow Equilibrium Statistics
({E >/<AS> — 2 MeV) |

?. : Y,ocg exp((B,+Zp,+Nu,)IT)

Y (*He)lY (*He
0 5 10 15 20 ( ) ( ) oC eXp(AB/T)

<Ep>/<A> (MeV) Y ("Li)IY (°Li)



Negative Heat Capacity

M. D Agostino et al., PLLB 473 (2000) 219.

. Heat Capacity S A
= a2 a = o
L= D o B o= B o N o T o

I
i
L

(MSU Exp./INFN-IN2P3 Collab.)

E"/

Negative Heat Capacity
= First Order

T and E* are determined
from Fragment Multiplicity

and Kinetic Energy
based on Theoretical Model
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Deep Inside the Neutron Star

Outer Crust

Muclel, Electrons,
Lnpinned Neutron Superfluid

Meutron-rich Nucle
Electrons

Finned Neutron Superfluid
3Pz Superfluid Neutrons

180 Superfluid Protons
Electrons

Fion Condensation?

Hyperon®?
QGP?

Various Hadronic (and QGP) Phases appear
as the Density Increases




What is Expected in the Neutron Star Core ?

Nucleon Superfluid 'S °pP,,

Pion Condensation

Hyperon Matter « Strangeness

Tsuruta-Cameron (66), Langer-Rosen (70), Pand-haripande (71), Itoh(75), Glendenning, Weber-Weigel,
Sugahara-Toki, Schaffner-Mishustin, Balberg-Gal, Baldo et al., Vidana et al., Nishizaki-Yamamoto-
Takatsuka, Kohno-Fujiwara et al., ...

Kaon Condensation <« Strangeness

Kaplan-Nelson(88), Forkel-Rho et al.(SUNY), Davidson-Miller, Claymans et al., Politzer-Wise, Miller
et al.,, Muto-Tatsumi, Brown-Thorsson-Lee-Rho-Min, Fujii et al., Yabu et al, Maruyama et al., Ellis-
Knorren-Prakashi (with Y ), Li-Ning, Li-Brown, Tiwari-Prasad-Singh, Glendenning-Schaffner, ....

Quark-Gluon Plasma

We cannot understand Highly Dense Hadronic Matter
without the Knowledges of Strangeness Nuclear Physics




Low T and High 0 Matter:
Importance of Strangeness Degrees of Freedom

Constituents: o p n "
p,n,ei,ui,A,Zi’O,...

Chemical Equilibrium: v
¢ Strangeness (Weak) 1 “He

. +le Er(n)
¢ Lepton (v Emission) \
m B Oy e+ vt e
Negatively Chaged or Neutral Baryons are Favored
E.(n)+U(n)+u,=M" (X" )+U(X") N appears

Ep(n)+U(n)

=M (A )+U(A )

/A appears

+A M




TOV Equation: Balance of Pressure and Gravitation

_— P(r+dr)
G (e(r)/c2dr) M(r)/ r?

dP
-
dr

(E/c:2 + P/c:g)(f% — 4:74-?*3}3’/(:2)

r¢(1 — 2GM/rc?)
dM 5 o dP dPde
dr < Y dr  de dr
dP dP _
P=Ple), L -2 (EOS
@, =) ®oy

Neutron Star Mass = M(R), where P(R) =0

When You Make a New EOS, Please Check Neutron Star Mass !



Neutron Star Max. Mass

Central Density /p,

1 10 100
3 . .
o2 7N
= .;, *
= .
1 © aw Model (pnep) e
. M1 -----
0 L TM1+SU3 ——

le+14 1e+15 1e+16 1le+17
Central Density r{u,ﬁ:msﬁ

A. Isshiki, AO, JPS @ Akita; Serot-Walecka (ocw);
Sugahara-Toki (TM1); Schaffner-Mishustin (TM1+SU3); Glendenning, ...

Maximum Mass Reduction ~ 0.5-1.0 M I
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High T and/or High 0 Matter:

Hadronic Resonance Matter and QCD Phase Transition
JAMming on the Web http://nova.sci.hokudai.ac.jp/~ohtsuka/

AGS

SPS




Collision Examle




Experimentally Estimated Phase Diagram
Chemical Freeze-Out Points in High-Energy Heavy-lon Collisions
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1998 (J. Stachel et al.)
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200
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o
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early universe

quark-gluon
plasma

Dense Hadronic Medium

n,=0.5 /fm°
n,=0.38 /fm°=2.5 n,

LQCD -

Bag Model

SIS ;
__n,=0.12 tm™

I Dilute Hadronic Medium =]
n,=0.34 f#m®
n,=0.038 /im°=1/3n,

atomic
nuclei

| RS S T N N N S DO (NN Lot s M -| |
0.2 0.4 0.6 0.8 1 1.2 1.4

baryonic chemical potential |1 [GeV]

neutron stars
————

2002 (Braun-Munzinger et al.
J. Phys. G28 (2002) 1971.)

Chem. Freeze-Out Points are very Close to
Expected QCD Phase Transition Boundary



Theoretically Expected QCD Phase Diagram

Zero Chem. Pot.

0.25 | X
02 f .
0.15 -
l’I"lE ig/@@ . CLOSSOVEr
g

L T
two-state, JLQCD
1st order like, JLQGCD
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Nucl. Phys. Proc. Suppl. 73 (1999) 459.
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Finite U: Fodor & Katz,
JHEP 0203 (2002), 014.
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Approaches for Hadronic Matter Study

» Constructive Way: Quarks and Gluons - Hadrons - Matter
* My Individual Problems: Phenomenology of Each Region

Early Universe /

T :
o RHIC,SPS QGP /%P

~ 200 MeV

HIC@&JHF

SuperMova
Frag@HIC
Frag@LIC

| - p
Liquid ¥ K Solid B

P, -10P,

5 ~ 8 MeV
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E/A (MeV)

FEEJENRBHER

Usep(MeV)

40 Hama et al.
-60

RBUU ——

0 1 2 3 4q
Eyin(GeV)

Saturation: p, = (0.14-0.17) fm”, E/A =-16 MeV
E-dep.: U(E=0) ~-50 MeV, U(E=1GeV)~ +60 MeV

5



FEEJENRBHER

EXMHEEERAIODFE

Lattice QCD: ARZFE CIIRE

%N+ GITS: RYEDQPMENRHA TS TLVEL,
BRRTREIBRRBIGENZTNMADIENLE
(UMOA fg&d)ﬁiﬁl:ﬁﬂﬁ 1)

DBHF: Rz EEHRHA,
B LRILEF—RFORTIvILIZIE?

MRV TT IR

Skyrme HF:
fafni + AYEEERYAN-LOLLD S
RMFv“)LS!E!M?FFFjJliEIﬂ'I‘E%%féf’Gliiﬁiéo
8401 + 3L\ LSH + Izwﬂe ARTF S 8 5
BEIRLXT—TRIETIRN. EEE~DINF




Skyrme Hartree-Fock
(See Ring-Schuck for details)

Zero-Range Two- and Three-Body Interaction

vl.j:toé(ri—rj)—I—%[5(ri—rj)k2+k25(ri—rj)]

+t,kS(ri—r)k+iWy|o,+0,|X6(r,—r;)k
_1l v _
k=>(Vi=V))

vijk:t36<ri_rj)5<rj_rk)

Energy Density (Even-Even, N=7)

2
— T+§t0p2+—t3p3—l—Derivative Terms
Im” (p) 8 16

=2 |V,

" + 1 (3¢,+5¢,)
. — p
2m (p) 2m 16 : 2

H(r)




Nuclear Matter in Skyrme HF
Energy per Nucleon
hz*kfp 3 1
2m”(p) 8

ElA=

WD | W
|

A
o

he)
_|_
N

Problems in Skyrme HF (in Dense Nuclear Matter)

Repulsive Zero-Range 3-body Int.:
— Ferromagnetism in Dense Matter
Kinetic Energy Dependence = Linear (m* term)
— Too Repulsive for High Energy Particles



Relativistic Mean Field
TM1 parameter set (Sugahara and Toki, Nucl. Phys. A579 (1994), 557.)

* Fit B.E. of Stable as well as Unstable (n-rich) Nuclei
* Has been successfully applied to Supernova Explosion

* Three Mesons (0 ,W, 0 ) are included
* Meson Self-Energy Term (0 ,w)

Lagrangian

,C:ZZN (?ﬁ — M — 9o0 — Gu 9() _ nga léa) wN

1 1 1 1

+ 58”08“0 — Emiog — 59203 — Zggcf‘L

— lWﬁi’W + lmQ{d,ﬂrw _ lRaﬂvRa 4 lmQ ap a 4 lC (Ld LU‘U')Q
4 pv 9w H 4 (1 9 pp p,u, A 3 \Wu

_ — 1
+7abe (?ﬁ _ me) we +%’¢‘3@% - ZF,{;L:F“H ;

W’U,L-' — pwy - aywﬂ 3

RS, = 8.p} — Ouply + gpe™p™p®

F,{w — a,u,Au — auA,u, . (2)



Relativistic Mean Field

Schroedinger Equivalent Potential

E E
UsepNUS+%UV:_gUO-+%gww
8o E 8w

Saturating Scalar Density + Baryon Density : Saturation
Linear Energy Dependence: Good at Low Energies,
Bad at High Energies




TDHF and Wigner Transformation

Time-Dependent Mean Field Theory (e.g., TDHF)

Occ

O
a(l; =hdo., plr,r’ Zd) “(r'), ih%=[h,p]

Wigner Transtformation and ngner-Klrkwood Expansion
(Ref.: Ring-Schuck)

O, (r,p)= f d’sexp(—ip-slh)<r+s/2]|0|r—s/2>

(AB),, = A, exp(iiA)B
A=V' .-V -V’ -V, (V'acts on the left)
A, B, =2i A, sin(hAI2)B,=ih| A, By, +O(R)



Viasov Equation and Test Particle Method

Wigner Transform of TDHF

(iha_p:[h:l)]) - %f Lhy f}PB+O(h)

ot W
Winger Function: f(r,p) ... Phase Spacze Density
Classical Hamiltonian: hW(r, p)= 2p_m +U (r, p)

Vlasov Equation

%f+va VU-V,f=0

Test Particle Method (C. Y. Wong, 1982)
AN

1 < P B
—FZ 5(7"—7"1-)5(]9—]?1-) ? df —Vph, dt_ Vrh;

f(r,p)
U
Mean Field Evolution can be simulated by Classical Test Particles I




BUU (Boltzmann-Uehling-Uhlenbeck) Equation
(Bertsch and Das Gupta, Phys. Rept. 160( 88), 190)

Y vV, VUV, f=1,f]

ot
d’p,dQ do
]coll[f :__f 2 27’2) 12%

X [ffz(l_f)( f4)_f3f4(1_f)(1_f2)]
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, ...)




AMD (Antisymmetrized Molecular Dynamics)

Wave Function
|Y1>:AH |Llji> ) wi:(b(r:'Zi)X(U,T) )

VL
plr Z)=
I

wcexp(—v(r—D)’+iK - (r—D)/h) (Z=\/;D+2h\/~K
Equation of Motion Y
,_(Ylinolot—H|¥) 4 8L 0L _

exp(=v(r—ZI\v) +2212)

, — —=0
(Y |¥) dt 0(dZ,/dt) 0OZ,
. dZ, OH
7 MCe s T a7

No Antisymmetrization ~_ s | D, _ 0 H % __0H
dt 0K,  dt 0D,



Collision Term in AMD

Approximate Canonical Variables

j ]
W.=\0,Z =V R+ i 0,=B, B,' . B,=(w,y)

_ ] — _
Example <L>:ZBji1Bij72i><Zj:Z W XW,

ij i

Collision Procedure in AMD

z Z

P,

1

Transf.l Inv. Transi. Py G =T b|12'|ax
W o——— W P, P,

Collision Term = i Canonical" Variable + Classical Analogy I



1970's~

1980's §em1—Class1caV

Viasov

L Collision i Meani Field

Fluctuation

1990's~ AMD
(W.0. Collision

Collision i AntiSymmetrization




Physics included in AMD

*Time Evolution of Anti-Symmetrized Wave Function
*Two-Body Collisions with Pauli Blocking
*Event-by-Event Fluctuation

Points to be Improved in AMD

» Wave Packet Dynamics = Not an Eigen State of Energy, J1r
» Initial and Final Fragment State = Not Quantized

» Two Body Collisions = Classical Analogue (Not Derived)

» Non-Relativistic = Not Applicable to Very High Energy



Direct Reactions

Quasi Free Reaction

One Step Direct Reaction

* Elementary Cross Section

* Absorption of Projectile
and Emitted Particle.
— Effective Number

* Response Function
(Spectroscopic Info.)

Compound

/ Direct
Preeq.

Elastic

In order to extract
spectroscopic info.,
we need elementary
cross section

d’c/ dE / &

-

Ep

Compound

- —

MultiStep Dir. ~ Direct

P

Classical



Direct Reactions
Distorted Wave Impulse Approximation (DWIA)

d*o Lo
o il fﬂqu»}
u 1
R(fyw) = ——1Im/{ ﬂI‘JC.| 5OT(q) G(w) 60(q) |Do)

TA One-Step INC
1 dr dp ~ S 4 v
E t 1 — flr, v+
flf[iﬂﬁﬁ fl7,5) (1— f(F,0+q)
% 8(w+ h(7,p) — h(F, T+ q))
O(q) = X exp(id-7) Osry,

Quantum Mechanical Treatment




Examples: (K,K') Reaction

o KEK-E176 data (lijima et al.) e BNL-E906 data (Tamagawa et al )

- 12
K(1.65 GeVic)+ "C K(1.80 GeVic)+°Be

& =
> 08 . " E176 (ljimaetal) - S 06 ~Eo0p (Prel) ==
. > . _
g« + + = 9] INCaP=20 MeV/c) =
5 0.6 - t 1 5
3 t 3
E o4 | E
o’ 0 e
0 | { 3
%} 0.2 g
"‘D“ = | = - -
N 0 04 6 1 12 14 o 0.8 L 1.2 1.4
. Q . K™ Momentum (GeV/c)

Mnmentum (GeV/c)

—_ -k
=0 M

Counts (10°/(10 MeV/c))

o N A~ Oy

Continuum: Semi-Classical Treatment Works Well
Bound and Resonance: Quantum Mechanical Treatment
is Required




NN Cross Sections

From Particle Data Group

:np T -
| pp Ela. |
. on Tot.

Resonance
(Threshold Enh.)




Rough Reaction Mechanism of NN Collisions

Energy Dependence of NN Reaction Mechanism

N N(rchanne) Y string N
: : : : -\IE-2MN
~1MeV 140 MeV ~1.5 GeV ~100 GeV

Elastic Resonance
(s-channel)

Elastic & Resonance < String < Jet I



Meson-Baryon Cross Section

1[]3.., : —_— : —r

o(mb)

Resonance

(s-channel) B I 'ﬁ'p-Tnt'aI"
n p Elastic
md Total

o
E
5

%
10" | . fﬁ”%r >

T"Mi +
?jfﬁl . mby *

10" 10° 10°
P (GeVic)



Meson-Baryon Cross Section

s-channel ~ t-channel u-channel S
R (or S) Form. Reggeon Exch. Barjynn Exch. rnngs
Y K MMM
R f %
T N

Strong Resonance Formation at Low Energy
= Smooth Behavior at High Energy



Reggeon Exchange Model
(Barger and Cline (Benjamin, 1969), H. Sorge, PRC (1995), RQMD2.1)

Regge Trajectory

J

Hadron 5

J=0, (1)~ 0, (0)+x',(0)¢ Reaction 3;
P

A

(Hadron String Model)

A Hadron
2 to 2 Cross Section Spectrum
do Dy )
p— M , Z—
dQ 641sp, | M(s.1)]

) ¢\ &)
M5~ %, 2L~ ()2



Reggeon Exchange Cross Secticnsl

Cross Sections (mb)

K" Nucleon Reactions ( Reggeon Exch )

P (GeVic)

A
=

558 :=1. =
S

oD Do D

A
[1] [1] [a]

s [1] [1]

(=)

S

IDDI

=2

Meson-Baryon Cross Section



JAM (Jet AA Microscopic transport model)

Y. Nara et al., Phys. Rev. C61 (2000), 024901.

DOF
Hadrons (h, m <2 GeV) + Strings (s) + Partons (in Jet)

Cross Sections
HadrOnic (hh N hh, hh - h, h - hh)
+ Soft (hh - s, hh - ss,s - hh, hh - hs [1],

sh - s'h, ....[2])
+ Hard (Jet Production)

Digquark
X /1 fmie Breaking
7 for o~ 1 GeV/im

Resonance
+ String
+ Jet

[1 iDPVE ek (] HUING + Phese Space
[2] orsituent Rescattering (C ROVD)



Rough Reaction Mechanism of NA Collisions

Energy Dependence of pA Reaction Mechanism

o

A (t-channel) Quasi-Free

~10MeV ~20MeV ~100 MeV ~1 GeV Leb
Elastic i
(s-channel) Inelastic Scatt. Multipart. Prod.

/ Direct Reaction

A e




Statistical Model of Hadrons and Fragments

Grand Canonical Statistical Ensemble of Constituents

J'\'ri — /d-rifi(Ei — ’ui?T) 5
13 13,
ir = g;d°r;d”p;
(2m)?
1
fi =

exp [(E; — i) /T| F1°

Thermodynamical Functions

p;
QO = —Zfdﬂfi i _py

3E;
1 P
S5 = ?Zi:/drﬁfi (Eﬁ_ﬂiﬁ-&ﬂ) ;
P = —Q/V
Ny = ['—’irifi 3
E = ZdFi fi Ei .

T

Constituents can either be Hadrons (high-T) or Fragments (low-T) I




Hadronic Caloric Curve and Hagedorn Gas Behavior
Hadronic Caloric Curve (Otuka, Thesis)

0.30
< 025 Larger DOF
Q
€ 020 = Lower T
fg 0.15 |
] N+ —
g' 0.10 | Octet Hadrons — 1
() All Hadrons —
= 005} .

ooo —L— . . .
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Eneray Density (Gewfmg}

Hagedorn Gas Behavior:
Exponentially Growing Level Density < Limiting Temperature

Z(V,T)=> exp —Zze”” —1

(k)
p(m) — am -3 exp (;;) [Gev—l)_ = exp Ef; i ! fdmp m,n)m® K, (ﬂ;z)] —1

’nz

Ve
(2m)% Jo
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Simple Model of QCD Phase Transition

QGP QGP
Massless Particles at Zero Chem. Pot. "1 €4
21 Pion Ga
Z 9B+ 3 Z QF) " :
( -B /Tc B +Pion Gas
-
. Pressure Te T
Massless (Free) Pion Gas N
2 ) Bag Model
4
P7T — 30 T € = 1—0 T
. Pion Gas
QGP with Finite Bag Constant ’
37 5 Hagedorn
T
P oGP —
90
.“. F
37 T 4B = Energy Density
EQGP T 30

DOF =2(spin)x2(q,g)*3(color)x2(flavor)x 7/8(Fermion) + 2 (spin) x 8(color)



Summary

* FRRABERICHS THHE) F TR TES Super Model &
FETEN?
— No ! (Not Yet) ‘ ‘
- TARIRL¥—) . TEBRAE| S&I1C
LR =6 THREET 5,

* E~PHEIRIILT—TOEES . FHMAFBITEE:
TDHF (TDLA), Vlasov Eq., BUU Eq.
One-body Mean Field Dyn. ’
+ B~ TR L X — B CD IS5 AR ERL
QMD, AMD (AMD-V, AMD-QL), ... + #i5TERi®
* A ~BIRILTF— ‘Eﬁf@?ﬂ??v\ﬂ*)l/
EiERIL (SCDW), hRAT—F ., QMD,
* BIRIILFT—MHEETDIST xzhim
Cascade IRE! + Percolation & + #{5t 1%







Phase Diagram

Hadronic Matter Phase Diagram

Early Universe

t High E. HIC L
~200MeV |/ w
\ # Restoration
Hadron Gas
Expanding Matter
Mucleon Gas \'
- Color SuperConductor
B~8MeV | ¥ . / Intermed.
Splnodal I
3 Pair. Liquid ¥ K  Solid Jrg Black Hole

o

.. 0 "’po pB

Of) B I

SuperCooled Mucl. Matter Mormal Muclear Matter

§ b g
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‘Flavor SU(3) Symmetryl



Flavor SU(3) Symmetry (I)

SU(3) Symmetry in QCD

C

- ! 1 a Qs -
1t f—g )a— Tr(GLG™) —qmg

m = diag(m,, my, m;,)

If we can ignore mass difference,
the Lagrangian is invariant under flavor rotation.

q—q=Uq, UeSU(3)



Meson State

Baryon State

Flavor SU(3) Symmetry (1)

(uﬂ ud us
M =g aztdu dd a’EJ

s sd S5

R
K~ K" —21//6

M — M =UMU!

=

ulds| u|su] ud]\

By = qEjugq = Ld[dg] d[su] d[ud] J
slds]  s[su]  s|ud]

(E{; T 15 oy P \

EF = | 3 _3’2_'_ A n |
== =0 —2M\/\/6 J



Flavor SU(3) Symmetry (I1I)

SU(3) Invariant Meson-Baryon Coupling

Tt (BMB), Tt(BBM)

— D Coupling : Tr(B(MB + BM))
F Coupling : Tr(B(MB — BM))

SU(3) Symmetry
Approximate Symmetry in QCD
Basic Symmetry in Constructing BB Interaction




Recent Developments
in Hypernuclear Physics



Recent Developments in Hypernuclear Spectroscopy

Excitation enargy [MeV)
10 1 a 5 10 i58 2 285 30

|

0.2
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—
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—
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i
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1 1 1 debd
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B (Mal)
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FIG. 2. Exeitation speciiiam al I.l:ﬂ_' ohserved m o the (7' K*)
reaction ai p, = 106 GeV,/ o wsing the SKS spectrometer. The
vertical scale pives 3 cross =ection integrated from 2 wo 14 deg
after correciing the angular dependence of the spectrometer
acceptance. The encrgy resolution is better than 2.0 eV,

THasegawa et al.,
Phys. Rev. Lett. 74, 224 (D95)

High Resolution Experiments
(z*, k) Reaction A E <2 MeV
7 ray with Ge array A £ > keV

— Fine Structures, Core Exc.

Good YN Int & Precise Calc.
Nijmegen vs Quark Model
G—matrix
Three—Body Corr.

In OPEN shell core

Three—, Four—Body Calc.



Very Small LS int for YN — Paradigm Change in BB interaction ! I

old:
BB interaction is well described by Meson Theory,
EXCEPT for the Repulsive Core

New:
Quarks also play important roles in longer range BB interaction
such as the LS force.



What is Already Known ?

* Light Single A\ Hypernuclear Shell/Cluster Structure
* Bare /A N Interaction

Germanium Yy -ray Detector(Tamura et al.)
+Precise Few-Body Calculation (Hiyama et al., Nemura et al.)

% Structure of 4zHe :

Coherent A2 Coupling
(Harada-Akaishi-Shinmura-Myint, Hiyama et al.)

* A\ Interaction in Nuclei = Weakly Attractive
Recent Experiment KEK-E373 (Nagara Event)



2., Potential Effects on Neutron Star Matter

* Potential for A; Relatively Well Known
U(A)~—-30MeV (Many Single Hypernuclei)

* Potential for Z; Recently Suggested from (K | K +) Experiments
U(E)~—(14—16)MeV

(KEK-E224, BNL-E885, BNL-E906)

- Potential Depth oc Number of ud Quarks ?

* Potential for 2.: Contradicting Conjectures
U(2)~—(24—-30)MeV (Old Conjectures)
U(2)>0
(Dabrowski, Yamamoto et al., Kohno-Fujiwara et al.)



Why is Strangeness important in Dense Matter ?

Constituents: e P 5"
p,n,ei,ui,A,Zi’O,...

Chemical Equilibrium: '
¢ Strangeness (Weak) t ~He

. +le Er(n)
¢ Lepton (v Emission) \
m B Oy e+ Extr) e
Negatively Chaged or Neutral Baryons are Favored
E.(n)+U(n)+u,=M" (X" )+U(X") N appears

Ep(n)+U(n)

—M (A )+U(A )

/A appears

+A M




100 . Upzz=30MeV | Attractive Potential for Y.

G
5 - N appears at around
m
o p=~2p,
£
o
=
% o

012345678910

ng/n,
TR IR Repulsive Potential for N
0 Ur =10 Mel
10 - ! : - N does not appear

x;(particle fraction)

01234567 8910
Ng/n,

(RMF: Sahu, Ohnishi Nucl. Phys. A691 (2001), 439.)



What is Still Unknown 2

+ Properties of Hyperons (All) at Higher Densities.
¥ 2 Potential at p, and Higher Densities

¥ AA Interaction in i Freef Space

=f= Very Recent Experiments !

* Direct Quasi-Free Production of 3 (Noumi et al.)
* Strangeness Enhancement in HIC at SPS (NA49)



Several Recent Topics
Related to Hyperons in Dense Matter

* Direct Quasi-Free Production of 3 (Noumi et al.)
* Strangeness Enhancement in HIC at SPS (NA49)



Does N Feel +150 MeV (Repulsive) in Nuclei ?
Noumi et al., Phys. Rev. Lett. 89 (2002) , 072301,

10F—— N _
S of Si Ox=6"%2 , K=085
E- 8 f—z-amund binding (X %/poF = 33.
% [ |threshold region
S 7F ¢
= s EE l
c [ i (
2 K : ; +
3 Sl R R R T R
E 3E
o W =0 N
E (XEfDDF' 120 ﬁ)
] el AP PR B Lo N\

—23 U 23 30 ?5 100 1“"5 [RS8,
—B ;— (MaV)

No Theoretical Model Support © 0= 1150 MeV, o Big Puzzle !!

c.f. Kohno et al. (last JPS Meeting)



Strangeness Enhancement: Rescattering, Potential, or

Phase Transition ?

Strangeness is Enhanced Sharply at Einc =10 [140 GeV/A !
NA49 (nucl-ex/0205002)

JHF/GSI
10 L
£ 0.2+ i
M [~
0.1 ] Res. Rescatt.
i f - - RQMD a
& - URQMD
-=—--Hadron Gas
ﬂ | L L L1 s - i
10 10~
‘-.,| Sppy LOEV )

03
*'r i Mixed ocp
072 Hadmn{: _M‘.*
‘lJHF GSI
0.1 ﬁ- 5 %
S e
0 "o R T A A
F (GeV ')

JHF Energy: ~ Maximum K/ ratio I



» Rescattering of Resonances/Strings (RQMD)

Does Hyperon Potential Help It ?

* Baryon Rich QGP Formation

* High Baryon Density Effect (Associated Prod. of Y

Particle Ratio

0.30 ¢
0.25 |
0.20 |
015 |

0.10

0.05 |

0.00

JAM (x D.B_}__"
K¥m* ® j
o oy
o / / Kin
.f,:’_f,,f" Cen. —
o /& Per.
g | Exp. e
1 10 100
Vs - 2My

1000

-0,0 + 4,0 (MeV)

200
400 |

300

200 |

100

-100
-200

RMF (TM1 + SU(3))

0O 2 4 6 8
P/Pq

10 12

AtP~ 2P0 Hyperon Feels More Attractive Potential than N I



Thermal Evolution from AGS to SPS Energies

0.2 =1 % AGS (11 A GeV), JHF (25 A GeV)
- -1 [
. > Smooth Evolution in (p, T)
Eﬂl- " ? pmax>2yp0
= | % SPS (200 A GeV), RHIC
0 5 10 15 ° Puax<2YPo
Ps/Po

(JAMGalc., Y. Nara, HRONP99, 8/ 2-4, D99 at JAFR))



Hadron Formation Time

JHF Energies SPS Enerqies
V.., 0235 Toe 05-11mic Y. 0210, Tov 05-11fmic

f

15 fm i
m
4-51m 1-2fm
Multiple Hadron-Hadron Collisions String-String, String-Hadron Int.
C 7 (Approx.) Thermalized Hadron Gas + Int. within Co-Movers

It takes T (I 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




Summary

1. Flavor SU(3) Symmetry is an approximate
but fundamental symmetry in QCD,
as well as in YN interaction Models.

2. Strangeness is important in dense matter
such as in neutron star core.

Strangeness changes the max. mass of neutron star,

modifies the ovder of QCD phase transition,
probes deeply inside the nucleus,
mixes elementary particles in nuclei.

3. Hypernuclear spectroscopy have developed a lot in these years,
but we need more data for the understanding of dense matter.

2. Potential, AA Interaction, AN-NN and AA-EN Coupling,
Hyperon Potential in Dense Matter, ...

4. Recent Data would be Helpful to Understand Hyperons
in Dense Matter based on Real Data

Quasi Free 2, Production, Kaon Enhancement, AA Nuclei,
AA Correlation, ....



Elliptic Flow at RHIC
o0 Is the OGP formed ? ¢

AKira Ohnishi (Hokkaido Univ.)

1. Introduction:

Hadronic Matter Phase Diagram, and Search for QGP
2. Recent Data from RHIC: Jet Quenching
3. Elliptic Flow at RHIC: Hadronic Cascade Model Study

4. Summary

In Collaboration with M. Isse, N. Otuka, P.K. Sahu, C. Phatak, N. Nara



Introduction |



High Energy Heavy-Ion Collision Experiments

Heavy-ion physisists wanted
to create QGP for a long time ...

LBL-Bevalac (Bevatron + HILAC) : 800 A MeV
GSI-SIS: 1-2 A GeV

BNL-AGS (1987-): 10 A GeV

CERN-SPS (1987-): 160 A GeV

BNL-RHIC (2000-): 100+100 A GeV
CERN-LHC (2004(?)-): 3+3 A TeV



Phase Diagram

Hadronic Matter Phase Diagram

Early Universe

t High E. HIC L

~200MeV |/ w
\ # Restoration
Expanding kMatter,
Mucleon Gas/ \
Color SuperConductor

5~8MeV |7 Lo / Intermed. E. HIC |

Spinodal

3 Liqguid ¥ K  Solid J/ Black Hole

® . P sy 4 " 10Po Pe
o " § b 9
T ‘*‘ T Meson Cond.

SuperCooled Mucl. Matter Mormal Muclear Matter



Theoretically Expected QCD Phase Diagram

Zero Chem. Pot.

0.25 | X
02 f .
0.15 -
l’I"lE ig/@@ . CLOSSOVEr
g

L T
two-state, JLQCD
1st order like, JLQGCD
crossover like, JLOCD
two-state, Columbia[3]
no two-state, Columbia[3]
physical point ]

<[]0 & @)

01 £, o .
/M mu =|"'|"|SI |
0.05 + ‘\\\\ e
- first order e \}%
[ =TT {é/
0 002 0.04
ud

JLQCD Collab. (S. Aoki et al.),

Nucl. Phys. Proc. Suppl. 73 (1999) 459.

0.06

T (MeV)

170

150
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i
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—s—
——
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Rt

- hadronic phase

IIIII]]III

illl[lll]lllllll]llllll_

quark—gluon plasma |

0 200 400 600 800 1000
pp (MeV)

Finite U: Fodor & Katz,
JHEP 0203 (2002), 014.

Zero Chem. Pot. : Cross Over
Finite Chem. Pot.: Critical End Point




JAMming on the Web
http://mova.sci.hokudai.ac.jp/~ohtsuka/

AGS

SPS




Collision Example




Experimentally Estimated Phase Diagram
Chemical Freeze-Out Points in High-Energy Heavy-lon Collisions
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Is OGP Formed at AGS, SPS and/or RHIC ?

Proposed and/or Measured Signals

* Collective Flow (AGS, SPS, RHIC)

EOS modification / Thermalization Degree
* Low-Mass Lepton Pair (Yes @ SPS, Not Yet @ RHIC)

Partial Restoration at High Temperature/Density
* High-Mass Lepton Pair (Yes @ SPS, Preliminary (@ RHIC)

J7 ¥ Suppresion at High Temperature
* Jet Energy Loss (@ RHIC)

Parton Dynamics at High (Freed) Gluon Density
* Strangeness Enhancement (Yes @ AGS, Lower E. SPS, No @ RHIC)

Rescattering or Potential at High Density or QGP



f Signatﬂre of Q(ﬂ’ formation

6 Jet Energy Loss 0
(from Recent RHIC Data)




Jet Energy Loss at RHIC (1)

6/18 Press Release

Colored partons will lose energy
in colored gas environment (=QGP)

Since High Energy Particles are expected
to come from Jet Fragmentation,
they are suppressed if QGP is formed.



Jet Energy Loss at RHIC (11)

Do we really see suppression of
high energy particles at RHIC ?
— YES for Au+Au Collisions,
and NO for d+Au Collisions !

d? N/ded?}‘
Tapd?oP? [dprdn

RaB(pr) =

High Energy Particles are suppressed in
Au + Au Collisions

but NOT suppressed in
d + Au Collisions

at RHIC compared to p+p collisions !

x 2F
1.8§— -
16|

L4F

12F

e

0.8F

0.6

0.4F

0.2

o) gf
1.6F
1.4F
1.2F

1F

0.8F

0.6 A

0.4

0.2F
ob

0 1 2 3 4 5 6 7 8 9 10
py (GeV/c)

(PHENIX: nucl-ex/0306021)



Jet Energy Loss at RHIC (I11)

e d+Au FTPC-Au 0-20%
A d+Au min. bias

— p+p min. bias
*  Au+Au central

STAR (nucl-ex/0306024)

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




Jet Energy Loss at RHIC (IV)

. High energy particles are suppressed compared to pp collisions

at RHIC. Note that it has not been seen at lower energies, e.g. SPS.
. This high energy particle suppression is not found in d+A collision,
where QGP formation is not expected. Thus it is considered to be
the final state effect rather than the initial state effect such as

the color glass condensate.

. Back-to-back correlation is also suppressed in Au+Au collisions

at RHIC. This is consistent with the Jet Energy Loss scenario

of high energy particle suppression.

. The ratio R is calculated by using Glauber model,

in which small momentum transfer is assumed.

It is very likely that QGP is formed in Au+Au collisions at RHIC.
Further confirmation may be necessary.




Elliptic Flow at RHIC Energy |



What is Collective Flow ?

(Directed) Flow (dPx/dY)] |Elliptic Flow (V) Radial Flow ((77)
Stiffness (Low E) Thermalization Pressure History
+ Time Scale (High E) & Pressure Gradient DV
€= =_VP
I
- . — WV Pt
Until AGS Above SPS V=g
X [
t Vo >0
In Plane

V2 <0:
é ; ;' %ﬂutn’fFlanl

Complex Observables, but Closely Related to EOS I




Can we see ANOMALIES in Collective Flows at RHIC ?

Answer = Yes !
Radial Flow Ny Xu and M. Kaneta (STAR)

Au(Pb) + Au(Pb) Central Collisions

08 -

+

0.4 . + K S B
¢ ¢
& 02 ; &

(1]

Formed matter seems to become STIFF Quickly at RHIC I

Temperature T, (GeV)
_-_
Veloaity B, (c)




How can we estimate Collective Radial Flow ?

« Mt Spectra of Several Particles

| |
Au + Au at Vs, = 130 (GeV)
0
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Simple Model of QCD Phase Transition

Massless Particles at Zero Chem. Pot.

‘Z '
Y (Z gB + < Z QF)
Massless (Free) Pion Gas
2 2
4
P_= —T e =—1T
30 10
QGP with Finite Bag Constant
377
P oGP — —
90
371
EQGP — T T B

B /Tc ! B

Pa QGP QGP

Pion Gas

>
Tc T

Pressure
A

Bag Model

Pion Gas

Hagedorn

-

" Energy Density

DOF =2(spin) x2(q,q)x3(color)x2(flavor)x7/8(Fermion) +2(spin)x 8(color)



Another Interpretation of Proton Enhancement:
Quark Recombination

(Fries, Bass, Mueller, Nonaka, nucl-th/0301087; PRC(2003))

[ F Charmed hadrana af B Galf
1| — Irng & peooumty
o LU R === frag

recarmbs

K
1/{2rpp) dN /dpy [CeV
=

pr [GeV]

Quark Recombination model also requires that
quarks move freely.




Elliptic Flow
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(O Anisotropic Pressure is close to Hydrodynamical Values @ RHIC
— Particles should interact before Almond Shape is obscured.
? Incident Energy Dependence is Smooth. Why ?




Hadron Formation Time

JHF Energies SPS Enerqies
V.., 0235 Toe 05-11mic Y. 0210, Tov 05-11fmic

f

15 fm i
m
4-51m 1-2fm
Multiple Hadron-Hadron Collisions String-String, String-Hadron Int.
C 7 (Approx.) Thermalized Hadron Gas + Int. within Co-Movers

It takes (11 fm for hadrons to be formed (and thus to interact)
— Pre-Hadronic Interactions are necessary at SPS & RHIC




What is Suggested from Collective Flows

* Radial Flow
— Re-Hardening Behavior

* Elliptic Flow
— Pre-Hadronic Interaction

* Jet Observation (¢ Correlation, Energy Loss)
— Partons are Propagating

Do these really require QGP formation ?
— Verification by Hadron-String Cascade Model is Necessary



JAM (Jet AA Microscopic transport model)

Y. Nara et al., Phys. Rev. C61 (2000), 024901.

DOF
Hadrons (h, m <2 GeV) + Strings (s) + Partons (in Jet)

Cross Sections
HadrOnic (hh N hh, hh - h, h - hh)
+ Soft (hh - s, hh - ss,s - hh, hh - hs [1],

sh - s'h, ....[2])
+ Hard (Jet Production)

Digquark
X /1 fmie Breaking
7 for o~ 1 GeV/im

Resonance
+ String
+ Jet

[1 iDPVE ek (] HUING + Phese Space
[2] orsituent Rescattering (C ROVD)



Followings are NOT included in JAM




dN/dy

dN/dy

dN/dn

Hadron Spectra at AGS-SPS-RHIC

100 - AGS: Au (11.6 A GeV/c)+Au. Central

802 (symbaols) -
JAM (hist.) -

0+
SPS: Pb (158 A GeV)+Pb Central
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symbols

200 JAM (histy
150
100
50

0 — : , S

RHIC: Au+Au (vs = 130 A GeV). Central

800 | FHOBOS =1

BRAHMS &
w. PHENIX -

1~\'r-::n'|"ll§" MM Eﬂ-::n'l"h!*'rl"qlf\.l:J

1/(2nmy) d®N/dy dmy (GeV'?)

10
10
10
10

107
10°

10
10
10
10
10
10
10
10
10
10

10°
107

,I&GS: Au (1 1I.5 A GE‘V.-"C}I—;—AIJ. Clentral?

- T'(m)=230 MeV 7
T (<10)  Tpj=270 MaV — |

E802 (symbols) -
JAM (hist.)
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ol 05
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0 0.5 1 1.5 2 25 3 35

Hadron Spectra @ RHIC is too soft in JAM.

* Mean Field Effects are included for AGS and SPS energies



Radial Flow and Temperature in JAM

RHIC: Au+Au (Vs = 130 GeV), Central 5 %

400 | — | — 0.8
Negative * Fositive 0.7 +
350 | |
s 067
300 | — D5
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Re-Hardening Behavior Cannot Be Explained
in Hadron-String Cascade.




Pseudo Rapidity Dep. of Elliptic Flow

Au+Au (Vs = 130 A GeV) Hydro Results (Hirano, 2001)
Ceniral, Mid-Central |:1:|-|030's —_
800 | (6%,15-25% inPHOBOS) PHENIX —- - 0.08
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Pseudorapidity n

Flat v, in JAM as well as in Hydrodynamical model.
— What is the origin of v, enhancement at Mid-Rapidity ?




d®N/2rp, dp, dY (GeV?)
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Pt and Impact Par. Dep. of Elliptic Flow

Where Do We Underestimate ?

Au+Au (Vs = 130 A GeV)

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

Au+Au (Vsyy = 130 GeV)

STAR/JAM (b <13fm)

v, (%)
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Answer = High Pt Regions !




When are Collective Flows Generated ?
Why Do We Underestimate ?

Au+Au, Vsyy = 130 GeV, b < 13 fm, [n|<0.2 y For v2 to Srow,
.T: R v, e | | | | ﬂ spatial eccentricity
10+ o _ iS necessary.
£ 80
w 6
oA e e e e
2 -
0 fe

0 10 20 30 4D 0.5 1 1.5 2
time (fm/c) pt (GeVi/c)

V2 is Generated at a long time scale in Hadron-String Cascade.
After formation time, Almond shape is still kept
Due to forward emission of strings.




Summary
Collective Flow Data at RHIC seems to suggest QGP formation.

Large V2 at High Pt : Early Thermalization
Strong Radial Flow : Re-Hardening
Jet Quenching : Partonic Interaction

JAM (Hadron-String Cascade with Jet Prod.) cannot explain
RHIC v2 Data in High Pt Region.

Very Early Growth of Elliptic Flow is necessary for high Pt
No Secondary Partonic Interaction in JAM
Mean Field Does NOT Help much at RHIC

There are many things to do, especially at RHIC and LHC.

Elementary Cross Sections
Coherence & Incoherence in Collision

Side and Out Radii Puzzle
Parton-Hadron, Parton-String, Parton-Parton Interactions

Modification of the i Vacuumi



