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Direct Reaction — Cascade
e Formal Theory

— e.g, Lipmann-Schwinger [ [ []

v = o+ GV I
T =V+VGT
12
do ::”|7w2dp

Uj

e Impulse [ [J

TDWIA <Xf q)f’ Z tOz|Xz >

to : U bl ¢-matrix
x cduooguogd
o guouoooot

e Eikonal 00 (0O DOOOD)

xEkonal(g oy 2) = exp |ikiz — h/ Ulx,y,z )dz’)
(%]

exp |ik;z — 5 /_OO oplz,y, 2 dz’)

2



e 10000 Factorization (0D OO OOO)

|TDW‘2 Aeff’TPW’2

Acp = [ drp(F) exp(—o [ d2' p(F))
o UL ~UUOUOUMN

> | Tynpol 6w + Ey — E)
n#0
Unocc Occ
— > Z [ Thjnil* 0 (w + € — €;)
J
Unocc Occ

= 5 SRR 0w + e —
dr dp
@ B [ 5 ' p

2

frp) (1= f(7, P+ )

cc do T
010 = [ s £("5T7) el (7= )

e U UOUOOOOODOOODO

d’c A dﬁ
dwd) ST a0 v

R(gw) = —— Im (@] 50(q) Glw) 50() |0)

A
+q))

2

R(q,w)

1 , dridp S
= [ G FTD (1= 1735
X 0(w + h(7,p) — h(F, P+ q))
O(q) = > exp(iq-7i) Osry,.

l
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Quasi Free Reaction

(q,co) 1 - f(l",

Compound E
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Strangeness Nuclear Reaction
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Strangeness Exch.
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s s Pair Creatlon
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K Exch. and Creation
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"2C(p.p), E, = 400 MeV '2C(p.n), E,, = 400 MeV
| | | i I RI/|\(1 step5 —————

15 | OLap=12deg. | 0.8 LPINC - T

do/dwdQ (mb/MeV/sr)

0 50 100 150 200 0 50 100 150 200
o (MeV) o (MeV)

Data: Otsu et al.(RCNP exp.),
Calc.: Uchida, Master thesis, 1997, unpublished.

Fermi Gas (7, p) momentum dist. + No Real Pot.
+ Q-Value (**C < 2N)



3C(p,p), E, = 400 MeV "3C(p,n), E, = 400 MeV
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Data: Otsu et al.(RCNP exp.),
Calc.: Uchida, Master thesis, 1997, unpublished.



“Ca(p.p)). E, = 400 MeV *%Ca(p.n), E, = 400 MeV

RIA(1 step5 fffff
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Data: Otsu et al.(RCNP exp.),
Calc.: Uchida, Master thesis, 1997, unpublished.
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e Mean Field Theory

— e.g, Time-Dependent Hartree-Fock [ [J

op
th-o " = ZL@
o) = 3 61(7) 61(7)
L, Op -

Zh@t = [h,pl

e Wigner [0 0 Wigner-Kirkwood [ []
(c.f. Ring-Schuck)

Ow(7,p) = [ d§ exp(—ip- 3)(F+5/2|O|F —5/2)
(AB)w = Aw(r, p) exp(ih\/2) Bw (T, p)
A = %r vp — % vr
(A, B,y = 2i Aw (7, p) sin(h\/2) By (7, p)
= ih {Aw/(F,p), Bw(7,p)} p.5. + O(1°)

e Vlasov [ [ []

f(r,p) = pw; (Wigner 00 ~0000000O0O)
of

ot th, ftps. + O(hz)

Of Jot+7 -V, f =V, U -V, f=0 (Vlasov 000)



e Test Particle Method
C.Y.Wong, PRC25('82),1460

f(7, D) N o7 —73) 0(p' — ps)
0 =1

dr;  p; dpi =
a - om dr VU,

(0DO00D00D0O00O000O0DO0oOo00ooOOobOoooDooDooo
00000000 0ooon)

e Boltzmann-Uehling-Uhlenbeck [ [ []
Bertsch and Das Gupta, PRep 160(’88), 190

6 —
5;7]; + v - V f V U - V f IColl [f]
d3p2dQ do
Ico — —
C ll / 3 V12 J0

[fl fz(l —f3) (1 —f4) — fafa(1—=f1))(1 = fo)]
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J. Stachel, Proc. of INPC98

[ r- - rr-~r~rrrrrrrrrrrrrrorr
early universe

|

ch quark-gluon

RHIC plasma
S <1 -
2 250 |- ]
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TThermal < TChemical
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J.Pochadzalla et al.(ALADIN Collab.@QGSI), PRL75(795),1040.
)
i ® “'Au+""Au, 600 AMeV
0O '“C,"°0 +"'Aqg,'”’Au, 30—84 AMeV
TOF A*Ne+"'Ta, 8 AMeV T
V10 <E,> /<A> ‘
3L _

Then (MeV)

4 2 (KBS /<A — 2 MeV)

2- —
PN S T T NN TN TN T TN (N SN TN TR TR R TR T R
OO D 10 15 20
<EO>/<AO> (MGV)

Low-T" < High-T
OO0 «— OO
E*/A=aT? < E*/JA=15T+c
O000Q0nd «— Ogoogogo




Oo0o0oooono dmm; 0oboodo

e Anti-symmetrized Molecular Dynamics (AMD)
Joog

W(Z) = ALl
Ui = 67 Z) xilo7)

2 z 1
ol7i9) = (X tenp (—utr— 41
x exp(—u(f'—ceri/Z- (F—J}/h)
> - T Loz
2 \/;zdz + 2h\/7@ kz
oddboodd — goggn
- _ (V]iho/ot — H|U)
(V]w)
d 0L 0L oOH
— — —— = .hcioz' i3 = — a,0=x,y,2
dt 9z, 0z o 825 0Ziq gz
82
Cinipg = — log det B
P 0,2@-@02]-5 06 ¢

Bij = (Wil = exp(Zi - Z;) 677
0000000000 (B =6;exp(Z; - Z,)0

dd; _on  dk __OH
dt ok, dt  ad,
— Quantum Molecular Dynamics (QMD)




e AMD 0O OOOONO

zi=(di,k;): 00000 — wy = (r,p): (0DO0O0)DODOO
wi:\/@ij'gj ,  Qij = Bj Bj_z'l

Example;

<L> = ZBjil Bij —~Zj X Z, = Z—wl X w; = ZTZ' X Di
1] )

AT A — g — = = — — 1 —
(@'a) = Y B;;'BjZj - Z =W - W; =S VT - T+ —5 P - P
ij i 4h°v

[ i 1

—w 0000000000000 ooooboooog
oogon

Collision Procedure in AMD

Z Z
Transf. l Inv. Transf.]
w —m— W

AMD O0O0OO00OoOooo

*0000000000000000
» 000000 with Pauli blocking
*Event 00000000 00O0OO0O0O0O

0o

00000 =00ubouooooggooJrgoooon
0d

> ooooogob: oooooogo
*x000000000: derivation 000000 (DOOOO)
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Lattice Simulation
Gauge in Astrophysics
Non-Equil.
| '\\‘ Large Scale
Field Theor. Quantum

Nuclear
Simulation

Well Known Int. l ‘ Res. Int.

Molecular Dynamics
in Atomic Physics

O0000=(0)0b000o0oooooood

—(000000000)00000 (- 0000)
U2 = (A)l|o(r; Z)) (Z; 00000 ~0000)

+ 000000000000 0000000 («-000)

(U y|ihd /ot — H|V ;)
(Wz|Wz)
OH . OH (U, |H|W )
P = - H =
( (Wz|¥z)

oP’ OR;
(R=R(Z),P=P(Z)00000)

L =

+ 000000 (~0000,0000,0000,000 ...)
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Ono, et al., PRC47('93),2652; PRLGS(’92)2898.
o lCH+2CODODODODOOOOOOOOOOO

12G (28.7 MeV/u) + 2C

He
103 oM

Total Cross Section [mb]
S

0 2 4 6 8 10 12 14 16
Mass Number

Calc.; Solid lines, Exp.: Dashed lines
DO0d0dddooooooooooooooooo
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Y.Nara, Ph. D., March 1996.
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SNP99, Feb. 19-22, 1999, Seoul, Korea

A-A interferometry in (K—, K) and AA reactions

A. Ohnishi4, Y. Hirata?, Y. Nara?,
S. Shinmura®, Y. Akaishi”
Hokkaido U.4, JAERI®, Gifu U.¢, KEK-IPNS”

1. AA Interaction: How can we get it 7
2. AA Inv. Mass Spec. — AA Int.

* IntralNuclear Cascade model + Correlation

* Comparison with Nijmegen Models
3. Do Two Lambdas Bound 7

* Double-well Structure
* A\ Correlation at AGS, SPS, and RHIC

4. Summary

Refs. of Ours
(K—,K™) Nara, Ohnishi, Harada, Engel, NPA614 (97), 433

AA Nara, NPA638 ("98), 555¢; nucl-th /9802016
Nara et al., to be submitted.

Corr. to nn Int. Slaus, Akaishi, Tanaka, PRep. 173, (’89), 257.

AA Int. Ohnishi, Hirata, Nara, Shinmura, Akaishi, in preparation
Hirata, Ohnishi, Ohtsuka, Nara, in preparation



AA Interaction: How can we get it 7

* IMPORTANT
Baryon-Baryon Int. with SU/(3),

Double Hypernuclei, H particle, Neutron Star, ...

x but DIFFICULT to measure

o Double Hypernuclei — 3 events/35 years, Only 15

o Scattering Exp. — Compact Collider
e Enh. of A-A Inv. Mass Spec. at Low E.

Ahn et al. (KEK E224 coll.), KEK Preprint 98-24, 1998; PRL, in

press

e Two-Particle Momentum Correlation
— Source Func. + Relative w.f.

|\|I|2 : Relative w.f.

S : Source func. A \

P : Correlation

P(p, b, ) =\ dxidx2S (P 1:X1,P2:%x) W (Kr12)f

— — — = = — — " 1—» —
12="m —Ty+ P(ta —t1)/2m , P =7pi+ps, k’:§(p1—p2),

W. G. Gong et al., PRC 43 ("91), 781.
Slaus, Akaishi, Tanaka, PRep. 173, ('89), 257.




Is there any reliable source function ?

— INC

40 F

80

d26/dQ/dp/50MeV/c (ub/sr )

: Nara,Ohnishi,Harada, Engel, NPA614 (97), 433.

30 |
20 F
10 |

0Ff

1100

] 50

60 |

40 |

1100

K" momentum (GeV/c)

3150

1200



Source Func. = IntralNuclear Cascade

Nara,Ohnishi,Harada, Engel, NPA614 (97), 433.

+

Quasi Free K

K

Heavy Meso

Two Step
‘-

e KX Production Mech.

Quasi Free KN — Kt=(
Heavy-Meson K N—-MYM—K KT
(Gobbi-Dover-Gal) MN — K*A
(M = ¢, fo, a0)
Two-Step K°N— MY® MN — K*Y®
(M =m,m,p,w,n)

e Baryon-Baryon Collision
x NN — NN, NY — NY' (ND)
* ZN — AA (ND, r.=0.5 fm)

e Mean Field Effects

* UA = —30 Me\/, UE = —10 MeV
Uz = —16 MeV (Fukuda et al. PRC58 (98) 1306)



K7 Spectrum in “C(K~, K1)

_ K™ Spectrum 1ZC(K_,K+) |
S JE KEK E176

=10 |

0 : : ; o
+Corr.(rg10a) "°C(K ,K*AY)
KEK E224

d°o/dQ/dp, (uo/sr
A

OO = N W B O

AY

¢,

0.5 0.75 1 1.25
K™ Momentum (GeV/c)

e INC results of (K, KTAA)

* Underestimate of around 3 b (P(K") > 0.95 GeV /c)

* Two-Step Processes are dominant even in QF region.



A-A Inv. Mass Spectrum

120K K+AA) PK+ >0.95 GeV/c

S 25

> E224 o
= o | INC — |
ﬁ. INC+Corr. ——
= 15 (trg10a)
?3:_ o0

= 1 | [le )
S ul

S 05 | :
a .

Q -_q_l-'_~|_._,_5
C\.lb O | | | | |

o 0 30 60 90 120150180,

AA Inv. Mass -2 M, (MeV/c?)

e INC results

* Underestimate (~ 3ub) at Low My,

* Reproduces at F,, > 50 MeV ... Source Size < 3 fm
e INC-+Corr. results

* Attr. AN Int. — Fast Growth of W.F.
— Enh. of Inv. Mass Spec.



Extracted A-A Interaction

e *-Fit within Two-Range Gauss Interaction
pr o s v Vs a rs X°  B.E.
(fm) (MeV) (fm) (MeV)
trg06a 0.6 0.45 -900 1440 -4.4 1.6 0.34 U.B.
trg08a 0.8 0.45 -230 470 -5.0 1.8 0.36 U.B.
trgl0a 1.0 0.45 -105 200 -6.2 2.0 0.39 U.B.
trgO6b 0.6 0.45 -950 1310 7.5 1.2 0.37 0.72
trgO8b 0.8 0.45 -270 410 8.5 1.3 0.40 0.56

trglOb 1.0 0.45 -135 210 11.5 1.6 0.43 0.29

41 Bound |
3 :
£
=2 :
LGJ

. |Nscss _

2 —
o DOF=05
-0.8 -0.4 1 0 0.4
1/a (fm ')

Comparison with Nijmegen Models

* ND with r. = 0.5 ~ 0.52 fm < trgl0a
* NF with r. = 0.46 fm < trg06a
* NSC98 with M,.,; = 920 MeV



Does A-A System Bound ?

e Corr. Formula + Long Wave Approx.
— Enhancement Factor

P(p1,p2) = 2 F(k) P.(p1,p2)
Pop1,p2) = [ d'zyd*ey S(py, 1, Do, x2) |

F(k) =

sin(kb + 5())2 L0 (1 CL)Q 12

: ? — 5] —C
sin kb b

a: scattering length, ©0: intrinsic range

— Double-well structure: a ~ b(1 + \/F(0))

TRG10b
(B.E. = 0.29 MeV)

TRG10a




e How to Distinguish Them ?
— Use Reactions with Different Sourcg Size,
covering the region around Scattermg Length.

15 “C(K"K") Reaction (Source Func. = INC) |
. |TRG10a 001 TRG10b

(©) .

510

(@]

<

L O

=0

ryo (fm)

15 Heavyl-lon Flieactilon (Slource Func. = J,IAM)

ryo (fm)

TRG10a

iy
(@)

W. F./Source
(@)

—
oo

|
AGS, Au+Au TRG10b

—
(@)

W. F./Source
(@)

o

6 9 12
ryo (fm)

JAM: Y.Nara, NPAG38 (98), 555¢; nucl-th /9802016
Y.Nara et al., to be submitted.



@ Particle Correlation in HIC

AN

singlet:triplet

Indep. Particle Source —1:3

- 2
CdP dxydx, S (P 1,X1,P2,%2) W) (K1)

C(q) =
gdp dX1dX2 S (p1!x1 5p2 ,X2)
py=P2+q p,y=P2-q
60 _AA Correlation Function 3
"2C(K K AGS, Au+Au
40 | | 5
E\g\.a_a;aa--< 5
O
20 1
0 0
SPS, S+S RHIC, Au+Au
2| 1 trg-a (no bs) —e—] 2
trg-b (with bs) —&— )
@)
1 1
O o & 1 0
0 20 40 60 80 0 20 40 60 80 100

q (MeV/c) q (MeV/c)




Summary

1. Source Func. (INC) + A-A Corr. (Inv. Mass Spec.)
— A-A Interaction

(We can use HBT INVERSELY)
2. Extracted A-A Int. at y? Local Min.

* Best Fit Parameters: No Bound State.
—a~ =5 fm, rog >~ 1.8 fm

* Double well structure
— We cannot exclude a > 0 (bound)

x x?/DOF ~ 0.4: Large Error Bar of Data
3. A-A Interferometry in (K, K*) and AA Reaction

Source Corr.
(K=, K*)| Small, Dyn. Corr. | Large
AA Large, Indep. Small

*x (K~, K") Reaction
¢ One-Dim. Prod. Mech. + Small Source Size
— Large Enh.

* Relativistic Heavy-Ion Collision
e Indep. Prod. Mech. 4+ Large Source Size
— Corr. Func. is Available through Exp.
— Covers Scat. Length Region of Small B.E.



¢ Remaining Problems

1. Resonance of AA-=N Coupling or “Py(AA)
c.f. Oka-Yazaki ’84, Shinmura et al.

2. Assumption in this work

(a) Spin Singlet dominance

(b) Only the L =0 partial waves are distorted.
... Odd partial waves «— Spin dist. in >?C

3. Other Hyperon-Hyperon Interaction
.- AX7, YT (BNL-E906)

4. Mean Field Effects in AA Collision
.-- Flow at AGS and SPS energies (P.K. Sahu et al.)

5. Small Yield of Low Energy AA in AA

6. Evaporation from Hypernuclei in (K, K7) Reaction.



Branching ratio change in K~ absorption at rest and the
nature of the A(1405)

A. Ohnishi (Hokkaido U.)
Y. Nara (JAERI)
V. Koch (LBNL)

1. KN interaction < A(1405) puzzle

* Repulsive
--- Experimental data
(Scattering & Kaonic Hydrogen)

* Attractive
-+« K~ A optical potential

--- Boundstate picture of A(1405) may solve it.
2. Mass shift of A(1405) in Medium

*» Boundstate Picture of A(1405)
x Mass shift of A(1405) from Pauli blocking

x I =0 (A(1405) channel) and / =1 interference
— Branching Ratio Change

3. Comparison of Two Scenarios of A(1405)

* Stopped K~ Reaction
*x (K~,n77) and (K~ ,7") Spectrum

4. Summary

+* Phys. Rev. C, in press; Eprint nucl-th/9706084



K N Interaction: Attractive or Repulsive

(?

e Repulsive (Exp. in KN)

x Low Energy Scattering — ag-, ~ —0.15 fm
(Martin, NP B179 (’81), 33)

* 1s Energy Shift of Kaonic Hydrogen — —323 eV
(Iwasaki et al., PRL 78 ('97), 3067)

e Attractive (Theory, KA)

*x Kaonic Atom (not hydrogen)
21h?

Un(K~A)=ap+0p° # — ——ag-n p
e
(Friedman et al., PL. B308 ("93), 6)
50 T T T T T

% i
=3
=) ]

450 oot o

--- How can we solve this problem 7

— Boundstate Picture of A(1405) May Help it.



A(1405) Puzzle
e /\(1405) Resonance

x* [ =0,J"=1/2" (S-wave)

x Just below KN threshold (1432 MeV)
— Repulsive contribution to Scattering Length

e Two Pictures of A(1405)

1. A(1405) ~ 3¢

2. |A(1405) >= |KN > +|X7 >= Boundstate of KN (Dalitz
et al., PR 153 (767),617, Siegel and Weise, PR C38 (’88),2221) «>
Difficulty in ”pure” quark model for A(1405)

(c.f. Hamaie, Arima,Masutani, NP A591 ('95), 675)

1. 3q Picture (MF)
A (1405) = d

2. Bound State Picture (KF)

K n X K

\4 \4

z N

Pauli blocking in Matter —> Upward Mass Shift

—> Attractive K N Int.
+ Branching Ratio Change




Branching Ratio Change in Medium

Mass (GeV)

Mass shift of A(1405) T T T
1.49 . : : — p=0, P,=0A
1.48 1 - - p=py/2, P5=0
1.47 b P,=0 1 = ST =1
1.46 I <N
1.45 | 0.2 GeV_..-~~ I
a
144 b L 1 2
143 - - . =
142 - 2 G 4 GeV |
1.41 E . . !
0 0.05 0.1 0.15 . 1.55
Density (fm™) E (GeV)
50 T T T T T
MFD T Re(U)
Diagonal
] ... Attractive Pot.
.| Off-Diagonal
150 fom” K-7"C ... Branching Ratio
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Two Scenarios of A(1405)

1. Model MF: A(1405) ~ 3¢

* Martin’s Amp. w. Fermi ave.+B.E. Corr.

* No Medium Effects on A(1405)

x Br. Rat. in >?C(Stopped K, 7): Y 7" > Y"1
2. Model KF: A(1405) ~ Bound State of KN

*x Koch’s Amp. with Pauli blocking in A(1405)

(Koch, PL B337 (’94), 7, Waas et al., PL. B365 ('94), 12
Staronski et al., J.Phys.G13(’87),1361, Masutani, NPA483(’88),565)

*x Density Dependent A(1405) Mass
x Br. Rat. in ?C(Stopped K, 7): Y 7 < X'7n~

Stopped K~ Reaction

(Exp: Tamura et al., PR C40(’89),R479, Kubota et al. NP A602(’96),327
Theor: Nara et al., PL B346(’95), 217; INS 23,
Staronski et al., J.Phys.G13(’87),1361, Masutani, NPA483(’88),565)

e Advantages

1. I = 0 Branches are dominant --- A(1405) Tail

2. A lot of Exp. Data
(K~,7) on various nuclear targets

3. Spectrum is sensitive to B.R.

4. Slow A(1405) is produced.
e Disadvantages

1. Reaction processes are complex.
>; conversion to A, 7 rescattering
— Monte Carlo Simulation



e (K—,m~) Spectrum
(Exp: Tamura et al., PR C40(’89),R479)

* Components of (K~,77) Spectrum

T
10 k Exp. — 4

150 200 250 300
© Momentum (MeV/c)

* Comparison of Two Scenarios
--- Model KF is slightly better.

150 200 250 300
n Momentum (MeV/c)



e (K~ ,m") Spectrum
(Exp: Kubota et al. NP A602(’96),327)

T comes from

QF (Kp— X7
or WD (K p— X"n X" — 7'n)

T

x Components of (K~ ,77) Spectrum

10 I I I I I I I I
— Exp
) Total
S 8r QF 7
§ WD(Mo.) ———
— 6 I WD(St.) -
co\ QF on p—
o
4 _
12 i
S :
a3 2 _
@) B

0 bt—-1r A ey \ L

120 140 160 180 200 220 240 260 280
" Momentum (MeV/c)

* Comparison of Two Scenarios
--- Model KF is much better.

8 ! ! ! ! ! ! L !

120 140 160 180 200 220 240 260 280
" Momentum (MeV/c)



Summary and Future Work
e Summary

1. A(1405) mass shift induces
LARGE Branching Ratio Change
at finite p (UTn~ <« X7 ).

2. Stopped K~ Reaction
(KT, 7)),

Various QF (KN — Y77)
+ Various WD (K"N — Y7,Y — 1~ N)
* (K~,7m"); Clean Reaction
QF (K7p — X7
+ WD (K p—XTn X" — nfn)

3. Boundstate picture gives better description,
especially of (K, n") spectrum.

e Future Work

1. Remaining differences from data
* Final state interaction 7
.-+ Y conversion, 7w absorption ?
* More mass shift ?
*x B. E. corr., or A(1405) potential ?

2. Direct measurement of mass shift
K~A — wA(1405) (Magic momentum)
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S 1F g8 A4 _
n -
L _.g}:j}:»‘f‘
0 L& A | | |
0 1 2 3 4 5

Temperature = 1/B
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# exp(—FH)

e U 000000 O0OOOoOOOOOOOO

—

*Ws(Z) OOOO0O0O0O0OO0000000000000
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{q} = {r,p}, M = g - g : Mobility Tensor
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e Yt _ wMr. 2L D . oD

dt or op e

dr OH oOF

el hlithd - M. 2 T

dt op or e
Oogood Drift Diffusion

— 0000000000000 =(0ooo)ooo !



Jdoboboboooooodt

e U UIDDOON

20 y= ;BTr (0 exp(—BH)) = 7}/3 [ dr Wiy(Z) 04(Z)
<\PZ(6/2>’OA‘?Z(§/2)> £(0)
Ws(Z)

04(2)

[V2(6/2)) = exp(—BH /2)|Vz)
*700000700 [Wg(B/2) 000
0000000 Weighted average
*'H5<H:
—dJO00o0o00ooooooooooooon
Odooooooooo

e LD DOOOOOOOOOOOOOOOO O
00000 =000000 »=6hr/20000

dfp__QAp%?iH dr  2Ar* OH
dr h op ' dr h Op




AN

000000000 (Uy|exp(—B8H)|V,) O

o 1L UDIN

L 00O L

F(Z) = —log{(Vy|exp(—BH)|U )} ~ BH — 30?2

ot = (H) — (1)’

. T=1/8<c?/HO00 (B—occ000)

o [101010J

dF(Z)
dp

— Hy ,

dH,;

a3 —0% <0 (Exact)

«H; 0 00000

~JO0000o0ooo0bobooobooboodond
HﬂHEgs(ﬁ_)OO)

Hp
D

Y
Y

(H o Eg.s.) eXp(_ﬁD) + Eg.s.
02/(H — Eys)

e U UUUOUOOOODOUODLDOULOOUOLOOON

o*(Z)




Soluble Example

e One Particle in a Harmonic Oscillator

~2 242
AP mwr
H pu—
2m * 2
H=hwZZ p2+mw2T2 Z =\vr+ P
=hwZ 7 = = \/ur
2m 2 2h+\/V
D(Z) = (Z|H? = H*|Z)/H = hw
= - R . 1 — e—ﬁﬁw
WilZ) = (B ewl-p)|Z) = epl-aph) [0 =1 <]
CHRY= L oW Z) =L ST
= Z; 5 4
---w.0 Distortion = Wrong !
. 1 - - hw

.-+ Larger Fluctuations + Intrinsic Distortion = Exact

e Fermions in a Harmonic Oscillator
(A.O. and J.Randrup, NPA 565(793),474.)
Harmonic Oscillator

I | |
AMD  +

5 T

K AMD+HA o
£ 4  Classical 8
S Quantum - o8 Even with AntiSymm.,
> 3r - Er=T=1/3
ks without o7 Effects
c 2 g A=1
S o A\ Y
o] P =
5 1f ,,,;;;;;;8“ A=a | Improved by H.A.
- g incl. A-dep.
0 L& I I I
0o 1 2 3 4 5

Temperature = 1/p



Statistical Properties of Nuclei

( A.O. and J.Randrup, PRL 75('95),596;A0P 253(797),279;

A.O. et al., Proc. NN97, NPA| in press. )

% Equilibrium in a Sphere R = ryA'/3
(7“0 = 2.0 fm)

x* AMD w.f. and H (Volkov)

* Harmonic Approx.

* Metropolis Sampling

e Caloric Curve

20 T T T T T T *
2 15
=
o
=210
o
()
o
S 5
l_ 7
ot
0 5 10 15 20 25 30
Excitation Energy / Nucleon (MeV)
e Heat Capacity
Heat Capcity of 126 (ro = 2.0 fm)
e T aw
o5 L LD with Finite T _
e Free Gas
ffffffff Canonical
2 —
<C [ J
(\)> 1.5 :i
TE 8 i A T -
0.5 R
ol
0 5 10 15 20

Temperature (MeV)

35

G: T=2(E/A—2) MeV

2
3
L: T=2/E/A MeV

Multifragmentation 7
Canonical
— upto 9-body



Thermal Fragmentation of Nuclei

(A.O. and J. Randrup, PL B394(°97), 260)

* Equilibrium in a Box with Periodic B.C.

* Time-Average by using QMD (Gogny) +Q.L.
e Mass Dist. at Fixed T



Multiplicity

Nuclear Mass Spectra in Box (p=0.01

N |

| |
Grandcan.
Q. L. o
C. L. a ]

10!
10°
107
10
10°
10
10!
10°
10
10!
10°
107
10
10°
10
10!
10°
107
10!
10°
10
10
10°
10
10!
10°
107
1072
1073

T=10 MeV  —

T=9 MeV -

%, T=8 MeV

0 10 20 30 40 \/

Fragment Mass

e Critical Properties

Y(A)= a exp(-u A)/A

3

Exponents
N
o




Quantal Langevin Equation at GGiven E

e Equilibrium Distribution --- Q. Microcan.
beq(Z) = exp(=F(2)) = (Z|D(E = H)|Z) # 6(E ~H)
e Fokker-Planck Equation: ¢.,, = Static Solution

Do(Z:t) OF 0 _

M = g-g: Mobility Tensor

e Equivalent Langevin Equation at Fixed F
p=1f- /M- (v-u + g'¢",
r=v + M -f + g ¢,
Drift Diffusion

* Effective Inverse Temperature:

g, =7 o HF
"TonT o2

--- Drift Term Acts as a Energy Recovering Force

(Harm. Approx. to (Z|6(E — H)|Z))

* u : Local Collective Velocity ~ Classical

*x < G(t)G(t') ==26(t — ') : White Noise

e Intrinsic Distortion of Wave Packets ---/6(E — H)|Z)

Canonical-type Distortion is used.

dp B 2Ap? dr  2Ar?

_ _ _ £
dr b vows =y

until ‘H = E before making an observation




Soluble Example

e Distinguishable Particles in a Harmonic Oscil-
lator
(A.O. and J.Randrup, AOP 253(’97),279.)

* Number of States = Phase Volume
E+N—-1) I'(E+ N
o) - XN NELN)
E! (N —1)! ['(E+ 1)I'(N)
1 0
T = 87E IOg(Q(E))
* Harm. Approx. to (Z|6(E — H)|Z)

HE

pe(Z) = (Z|0(E - H)|Z) =~ " T(E+1)

* Quantal Langevin Model

1 1 - - -
/ deE(Z) ﬁE(Z) ~= ﬁE(Z> = Time Average

T QE)

Temperature of MC Ensemble
4 ‘\ | \ | |

|
=x QL
\ MC
o s Canonical
S Classical

B:(Tempera’[ure)'1
N
|

0 0.2 0.4 0.6 0.8 1
Energy/Particle



Multifragmentation from Au+Au (I)
— IMF Multiplicity

&-© » w60
@ "'
e MSU/ALADIN Data — Emc and b-dependence

M.B.Tsang et al., PRL 71 (793), 1502.
A.O. and J. Randrup, PL B394(’97), 260.
T.Maruyama et al. PTP 98(’97),87, Barz et al. PLB 359(796),261.

IMF formation in Au+Au collisions
E/A=100 MeV E/A=250 MeV E/A=400 MeV

before Stat. Dec.
T Exp. ——
QMD < |
+QL —-—

—h

<Nmg>
—
O N A OOOOO O N MO OO

i after Stat. Dec. i

<Nmg>

2 4 6 8 10
b (fm)

* Exp.: bjyy sort = PM, 3 < Z;,,r < 30
* Calc.: QMD, Gogny+Pauli, No Det. Eff. is incl.

— Dynamically Produced Fragments are cool enough
to Survive Statistical Decay in QMD-QL !



Multifragmentation from Au+Au (II)

— Comparison with New Data
e FOPI Data b-dependence at E;,,—400 MeV /A

W. Reisdorf et al., NP A612 (’97), 493

IMF Multiplicities, Au(400 MeV/A)+Au

) | " FOPI e
Cal.: after SD QMD -
6 no filter QL - -
A
3 -
Z
Y,
5 | i
O i I I I

b (fm)

*x Exp: bipy sort = ERAT, 3 < Z;,,r <15
* Calc.: QMD, Gogny+Pauli, No Det. Eff. is incl.
* QL(clst): with Cluster-Cluster coll.

— Flatter b dependence with ERAT sort



e Cluster-Cluster Scattering

Danielewicz and Bertsch, NP A533 ("91), 712: (d, t, h)
Ono et al., PRC 47 ('91), 2652: (Na)

Y. Nara et al. PL B346 (95), 217: (K~ a — 73 H)

* Black Disc Ang. Dist. &
are assumed

* Seed of IMFs
* Only Os clusters are considerec

X Cluster-Cluster (or N) Scattering

e Light Charged Particle Multiplicity

-+ Large underestimate for A=3

Multlpllmty Rat|o Calc /EXp.

Multiplicity Ratio

COOO0OO0O0O00OO0O

8
4
.6
=
4
3}
2
N
]

50 200 250 300 350 400
Incident Energy (MeV/A)



Charge and Mass Distribution

e Heavy-Ion Collision: Non-Equilibrium

Au+Au, Central

5
104 . FOPl —e—
107 £ & QMD .
103 F 2 QL - ;
o [ N QL (clst)
2 10 FA, "% 400 MeV/A x 10% ]
=} 100 i 0 ]
5 107 f e .\ ]
= 10 N Ry :
107 | g ]
107 | ]
10_4 - ' ' . ' . *
0O 2 4 6 8 10 12 14
Nuclear Charge Z

e Statistical Sampling: Equilibrium
Mass Dist. in Box (p=0.012)

o Grandcan.
Q. L. o

0 10 20 30 40
Fragment Mass

— Are fragments produced after equilibration 7



Density Evolution in Au+Au Collision

Au(150 MeV/A)+Au, QMD

Au(150 MeV/A)+Au, QL

t=0 fm/c | t=20 t=40 t=0 fm/c t=40
®
t=60 t=80Q t=100 t=60 t=80 t=100
o A2 e O%. o Oo QOO ° 8
p & &l e & g
¥ gg? : Aﬁf ot ©e
t=120 t=140 t=160 t=120, t=140° t=160
26 5o . ¥ R
Q%6 - ° o .
o) R K S ©
o o M o @ o] ) o) ° ©

Au(400 MeV/A)+Au, QL

t=0 fm/c t=10 t=20 t=0 fm/c t=10 t=20
OB

t=30 t=40 t=50 ] t=30 t=40 t=50

t=60 =70  1=80 | t=60 , [t=70_ t=80.




Density and Temperature
at IMF formation

e Average p-1" at Fragment Formation

Au+Au, QMD, +QL

20
QMD, 150 MeV/A o
QMD, 400 MeV/A 0 4
15 L +QL, 150 MeV/A |~
+QL, 400 MeV/A~"'m
Eine <p= T T =

(fm™%) (MeV) (MeV)
LCP 0.08 9.3 5.8
IMF 0.06 5.3 1.9
LCP 0.09 11.0 7.4
QL

IMF 0.07 3.2 0.6
LCP 0.11 16.3 12.4
IMF 0.06 5.1 1.7
LCP 0.09 12.3 8.7
QL

IMF 0.07 3.9 1.0

150 MeV/A QMD

400 MeV/A QMD

In Average, IMF’s are seems to be made
in the spinodal region...



p-1" Evolution in Au+Au Collision

20

0 0.05

Au(150 MeV/A)+Au, QMD

IMF Form. Points
IMF Ave. Traj;;
Tot. Ave. Tral:

p(fm™)

Au(400 MeV/A)+Au, QMD

* IMF’s are mainly formed

during re-compression stage

— Time-Dependence

20

Au(150 MeV/A)+Au, QL

IMF Form. Points
IMF Ave. Traj.~

in Unstable Region of Nuclear Matter
if Quantum Fluctuation is incorporated.




Light Ion Induced Reaction — AMD-QL

Hirata, Nara, Ohnishi, Harada, Randrup, submitted

e Proton Induced Reaction at 45 MeV

N
L] IF

AMD AMD-QL(g,=0.4) 1

—_ -1
o O O
N W
T

= 10" F

o

N W b
..Fﬂ.

—_ —i - —
O_LOOOO
b |

Cross Section (m

—_
o
o
M

AMD-QL(g(=0.3) Model Comparison 1

—h
o

N
b |

—k
o

N W
T

o

—_ -1
OO_LO
M

4 6 8 1012 2 4 6 8 10 12
Fragment Mass Fragment Mass

N -

* Sufficient Fluctuation Strength
— Fragments are produced at low excitation

DYNAMICALLY



e = Absorption at Rest

Single H\(perlnucllei

Doublle H\I/pecnucllei

102 N 1 T T
10
10°
107
1075

N

10

Formation Prob. (%)
S
o

1 | B I | I I

I | I | IR | |
AMD-QL (g,=0.3)

10° AMD-QL(g,20.5)
I A

T -

i AMD-QL(g,=0.5)

1 1 | i | I | I | I

N | | N | R | I

2 4 6 8 10 12
Fragment Mass

*x Fluctuation Effects can be foun

2 4 6 8 10 12
Fragment Mass

d

even in the Major Channels



SUMMARY & OUTLOOK
e Quantal Langevin Model

* Based on the energy fluctuations of wave packets,
which are not energy eigen states.

* Dynamical Relaxation to Quantum Stat. Equil.

x Larger Fluctuations (Quantum & Statistical)
+Intrinsic Distortion (Smaller Excitation Energy)
— Enhancement of Stable Dynamical Fragments

e Achievements

a. Caloric Curve (Liquid — Gas)
b. Thermal Fragmentation (Critical behavior)

c. Dynamical Fragmentation in Light-Ion
Induced Reactions (Proton-Induced, == Absorption)

d. Dynamical Fragmentation in Heavy-Ion Collisions
(Au+Au, 150 ~ 400 MeV /A)

e p-1" at Fragment Formation

* LCP --- all the region of p-T

* IMF - - - mainly formed during the re-compression stage
in Unstable Region of Nuclear Matter
Exception: 400 MeV /A w.o. Quantum Fluctuation

¢ Remaining Problems

* Mobility Tensor M cannot be determined only from
stat. requirements.

» Light Charged Particle (LCP) formation (d,t,°He, «)
Underesitmate by a factor of 4 ~ 10 for A =3
— Coalescence ?



HIC@AGS Energies, Ohnishi 1

July 17, 1999 @ TITech Workshop

Heavy-Ion Collisions at AGS Energies
— Particle Production Mechanism and
Baryon Flow —

A. Ohnishi Hokkaido Univ.

1. AA Interaction: How can we get it 7
2. AN Inv. Mass Spec. — AA Int.

* IntralNuclear Cascade model + Correlation

* Comparison with Nijmegen Models
3. Do Two Lambdas Bound ?

* Double-well Structure
* AA Correlation at AGS, SPS, and RHIC

4. Summary

Refs. of Ours
(K—,K™) Nara, Ohnishi, Harada, Engel, NPA614 (97), 433

AA Nara, NPA638 ("98), 555¢; nucl-th /9802016
Nara et al., to be submitted.

Corr. to nn Int. Slaus, Akaishi, Tanaka, PRep. 173, (’89), 257.

AA Int. Ohnishi, Hirata, Nara, Shinmura, Akaishi, in preparation
Hirata, Ohnishi, Ohtsuka, Nara, in preparation



Nara et al.(JAM collab.), nucl-th/9904059

Elementary Cross Sections
e VN Total Cross Section
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e Resonance/String Formation Cross Section
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Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e Pion Production Exclusive Cross Sections
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Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e (Generalized Detailed Balance
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Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e Pion-Nucleon Cross Sections

7" p cross sections

Exp. tot.
o  Exp.el
total

................ elastlc
———— elastic t-channel

T p Cross sections

o Exp. tot.
o  Exp.el
total
................ elaStiC




Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e KN Cross Sections

K™ p cross sections

150 I ;
! Exp. tot. ]
- Exp. el. ]
- | total ]
100 k- l g elastic ]
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b | -
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K ™ n cross sections
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Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e KN Cross Sections (Hyperon Prod.)
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Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e KN Cross Sections
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Elem. o: Nara et al.(JAM collab.), nucl-th/9904059

e KN Cross Sections (Res. Exc.)
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pA ~ Si+Au; Nara et al.(JAM collab.), nucl-th/9904059

e Rapidity and My Dist. in pp Collisions
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pA ~ Si+Au; Nara et al.(JAM collab.), nucl-th/9904059

pA ~ Si+Au Collisions

e Proton M7 Spectrum

proton distributions
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pA ~ Si+Au; Nara et al.(JAM collab.), nucl-th/9904059

e VM1 Spectrum of Pions
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pA ~ Si+Au (Glauber); Nara et al.(JAM collab.), nucl-th/9904059

e VM1 Spectrum of Kaons
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pA ~ Si+Au (Glauber); Nara et al.(JAM collab.), nucl-th/9904059

Glauber-type Calc. (No Rescatt.)

e Proton M, Spectrum
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pA ~ Si+Au (Glauber); Nara et al.(JAM collab.), nucl-th/9904059

e VM1 Spectrum of Pions
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Positive pion distributions (Glauber type calculation)
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Negative pion distributions (Glauber type calculation)
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Au+Au; Nara et al.(JAM collab.), nucl-th/9904059 15

e VM1 Spectrum of Kaons

Positive kaon distributions (Glauber type calculation)
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Au+Au; Nara et al.(JAM collab.), nucl-th/9904059 16

Au 4+ Au Collisions at AGS Energy
e Proton M, Spectra
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Au+Au; Nara et al.(JAM collab.), nucl-th/9904059

e Rapidity and M, Spectra
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Au+Au; Nara et al.(JAM collab.), nucl-th/9904059

e Rescattering Effects
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RBUU; Sahu,Cassing,Mosel, Ohnishi, nucl-th/9907002

FE-dep. of Nucleon Optical Potential
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RBUU; Sahu,Cassing,Mosel, Ohnishi, nucl-th/9907002

Proton Dlstrlbutlon in Au+Au Collision
100 .

dN/(2r m, dm, dy)(GeV?)

0.1

140
120
100

80

dN/dy

60
40
20

10 ¢

RBUU(3.5) —
RBUU(2.6)

CASCADE(3.5) -—+-

DATA

Au(11.6 AGeV/c)+Au s
b<3.5fm “Q ................
0 0.2 0.4 0.6 0.8 1 12
mt'mo(GeV)
- 'RBUU(3.5) — |
RBUU(2.6) -
- (b CASCADE(3.5) -+ |
©) DATA o
_2 2




(V/A\25) Abioug weag
001 O} ! 10

T T T T T T Trrr ot 1 71 T T O

- S03
-~ 6¥VYN
—v L/83
= |dOA
e JAYISVD
_—— nhnad

| P S R 1 1 | I

RBUU; Sahu,Cassing,Mosel, Ohnishi, nucl-th/9907002

Proton Sideward Flow




RBUU; Sahu,Cassing,Mosel, Ohnishi, nucl-th/9907002

Proton Elliptic Flow
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=; Hirata,Nra,AO,Harada,Randrup, PTP102(99),89 1
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=; Hirata,Nra,AO,Harada,Randrup, PTP102(99),89
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=; Hirata,Nra,AO,Harada,Randrup, PTP102(99),89 3

Light Ion Induced Reaction — AMD-QL

Hirata, Nara, Ohnishi, Harada, Randrup, PTP, in press

e Proton Induced Reaction at 45 MeV
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=; Hirata,Nra,AO,Harada,Randrup, PTP102(99),89

e = Absorption at Rest
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Jgoobobobooooobooodddtt

5

Twin Hypernuclei

—_
(&)
|

Dynamical

Statistical A

Dyn.+Stat.

o
o

Formation Prob. (%)

0 0.1

0.2
Fluctuaton Strength g

0.3

0.4

Double Hypernuclei

~

~
-~

~o
~o
~

|
13

AA
Dynamical
+Cascade

S 10 ‘
WL 5 1 Rough Est. -
O ] ] ] ]
0 0.1 0.2 0.3 0.4 0.5

Fluctuaton Strength g



=; Hirata,Nra,AO,Harada,Randrup, PTP102(99),89

Jgobobobobooooobooddt
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