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Development of Nijmegen interaction models
INHC-D 1977 I
NHC_F 1979 NHC = Nijmegen Hard Core
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Proposed by Th.A. Rijken
Extended Soft-Core Model (ESC)

@Two-meson exchange processes are treated explicitly

® Meson-Baryon coupling constants are taken consistently
with Quark-Pair Creation model

One-Boson-Exchanges:  Two-Meson-Exchanges:  Meson-Pair-Exchanges:

? L + Q
5 | i /E
—d

PS, S, V, AV nonets PS-PS exchange

(), (), (Twji(1n),(c0),(TK)

6

r Parameter fitting consistent with
hypernuclear data (G-matrix)
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Quark-Pauli effect in ESC08 models

Repulsive cores are similar

ESC core = pomeron + w to each other in all channels

Assuming
“equal parts” of ESC and QM are similar to each other

Almost Pauli-forbidden states in [51] are taken
into account by changing the pomeron strengths
for the corresponding channels phenomenologically

> factor ¥ gp

Important also in = N channels




by Oka-Shimizu-Yazaki
Table I1I. SU(6)¢s-contents of the various po-

VeHUAISon FiESsopin: MO BRalss . TWBI) W —abiant g
(1) V = (Lv[il] £ bv[?';] (0,0)  Vaaaa = %IV[{,H - %V[::.B]
(0.1)  Vin = gVisyy + g Viay (0,0)  Vanz=nv =3V + -V[331
(1,0) VNN = 5V[51) + 3 V]33] (0,0) Vzx xx = };‘/[511 T 7 V[33]

N
-
[

1v/ 1 ‘
( ) ?V[m] + ?‘/:[33] (0,1) Vzn=n = EWM] H- §V[33]
( ) Vaa = 5V[51) + 5V[s3] (0,0) Vxaxza= %V[Sl] + %‘/[33]
E 1/2; gzz = %Vv[sq + %‘/[33] (0,2)  Vez.sy =gV + 2Vas
| W5 B rx = 5Vp1) + 5V|33] , 5 41/
(0,3/2) Vg = AVisy + 2V (1,0)  Vanzn = gVis1) + 5V(s3)
23 51 33 1 1) Venon = 2V 4 1077
V . _V V ’ — y— 27 (8] 27
: ) 55 = 1Viay : 1; ’ N,EN _2V [r1]+ 2 (33]
: zA,2A = 3V[51) + 3 V[33]
(L,L1) Vzzzx= 33 Vis1) + 52 Viag

— —

Pauli-forbidden state in V(5 msp strengthen pomeron coupling
S+p(3Sy, T = 3/2),EN(1S,, T = 1/2), and EN(1Sp, T = 1)
ESC08a/b




VBB= aV

pomeron
BB  (S]) a :
NN (0,1) (1,0) 1.0 ?::(:ﬁsitﬂ Is::ncc nt
AN (01/2)(1,1/2) 102 most faithully
>N (0,1/2) 1.17
(1,1/2) 1.02
(0,3/2) 1.0
(1,3/2) 1.15
=N (0,0) 0.96
(0,1) 1.12
(1,0) 1.04
(1,1) 1.06
VNN = (1 —apB)Vp +appVp
[ESCOBC J = V(POM) + V(PB),
final version Vep(PB) = (wpg[51]/wnnN([51]) - V(PB).
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Quark-core and Uy / Uz problem

Us Uz
Experimentally repulsive weakly attractive
NSC89/97 attractive strongly repulsive
ESCO4a strongly attractive weakly attractive
ESC04d strongly attractive strongly attractive
ESC08a/b strongly repulsive  strongly attractive
ESCO8c moderately repulsive weakly attractive
Quark-core

effect



G-matrix approach to Hypernuclear systems



YN GG -matriz interactions in nuclear matter

Q.
Gcco = VUceg E Uee! . . A GC'CO
w—EBi—EBé-I— vy’

CI

¢= (BB, T LSJ)

Bi1By = AN, ¥N and =N, etc. Coordinaiet.
representation
Ayyl — J‘IBI +1'\[BQ _ﬂ[Bi = I‘[Bé

A 4

o0
= _ 2
Ucoey (K3 T) = Ocgey jr(kr) + 4 E / Fo, (7, 7" )Veyeo (P ) tcge, (K 7") ¥'“dr’
0
ca

F.(r,7")

_ i / > Qy(kr.q. Ky)jr(qr)ir(ar’) ¢*dg
92 2 = 2 — =
214 Jo W — (Q?Lf[y I\go T QZ_qu * DB1 (A"B1) £ UBQ ("*BQ) 5 Ayyo)

G-matrix interaction depends on K; (or p)




Intermediate-state (off-shell) spectra
our calculations

off-shell poten’ual taken contmuously from on-shell potential

Gap Choice (GAP) :

no off-shell potential
working repulsively

ey (ky) +en(kn)) | kykn)

@ rearrangement effect

Uy (ky) = (1—rn) Y (kykn | Gyn(w =

kx|
— N'N)

Ky = — 2 po(NN' | 2an@) | NN
] i
'\/\_O +
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Folding potentials derived from nuclear-matter G-matrix interaction
G-matrix folding potential

* N-A & A-A scattering problem
folding of G(r; o, E;;) = very successful
many works including FSY papers

*Nuclear bound states with density-dependent interactions
DDHF with G(r; p) € G(r; p,w) : @ determined self-consistently

in nuclear matter

*Y-A bound states with G-matrix folding potential
folding of G(r; o) € G(r; p, Ey) : Ey determined self-consistently
assuming ky=0 in nuclear matter

h2k2
v (ky) = 2:\1:-

+ Uy (ky)

*Toward Y-A scattering problem
folding of G(r; o, E,)



Coordinate-space G-matrix interaction

Effective local interaction
Averaging for V(r)(ug(k;r)/j(kr))
7 I R2dEW (k; kp) i (ke )in(kr) e, Ve (r) aee, (k)
GL’S’.I,.S‘("') = CP TR TN T.
[R=dk W (k; kp) gr(kr) jp(kr)
== Fitted in a Gaussian form

For instance. effective LS Interaction V&% is given by
1 .

1 (2L-1py, 2041
2L+1)" L TMMUL{L+1)

2L+3 .,
T +1 kb

\LS L
Vi (r) = Gyt



Gaussian-represented G-matrix interactions

Gan(kp;r) = Py G “(AF-rHP G (k;7)
G (kp:1) = G§ (kp;7) + GE) (kp;7) sasn
+G1g (1) Lsa +sn) + Ghps(r) Lisa — sy)} + GF(r) Sio

where PL =1/2(1+ P,),
P, being a space exchange operator
G+ : even-state part G=) : odd-state part

Parametrized as (called YNG)

(2) - 2 / 2
Gioy(kp;1) = X (a; + b; kp + ¢; k%) exp(—1%/32)
= ke dependence

kr dependence of G\ is small, and
those of LS, ALS and tensor terms are negligible



G-matrix folding model

Uy(r,r') = Ug + U,

Uy = 6(r—1') / dr’ p(r") Vi (|r = v"|; (kr))

Uex = p(r,r")Vez(|r —1'|; (kF)) G-matrix interactions G (r;kg)
1 H e

V, = T +1)(2S + 1 =

& 22ty + 1)(2sy + 1) ;;( ) ) 51

1 _

Ve = — — > (2T +1)(25 +1)

(p) = (¢y(r)|p(r)|oy (r))
(kr) = (1.57° (p))"/®

A simple treatment B k- is an adjustable parameter

Mixed density p(ri,r2) =3; ip‘f}(l‘ 1)9;(r2) obtained from core w.f.
H.O.w.f SkHF w.f. etc.







Ux(p o) and partial-wave contributions

ESCO8a | —12.5 —-24.1 24 00 12 -33 —-15|-37.8]|1.12
ESCO8b | —12.1 -224 21 -02 13 -38 —-16|-36.7|1.17
ESC08c | —12.6 -26.3 24 02 14 -27 -1.5|-39.1]|0.96

NSC97e | —11.9 -26.1 1.7 04 26 -12 -1.1|-35.8]0.81
NSCO7t | —-13.2 =235 20 03 33 -08 —-1.2|-33.1|1.36

CONr = continuous choice & @ -rearrangement

Uso = (U(3Sl) — 3U(ISO))/12
spin-spin interactions in ESC08a/b/c between NSC97e and NSCIOTf




0o 140 (Wb/5170.25 Me V)

02y, Width =1.65 MeV
-B, (MeV)
-23.1140.10

-L -17.1040.08
-R -15.73+0.18
-L -10.32+0.06
-R -8.69+0.13
-L
-R

o0
> \©
=

) A, =1.37£0.20 MeV

1.8

16

) Ay =1.63+0.14 MeV

1.4

-3.13+0.07
-1.43+0.07

(b /sr)
0.60 +0.06
L 2.00£0.22
R 138+0.19
L 510+0.31
-R 3.52+0.25
L

R

) A;=1.70£0.10 MeV

1.2

lll!!‘l‘!l‘l‘]l"l'l]'[

o
o9

) R/L =0.69+0.12

) R/L =0.69+0.06

6.87+0.33
6.79+0.31

) R/L=0.99+0.07

A » P L1 1l il
-30 -235 -20 15 -10 -5 0 5 10

-B, MeV)
A n-holel Width=3.24+0.2MeV, AE =4.1+0.1 MeV

(ub/sr)
0.18+0.06
1.83+0.14
6.17 £ 0.28

Most important data for U, !
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e EXP ESC08a

<kg> is determined self-consistently for each state (ADA)

In the case of taking constant <kp>, level spacing cannot be reproduced !!!
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Up (o) =-37 MeV for G-matrix interactions

reproducing the observed spectra of 89,Y
differently from Uyq=-30 MeV

Self-consistent treatment of the kp-dependence

is essential in order to reproduce the spectrum
[ts main origin is from AN- 2 N tensor coupling terms



Hypernuclear Production with GFM --- (#z K) reaction

d*c
dE i dS)

= [tkaxn]’

pI\'E
(27):

21; %:5(131{ + E; — E, — E) |(f|F)i))?

S 6(Ex + Ef — E. — E) |(f|F*|i)|> = —;Im
f

F = [ dr Fe)u (o)

F(r) =x

(—)*
K

(r)x:(r)

1

(i

F

z'n-> KA

1

E;;-}-E,'—E]\'—H-}-‘in

F

.




. 1 il
FE—H-l-z'nF z>

— —lIm Z / drdr’ f;::(l',) Gn’n(E; l", 1') fn(r)
T n'n

—llm <z

m

fa(r) = F(r) (n|Yn(r)i) = F(r) (A - 1L;n|Yn(r)|A)
fo(r) = ¥n(r) : s.p.approximation

w1
LA gy s s z‘n%(r)l n>

Gun(E;x', 1) = <n'

IA-1; n> :intermediate nuclear-core state



7 A aAF—)VELIUC K S (7, K) reaction

F(r) = %" (px,r) XV (ps. 1)

: 1_ z
X:(Pr,r) = exp (prr 597N fx. p(b, :f:')dz,)
" . 1 00
Xgﬂ') (Pk,r) = exp (ZPKI' ~ 50KN [ p(b, z')dz,)

F(r) = exp(iqr) exp (—%OT(b) — %AD(b, z)) = exp(iqr) I'(r, 0)
q=Pr — Pk
0= (0xNn +OKN)/2 A - (_r*v — OKN)/2

T(b):] p(b,2')d2  D(b 2[ (b, 2)d2’
[(r,0) = exp (—a/a pl(r’sin®6 + z'Q)I/Q]dz)



d’o 1 5 Pk Ex
= —|tgAxN — S(E
dEI"dQ - | K .\,: N I (27T)2'Uﬂ. ( )

S(E) = —Im Y [ drdr’ £3,(x") Gun(E;x', ) fulr)

n'n

do o knEnr
( ) = |tza.KN] (

'Ziifif iZiTFC)izijjkf
d*o 1 /do
dE.dQ T (E) S(E)




F(r) = ZL; Vam(2L + 1) i* 51,(r) Yio(2)
exp(iqr) = Z[I i' j1(gr) Yio(E)

j(r)=i%2L+1)! %;(21 + 1)(2' + 1)(101'0|L0)2 * ji(qr) T (r)

Ty(r) = % [ dtP(t) exp (—%a [~ o1 - 2) + z@)l/?)dz')

% exp (—A I p(r2(1 - ) + zfz)lf?)dz')

F = [dr F(r) ¥} (r)dn(r)
S(F) = —lImZ/dr'dr F5(2) Gun(E: Y, 1) fu(r)

m n'n
1 .

Gunl ;1) = (0 o) g ¥




Single particle approximation
a=nlm :

falr) = F(r)

usual in GFM calculations

@nl (T‘) Y;m(r

F(r) Yin(r) = ; VAT (2L + 1) jp(r) Yio(T) Yim(2)

=Y (2L + 1)\| 22/(,111 " 51 (r) (L'010|N'0Y (L' 0lm| N'm) Yan(T)

LfAf
F*(r)Y; (r) = similarly

—%Im Y (i|E*+GEF)q)

nlm

S(E)

= _%Imz Pu Y (2L' + 1)(2L + 1)(L/0l0|N0)2
L'L

nl

X j{;x ridr /OOO r2dr’ %, (') 73.(7") GH(E — eu; 7', 7) dua(7) 51:(r)




Strength

p..=1.04 GeV/c 6_,=0°
0.08
89 Y
o P
0.06- —
3
3
a
0.04- g
e
I:T'.
002- °
0,00 +——————————t

| |
-25 -20 -19 -10 -5 0
EA (MeV)

Fig. 26. Missing mass spectrum of ;'Y (KEK E369) [25].

Averaged-kg approximation
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Excitation energies and cross sections of },f’O in the (x*, K*) reaction

Peaks

BporEy
(MeV)

FWHM
(MeV)

Cross sections
2140 (jb)

#1
#2
#3
#d

By =12424+0.05
Ex =623 10,06

Ex = 10.57 £ 0.06
Ex = 16.59 £ 0.07

2.75 +£0.05
2.75 £ 0.05
2.75 £ 0.05
3.13+0.11

0.41 +£0.02
0.91 £0.03
1.05 = 0.03
1.38 £ 0.06




In 16,0 case,
it is necessary to take 1/2 and 3/2 hole states
in 190 core
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GFM calculations with G-matrix folding models

are quite successful to reproduce
experimental (7 K) spectra
when s.p. approximation is good

When many-body calculations are needed ?



Excitation energy [MeV |
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Excitation energies and cross sections of I/i1C states as populated by the (x *, K™) reaction

Peaks BporEy FWHM Cross sections
(MeV) (MeV) 095 140 (ub)
#1 By=1138+0.05 2.23 £0.06 0.25 +£0.02
#2 Ex = 4.85+0.07 2.23£0.06 0.42 £0.02
#3 Ex =9.73+0.14 { 2.23 +£0.06 0.22 +0.02
#4 Ex =11.75 £ 0.15 2231006 0.30 £0.02
#5 Ex = 1531 £0.06 2.46 £0.08 1.29 £ 0.04
#6 Exy =23.68+£0.16 220+0.29 0.33 £0.04
#7 Ex =26.37+0.11 241 +£0.17 0.76 £ 0.06




In 13, C case,
it is necessary to take Of and 2* states
in 12C core nucleus



fa(r) = F(r){n|Yn(r)|i) = F(r) (A= Ln|dn(r)A)
A> = 13C(1/2°)>
A-1;n> = 12C(0*)> and '2C(2%)>

a = <12C(0") |9 \13C(1/27)>
b = <12C(2%)[2\13C(1/27)> treated as parameter

Shell model calculations are needed !l

Coupled-Channel treatment
P20 01250 X PRg/p 2405y etc

) = b
E-TV—uy(r)  —Up()
—Un(r)  E—T —Uxn(r)

Transition densities for G-matrix folding are needed !!!
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G-matrix folding model
derived from ESC(O8c



Experimental data suggesting attractive = -nucleus interactions

=19 1 @ <2 © ®
PHYSICAL REVIEW C 61 054603 4 s T o A A
I X T T o
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r...‘i‘ ;: )
J ; 5:

50" = - O < 14°© _."s-"‘-c
E g 30 pm ‘g~ t
= 40. v
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B8 [ ’ = == 0.8 % 019
o | ,n " "y g 125
% 10 oyb{"; i b\‘mlq'v eneryy between S and C
s - llBe * A
o | . KEK-E176
\ [} [ ]
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251 . A
[ 3 sof \ H :
- = © \p__ #i
- nPW 1 I #4 Aiz 46
] - c
342 ¢ TH L '
~ % . 7 Korea event
o -
gm, B sof (A) E-+!12C — 4H+5Be+(9.91 % 0.16) MeV
i; T ¢ Bz = 3.70101% MeV
-~ 10—
: : s Ui, ® =+7C — AH+3Be" + (6.830.16) MeV
l - ,_:' _,,-"-' - ==
-80 -0 -0 -20 0 20 Bs = 0-97 +0./57
SNCHeNDRn Enongy (Nev) (C) E-+12C — AH*+)Be+(8.87 £0.16) McV
FIG. 6. Excitation-energy spectra from E885 for '*C(X K" )X Bz = 2.66131¢ MeV

U-~ -14 MeV U-~ -16 MeV

represented by Woods—-Saxon potential



Table 1: Uz(pg) and partial wave contributions with Continuous choice

ISO 351 lpl 3]30 3P1 3p2

Uz

ESCO08c
(CON)

31 —98 —01 05 17 —15
91 —76 13 10 -24 00

—4.7

Uz - in neutron matter (T=1 components only)

repulsive in higher density region !
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Table 1: Calculated values of == single particle energies E=- and conversion
widths 'z for 22 Be (!B+=7). AE; and AE( are contributions from Lane
terms and Coulomb interactions, respectively. All entries are in MeV.

EE— AEL AEC FE— <’I%>
ESC08c s|—4.31 +0.27 —2.61 248 3.01
p|—0.59 +0.06 =+  0.58 7.12
WSI4 5| —4.89 —2.71
p|—0.23 >I<

¥ Coulomb Assisted Bound state



(K-,K*) production spectra of = -hypernuclei
by Green’ s function method in DWIA

= -nucleus G-matrix folding model
derived from ESCO8¢

pk.=1.65 GeV/ic  6,,=0"

spreading width of hole-states
experimental resolution AE=2 MeV
are taken into account



MeV

= -11B potentials

MeV




MeV

[.-dependence of folding potential

'25 T T T T T T T T

MeV




ub/sr MeV

126 (k k™
0.04 -

ESCO08c

0.01 +——7—

E= (MeV)



Table 1: Calculated values of == single particle energies F=- and conversion
widths I'z for %8_ Mg (*"Al+Z7). AE, and AE. are contributions from Lane
terms and Coulomb interactions, respectively. All entries are in MeV.

E= AE, AE- T= ()

ESCOS¢ s|—8.74 +0.16 —5.95 2.75 2.91
pl—482 +0.10  x 154 3585
d] —126 4003 % 054 6.54




MeV

=-Si potentials for ESCO08¢c

-5 -
o Ug (k.=1.18)
_10' _ 7 <
i - Up (kp=1.03)
: UD (kF:0.78)

=204 _seisnociea«s
_25 T 1 I

0 1 2 3




ub/sr MeV

0.10 1

0.08

0.06 -

0.04

_14 =

12 -1

-8




Table 1: Calculated values of == single particle energies E=- and conversion
widths I'z for 859_ Rb (¥¥Sr+="). AE} and AE. are contributions from Lane
terms and Coulomb interactions, respectively. All entries are in MeV.

EE— AEL AE@ FE— <7%>

—

ESCO08c s|—17.2 +0.68 —13.6 2.93 3.15
p|(—13.7 4+0.06 —12.3 1.80 4.02
d| —102 4043 x 1.17 4.71
fl1—6.57 4030 x 0.76 543
g

—2.16 +40.01 x 0.01 144




ub/sr MeV

0.15 +

0.10 -

0.05

0.00

-20

-15

-10 -3
E= (MeV)




2. - nucleus potential



Us (o) and partial wave contributions (continuous Choice)

model / 1S() 351 1P1 3P0 3P1 BPQ D Ug
1 -234 17 19 -50 00 -0.7

441 —-41 -23 51 -39 -02]| 122
-254 14 25 -59 03 -08
022 —-30 -28 56 —48 -0.1 18.5
-19.1 22 1.7 -5.7 -1.0 -0.7
« 348 —46 —-18 56 —-19 -03 7.5
ESC04a [ 1/2| 116 —-269 24 27 —-64 -2.0 -0.8
3/2(—-11.3 26 68 —23 59 -5.1 -02]-365
NSCI97f (1/2] 149 —-83 21 25 —-46 05 —-0.5
3/2(-124 -41 -41 -21 6.0 -28 -0.1(-129

Pauli-forbidden state in QCM =» strong repulsion in T=3/2 3S, state
taken into account by adapting Pomeron exchange in ESC approach



Optical potential

2 -nucleus folding potential
derived from complex G-matrix

GZN (r; E, kF)

In N-nucleus scattering problem
physical observables can be reproduced
with “no free parameter”



Improved LDA by JLM

Phys. Rev. C10 (1974) 1391

U(p,E) =X aijp' B’
ij
U(r; E) = (tv/7) 7 [ U(p(r'), E) exp(—|r — x'|°/t*)dx’

simple LDA : U(p (r),E)
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by Maekawa, at al.
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Fig. 2. Differential cross section of (7=, K™) reaction on
28Gi target at the incident momentum of pr=1.2 GeV /c. The
solid line shows result of Batty’s DD potential with LOFAt +
DWIA, Other line are calculated results with LOFAt + DWIA
with potential depth of Vy=-50, -30, -10, 0, +10, +90 MeV (up
to down), respectively. Imaginary part is fixed to be -20 MeV.
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2. 'p scattering at JPARC



Conclusion

Properties of A -hypernuclei derived from ESC08
models are consistent with experimental data of
energy spectira

Difference among versions (a,b,c) appear in Us& Ug



ESC08c¢ (final version of ESC08) and = hypernuclei

G-matrix folding model derived from ESCO8c
is very promising for production spectra of
= -hypernuclei

ESCO08c folding potentials are similar to WS14

Highest-L bound states are strongly excited
due to strong effects of kp-dependence

A case: Uy (pg)=-3T7 MeV Uys=-30 MeV

= case: Uz (po)=-(4-5) MeV  Uys=-14 MeV
(ESCO8c) there appear peak structures



