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Variat ional Monte Carlo c a l c u l a t i o n s have been made for the s - s h e l l
hypernuclei and a l s o of ^Be with a 2a + A model. The well depth i s
ca lculated v a r i a t i o n a l l y with the Fermi hypernetted chain method. A
s a t i s f a c t o r y descr ipt ion of a l l the relevant experimental A separation
energies and a l s o of the Ap sca t ter ing can be obtained with reasonable
TPE AN and ANN forces ai strongly repuls ive d i spers ive ANN forces which
are preferred to be spin dependent. We discuss var ia t iona l c a l c u l a t i o n s
for ^He and ]^Be with a + 2A and 2a + 2A models, and the r e s u l t s
obtained for the AA in terac t ion and for AyyHe from analys i s of ^A

Be»
Coulomb e f f e c t s and charge symmetry breaking in the A=4 hypernuclei are
discussed .

1. INTRODUCTION

We report here mostly on recent work on the long-standing problem of the

binding energies of A hypernuclei and their interpretation in terms of two- and

three-body AN and ANN potentials, and more briefly on studies of AA hypernuclei

and of charge symmetry breaking (CSB) in the A=4 hypernuclei. (Much of the

earlier work on these topics is reviewed in ref. 1.) Such efforts are parallel

to work for nonstrange nuclei, and in fact lean strongly on the techniques and

physics learned from these. Of course much less is known about the hyperon-

nucleon interactions than about the NN interaction, with a consequent

difference in emphasis. Our approach, which is a hadrodynamic one in Walecka's

terminology, attempts to obtain a consistent phenomenological description of

hypernuclear binding energies and low-energy Ap scattering in terms of

reasonable AN and ANN forces, where reasonable means consistent with meson-

exchange models. Effects of baryon quark structure are assumed to be of short-

range and capable of parameterization in the conventional way through repulsive

cores and cutoffs. Of course, our potentials are to be considered as effective

*This work supported by the U. S. Department of Energy, Nuclear Physics
Division, under contract W-31-109-ENG-38.

DOTBUIIMI Oi THIS MCUMEN1 IS U N L I M I I E D V ^



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reilect those of the United States Government or any agency {hereof.



i n t e r a c t i o n s . In par t i cu lar , our ANN forces are considered to be the resu l t of

el iminat ing Z, A, . . . degrees of freedom (from a coupled channel approach which

Includes these and which represents a more sophist icated level of hadrodynamic

phenomenology) to obtain a reduced descr ipt ion in terms of only A and N degrees

of freedom.

We have studied the fol lowing problems:

I . Binding energies 'of A hypernuclei with AN and ANN forces .

1. Ap scat ter ing and the s - s h e l l hypernuclei; A=3,4,4 ,5 where 4

denotes the exc i ted s ta te of the A=4 hypernuclei .

2 . A binding in nuclear matter (A»<»>), i . e . the A well depth.

3 . Selected intermediate mass hypernuclei with zero-spin core

n u c l e i : ^ B e , 1 ^ .

I I . The AA hypernuclei «̂ He and jyyBe and the AA i n t e r a c t i o n .
I I I . Coulomb e f f e c t s and charge symmetry breaking for the mirror pair ̂ H,

AHe-
We sha l l concentrate mostly on I , e s p e c i a l l y on I . I and 1 .2 , for which

2 3preliminary reports have been published ' but where much of the work we

discuss i s new. We only br i e f l y summarize the work on II and III s ince

complete accounts of these have been published '

2 . BINDING ENERGIES OF THE S-SHELL HYPERNUCLEI

2 .1 AN potent ia l and Ap sca t t er ing

We use a (charge symmetric) central AN potent ia l with a t h e o r e t i c a l l y

reasonable a t t r a c t i v e t a i l due to two-pion exchange (TPE) in accord with the

Orbana-type po ten t ia l s" :

1 + + 2
V = V = V - (V - — V a • a ) T

AN 2ir C K 4 cr A V ir

T^ is the OPE tensor shape with cutoff (c = 2 fm"2) and T2 corresponds to a TPE

mechanism (f ig . 1). V_ is a Woods-Saxon repulsive core taken from the NN

potential6 . Such a Vc Is needed with an attractive TPE tail in order to f i t

the Ap scattering (giving an intrinsic range b = 2 fm). It is convenient to

use the spin-average and spin-dependent strengths V, V to parameterize V«w:

y _ y .̂ y y =V - V
4 s 4 t ' a s t

( s , t denotes singlet and triplet) . For hypernuclei with zero-spin core

nuclei, e.g. ^He, effectively only the spin-average V enters. The spin

dependence Va is assumed positive consistent with hypernuclear spins.
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Figure 1
Representative diagram for
TPE AN potential.

Figure 2
Representative diagram for dispersive
ANN potential.

Low energy Ap scattering determines the spin-average s-wave elastic cross

section a P = (a + 3a,.)/4. (This effectively determines a spin-average
s c

scattering length and effective range: a A p •> - 1.9 fm, TQP - 3.4 fm). Then

5 A p determines VAP = 6.2 f 0.05 MeV reasonably well, whereas the spin

dependence is effectively undetermined ( 0 < Va < 0.5 MeV). With charge

symmetry breaking determined from the A=4 hypernuclei (section 6 and ref. 5)

one obtains for the (charge symmetric) strength ^ s c a t t - 6.15 + .05 MeV.

2.2 ANN potentials

These arise from projecting out E, A, ... degrees of freedom from a coupled

channel formalism. This gives two types of ANN forces (see e.g. ref. 1).

1. Dispersive ANN forces V^NN. These are associated with suppression of

the TPE AN potential arising from modifications ("dispersion") of the inter-

mediate E, N, ... by the medium (a "2nd" nucleon N-) as in fig. 2.

Consistent with suppression, V^NN is expected to be repulsive. We consider

two phenomenological forms:

Spin independent'

Spin dependent :

2 , 7 .
ANN

7DS
'ANN

WTj (r l A )Tj <r2A)

a2)]

VANN a n a VANN
,/DS

ANN

are equiva lent for spin zero core nuc le i ( e . g . ^He, ^ e , D).

i s obtained by assuming the d i s p e r s i v e ( suppress ive ) modif icat ions ac t

only for t r i p l e t AN̂  s t a t e s ( f i g . 2 ) , and then symmetrizing between N* and

N_. This spin dependence i s a simple phenomenological representat ion of

e f f e c t s d i scussed prev ious ly , in par t i cu lar by Gibson and Lehman, which Arise

from suppress ion of V,N predominantly in the t r i p l e t s t a t e as a r e s u l t oV

assuming that V.N i s dominated by the OPE AN-EN t r a n s i t i o n p o t e n t i a l with\ i t s

characteristic strong tensor component8,9



2 . TPE ANN forces V^JN ( f i g . 3 ) 1 ' 1 0 ' 1 1

We use the form appropriate for p-wave plon Interactions and to assuming

only re la t ive s s ta tes in our s -shel l wave functions.

VANN " C
P t 1 ••

where Y(r) is the OPE Yukawa function (with cutoff) and cos9 = r • r

1A 2A
Theoretical estimates give C * i_2 MeV. Note that

dependence.

N A N !

has no spin

v
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Figure 3
Diagram for TPE ANN poten t ia l .

Our Hamiltonian is then

( k\ ( A - l }
H (

N

A - l
D(or DS)
ANN

AN

2ir

where

A - l

1=1
T N ( i >

i s the Hamiltonian of the A-l core nucleus . For VNtJ we use ( c e n t r a l )

.12
NN

Mafliet-Tjon potentials1"', suitably adjusted where necessary. These give a

good description both for the energies and radii of the core nuclei ( H, H,

He). The four strengths 7, Va, C , W are considered as adjustable parameters;

also two values were considered (c = 2 and 3 fra"2) of the cutoff for V^JN.

2.3 Variational calculations

The A separation energies are given by

,(A-1). (A-DIJA-1),
1 N

We use standard-type correlated t r i a l wave functions based on procedures

developed by the Urbana g r o u p 5 ' 7 » 1 3 ,



(A)

The two-body correlation functions ^MM. f.M (taken to be spin-independent) are

obtained from Schrffdinger equations which contain effective potentials through

which the variational parameters enter; fNN is allowed to be different for

#(*-!•) and ifi^AK A new feature in <|/A) is the three-body ANN correlations.

For these we use

D 2TT

ANN = ANN ANN

where f^, is appropriate for V N̂N and f^JN for V^}N. Y(r) are Yukawa

functions with cutoff; this, the range of Y, and the correlation strengths a

and 3 are variational parameters. The introduction of f̂ jJN turns out to be

quite essential and qualitatively changes the contribution of VĴ JN*

The integrations necessary for B. are made by standard Monte Carlo (MC)

procedures with typical s ta t i s t ica l errors of = 0.02 MeV for H and = .05-.15

MeV for A=/»,4*,5.

The A separation energies B. for A<5 are given below. The values for A=4,4

are averages for ^H, ^He.

0 +

BA(MeV) 0.13+.05 2.22+.04 1.12+.06 3.12t.O2

VA

wA

VA is the effective AN attractive strength (i.e. V ^ - V c - VA T^) after the

spin expectation values have been taken. (This assumes spin dependent



correlations in f are negl igible . ) Similarly, WA is the effective strength

of V?j™ (" W* T̂ . T )̂ after the spin expectation values have been taken. Thus,W* T̂ . T̂

the results for the spin dependent forces Vy[gN are reduced to chose for the

spin independent forces VJIMM D"t with the modified strengths Ŵ . Note

especially the factors for A«4,4 which are in the direction expected for

suppression of V ^ only-in the tr iplet state which is more important for A=4

than for A=*4. This difference between W, and W, , coming from the spin

dependence of Vy^N, can contribute significantly to the 0+ - 1 spin f l ip

sp l i t t ing . For the spin independent forces V^NN this spl i t t ing is mostly due

to the AN spin dependence V apart from minor wave function ef fects .

The results of our varlational calculations show very similar trends with

V., C , W for a l l the s-shel l hypernuclei. (B. increases with V., decreases

with W and may either s l ightly decease or significantly increase with C . ) The

dependence on these strengths becomes progressively larger from A=3 to 5,

resulting from the progressively larger B,, and hence less extended A wave

function, as well as from the decrease in radii of the core nuclei .

Particularly significant is the importance of three-body correlations f̂ JJ

on the effect of V . ^ . These correlations reduce the moderately repulsive

contribution of V^N for fy }̂N = 1 to a small repulsive or even an attractive

contribution and give a strong nonlinear dependence on the strength C . For

ÂNN t^ l e three-body correlations f̂ jjy have only a small effect; however

reoptimization of the two-body correlations f ̂ , is quite important, more so

than for V2TT
ANN-

2.4 Discussion of the variational results

With only AN forces (C = W = 0) a (barely) consistent description is

obtained for A-3,4,4* and ? s c a t t (namely V = 6.10 MeV, V a = 0.34 MeV). This

result agrees with previous analyses in particular that of ref. 10.

^He with only V .̂  gives V = 6.015 MeV; conversely using V g c a t t gives

B. « 6.1il MeV, i.e. almost twice the experimental value. This is the well-

known large overblnding of ̂ He (e.g. refs. 1, 10). It is important to observe

that this result depends only on Vscatt which is fairly well determined by Ap

scattering (together with CSB corrections). These results clearly show the

need for strongly repulsive ANN forces in our approach.

With both ANN + ANN forces we first consider ^He. BA(^He) depends only on

V, C , W and not on V . The experimental B. then determines a relation between

these: ? « V^C
D»

 W^' F o r a S l v e n value oi 7 this in turn determines a

relation between C and W. Thus, B. together with the limits on V from

scattering impose restrictions on the values of C , W - depicted in fig. 4 by

the region between the full lines, the upper line corresponding to ? * 6.2 MeV

and the lower one to V = 6.1 MeV, appropriate to the scattering limits. We



conclude the following from these results:

1. TPE ANN forces VyLjj. alone cannot account for the overbindlng of

^He. Thus, for no reasonable values of C (for W=0) is it possible to

obtain agreement with B.(^He). This conclusion is consistent with that of

ref. 10, but is much stronger because of the inclusion of three-body

corralations, since these result in a net contribution from V?2L which is at

best only slightly repulsive and which becomes increasingly attractive for

larger C . (Furthermore, results obtained for ordinary nuclei strongly

suggest that the contribution from the neglected parts of V 2 ^ which

explicitly involve tensor operators (and which require the inclusion of a AN

tensor force and associated tensor correlation) will also "be attractive,

thus making the overbinding situation for ̂ He even worse).

2. ŷ He requires strongly repulsive ANN dispersive forces whose strength

does not depend strongly on C .

ao3-

Flgure 4
Acceptable values of C , W for a
cutoff c = 3 fm"2 for V 2 ^ . The
full l ines are for the limits on V
from scattering and the dashed lines
for those on x . The dotted lines
represent the s-shell acceptable
solutions, with the best solutions
shown circled.

The requirement that a l l the s-shell B. be adequately f itted ( I . e . within

the errors due to those in B. and in the MC calculations) strongly restricts

the allowable interactions. We denote the solutions by SI(c) and SD(c) where

SI and SD refer to the spin independent and spin dependent ANN forces V?^ and
VANN» respectively, and where c = 2 or 3 fm"2 is the cutoff for V2JN« There

are then four solutions: SI(2), SI(3) and SD(2), SD(3). The r.-shell

acceptable solutions are shown in the table and also depicted (for c=3 fm" ) in

f ig . 4 by the diagonal dotted lines and where the "best" solution,

corresponding to the central values of B., is shown circled. If the

restrictions on V from scattering are now imposed on these solutions one

obtains those solutions which are jointly allowed by both the s-shel l B. and by

scattering. These s-shell + scattering acceptable solutions are shown in the

table; in fig. 4 they correspond to those segments of the dotted lines which

are between the full lines corresponding to v = 6.1 and 6.2 MeV.



TABLE. Acceptable Interaction* (MeV)

«-«hell acceptable solution. s-ahell + acatterlng acceptable aoluttom

C
P
 M 5 V a D XP C P W * X P

SI(2) 3.5*.9 .02±.0l 6.33±.25 .35±.O1 25U0 l.23T.*5 2.6-2.7 .0115-.012 6.19-6.2.0 .77-.8

SI(3) 2..*±.3 .O16t.O2 6.I«t.01 .3Ot.Ol5 29« 1.051.22 2.0-2.6 .014-. 018 6.13-6.15 .83-1.3

SD(2) 2*.7 .OlOt.004 6.16±.O6 .23*.003 41*8.5 .40t.43 1.3-2.4 .0065-.012 6.H-6.2C .25-.7

SD(3) l.8±.6 .0195t.006 6.2O±.O5 .1851.02 3U10 .89±.50 L.2-1.6 .O135-.O175 6.16-6.20 .40-.75

We make the following observations:

1. All the s-shell acceptable solutions are also consistent with

scattering. However, the solution SI(2) is barely acceptable (the minimum

value of V is closa to 6.2 MeV), whereas the others are well consistent with

scattering. Representative Ap scattering lengths (in fin) for the s-shell +

scattering acceptable solutions are for SI(3): a = -1.93, ag = -3.02, a t =

1.56; for SD(2): a = -1.89, ag = -2.66, afc •= -1.63; for SD(3): a = -2.05, ag

= -2.75, afc = -1.81. To be noted is that even for the SD solutions, for

which V is = 1/3 less than for the SI solutions, there is s t i l l quite a

sizable difference between a_ and a...
s c

A major uncertainty in the s-shell acceptable solutions comes from the

experimental error in B A ( ^ H ) and a somewhat lesser but still appreciable one

from the B. for A=4,4 . Thus improved accuracy for these Bŷ  would be quite

significant. Clearly, a better determination of just the low energy total

elastic cross section a P would be very helpful in determining ^scat(. more

precisely.

2. The outstanding difference between the spin dependent ANN dispersive

force V ^ N and the spin independent force V ^ is that the AN spin

dependence V 0 obtained for V ^ is reduced by » 1/3 and that consequently

also - 1/3 of the 0 + to 1 + splitting of 1.1 MeV for A=4,4* comes from the

spin dependence of vyf§N• T o resolve this important issue of the spin

dependence of the ANN force, a determination of the spin dependence of the

low energy Ap scattering would be required. Also, the improvements

mentioned above would again be very desirable. Direct knowledge of V o from

scattering together with the spin flip excitation in A=4 would then shed

important light on the suppression mechanism associated with AN-EN coupling.

The spin dependence obtained from the s-shell may be reconciled with the

quite small spin dependence obtained from the p-shell hypernuclei because of

the different combination of Talmi integrals which enter1 .

3. Particularly significant for the "reasonableness" of our interactions is



that the allowable strengths C = 1.2-2.7 MeV of the TPE ANN potent ia l are

very well cons i s tent with theore t i ca l expectat ions; this i s part icu lar ly so

for those obtained with V^jjjj, i . e . the SD s o l u t i o n s , for which C - 1.2-2.it

MeV. Further support for such reasonableness i s that our values of W are

comparable with those (= 0.03 MeV) obtained for ordinary nuclei ) , after

allowing for a factor of 3 from symme tr iza tion of

3 . THE A WELL DEPTH

The empirical value i s D = 30±3 MeV. The Hamiltonian we use i s e f f e c t i v e l y

that described previously for the s - s h e l l hypernuclei as i s the var ia t iona l

wave funct ion, except that *», i s now mult ip l ied by an uncorrelated Fermi gas

wave function (with p «= 0.177 fin ) and that the usual nuclear matter l imi t i s

taken. The expression for D i s then calculated with the Fermi hypernetted-

chain (FHNC) method. This i s described in ref . 15. for two-body forces , and

has been extended to include ANN forces and ANN c o r r e l a t i o n s . The so - ca l l ed

elementary diagrams are neg lec ted , which i s j u s t i f i e d because nuclear matter i s

d i l u t e . The rearrangement energy was shown in ref . 15 to be n e g l i g i b l e . (This

a l s o has the consequence that the d e t a i l s of VNN are unimportant and in f a c t

the VĴ J of re.f. 15 was used. )

In contrast to the s - s h e l l hypernuclei , the three-body corre la t ions for both

^A aiu* ÂNN a r e ^ o u n d t o have only a small e f f e c t (<, 2% of D), presumablyANN
because the wave function in nuclear matter i s much more constrained by the

boundary condit ions than that of the loose ly bound s - s h e l l hypernuclei . As a

consequence, the contribut ion of V^J^ i s now moderately repuls ive and

approximately linear with C ( = 7 MeV for C = 1 MeV).

Figure 5 shows the results for D for those values sets of of V, C , W which

reproduce BA(^He), i . e . which satisfy the relation V = 7(C ,W) determined by

•?He. If the relative effectiveness of V-N and VANN were the same for ^He and D

then a l l the values of D so obtained would be identical . In fact , D decreases

with 7, C , W. This shows that the ANN forces are relatively more effective

for D than for «"He. (<VAM> involves a factor p, whereas <V N̂«> involves«He. (<VAM a

factor of p in addition to the implicit dependence on p arising from the

correlations.)

A feature of the interaction which becomes important for D (and generally

for A>5) is the AN interaction for £>0, in particular the p-state potential .

For our V^ « v
2v>

 this contributes <VAN> ̂  «• -20 MEV almost independently of

the ANN forces (to within = 0.5 MeV). The d-state contribution is <VAN>£=2 "

-2 MeV. We denote by x = v j^ = 1 V v ^ 0 ^ the relative strength of the AN p- and

s-state potentials. Ap scattering at moderate energies gives x = 0.5 with

large uncertainties; we use the limits 0.25 < x < 0.75 as consistent with

scattering. With the empirical value D = 30 MeV and for <V.N>Jjatl = -20 MeV,



these limits then impose restrictions on C , W corresponding to the region

between the dashed lines in f ig . k. It is quite significant that these limits

on x (and even the more generous ones 0 < x < 1) imply strongly repulsive ANN

forces quite independently of the values of ? determined by scattering. This

seems strong confirmation of the need for repulsive ANN forces. The

restrictions on the interaction strengths imposed jointly by Bj^He) and D (for

0.25 < x < 0.75) and by V from scattering (6.1 < V <, 6.2 MeV) result in the

region common to bot'i sets of allowed regions in f ig . 4 . This is seen to imply

a quite restrict ive set of parameters. (Thus, e.g. for C = 0 the acceptable

values of W are limited to 0.018-0.019 MeV). In particular, upper limits are

placed on the values of C : <, 2.7 and 2 MeV for c = 2 and 3 fm"2, respectively.

6.0 6J 6.2

V(MeV)
6.3

Figure 5
The well depth D for values of
C , W, V which reproduce B.(^He)
=3.12 MeV. The curves for D
vs. V are for different C (c)
with the appropriate values of W
indicated. The horizontal lines

are for the
0.75.

limits = 0.25,

Finally, we consider the predictions for D of the solutions obtained in

section 2 together with the implications of the empirical value of D. The



values of D for the s - she l l acceptable solutions are shown in the table. We

also give , equivalently, the values of x which give the empirical value D = 30

MeV using <V»N>J,_1 = -20 MeV. These values of x are within the l imits 0.25-

0.75 for the SD solut ions , i . e . those with V^ N - However, for the SI

so lut ions , I . e . those for the spin Independent force VANN, the values of x are

outside the l imi t s . Thus the SI solutions are excluded by these l i m i t s ,

although only barely by the upper l imi t . Thus, the well depth + l imits on x

from scattering favor VJIUM- These solut ions are a l so the ones which correspond

to the theoret ical ly most reasonable values of C (= 1.2-2.4 MeV).

I t is sat i s factory and is of course a necessary condition for the adequacy

of our model that i t gives a sat i s factory description for scat ter ing , the s-

s h e l l hypernuclei, and for D. Clearly, better scattering data at moderate

energies relevant to the p-state interact ion would be very valuable. As

i l lu s t ra ted by f i g . 4 such data could provide s ign i f i cant further r e s t r i c t i o n s ,

in particular on the mix of dispersive and TPE ANN forces , e spec ia l ly if better

values of V were a lso avai lable from scat ter ing .

Some further support for the reasonableness of our interact ions is provided

by coupled channel (AN-EN) G-matrix calculat ions of D which give a suppression

of » 20 MeV. This is consistent with our FHNC result for <VANN> of « 25 MeV.

However, there i s some doubt about the adequacy of the lowest order G-matrix

ca lcu la t ions , which could substant ia l ly overestimate the suppression.

4 . INTERMEDIATE MASS HYPERNUCLEI: ^Be

Calculations have been made for ^Be (BA = 6.71 + .04 MeV) wfth a 2a + A

model, implemented by variat ional calculat ions of the same type as described

for the s - s h e l l hypernuclei . So far only dispersive ANN forces have been

considered. The ota potential used gives a good f i t to oa scat ter ing . The aA

potent ia l VaA = V ^ + V ^ has contributions both from the AN and ANN

potent ia l s and Is obtained by a folding procedure which uses e f f e c t i v e AN and

ANN potent ia l s . This procedure makes use of the nuclear matter AN

corre lat ions , and is consistent with the MC calculat ions of AHe. The three-

body potential VANN gives not only a contribution VaA to VaA but a l so gives

r i se to an e f fec t ive three-body otaA potential V . due to the interact ion of

the A (via VANN) with pairs of nucleons each in a d i f ferent a. v
aaf>> which i s

a l so obtained by folding, i s proportional to W and is completely determined for

a given VaA. For potentials VAN + V^NN, which via the corresponding VQA f i t

^He and are a lso consistent with V s c a t t , one obtains BA . 7 . 8 MeV i f VaaA Is

neglected. v
aat[ (which Is repulsive because VANN Is) contributes - 0.9 MeV and

resu l t s in BA - 6 . 9 MeV. An improved calculat ion of the AN p-state



contribution gives, with x = 0.5, a reduction of 0.3 MeV (close to the 0.4 MeV

estimated in ref. 2) thus giving B » 6.6 MeV, in excellent agreement with the

experimental value. It is tempting to consider this situation as a strong

indication of the presence of repulsive aaA and hence of repulsive ANN forces,

since a repulsive contribution of «• 1 MeV is needed to avoid p$e being

overbound by this amount when only aA potentials which f i t j?He are used. It

seems unlikely that the inclusion of V ĵJN will significantly change these

results fo- ^Be which would then be consistent with those for the s-shell

hypernuclei as well as for D.

Calculations for the excited states based on the 2 state of Be are in

progress. Preliminary estimates give * 3 MeV for the excitation energy in

agreement with experiment.

Our version of a-cluster calculations of ^Be, and also of ^He and ^Be

discussed below, uses realist ic potentials which accurately reproduce the

pertinent data, together with accurate two-body correlations. Such an approach

is particularly suitable for accurate calculations of the ground and certain

low-lying states. Other versions, in particular that of Bando and

collaborators17, are more suitable for an overall description of spectra,

reduced widths and transition probabilit ies, especially of those states which*

involve excitations of the a-clusters and which cannot be described in our

approach.

In summary, we have found that Ap scattering, the s-shell binding energies,

the well depth, and probably also ^Be representative of intermediate mass

hypernuclei, ân all be fitted with Al» plus ANN forces consistent with meson-

exchange models. Both TPE ANN forces consistent with theoretical expectations

and strongly repulsive dispersive ANN forces are required. The spin dependent

." >rm of these Is strongly preferred by the well depth results when use is made

of the limits on the p-state AN potential obtained from scattering. The ANN

spin dependence reduces the spin dependence of the AN force by * 1/3, and

correspondingly contributes - 1/3 to the 0+-l splitting of A=4. Clearly,

better Ap scattering data (as well as An data) are most desirable; specifically

in the context of our nodel in order to determine the AN spin and p-wave

dependence, as well as a more precise value of the spin average s-state

interaction. More accurate binding energies for A=3,4,4 would also be very

valuable In restricting the interactions.

So far we have considered mostly ooly central forces (AN and NN as well as

ANN) on which our analysis is based. Tensor AN forces, e.g. due to kaon

exchange, give only a small reduction <<, * MeV) in D and (= 0.5 MeV) In

BA(^He)18, although especially for A=5 better estimates are required and

calculations are needed for A=3, 4, U*'- However, i t should be noted that the



relatively small suppression effects expected from AN tensor forces are already

implicitly Included in our dispersive ANN forces. NN tensor forces were

included in some of our calculations of AH and have a small effect (<, .02 MeV

for B.). Preliminary calculations for A=4 indicate a contribution from NN

tensor forces of = 0.2 ± .02 to B.; for ^He a similar contribution may be

expected. They are expected to give only a small contribution to D, occuring

only through higher-order terms in the FHNC calculation related to the small

rearrangement energy contribution. Perhaps a more significant effect of AN and

NN tensor forces could be through the effect of the associated tensor

correlations on the contribution of the neglected tensor components of ^

This needs study, and as already mentioned is expected to make An attractive

contribution, but probably appreciably less i

view of the relatively weak AN tensor force.

contribution, but probably appreciably less so than for the nuclear case in

5. THE AA HYPERNOCLEI A^He AND ]$Be AND THE AA INTERACTION

Our calculations for «AHe and Vĵ Be are described in ref. 4, and will be only

briefly discussed. We use an a + 2A model for AAHe and & 2a + 2A model for

?Be. For V... we use a variety of shapes and ranges both for the repulsive core

V c and for the attractive part VA>

..Be (B.. = 17.71 + .08) is the best established and most critically

examined AA hypernucleus event . Variational four-body calculations for AABe

determine one parameter of V.. (e.g. the strength V A ) . "Reasonable" V A A

(repulsive core V« comparable to that for V«M, reasonable ranges for VA) give

a A A « -(2.5-3.5) fm, T Q A « 2.6-3.1 fm. Thus, the AA interaction is strongly

attractive, comparable to or even more attractive than the AN force, and is not

far from giving a bound AA state (H dibaryon!?). Meson-exchange models

obtained by the Nijmegen group predict a - -0.26 fm, i.e. a very weakly

attractive V... This discrepancy could be tentative evidence for a 6q state

with the quantum numbers of a ^SQ AA state and not too far above the AA

threshold.

AAHe and yy^Be. Calculations of B A A for both these with a large number of

different V.., having different shapes, ranges and strengths, give an

approximately linear relation between the calculated values of B«A(«/!He) a n d

BAA(]^Be). For the experimental value of BAA(AA"Be) this relation predicts

significantly too small values of B A A( A AHe) =9.7 MeV as compared with the

quoted experimental value of 10.9 ± .6 MeV.

6. COULOMB EFFECTS AND CHARGE SYMMETRY BREAKING (CSB) FOR THE A=*4 HYPERNUCLE1

This work is described in detail in ref. 5.

6.1 Coulomb corrections



The Coulomb repulsion between the protons in .'He contributes AB < 0 to

AB. « BA(*,He) - B.(^H). TO 1s t order in the coulomb interact ion V„:
/3-AE - -[EA,He) - E ( H e ) ] , where AE is the increase in the Coulomb

C C A C C
AB

C C
•1

energy of the He core due to i t s compression by the A. ABC has been obtained

from MC variational calculations of ^He and ~He for several values of q in the

range 0 < q̂  < 9, where Vc » q ê /r; i . e . the Coulomb repulsion was

art i f i c ia l ly boosted. The cv^rge symmetric AN potential used was V_ . For q̂

<, 3, the dependence on q is linear and interpolation to q •= 1 gives the He

values with improved accuracy, needed because of the s tat i s t ica l MC errors. We

obtain the rather small values: ABC = -0.05 +• .02 MeV for the ground state,

and AB = -0.025 + .015 MeV for the excited state; these are also consistent

with the calculated values of AE . Our values are consistent with those of

ref. 22, but significantly smaller in magnitude than those of ref. 10.

Subtracting our values from the appropriate experimental values of AB̂  then

gives the following values to be attributed to CSB effects:

ABA = 0.40 + .06 MeV, AB^ = 0.27 ± .06 MeV .

6.2 Phenomenological charge symmetry breaking potent ia l

For th is we consider a T (r ) shape. This i s to be used together with our CS

potent ia l '/, • F i t t i n g to the above values of AB., ABy, g ives ( in MeV)

p e n o - > • - * •
V = -0.054 T, T [ ( l±0 .11) + (0.054 + 0.14) a, • aM] .

3 TI AN

Thus the CSB potential is effectively spin independent. For a = a « -1.9 fm
S t

this potential gives Aae - 0.39 fm, Aa,. - 0.36 fm, where Aa = -(a
AP - aAn) and

is positive if the Ap interaction is more attractive than the An interaction,

(We have checked that for our snap-i of v^a the connection between ABA, ABA and

Aag, Aat is in good agreement with that obtained in ref. 23.)

6.3 Comparison with meson-exchange models
CS

An instructive model is one for which the charge symmetric potential Vj£ has

kaon exchange (with ĝ jq̂  = 16), which gives a AN tensor force, and is otherwise

adjusted to give a - -2 fm, and where the CSB potent ia l V^SB i s the OPE

potent ia l due to A-Z° m i x i n g 1 ' 2 4 . This model g ives Aag - - 0 . 1 fm, Aafc - 0.15

fm, q u a l i t a t i v e l y s imilar to the r e s u l t s of the more complete models of Nagels

e t a l . * " which a l so include p and 6 exchange and the e f f e c t of the £ , f mass

d i f f erence , and which give Aao » - 0 . 3 fm, Aa.. - 0 . 1 - 0 . 2 fm ( for their models B,

D, F) . I t i s important to note that the major contribution to Aa in our model

comes from the CSB tensor part act ing together with the CS tensor part . This

contribution i s proportional to V^SB V°.S, i . e . to v£ S
T V^SB for our simple



model, giving the major contribution of 0.12 fm to Aafc - 0.15 fm. Thus

uncertainties in the CS tensor part (e.g. in g^NK) will give corresponding

uncertainties in Aafc. Furthermore (probably modera.te) corrections can arise

from many-body and nuclear structure effects . Since in any case there is no

major discrepancy between the meson-exchange and phenomenological values of

Aat, we conclude that the triplet CSB intes::..c.tiot? obtained from the A=4

hypernuclei is consistent with meson-exchange models.

For the singlet value Aa there is no uncertainty corresponding to that
s

arising from Vir1 for Aafc. Furthermore, many-body and nuclear structure effects

are expected to be less than for Aafc. The large differences (even the opposite

sign) between the meson-exchange and phenomenological results for Aa then

strongly suggest that meson-exchange models of the singlet CSB interaction are

inconsistent with the A=4 data, indicating that there may be important quark

structure contributions.

Complete calculations with AN and NN tensor forces would be desirable for

the A=4 hypernuclei in order to definitely establish that nuclear structure

effects do not change the above conclusions.
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