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Variational Monte Carlo Salculations have been made for the s-shell
hypernuclel and also of ABe with a 20 + A model. The well depth is
calculated variationally with the Ferml hypernetted chain method. A
satisfactory description of all the relevant experimental A separation
energles and also of the Ap scattering can be obtained with reasonable
TPE AN and ANN forces a.. strongly repulsive dispersive ANN forces which
are preferred to be spin dependent. We discuss variational calculations
for ,8He and AﬁBe with o + 2A and 20 + 2A models, and the results
obtained for the AA interaction and for ,,He from analysis of RBe.
Coulomb effects 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 1s 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 1is 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

Of course, our potentials are to be considered as effective
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interactions. 1In particular, our ANN forces are considered to be the result of

eliminating I, 4, ... degrees of freedom (from a coupled channel approach which

includes these and which represents a more sophisticated level of hadrodynamic

phenomenology) to obtain a reduced description in terms of only A and N degrees
of freedom.
We have studied the following problems:
I. Binding energies ‘of A hypernuclei with AN and ANN forces.

1. Ap scattering and the s-shell hypernuclei: A=3,4,4*,5 where 4"

denotes the excited state 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
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II. The AA hypernuclei A6AHe and kABe and the AA interaction.

III. Coulomb effects and charge symmetry breaking for the mirror pair AH

nuclefi: %Be,

ﬁHe.
We shall concentrate mostly on I, especially on I.1 and I.Z, for which
preliminary reports have been publishedz’3 but where much of the work we

discuss is new. We only briefly summarize the work on II and III since

complete accounts of these have been published“”s'

2. BINDING ENERGIES OF THE S~SHELL HYPERNUCLEI

2.1 M potential and Ap scattering
We use a (charge symmetric) central AN potential with a theoretically

reasonable attractive tail due to two-pion exchange (TPE) in accord with the

Urbana-type potentials6:

v v v-Xvs ooyl
Van = Var = Vet V-7 Voo o) T,
T” is the OPE tensor shape with cutoff (¢ = 2 fm'z) and Ti corresponds to a TPE

mechanism (fig. 1). VC is a Woods-Saxon repulsive core? taken from the NN

potentialG. Such a V. is needed with an attractive TPE tail in order to fit

the Ap scattering (giving an intrinsic range b = 2 fm).
strengths V, V, to parameterize V, :

It is convenient to

use the spin-~average and spin-dependent

- 1 3
V=gV 42V ,V =V -V

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

nuclei, e.g. %He, effectively only the spin-average U enters. The spin

dependence V0 is assumed positive consistent with hypernuclear spins.
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Representative diagram for Representative diagram for dispersive
TPE AN potential. ANN potential.

Low energy Ap scattering determines the spin-average s-wave elastic cross
section /P = (cs + 3ot)/4. (This effectively determines a spin-average
scattering length and effective range: alP v o109 fm, ;gp ~ 3.4 fm). Then
EAP determines VAP = 6.2 + 0.05 MeV reasonably well, whereas the spin
dependence is effectively undetermined ( 0 Vc < 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 V_.. .. = 6.15 1 .05 MeV.
2.2 ANN potentials

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

channel formalism. This gives two types of ANN forces (see e.g. ref. 1l).
1. Dispersive ANN forces VRNN' These are assoclated with suppression of
the TPE AN potential arising from modifications ("dispersion") of the inter-
mediate £, N, ... by the medium (a "2nd" nucleon N,) as in fig. 2.

Consistent with suppression, VRNN is expected to be repulsive. We consider

two phenomenological forms:

Spin independent2’7' VRNN = WTi (rlA)Ti (ryp)

Spin dependentz: VREN = VRNN 1 + %'UA . (01 5

VRNN and VﬁgN are equivalent for spin zero core nuclei (e.g. Rﬂe, iBe, D).
VREN is obtained by assuming the dispersive (suppressive) modifications act
only for triplet AN; states (fig. 2), and then symmetrizing between N; and
NZ' This spin dependence is a simple phenomenological representation of
effects discussed previously, in particular by Gibson and Lehman, whicﬂlarise
from suppression of VAN predominantly in the triplet state as a result o
assuming that VAN is dominated by the OPE AN-IN transition potential witﬂaits
8,9 F

: \

1
)
1

characteristic strong tensor component



2. TPE ANN forces Viy (fig. 3)1,10,11
We use the form appropriate for p-wave pion Interactlons and to assuming

only relative s states in our s-shell wave functions.

27 2
VANN = Cp [1 + (3cos™ 8 - 1) Tw(rlh) Tw(rZA)] Yw(rlh) Y(rZA) ,

~

where Y(r) is the OPE Yuﬁawa function (with cutoff) and cosf = ;lA © Ty,

Theoretical estimates give C_ = 1-2 MeV, Note that V%EN has no spin

P
dependence.
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Figure 3
5 Diagram for TPE ANN potential.
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Our Hamiltonian is then
A-1
(A) _ , (A-1)
H = Hy + T, + ) Vnin
i=1
A-1
D(or DS), .. 27 .
+ Z’ (V (1j8) + Vi (13M)]
i1<j
where
A-1 A-1
(A-1) . .
H = ¥ ot () + § v, (ij)
N =1 N icj W

is the Hamiltonian of the A-1 core nucleus. For VNN we use (central)
Mafliet-Tjon potentialslz, suitably adjusted where necessary. These give a
good description both for the energies and radii of the core nuclei (2H, 3H,

4He). The four strengths ¥, Vo, Cp, W are considered as adjustable parameters;
211

also two values were considered (¢ = 2 and 3 fm'z) of the cutoff for ViNN-
2.3 Variational calculations

The A separation emergies are given by

(A=1j (A1) (A-1)
T e L e e

A (w(”.w(“) (ds(T'l),d&“'D)

We use standard-type correlated trfal wava functions based on procedures

developed by the Urbana group5'7’13,



A-1 A-1 A-1
(A)

v iflfAN(tiA) ifJfNN(rij) 1fijNN(iJA)
A-1

(A-1)

] = T f (r,.,) .
Y

The two-body correlation functions fy, faxn (taken to be spin-independent) are
obtained from Schr¥dinger equations which contain effective potentials through
which the variational parameters enter; fNN is allowed to be different for
¢(A'1) and ¢(A). A ney feature in w(A) is the three-body ANN correlations.

For these we use

D 2%
£ = Fann Eann

D

fay = L - @ Y(xy ) Ym0

27 2

fANN =1 - B(3cos"8 ~ 1) Y(rlA) Y(rZA) ,

where fRNN is appropriate for VRNN and fiﬁN for VﬁgN. Y(r) are Yukawa
functions with cutoff; this, the range of Y, and the correlation strengths a
27

and B are variational parameters. The introduction of f%y. turns out to be

quite essential and qualitatively changes the contribution of V%ﬁn.

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

procedures with typ..al statistical errors of = 0.02 MeV for 34 and = .05-.15

MeV for A=4,4*,5.

The A separation energiles BA for A<5 are given below. The values for A=4,4

are averages for ﬁH, ﬁHe.

A 3131 4%, %He) 4*(fu*, 4ue™) 5(3He)
p 1 + + + 1 +
J 7 0 1 -
B,(MeV) 0.134.05 2.22+.04 1.12+4.06 3.124.02
1 1 1 -
v \7+7vU 17+4vU v Tzva 17
W 1, 2y 10 W
A 3 3 LR

V. 1s the effective AN attractive strength (i.e. Vin= Ve - Va Ti) after the

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



correlations in ?(A) are negligible.) Similarly, W, is the effective strength
of VRﬁN (= L T% T%) after the spin expectation values have been taken. Thus,
the results for the spin dependent forces VRﬁN are reduced to those for the
spin independent forces VRNN but with the modified strengths W,. Note
especially the factors for A=4,4* which are in the direction expected for
suppression of VAN only ‘in the triplet state which is more important for A=4"
than for A=4. This difference between W, and Wz, coming from the spin
dependence of VRSN, can contribute significantly to the ot - 1t spin flip
splitting. For the spin independent forces VRNN this splitting is mostly due
to the AN spin dependence v, apart from minor wave function effects.

The results of our variationmal calculations show very similar trends with
VA’ C., W for all the s-shell hypernuclei. (BA increases with VA' decreases
with W and may either slightly decease or significantly increass with Cp°) The
dependence on these strengths becomes progressively larger from A=3 to 5,
resulting from the progressively larger Bys and hence less extended A wave
function, as well as from the decrease in radil of the core nuclei.

Particularly significant is the importance of three-body correlations f%gN
on the effect of VﬁgN. These correlations reduce the moderately repulsive

contribution of VAT for f21r =1 to & small repulsive or even an attractive
ANN ANN P

contribution and give a strong nonlinear dependence on the strength Cp' For

VRNN the three-body correlations fRNN have only a small effect; however

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

27
than for VANN'

2.4 Discussion of the variational results
With only AN forces (C_ = W = 0) a (barely) consistent description is
¢ (namely ¥ = 6.10 Mev, Vy, = 0.34 MeV). This

obtained for A=3,4,4” and V¥ .,
result agrees with previous analyses in particular that of ref. 10.

%He with only V,y 8ives ¥ = 6.015 MeV; conversely using vscatt gives

BA = 6.1+l MeV, i.e. almost twice the experimental value. This is the well-

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

that this result depends ouly on ¥ .., 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, Cp’ The experimental BA then determines a relation between

these: ¢ = V(Cp, W). For a given value oi ¥ this in turn determines a
Thus, B, together with the limits on ¥ from

W and not on Va.

relation between Cp and W.
scattering impose restrictions on the values of Cp’ 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. Ve



conclude the following from these results:

1. TPE ANN forces V%ﬁN alone cannot account for the overbinding of

%He. Thus, for no reasonable values of Cp (for W=0) is it possible to
obtain agreement with BA(%He). This conclusion is consistent with that of
ref. 10, but is much stronger because of the inclusion of three-body -
corrzlations, since these result in a net contribution from Vi;N which 1s at
best only slightly repulsive and which becomes increasingly attractive for
larger Cp. (Furthermore, resulis obtained for ordinary nuclei’ strongly
suggest that the contribution from the neglected parts of V%ﬁu 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 iHe even worse).

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

does not depend strongly on Cp.

Figure 4

Acceptable values of C_, W for a
cutoff ¢ = 3 fm 2 for® Vi;u. The
full lines are for the limits on ¢
from scattering and the dashed lines
for those on x_. The dotted lines
represent the g-shell acceptable
solutions, with the best solutions

L ;\ L shown circled.

Cp (Mev)

The requirement that all the s-shell B, be adequately fitted (i.e. within
the errors due to those in BA 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 VRNN and
Vinns respectively, and where ¢ = 2 or 3 fn~% 1is the cutoff for V%ﬁu. There
are then four solutions: SI(2), SI(3) and SD(2), SD(3). The c-shell
acceptable solutions are shown in the table and also depicted (for c=3 fm'z) in
fig. 4 by the diagonal dotted lines and where the "best" solution,
corresponding to the central values of BA’ is shown circled. If the
restrictions on ¥ from s-attering are now imposed on these solutions one
obtains those solutions which are jointly allowed by both the s~shell B, and by
These s-shell + scattering acceptable solutions are shown in the

scattering,
table; in fig. 4 they correspond tc those segments of the dotted lines which

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




TABLE. Acceptable Lateractious (MeV)

s-shell acceptsble solutions s-shell + scattering acceptable solutions

c ] v D

P v p xp CP w v xp
s1(2) 3.5+.9 .02£.01 6.33+.25 .354.01 25%10 1.234.45 2.6-2.7 .0115-.012 6.19-6.20 .77-.8
SI(3) 2.7+.3 .016+.02 6.14+.01 .307.015 2975 1.05¢.22 2.0-2.6 .014-.018 6.13-6.15 .83-1.3
sp(2) 24.7  .0104.004 6.16+.06 .234.003 41¥8.5 .404+.43 1.3-2.4 .0065-.012 6.11-6.26 .25-.7
sp{3) 1.8+.6 .0195+.006 6.20+.05 .185%.02 31¥10 .894.50 1.2-1.6 .0135-.0175 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 ¥ is close to 6.2 MeV), whereas the others are well consistent with
scattering. Representative Ap scattering lengths (in fm) for the s-shell +
scattering acceptable solutions aze for SI(3): 3@ = -1.93, a_ = -3.02, a, =
1.56; for SD(2): a = -1.89, a = -2.66, a, = -1.63; for SD(3): a = -2.05, a
= ~2.75, a, = -1.81. To be noted is that even for the SD solutions, for
which VO §s = 1/3 less than for the SI solutions, there is still quite a
sizable difference between a  and a..

A major uncertainty in the s-shell acceptable solutions comes from the
experimental error in BA(iH) and a somewhat lesser but still appreciable one
from the BA for A=4,4*. Thus improved accuracy for these B, would be quite

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

elastic cross section AP would be very hkelpful in determining vscatt more
precisely.

2. The outstanding difference between the spin dependent ANN dispersive
force VﬂgN and the spin independent force VRNH is that the AN spin

dependence VO obtained for VRﬁN is reduced by = 1/3 and that consequently

also ~ 1/3 of the ot to 1T splitting of 1.1 MeV for A=4,4* comes from the
spin dependence of vRﬁN' To 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 from
scattering together with the spin flip excitation in A=4 would then shed
important light on the suppression mechanism associated with AN-IN 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 enterla.

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



that the allowable strengths Cp = 1.2-2.7 MeV of the TPE ANN potential are

very well consistent with theoretical expectations;

for those obtained with VR%N, i.e. the SD solutions, for which Cp ~ 1.2-2.4

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

this is particularly so

comparable with those (=~ 0.03 MeV) obtained for ordimary nuclei7), after
allowing for a factor of 3 from symmetrization of VRNN'
3. THE A WELL DEPTH

The empirical value is D = 3043 MeV.
that described previously for the s-shell hypernuclei as is the variational

The Hamiltonian we use 1s effectively

wave function, except that ¢y is now multiplied by an uncorrelated Fermi gas
wave function (with p = 0.177 fm-3) and that the usual nucleaT matter limit is
taken. The expression for D is then calculated with the Fermi hypernetted-

This is described in ref. 15. for two-body forces, and
The so-called

chain (FHNC) method.
has been extended to include ANN forces and ANN correlations.
elementary diagrams are neglected, which is justified because nuclear matter {is

dilute. The rearrangement energy was shown in ref. 15 to be negligible. (This

also has the consequence that the details of Vyn are unimportant and im fact

the VNN of ref. 15 was used.)

In contrast to the s-shell hypernuclei,
a small effect (X 2% of D), presumably

matter Is much more constrained by the

the three-body correlations for both

VRNN and V%ﬁN are found to have only

because the wave function in nuclear

boundary conditions than that of the loosely bound s-shell hypernuclei. As a

the contribution of V& is now moderately repulsive and

ANN
approximately linear with Cp (=7 Mev for Cp = 1 MeV).

Figure 5 shows the results for D for those values sets of of ¥, Cp’ W which

consequence,

reproduce BA(iHe), i.e. which satisfy the relatfon ¢ = V(CP,W) determined by

iﬂe. If the relative effectiveness of VAN and VANN were the same for RHe and D

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

with 9, C_, W. This shows that the ANN forces are relatively more effective

for D than for RHe. (<VAN> involves a factor p, whereas <VANN> involves a

factor of p2 in addition to the iImplicit dependence on p arising from the

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

for A>5) 1is the AN interaction for 2>0, in particular the p-state potential.

For our VAN = Vzﬂ, this contributes <VAN)£=1 ~ -20 MEV almost independently of

The d-state contribution is <V,.>, o

-

the ANN forces (to within = 0.5 MeV).

-2 MeV. We denote by xp = VX§=1)/vg§=°) the relative strength of the AN p- and

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

< 0.75 as consistent with
= -20 MeV,

large uncertainties; we use the limits 0.25 < X,
scattering. With the empirical value D = 30 MeV and for <V ,.>,.



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

between the dashed lines in fig. 4. It is quite significant that these limits

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

p
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 BA(iHe) and D (for
0.25 < x, < 0.75) and by ¥ from scattering (6.1 ¢ ¥ ¢ 6.2 MeV) result in the
This is seen to imply

reglion common to botli sets of allowed regions in fig. 4.
= 0 the acceptable

a quite restrictive set of parameters. (Thus, e.g. for Cp

values of W are limited to 0.018-0.019 MeV). 1Ia particular, upper limits are

placcd on the values of Cp: £ 2.7 and 2 MeV for ¢ = 2 and 3 fm'z, respectively.

Figure 5

The well depth D for values of

C , W, V¥ which reproduce BA(iHe)
="3.12 MeV. The curves for D
vs. ¥ are for different C_(c)
with the appropriate valugs of W
indicated. The horizontal lines
are for the limits xp = 0.25,

0.75.

D (MeV)

30— n 0.02 |
59 8.0

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-shell acceptable solutions are shown in the table. We

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

MeV using <VAN>£=1 = =20 MeV. These values of Xp

G.75 for the SD solutions, i.e. those with VR?N' However, for the SI

solutions, i.e. those for the spin Independent force VRNN' the values of x, are

are within the limits 0.25-

outside the limits. Thus the SI solutions are excluded by these limits,

although only barely by the upper limit. Thus, the well depth + limits on xp

from scattering favor VR&N. These solutions are alse the ones which correspond
to the theoretically most reasonable values of Cp (= 1.2-2.4 MeV).

It is satisfactory and is of course a necessary condition for the adequacy
of our model that it gives a satisfactory description for scattering, the s-

Clearly, better scattering data at moderate
As

shell hypernuclei, and for D.
energles relevant to the p-state interaction would be very valuable.
1llustrated by fig. 4 such data could provide significant further restrictioms,
in particular on the mix of dispersive and TPE ABN forces, especially if better

values of ¥ were also avafilable from scattering.

Some further support for the reasonableness of our interactions 1is provided

by coupled channel (AN-IN) G-matrix calculations of D which give a suppression8

of ~ 20 MeV. This is consistent with our FHNC result for <VRNN> of = 25 MeV.

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

calculations, which could substantially overestimate the suppression.

4. INTERMEDIATE MASS HYPERNUCLEI: iBe

Calculations have been made for 3Be (B, = 6.71 + .04 MeV) with a 2a + A

model, implemented by variational calculations of the same type as described

for the s~shell hypernucleiz. So far only dispersive ANN forces have been

considered. The aa potential used16 gives a good fit to aa scattering. The aA

potential Var = Vg%) + Vgi) has contributions both from the AN and ANN
potentials and is obtained by a folding procedure which uses effective AN and
ANN potentials. This procedure makes use of the nuclear matter AN

correlations, and is consistent with the MC calculations of iHe. The three=-

body potential VRNN gives not only a contribution Vgi) to vaA but also gives
rise to an effective three-body aaA potential Vaal due to the interaction of
the A (via VRNN) with pairs of nucleons each in a different a. V_, ., which is
also obtained by folding, is proportional to W and is completely determined for

a given vaA' For potentials VAN + VRNN' which via the corresponding VaA fit

iHe and are also consistent with Vg, ,¢¢» one obtains B, . 7.8 MeV if V., is

neglected. V (which is repulsive because VRNN 1s) contributes = 0.9 MeV and

aal
results in BA ~ 6.9 MeV. An improved calculation of the AN p-state



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

estimated in ref. 2) thug giving BA ~ 6.6 MeV, in excellent agreement with the

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

indication of the pregence of repulsive ®aA and hence of repulsive ANN forces,

?\Be being

since a repulsive contribution of ~ 1 MeV 1s needed to avoid

overbound by this amount when only af potentials which fit iﬂe are used. It
seems unlikely that the inclusion of V%ﬂu will significantly change these

results fo~ %Be which would then be comnsistent with those for the s-shell

hypernuclei as well as for D,

Calculations for the excited states based on the 2t state of 8Be are in

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

agreement with experiment,
10

Our version of a-cluster calculations of 3Be, and also of A?\He and AABe

discussed below, uses realistic 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

collaboratorsl’, are more suitable for an overall description of spectra,

reduced widths and transition protsbitities, especially of those states which®

involve excitations of the g-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 iBe representative of intermediate mass

hypernuclei, :an all be fitted with A¥ plus ANN forces consistent with meson-
Both TPE ANMN forces consistent with theoretical expectations

exchange models.
The spin dependent

and strongly repulsive dispersive ANN forces are required.

Jorm 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 depemdence of the AN force by = 1/3, and

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

better Ap scattering data (as well as An data) are most desirable; specifically
in the context of our rodel 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 emergies for A=3,4,4* would also be very
valuable in restricting the interactioms.

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

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

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

BA(%He)IB' although especially for A=5 better estimates are required and

calculations are needed for A=3, 4, A’- However, it should be noted that the



relatively small suppression effects expected from AN tensor forces are already

NN tensor forces were

implicitly included in our dispersive ANN forces.
small effect (K .02 MeV

included in some of our calculations of %H and have a

for BA)' Preliminary calculations for A=4 indicate a contribution from NN

tensor forces of = 0.2 + .62 to BA; for iHe a similar
They are expected to give only a small contribution to D, occuring

contribution may be

expected.
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 VAEN.

This needs study, and as already mentioned Is expected to make san attractive
contribution, but probably appreciably less so thau for the nuclear case’ in

view of the relatively weak AN temsor force.

5. THE AA HYPERNUCLEI SHe AND }0Be AND THE AA INTERACTION
Our calculations for A%He and kﬁBe are described in ref. 4, and will be only

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

9
ABe-
Ve and for the attractive part V,.

k%Be (Byp = 17.71 + .08) 1is the best established and most critically
10

examined AA hypernucleus eventlg. Variational four-body calculations for j,,Be

determine one parameter of V,, (e.g. the strength V,).
(repulsive core VC comparable to that for VAN’ reasonable ranges for VA) glve
the AA interaction is stromgly

For VAA we use a variety of shapes and ranges both for the repulsive core

”" "
Reasonable VAA

aM w _(2.5-3.5) fm, M ~ 2.6-3.1 fm. Thus,
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 groupZo predict aAA »~ -0.26 fm, l.e. a very weakly

attractive VAA' This discrepancy could be tentative evidence for a 6q state

with the quantum numbers of a 130 AA state and not too far above the AA

threshold.

A%He and kRBe. Calculations of B,, for both these with a large number of
different VAA’ having different shapes, ranges and strengths, give an
approximately linear relation between the calculated values of BAA(A%He) and
BAA(k%Be). For the experimental value of BAA(k%Be) this relation predicts
significantly too small values of BAA(A%He) = 9.7 MeV as compared with the

quoted experimental valuell of 10.9 1+ .6 MeV.

6. COULOMB EFFECTS AND CHARGE SYMMETRY BREAKING (CSB) FOR THE A=4 HYPERNUCLEL
This work is described in detail in ref. 5.

6.1 Coulomb corrections



The Coulomb repulsion between the protons in ﬁHe contributes AB, < 0 to
4B, = BA(ﬁHe) - BA(XH). To lst order in the coulomb interaction V_:
ABc - -AEc - —[Ec(ﬁﬂe) - Ec(3He)], where AEc is the Iincrease in the Coulomb
energy of the 3He core due to its compression by the A. 4B, has been obtained
from MC variational calculations of ﬁHe and He for several values of q2 in the

range 0 < q2 <9, vwhere V, = q2e2/r; i.e., the Coulomb repulsion was

artificially boosted.
£ 3, the dependence on q2 is linear and interpolation to q

The ct.rge symmetric AN potential used was Vzn. For q2
2. gives the He

values with improved accuracy, needed because of the statistical MC errors. Ve

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 counsistent

with the calculated values of AEc' 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 ABA then

gives the following values to be attributed to CSB effects:
BBy = 0.40 £ .06 MeV, ABy = 0.27 + .06 Mev .

6.2 Phenomenological charge symmetry breaking potential
For this we consider a Ti(r) shape., This is to be used together with our CS

potential VZﬂ’ Fitting to the above values of ABA, ABZ gives (in MeV)

veSB - L0.054 T, T:[(1¢o.11) + (0.054 + 0.14) 3A . EN] .

~ -1.9 fm

Thus the CSB potential is effectively spin independent. For a = a,
this potential gives bag = 0.39 fm, Aa, ~ 0,36 fm, where Aa = -(aAp - al®) and
is positive if the Ap interaction is more attractive than the An interaction.
(We have checked that for our shap: of yCSB the connection between ABA, ABZ and

Aas, Aat is in goocd 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 V¢° has
kaon exchange (with g%NK = 16), which gives a AN tensor force, and is otherwise
adjusted to give a ~ -2 fm, and where the CSB potential V%SB 1s the OPE

potential due to A-Eo mixingl’za. This model gives bag = -0.1 fm, Aat = 0.15

fm, qualitatively similar to the results of the more complete models of Nagels
et al.20 which also include p and § exchange and the effect of the £+, I” mass
difference, and which give Bag = -0.3 fm, Aat ~ 0.1-0.2 fm (for their models B,

D, F). It is important to note that the major contribution to Aat in our model

comes from the CSE tensor part acting together with the CS tensor part. This
contribution is proportional to V%SB VCS, i.e. to VE?T ngg for our simple



model, giving the major contribution of 0.12 fm to Aa, ~ 0.15 fm. Thus

uncerta/nties in the CS tensor part {e.g. in g%NK) will give corresponding

uncertainties in da,. Furthermore (probably moderate) ccirections 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
ba., we cenclude that the triplet CSB intewt:tior obtained from the A=4
hypernuclei 1is ccnsistent with meson-exchange models.

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

arising from V%s for Aat. Furthermore, many-body and nuclear structure effects

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

sign) between the meson-exchange and phenomenological results for Aas 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 conclusilons.

REFERENCES

1) A. Gal, Adv. Nucl. Phys. 8 (1975) 1.

2) A. R. Bodmer, Q. N. Usmani and J. Carlson, Phys. Rev. C29 (1984) 684.

3) A. R. Bodmer and Q. N. Usmani, Proceedings of the Conference on the
Intersections between Particle and Nuclear Physics, Steamboat Springs, CO
1984, ed. R. E. Mischke (AIP Conference Proceedings, No. 123, 1984) p.

806,
4) A. R. Bodmer, Q. N. Usmani and J. Carlson, Nuc. Phys. A422 (1984) 510.
5) A. R. Bodmer and Q. N. Usmani, Phys. Rev. C3l (1985) 1400.
6) I. E. Lagaris and V. R. Pandharipande, Nucl. Phys. A359 (1981) 331.

7) J. Carlson and V. R. Pandharipande, Nucl. Phys. A371 (1981) 301; J.
Carlson, V. R. Pandharipande and R. B. Wiringa, Nuc. Phys. A401 (1983) 59.

8) A. R. Bodmer and D. M. Rote, Nucl. Phys. Al69, (1971) 1; J. Rosynek and J.
Dabrowski, Phys. Rev. C20 (1979) lél2.

9) J. Dabrowski and E. Fedorynska, Nuc. Phys. A210 (1973) 509; B. F. Gibson
and D, R. Lehman, In Proc. of Int. Conf. on Hypernuclear and Kaon Physics,

Heidelberg, Germany, 1982, ed. B. Povh (Max-Planck Institute fiUr
Kernphysik, Heidelberg, 1982); Phys. Rev. C23 (1981) 573.

10) R. H, Dalitz, R. C. Herndon and Y. C. Tang, Nucl. Phys. B47 (1972) 109.

11) R. B. Bhaduri, B. A. Loiseau and Y. Nogami, Ann. Phys. (NY) 44 (1967) 57.



12)

13)

14)

15)
16)

17)

18)

19)

20)

21)
22)
23)

24)

R. A. Mafliet and J. A. Tjon, Nucl. Phys. Al27 (1969} 1l61.

J. Lomnitz-Adler, V. R. Pandharipande and R. A. Smith, Nucl. Phys. A361
(1981) 399.

E. H. Auerbach et al., Aaun. Phys. (1983) 381; D. J. Millener, ibid 3, p.
850. ’

Q. N. Usmani, Nucl, Phys. A340 (1980) 397.
W. S. Chien and R. E. Brown, Phys. Rev. C 10 (1974) 1767.

H. Bando et al., Progress of Theoretical Physics, Supplement 8L (1985) 42,
104, 147. -

A. R. Bodmer, D. M. Rote and A. L. Mezza, Phys. Rev. C 2 (1970) 1623; J.
Law, M. R, Gunye and K. K. Bhaduri, in Proceedings of the International
Conference on Hypernuclear Physics, Argonne National Laboratory, 1969,

edited dy A. P. Bodmer and L. G. Hyman {Argonne National Laboratory, Ii.

1969), p. 333.

M. Danysz et al., Nucl. Phys. 49, (1963) 121; Phys. Rev. Lett. 11 (1963)
29; J. Pniewski and D. Zieminska, Proc. of Conf. on Kaon-Nuclear
Interaction and Hypernuclei (Zvenigorod, 1977) p. 33 (Moscow, 1979).

M. M. Nagels, T. A. Rijken and J. J. deSwart, Phys. rev. D15 (1977) 2547;
D20 (1979) 1633; Proc. Int. Conf. on Hypernuclear Physics, ibid 9.

D. J. Prowse, Phys. rev. Lett. 17 (1966) 782.
J. L. Friar and B. F. Gibson, Phys. Rev. Cl8 (1978) 908.
B. F. Gibson and D. R. Lehman, Phys. Rev. 23 (1981) 404.

R. H. Dalitz and F. Von Hippel, Phys. Lett. 10 (1964) 153.



