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ABSTRACT

Variational calculations indicate that a reasonable description of
Ap scattering and of A separation energies can be obtained in terms of
AN plus dispersive and TPE ANN forces . Results for the AA interaction
and for Â He obtained from an analysis of i?8^ are discussed. Coulomb
and AN charge symmetry breaking effects In the A=4 hypernuclei are

1. Ap SCATTERING AND S-SHELL HYPERNUCLEI (A<5)

COKF-8405193--22

DE84 014760

Low energy Apscattering determines the total cross section due to
s-wave scattering o •» (a + 3o )/4 (s»singlet, t-triplet, a bar denotes
the spin average) which effectively determines the scattering length
-Ap
a

-AP. We use-1 .9 an.j tb'i effective range r « 3.4 (all lengths in fm)
a AN potential with a theoretically reasonable attractive part due to 2n
exchange (dominated by Its OPE transition tensor part) V^« - VT^(r)
where T is the OPE tensor shape with cutoff (refs. 1 > 2 ) . With such a
theoretically reasonable attractive ranv;e, a repulsive core V about the
same as for V,™ is needed to fit o , giving an intrinsic range b»2 fm
(about the same as that of ref. ). Thus we use the central AN

potential V,

core (ref . l
-Vo -V - ( V - yV a. 'O-JT 2

2TT c 4 a A N TT
is a Woods-Saxon repulsive

close to that obtained for VWH ( r e f .
3V )/4, V -
t a

™ and
-V are conveniently used to parameterize V.N (alls t Apl

potential strengths are in MeV and refer to Ap-f-An averages unless

otherwise specified). Then aAp determines ?AP - 6.2+.05,
0 < V < .5. VAP is well determined by a , whereas the spin
~ o ~

a is effectively undetermined by Ap scattering. With charge
symmetry breaking (CSB) determined from A=4 (sect. 4), V -6.15+.O5.

gi

dependence V
try b
Coupling to £s (and/or As or other excited baryons) gives ANN,

ANNN, ... forces when the I, A, ... degrees of freedom are projected out
to leave only the A and N degrees of freedom. This procedure gives two
types of ANN forces (e.g. ref. *) .
1) Dispersive ANN forces V 0 ^ (associated with "suppression" of tne EN
channel) due to modification of 2-meson exchange (e.g. TPE)
contributions to VAN (between A and resulting from modification of
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' " ! ' • jT is



the propagation ("dispersion") of the intermediate £, N, ... by the
medium (a 2nd nucleon N~) • We consider two phenomenological forms.

-j c DW 2 2
I . S p i n i n d e p e n d e n t ( r e f e . Z ' 5 ) : V W T ^ ^ T ^ )

II. Spin dependent (ref . 2) : V ^ [ 1+ oA«

DW DS
VANN anc* ^ANN are e (i ui v al e n t ^or spin zero core nuclei, in particular

S DS
for AHe .

 V
ANN is obtained by assuming the dispersive (suppressive)

modifications act only for triplet AN, states and then symmetrizing
between Nj and N 2 • This represents phenomenological suppression of AN-
£N coupling occurring predominantly in the ̂ Si state via the tensor OPE
coupling (refs . 6.7).
2) Two-pion exchange ANN forces V,* (refs. 3,4,8)t assuming only
relative AN s states.

where Y(r) is the OV'E Yukawa function and cos6«r,,«a9. . Theoretical
estimates give O 1 - 2 .

A separation energies B^ for A<5. A-4 denotes the excited J-l
Z[ 4 *

state of ( H, He) ; the average excitation energy for A-4, 4 is
AE4-1.1±.O§.

 A(A11 energies in MeV.)
Variational calculations using product wave functions, and the

procedures described in refs. 2»^ have been made for V..,+V7.m+V * .
AN ANN ANN

These calculations then give the following relations between V A (spin
average AN strength for A), W(dispersive ANN strength) and C(TPE ANN
strength) appropriate to the experimental BA of the s-shell
hypernuclei . VA is given in terms of V and V o.
A-3: V3-V+(Va/2)- 6.27 + 5W(l/3)+ Y-jC
A=4: V.-V-KV /4)« 6.19 + 7.5W(2/3) .035 C
* 4 _ °

A»A : V*-V-(V /12)- 6.075 + 7.2W(10/9)- .028 C
* 4 a *

A=44 : V -3(V.-V. )-0 .345 + 0.9W(-10) - .021 C
A-5: V -V- 6.015 + 10.5W + .0175 C

The numbers in parentheses are the modifying factors due to the use
DS DW

of V A N N
 in8tead of V A N N • Note especially the large modifications for Va

and also for V^ . These are in the direction expected for suppression of
VAJ^ in the 3S, state. (The relation for Va is essentially determined by
Afî ) . The value of Y3 has not yet been determined but is expected to be
small and negative. Note also the change in sign for V between A-5
(repulsive) and A»A,4 (attractive). However the quantitative change

(even that in sign) in the relative contribution of V . ™ is cutoff
dependent and our pertinent conclusions are only semi-quantitative .
A. V ^ (AN forces only); With W - O 0 , the above relations give:

A-3,4 + V-6.11, Va-0.32 and A-4,4* + V-6.105, Va-.345. These values are



consistent with each other and with V s c a t t • Thus B. of A-3,4 and 4 are
(just) consistent with only AN forces. This conclusion agrees with
other analyses in particular that of ref. .

j(He(BA-3.12) «• 7-6.015, whereas y s c a t t + BA-5.7±1 . This is the
well known "overbinding" of ^He_(ref. ;. Note that this result depends
on the scattering only through V_catt which is rather well determined by
aAp apart from CSB corrections .
B. V f f l + V ^ (AH + dispersive ANN forces): With 0 0 , A-5 determines a

relation between V and W which using V8catt gives W-0.013+.005 (for both
^ANN an<* ^ANN^ corresponding to strongly repulsive ANN forces .

I. V^NN (8Pln independent dispersive ANN forces): A-4,4 ,5 -»• V-6.30,

W-.028, Vo-.37, and A-3,4,5 + V-8.01, W-.19, Va- -1.58.

II. V ) ^ , (spin dependent dispersive ANN forces): A-4,4 ,5 * V-6.30,

W-.O27, Vo-.10, and A-3,4,5 + 7-6.48, W-.044, Va« -.26.
For both V?)^ and V ^ the two sets_of values are mutally

inconsistent and also inconsistent with V . This is because

gives a sizable repulsive contribution for A-3,4 whereas these are
consistent with only V.^ . Thus, V.N + V^UM is unacceptable for both
spin Independent and spin dependent dispersive ANN forces .

C. vy\n + V A N N + VANN ^ "*" d l 8 P e r s l v e A N N + T F E A N N forces)
X- VANN " VANN: A ^ ' ^ ' ^ V a t t * W-.011+.005, C-1.13+.37, and

V -.33+ .01. V is only weakly dependent on W and C and io well

determined since V + V is spin independent and V is mainly
determined by AE^ . The n^PANN contributions for A-3,?54 are small:
VANN 5 a k e s a repulsive contribution for A-5 but an attractive one for
A-4,4 (and most probably for A-3), whereas V ^ ^ is repulsive for all A.

With V-6.15±.O5, V «.33±.O1 one has a A p - -3.3, aAp- -1.6
- A A S t
(a p« -2.03) and a good fit to a p. Note the large spin dependence .
11 • VANN"VANN: A-4,4*,5 + V t% + W-.011±.005, C-1.13±.37, and
V -.22±.O4. The reduced AN spin dependence results from the spin
dependence of V̂ j-fo which accounts for " 40% of AE/t . The net ANN
contributions are now appreciable for A-4 but again small for A-3,4.
Now: aAP- -2.7, a^p« -1.7 (aAp« -1.94) and again there is a good fit to
a, now with only a moderate spin dependence. The spin dependence
obtained from the s-shell may be reconciled with the quite small spin
dependence obtained from the p-shell hypernuclei (ref. ') because of the
different combination of Talml Integrals which enter (ref. ) •

Note that W and especially C have theoretically reasonable values
(perhaps somewhat fortuitously for C because of the cutoff
dependence) . Thus yAM + V ^ ^ + V^JJM give satisfactory and theoretically
reasonable fits to d and to the a-Bhell B., thus providing a reasonable
phenomenology; furthermore with a spin dependent diperslve ANN force the
AN spin dependence is moderate .



2. HEAVIER HYPERNUCLEI A>5 WITH SPIN ZERO (Jc»0) CORE NUCLEI

To date we have made calculations only for Vŷ j + V A N N for ^Be,
13 ?

AC, and the well depth D(A-°°) . The3e are described in ref • and will
be only briefly discussed. With Jc»0, VAN enters only through V; also
VANN a n d VANN a r e equivalent. For A>5 a new feature is that V^N for i>l
now contributes significantly. With VAN-VQ(r) [l-e+ePxl, Ap scattering
at moderate energies gives cO .25. The p-state AN potential is given in
terms of th,t s-state potential Vo by Vj-VgO^e) •
Well depth D(-30±3). Results have been obtained with the Fermi hyper-
netted chain (FHNC) approximation (ref. 2,11) , The conclusions are:
1. With only V ^ and with V 8 c a t t + D»71±7, i.e., strongly overbound!
2- VAN + VANN s u c h a s t o S l v e BA<AHe) + D-A6±3 .

3. VAN(e-.25)+V^NN + D-36±3, i.e., with Vj - Vg/2 one obtains agreement
for D.
COMMENTS: 1 . Coupled channel AN-EN G-matrix calculations give
suppression of the AN-EN OPE coupling which can reduce D by - 20 MeV
(ref. 6 ) . This is consistent with our FHNC result <V?J,JJJ> « 20 MeV
for W " .013 . However there is some doubt about the lowest-order G
matrix calculations which may substantially overestimate the
suppression .
2. The lowest-order cluster approximation D'"' is an excellent
approximation to the full FHNC result. D^0^ corresponds to the use of
effective interactions y v which involve the AN correlation

AN ANN ^ _̂ P
function determined by nuclear-matter calculations. V.N, V.__, may then
be used for finite nuclei In a first-order (folding) calculation.
3. For our AN potential (which gives a moderate wound integral K<".07)
the lowest-order G-matrix results are very close to the FHNC values
(within - 1 MeV) .
?Be (BA-6 .71±.0A) • We use a 2ct+A model Implemented by 3-body
variational calculations (ref. 2) . The aa potential V a a is fitted to act

scattering. The aA potential V .-V ? +V^?H-AN+ANN contributions) is

obtained by folding V and ^ P — with pQ and reproduces BA(^He) . Vaa\

is the effective aaA potential due to the A interacting via V.j^ with
pairs of nucleons each in a different a and is also obtained by folding;

aaA is proportional to W and is completely determined for a given
V ., The conclusions are:

(2)
1. With only V . and with V ,.* B, « 11.5, again strongly overbound.

aA c scatt A ° ° J

2. Only v .(fit to B.(,He)) •»• B. - 7.8 « V „>- -15.8)
aA A A A aA

3. V . + V A + B. - 6.9 (<V .>-0.85)
aA aaA A aaA

4. V Q A + V a a A with reduced p-state VAN (e=.25)+BA*6.5 (Vj • VQ/2 is
estimated to reduce BA by - 0 .4 MeV). A repulsive contribution from
VaaA i s n e e d e d t 0 avoid ABe being overbound by - 1 MeV. %
strongly indicctes the presence of aaA and hence._ of... ANN
13 19 ~
.C. BA was calculated by obtaining the A- C potential by folding V. ,



V with the density of i z C . The conclusions are effectively the same
as ror D and ABe •

Thus, dispersive ANN firces consistent with jfoe together with AH
forces consistent with scattering and with a weakened p-state
interaction give satisfactory BA for hypemuclei with A>5 and with spin
zero core nuclei •

We believe that a combination of dispersive + TPE ANN forces which
fit B,(rHe) will not significantly change this conclusion, but this
remains to be shown .

3. AA HYPERNUCLEI: J°Be AND .^He
AA AA

1 2
Our calculations for these are described in ref. , and will be

only briefly discussed .
A A ( B . A * 1 7 .71±.O8) is the best established and most critically

examined AA hypernucleus event. We use an ot+2A model for.^He and aAAr

or

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

2orf2A model for j^Be with V a A, V a a and V a a A obtained as for ^Be . For

and for the attractive part V.. Variational A-body calculations for
|?Be determine one parameter fe.g. the strength of V.) of V.. .
"Reasonable" V»« (V coir.parable to that for V ™ , reasonable range for

A A A A

V"A) give a » -(2.5-3.5), r » 2.6-3.1. 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 . Meson-exchange

models obtained by the Nijmegen group (ref. ) predict a «• -0.26,
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 .
.Be and ..He. Calculations for various V^ with differing shapes and
strengths give an approximately linear relation between B..(..Be) and

6 1 (1B « . L . H e ) . For the experimental value of B.-fTTBe] this relation
AA AA ' 7 AAVAA '

predicts much too small values of B.. .(..He) well outside the errors
-—-z — AAVAA J

quoted for this event .

4 . COULOMB EFFECTS '.TO CHARGE SYMMETRY BREAKING (CSB) FOR A*4 .

Coulomb corrections . The Coulomb,repulsion,between the protons in AHe
contributes AB <~~0 to AB, - B.f.He) - B , ( , H ) . T O 1st order in V :

c / A 3 A*-A ; A'-A ' c
AB - -AE - -[E (.He) - E (Hell, where AE is the increase in the

c c L c A cK ' J c
Coulomb energy of the 3He core due to the A. AB has been calculated
(ref._ ) for our charge symmetric (CS) potential V"2_ • The energies of
.He, He, and hence AB , ware calculated variationally for several

o c 2 2 2
values of q2 in the range 0 < q < 9 where V - q e /r; i.e. the

c 2
Coulomb repulsion is artificially boosted. For q < 3 the dependence
on q is linear and interpolation to q - I gives the He values with
improved accuracy. We^obtain the rather small values:
|AB | - .05 ± .02, |AB | - .025 ± .015, which are also consistent with



the calculated values of AE . Our values ire consistent with those of
ref. *->t 5ut significantly less than those of ref. 3. Adding our values
to the appropriate experimental AB^ then gives the following values to

be attributed to CSB effects: AB - .40 ± .06, AB - .27 ± .06.
Phenomenological charge symmetry breaking potential . For this we

consider a T^;(r) shape. This is to be used together with our CS
potential V- . Fitting to the above values of AB., ABA gives

V - -0.054 T_ T (1 + 0.0054 a,•<;„). For ao - a,. - -1.9 this
A n An

potential gives Aa •> .39, Aa - .36, where Aa - -(a -a ) and is
positive if the Ap Is more attractive than the An interaction. Thus the
CSB potential is only slightly spin dependent. (Actually less so than
would be suggested simply by the values of AB., AB,.) We have checked

A A ^that for our shape of V^SB the connection between AB., AB.
and Aa , Aa is in good agreement with that obtained in ref. *". The
two acceptable spin dependent CS solutions of sect. 1 give
Aa « .55, Aa - .25, the larger difference reflecting the CS spin
dependence .
Comparison with meson-exchange models . An instructive illustrative

model is V + V : the CS potential (b - 2 fm) has a hard core,
OK TT

kaon exchange (with g A N K " 16) which gives a AN tensor force, and o-

meson exchange chosen to give a total a « -Z\ the CSB potential is the
OPE potential due to A-E° mixing (refs. ^,17). This model gives
Aa «• -.1, Aa «• .15, qualitatively similar to the results of the more
complete models of Nagels et al . (ref_. ) which also include p and 6
exchange and the effect of the Z , Z mass difference, and which give
Aa •» -.3, Aa « .1 to .2 (for their models B, D, F) . It is important
to note that the major contribution to Aa^ in our model comes from the
CSB tensor part acting together with the CS tensor part . This gives a

CSB CS CS CSB
contribution proportional to V V , i ,e. to V V ° for our model

with a contribution of .12 to Aa_ . Thus uncertainties in the CS tensor
part (e.g. in gf»rif) will give corresponding uncertainties in Aa t.
Furthermore (probably moderate) differences between the calculated AN
values and the phenomenological values obtained from AB., AB. 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
interaction obtained from the A»4 hypernuclei is consistent with meson-
exchange model3 .

For the singlet difference Aafl there is no uncertainty
corresponding to that arising from V^S for Aa t. 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 phenomenologlcal 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.



Of course complete calculations with AN and NN tensor forces are
required for the A»4 hypernuclei in order to definitely establish that
nuclear structure effects do not change the above conclusions .
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