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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 %He obtained from an analysis of 10ge are discussed. Coulomb
and AN cﬁarge symmetry breaking effects in the A=4 hypernuclei are

discussed. CORF-8405193-=22

. CATTERING D S-SHELL )i < .
1 Ap SCATTERING AND S-SHELL HYPERNUCLEI (A<5) DE64 014760
Low energy Ap_isattering determines the total cross section due to
s-wave scattering ¢ "= (o + 30 )/4 (s=singlet, t=triplet, a bar denotes

the spin average) which effectively determines the scattering length

aApﬂ -1.9 and the effective range rApu 3.4 (all lengths in fm). We use
a AN potential with a theoretically reasonable attractive part due to 2n
exchange (dominated by its OPE transition tensor part) V,= - yT5(r)
where T_ 1is the OPE tensor shape with cutoff (refs. l'2). With such a
theoretgcally reasonable atiractive rarge, a repulsive core V_ about the
same as for Vi, is needed to fit_¢ ', giving an intrinsic range bs=2 fm
(about the same as that of ref. °). Thus we use the central AN
N-vznzvc- (G— %VG;A.;N)Ti' Vc is a Woods—Saxun repulsive
core (ref. ©), close to that obtained for Van (ref. 1), and

V= (VS+ 3Vt)/4, VG=VS—Vt are conveniently used to parameterize V,, (all

potential strengths are in MeV and refer to Ap+An averages unless :%

potential v

otherwise specigied). Then EAP determines V“P = 6.2+.05,

& ) 4
0gV_ < .5, VAP 15 well determined by oAp, wvhereas the spin Z&

dependence Vo is effectively undetermined by Ap scattering. With charge
symmetry breaking (CSB) determined from A=4 (sect. 4), Vsc CC-6.15t.05.
Coupling to Is (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. 4).
1) ispersive ANN forces VDNN (associated with "suppression” of the IN
channel} due to modification of 2-meson exchange (e.g. TPE)
contributions to V,y (between A and Nl) resulting from modification of
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the propagation ("dispersion”) of the intermcdiate L, N, ... by the
medium (a 2nd nucleon NZ). We consider two phenomenological forms.

2,54. DW 2 2
I. Spin independent (refs. ): VANN an(rIA)Tn(rZA)
2. DS + + >
11. Spin dependent (ref. <): VANN[1+ o, (ol+cz)/6]-
bW DS
VANN and VANN are equivalent for spin zero core nuclei, in particular
5 DS

for jHe. V is obtained by assuming the dispersive (suppressive)
modifications act only for triplet AN; states and then symmetrizing
between N, and N,. This represents phenomenological suppression of AN-
IN coupling occurring predominantly in the 3Sl state via the tensor OPE
coupling (refs. 6,7),

2) Two-pion exchange ANN forces ¥
relative AN s states.

2n -
ANN

where Y(r) is the OPE Yukawa function and cose-rlecZA. Theoretical

estimates give C~1-2. *
A separation energies B, for A<5. A=4 denotes the excited J=l

2w

ANN (refs. 3,4,8) assuming only

v C[1+{3cosze-1)T“(r1A)T“(r2A)]Y"(rlA)Y"(rZA),

state of (aH.ZHe) ; the average excitation energy for A=4, 4* is
8E4=1.12.08. (Al energies in Mev.)

Variational calculations using product wave functions, and Ehe
procedures described in refs. 2»5, have been made for VAN+V§NN+VA;N'

These calculations then give the following relations between Va (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 Vo.

A=2: v3-\7+(v°/z>- 6.27 + SW(1/3)+  Y,C
A=4; va-v+(vo/4)- 6.19 + 7.5W(2/3) .035¢C
A=4 : VZ“V'(Vo/iz)' 6.075 + 7.2W(10/9)- .028 C
A=44 V_=3(V,~V,)=0.345 + 0.9W(-10) - .021 C
A=5: V =V= 6.015 + 10.5W + 0175 ¢C

The numbgrs in parentheses are the modifying factors due to the use

DS DW
°f-vANN instead of VANN'
and also for Vi. These are in the direction expected for suppression of
VAN in the 3s state. (The relation for Vs is essentially determined by
Aba). The value of y, has not yet been determined but ig expected to be
sma and negative. ote also the change 1in sign for Vv etween A=

11 d 1 ﬁ 1 h h i i £ b A=5
(repulsive) and A=4,4 (attractive). However the quanti§§tive change

(even that in sign) in the relative contribution of VZ" is8 cutoff

dependent and our pertinent conclusions are only semi-quantitative.
A. Vu" (AN forces only); With W=C=0, the above relations give:

A=3,4 + VU=6.11, V,=0.32 and A'4.4* + V=6.105, VG-.BAS. These values are

Note especially the large modifications for V,




consistent with each other and with Vsca « Thus B, of A=3,4 and 4* are
{just) consistent with only AN forces. fﬁis conclusion agrees with
othersanalyses in particular that of ref. ~.

pHe(B,=3.12) + U=6.015, whereas seatg + By=5.7¢l1. This 1is the

well known “"overbinding"” of jHe_(ref. Note that this result depends
on the scattering only through V which is rather well determined by

—A scatt
o"'P apart from CSB corrections.
B. Vm+V?lm (AN + dispersive ANN forces): With C=0, A=5 determines a

rejation begueen V and W which using V ..., gives W=0.013+.005 (for both
VANN and Vjyn) corresponding to strongfy repulsive ANN forces.

* -
I. VRﬁN (spin independent dispersive ANN forces): A=4,4 ,5 + V=6,30,
W=.028, V,=.37, and A=3,4,5 + U=8.01, W=.19, V = -1.58.
11. VRSN (spin dependent dispersive ANN forces): A-A,A*,S + V=6.30,

W=.027, V,=.10, and Ap3,ass + V=6 .48, W=.044, V = -.26.
Dw the two sets_of values are mutally

For both Viqy and VP
This is because VRNN

inconsistent and also inconsistent with vscatt'

gives a sizable repulsive contribution for A=3,4 whereas these are
consistent with only V,y . Thus, V,y + VRNN is unacceptable for both
spin independent and sp§n dependent dispersive ANN forces.

C. Vyu + VRNN,+ V%ﬂu (AN + dispersive ANN + TPE ANN forces)

1. Dy = VREy: A=4,4% 54, ., + W=.011£.005, C=1.13+.37, and

Vc-.33t.01. VOr is only weakly dependent on W and C and is well
™

determined since VKW + V2 is spin independent and V 15 mainly
dﬁcermined by AE, . ®he nd¥NANN contributions for A-3,va are small:
Vil gakes a repulsive contribution for A=5 but an attractive one for
AA§¥4 (and most probably for A=3), whereas VR#N is repulsive for all A.

With U=6.15+.05, Vo-.33t.01 one has a:p ~ -3.3, aﬁp- -1.6
(EAp~ -2.03) and a good fit to oMP. Note the large spin dependence.

1. Vo=vRSe: A-4,4%,5 + T .., + W=.011%.005, C=1.13£.37, and
V =.22+1.04 Nyhe reduced AN spin gependence results from the spin
dependence of Vjyy which accounts for ~ 40% of AE,. The net ANN
contributions are now apprecixble for A=4 but again small for A=3,4.
Now: a‘Pw -2.7, atp~ ~1.7 (a*P~ -1.94) and again there is a good fit to
0, now with only a moderate spin dependence., The spin dependence
obtained from the s-shell may be reconciled with the quéte small spin
dependence obtained from the p-shell hypernuclei {(ref. 7) bTSause of the
different combination of Talmi 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 V,, + VB + V%ﬁn_give satisfactory and theoretically
reasonable fits to g and to the s-shell B,, thus providing a reasonable
phenomenology; furthermore with a spin dependent dipersive ANN force the

AN spin dependence is moderate.




2. HEAVIER HYPERNUCLEI A>5 WITH SPIN ZERO (JC-O) CORE NUCLEIL

To date we have made calculations only for VAN + VRNN for %Be,

13

4C, and the well depth D(Aww). These are described in ref. 2 and will
b%wonly briefly discussed. With Jo=0, Vay enters only throvzh V; also
VANN and Vayy are equivalent. For A>5 a new feature is that Vpy for 2>1
now contributes significantly. With V,y=Vo(r) [l-eteP ], Ap scattering
at moderate energles gives e~0.25. The p-state AN potential is given in
terms of th. s-state potential Vg by V =vVy(1-2€).

Well depth D(~304+3). Results have been obtained with the Fermi hyper-
netted chain (FHNC) approximation (ref. 2’“). The conclusions are:

1. With only V,y and with vscatt + D=71+47, i.e., strongly overbound!

2. Vpn + VRNN such as to give BA(RHe) + D=4613.

g;: XAN(E~'25)+VRNN + D~36%3, {i.e., with V| = VO/Z one obtains agreement
COMMENTS: 1. Coupled channel AN-IN G-matrix calculations give
suppression of the AN~IN OPE coupling which can reduce D by = 20 MeV
(ref. 6). This 1s consistent with our FHNC result <VDNN> ~ 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(0) 15 an excellent
approximation to the full FHNC result. D(O) corresponds to the use of

effective interactions VAN’ ~ANN which involve the AN correlation

function determined by nuclear-matter calculations. VA . vi may then
be used for finite nuclei in a first-order (folding) ca?culagqon.
3. For our AN potential (which gives a moderate wound integral x=.07)
the lowest-order G-matrix results are very close to the FHNC values
within = 1 MeV).
Be (By=6.71+.04). We use a 2g+A model implemented by 3-body
variational calculations (ref. 2). The aa potential V 1s fitted to aa

scattering. The alA potential VaA-V§§)+V£z)(-AN+ANN contributions) is

obtained by folding vAN and VRNN with p_ and reproduces BA(RHe). Vaah

is the effective aalA potential due to the A interacting via V NN with
palrs of nucleons each in a different a and is also obtained gy folding;

Vaah 1s proportional to W and is completely determined for a given

VaAa The conclusions are:
(2) s
1. With only VaA and with vscatt* BA ~ 11.5, again strongly overbound.

2. Only VaA(fit to BA(AHe)) * B, = 7.8 (<VQA)- -15.8)
3. VCIA + VQO.A -+ BA ~ 6.9 (<VaaA)'0 .85)
b Vop ¥ Voqn Vith reduced p-state V,, (e=.25)+BA~6.5 (V1 = VO/Z is

estimated to reduce B, by ~ 0.4 MeV). A repulsive contribution from
Voap 18 needed to avoild j3Be being overbound by =~ 1 MeV. Thus %Be
strongly indicstes the presence of aal and hence of ANN forces.

lic. B, was calculated by obtaining the A-12¢ potential by folding vAN'



VD with the_density of 12¢. The conclusions are effectively the same

as for D and jBe.
Thus, dispersive ANN fcrces consistent with RHe together with AN

forces consistent with scattering and with a weakened p-state
interaction give satisfactory B, for hypernuclei with A>5 and with spin

zero core nuclei.
We believe that a combination of dispersive + TPE ANN forces which

fit B (SHe) will not significantly change this conclusion, but this
remains to be shown.

3. AA HYPERNUCLEI: lOBe AND 6He

AA AA
Our calculations for these are described in ref. 12, and will be

only briefly discussed.

kR(B A-l7.71¢.08) is the best aestablished and most critically
examined RA hypernucleus event. We use an a+2A model forARHe and a

aa and chA obtained as for KBe. For

20+2A model for }QBe with Vv ,, V
VAQ we ugse a variety of shapes and ranges both for the repulsive core Vc
and for the attractive part V,. Variational 4-body calculations for

gBe determine one parameter ee.g. the strength of VA) of VAA'
"Reasonable” Van (Vc corpareble to that for VNN’ reasonable range for

VA) give aAA w —(2.5-3.5), rAA = 2.6~3.1. The AA 1interaction is

strongly attractive, comparab?e to or even more attractive than the AN
force, and is not far from giving a bound A\ state. Meson-exchange

models obtained by the Nijmegen group (ref. 13) predict aAA = -0.26,
i.. a very weakly attractive V,,. This discrepancy could be tentative

evidence for a 6q state with the quantum numbers of a 1SO AA state and
gt too fag above the AA threshold.

A Be and ,,He. Calculations for various Vip with differing fbapes and
2frengths’ive an approximately linear relation between BAA(AABe) and

¢ 10
BAA(AA AA(AABe) this relation

predicts much too small values of B ( He) well outside the errors
AANAA
quoted for this event.

He). For the experimental value of B

4. COULOMB EFFECTS 'ND CHARGE SYMMETRY BREAKING (CSB) FOR A=4 .

Coulomb corrections. The Coulomb repulsionabetween the protons in 4He
contributes AB_< 0 to 4B, = B,(yHe) - B,(,H). To lst order in V :

c
ABC = —AEC - -[Ec(iﬂe) - Ec(3He)], where AE is the increase in the

Coulomb energy of the 3He core due to the A. AB_ has been calculated
Sref. 14) for our charge symmetric (CS) potentiaf Voo » The energies of
AHe, He, and hence AB , ware calculated vatiationafly for several

c

values of q2 in the range 0O < q2 < 9 where VC = qzez/t; i.e. the

Coulomb repulsion 1s artificially boosted. For q2 < 3 the dependence
on q° is linear and interpolation to q° = | gives qhg_ﬂe values with
improved accuracy. We,obtain the rather small values:

’ABcl - .05 + .02, IABc| = .025 + ,015, which are also consistent with




the calculated values of AE ., Our values are counsigtent with those of
ref. 15, but significantly Eess than those of ref. 3. Adding our values
to the appropriate experimental ABA then gives the following values to

*
be attributed to CSB effects: AB, = .40 + .06, AB, = .27 + .06.
Phenomenologiczl charge symmetry éreaking potentiaf. For this we

consider a Ti(r) shape. This is to be used together w*th our CS§S
potential V2n' Fitting to the above values of AB,, 4B, gives

CSB

v w0054 1, T2(1 + 0.0054 5,5, ). For ag = a, = -1.9 this
potential gives pa_~ ,39, da, = .36, where Aa = -(aAp-aAn) and is
pogitive if the Ap fs more attgactive than the An interaction. Thus the
CSB potential is only slightly spin dependent. (Acgually less so than
would be suggested simply by the values of ABA’ ABA') We have checked

*

that for our shape of VCSE the connection between AB » AB

and Aa , Aa is in good agreement with that obtained iIn ref. 16, The
two acgeptaﬁle 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 1is Vgi + VﬁSB- the CS potential (b =~ 2 fm) has a hard core,

kaon exchange (with g%NK = 16) which gives a AN tensor force, and o¢-

meson exchange chosen to give a total a = ~2; the CSB potential 1s the
OPE potential due to A-I° mixing (refs. 4,17y, This model gives

Aa =~ -.1, Aa_ = .15, qualitatively similar to the results of the more
cogplete models of Nagels et al., (ref, 13) which also include p and §
exchange and the effect of the [ , I mass difference, and which give
Aa = -3, Aa_ =~ .] 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 &S tensor part. This gives a

CsB _CS Cs CSB

ntributi oportional to i.e. for our model
co ution prop VT VT , e. to VK,T Vﬂ,T u

with a contribution of .12 to Aa,. Thus uncertainties in the CS tensor
part {e.g. in g2 ) will give corresponding uncertainties in Aa .
Furthermore (prgga ly 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 18 no major discrepancy between the meson-exchange and
phenomenological values of Aa,, we conclude that the triplet CSB
interaction obtained from the A=4 hypernuclei is consistent with meson-
exchange models.

For the singlet difference Aag there is no uncertainty
corresponding to that arising from V%S for Aa,. Furthermore, many-body
and nuclear structure effects are expected to be less than for Aat. The
large differences (even the opposite sign) between the meson-exchange
and phenomenological results ior Aa_ then strongly suggest that meson-—
exchange models of the singlet CSB fnteraction 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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