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Variational Monte Carlo calculations fd;rH (ground and excited stat)esndi’He are performed to decipher
information onA-nuclear interactions. Appropriate operatorial nuclear Anduclear correlations have been
incorporated to minimize the expectation values of the energies. We use the Arggrine-body NN along
with the Urbana IX three-bodWNN interactions. The study demonstrates that a large part of the splitting
energy iniH (0*-1") is due to the three-bod NN forces. }’O hypernucleus is analyzed using thshell
results.A binding to nuclear matter is calculated within the variational framework using Fermi-hypernetted-
chain technique. There is a need to correctly incorporate the three/bNdy correlations forA binding to
nuclear matter.
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I. INTRODUCTION by using the Fermi-hypernetted-chailirHNC) technique
[4,8]. This study gives an indication of the implications of
The study of the response of a many-body system to @ur s-shell results on heavier hypernuclear systems.

hyperon gives insight into the structure of baryon-baryon In Sec. Il we describe the Hamiltonian used in this work.

interactions. The binding energy data of lighshell hyper-  Section Il gives the wave function and the approach. In Sec.

nuclei provide a unique opportunity to know more about thelV We discuss the results and finally in Sec. V we give the

A-nuclear interactions, particularly on their spin dependenceSonclusion and comments.

In the past, basically two approaches have been followed.

The first one involves Brueckner-Hartree calculations using Il. THE HAMILTONIAN

NijmegenYN potential with and without higher-order correc-

tion to single-particle energigd,2]. This method uses the

large AN— XN coupling that gives considerably lower bind-

ing energy foriHe. Any attempt to correct this leads to poor

The complete hypernuclear Hamiltonian consists of the
nuclear HamiltoniartHy ~* and theA HamiltonianH . The
nuclear HamiltoniarHy ! is given by

agreement with the scattering data. The second method is A-1 42 A-1 A-1
primarily based on reliable variational techniques, mostly us- HA 1=— > mViZJr > Vit > Vi 2.1
=1 i i<j i<j<

ing simplifiedNN interactiond 3,4]. We follow this approach

but use realistic Argonnelg_ NN mtt_aractlon[s] along with where V;; and V; are the two-nucleorNN and three-
Urbana IX three-bodyNNN interaction([6,7]. The phenom- . \-je4nNNN potentials, respectively, and is the mass of
enological approach we follow is consistent with meson-o nucleon. ’ ' '
theoretic models as well as available low-energy scattering e two-bodyNN interaction employed here is the Ar-
data. TheAN—XN coupling is effectively taken care of by gonney,q interaction[5]. The first 14 operator components
inclusion of the phenomenologicaA\NN potential. The  of this model are charge-independent and are an updated
ANN potential consists of both the dispersive and two-pion-ersion of the Argonnev,, potential [9]. Three additional
exchange(TPE) kind as employed in previous studifd].  charge-dependent and one charge-asymmetric operators are
The hypernuclei considered in this work gtel, 1H* (* on  added along with a complete electromagnetic interaction,
“H refers to the excited 1 statg, and 3 He. containing the Coulomb, Darwin-Foldy, vacuum polariza-
The interaction parameters that we find based on oution, and magnetic moment terms with finite-size effects. The
s-shell results are later used to make estimates of the bindingotential has been fit directly to the Nijmeg@p and np
energy of}fo. We also study thd binding to nuclear matter scattering data bagé0,11], low-energynn scattering param-
eters, and deuteron binding energy. For the three-ibtdix
potential we use the Urbana modé,7] consisting of the
*On leave from Department of Physics, Jamia Millia Islamia, TPE part of Fujita and Miyazawgl2] and a repulsive phe-
New Delhi 110 025, India. nomenological spin-isospin independent term. We have used
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the Urbana IX mode]7] of the interaction where the values W,=— %Cp(;—i XA X ALY ()Y, (2.5
of the strength parameters are used in conjunction with the
Argonnew;g interaction. whereX,, is the OPE operator given by
The A HamiltonianH , is given by
Xia = (0 02) + Sa(ra) Ta(ra) (2.6)
52 A-1 A-1 '
Hy=—5—Vi+ 2 Viat 2 Vi, (22 with
2my i=1 < Y
3(ayr AT

whereV;, andV;;, are the two-bodyAN and three-body Sia(rea) = (% kAl("A ) (ok-apr). (2.7
ANN potentials, respectively, antd, is the mass of theé\ Fka

particle. The first terms of Eq$2.1) and(2.2) pertain to the In Eq. (2.5 {} represents the anticommutator teify (1 )
andT_(r,) are the usual Yukawa and tensor functions, re-

total kinetic energy of the nucleons and respectively.

The two-bodyA N potentialV ,  includes a central poten- . . = )
tial [4] of the same form for the singlet and triplet spin states.SpeCtlvely’ with plgn masg—O.? . —
These have a theoretically reasonable attractive tail due to Th€ A-nuclear interaction parameterg, V,, Cp, and
the TPE in accord with Urbana-type potentidls3] with W, are considered as unknown. These are then flttgd as a
spin- and space-exchange terms: function of theB, values that have be_en calculated using the

s-shell results. Taking these values ¥f V,,, C,, andW,
— e we again perform variational calculations that give us the

Van=[{Ve(r) = VH1- e+ ePy)+3V,05- an]TH(D), final results for{H, 4H*, and SHe. These results are later

(2.3 ysed to analyzé’O andA binding to nuclear matter.

whereV and V, are the .spin—averz'age and spin-dependent 1. WAVE FUNCTION AND APPROACH
strengths, respectively?, is the Majorana space-exchange
operator,e is the corresponding exchange paramet&r,is The trial variational wave function we adopt is of the

the Woods-Saxon repulsive cdd], andT . is the one-pion-  following form:
exchangg OPE tensor potential shape modified with a cut-
off. Further details can be found in Ré¢#)].
In this study we consider potential parameters that are|¥,)=
consistent with low-energ\p scattering data that essen-
tially determine the value of spin-average strength 6.15 « H e
+0.05 MeV[4]. Aty i
For hypernuclei with zero-spin core nuclei, suchi&ske,
@e major contribution arises from the spin-average strengtirhe pair wave functio V) is a symmetrized product of
V while the spin component contributes very little. The spintwo-body (1+U;;) and (1+U;,) correlation operators act-
dependenc¥, is assumed to be positive, which is consistenting on a Jastrow trial function. This is written as
with hypernuclear spins of mass 4 systems. We find that for

LS Tni
1+ X U+ X Uija+ X UES+ X Uil
i<j<k 1<j i<j <j<k

W), (3.0

the s-shell hypernuclei A<5) the s-state interaction is A-1 A-1
dominant but the higher partial-wave interactions, in particu- V)= s (1+ Uij) sIT a+up||w,). 3.2
lar, thep-state, also make a small but significant contribution i< i=1

contrary to earlier studigd4]. The importance of thp-state

contribution becomes significant due to thenuclear corre- Ujj in Eq. (3.2 is defined as

lations.
Studies on hypernuclei have shown that it is necessary to _ T P
include a three-bodyANN interaction in the Hamiltonian. Uij_pZZ’6 L] Flik(Tik k) | Up(Tig) Ojj (3.3

We consider phenomenologicAINN forces of the disper-
sive (spin-dependent and spin-independess well as the ith 052[1,5i'&j ,Sij1®[1,7- 7]. S is the tensor opera-

TPE kind[15], which arise from the suppression Bf A....  tor, ¢ and 7 are the spin and isospin operators, respectively.
degrees of freedom by the medium, that is, the Secongne factorfP, suppresses spin-isospin correlations between
nucleon._ . . ) .. two nucleons in the presence of a third one.
The dispersive kind has a spin dependence that is given |, principle, theU, , correlation will consist of a spin and
by a Majorana space-exchange operafid:
VRENUW=oni<riA>Ti<r,-A>[1+%&A~<&i+&j>](.2 . Uir=a,Up(1ia)Gr- 61+ aplp(fin)Py, (3.9

where «, and a,,, are variational parameters aiyj is the
The TPE part of the interaction is given by5] space-exchange operator. In our calculations we have not
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included the space-exchange correlations since the calcula- TABLE I. AN correlations parameters.
tions become complicated and time consuming. In any case - —
the effect of these correlations is expected to be small for xZ Y kan aan Can Ran as a,”

s-shell hypernuclei.

5
The spin-dependent correlatian, given in Eg.(3.4) is AHe 620 0117050 2.0 1.0 0965  0.80

6.15 0.110 0.50 2.0 1.0 0970 0.95

defined as

6.10 0.095 0.50 2.0 1.0 0.940 0.95
(A — ) fH 620 012 070 20 10 095 0.70
U,=——, (3.5 6.15 010 070 20 1.0 095 1.20
f 6.10 0.08 0.70 2.0 1.0 0.95 0.70
A ) . . A f{H* 6.20 0.095 0.70 2.0 1.0 1.0 0.70
wheref? is the spin-average correlation functidi. and f; 615 0065 070 20 1.0 10  0.70
are the solutions of the quenchaAdN potential in singlet and 610 0050 070 20 10 10  0.70

triplet states, respectively, which are given by the following
relation: 8Equation (3.4); for all other correlation parameters refer to Ref.

[16].
ﬁ2

[— 2 V24 Vge(r an) +Vin| fa=0, (3.6 relationffj, , along withU;  that consists of a spin-orbit and

an isospin three-body correlation. Further details can be
where Vg, is the quenched\N potential in singlet/triplet found in Ref.[19].
stateu ,  is the reduced mass of the-N pair, whileV2  is The three-bodyANN correlationU;;, has the following
an auxiliary potential. orm.
The Jastrow wave functiopl’ ;) is given by

A-1 A-1

i1]1 fé(m)i[[j fo(riy)

UijA:VijA(Slazsz)a (3.1D

|W ;)= | D). (3.7

whereVijA differs from V;;, through the cutoff factoc of

Here|®) is an antisymmetric product of single-particle wave the usual Yukawa and tensor functior. and 3, are varia-
function with the desiredJ,T). The initial uncorrelated state tional parameters that multiply th&NN interaction param-
& has no coordinate dependence and is real. For exampleters, C, andW,, respectively.

co
in

an

nsider the followingD states for\H and 4 H* expressed No attempt has been made to vary the two-bddy and

the spin-isospin basis with the appropri&lel) states: three-bodyNNN correlation parametersl9] as their effect
has been found to be smdR0] and only the variational
parameters of the wave function pertainingAchave been

THI= =lLy=c(i il _1 12 A =112
AH(=0, T=3)=C(2.2.0:3.~ 2.0 M=y varied to obtain a minimum in the energy. The optimum

+C(4,,0:—1,2,0%H 12 5 112 va!ues of the-_se perameters which are used in our final calcu-
S lations are given in Tables | and II.
(3.8 We calculate energy expectation values using Monte
q Carlo (MC) integration[21,22. The expectation values are

sampled both in configuration space and in the order of op-

erators in the wave function by following a Metropolis ran-
AH* J=1T=%)=C(3,3.1,3.3.1) Hjllelz/\ig, dom walk[23]. The mathematical expressions used to evalu-
(3.9 ate the energy expectation values are given below.

The energy expectation value for the pure nucleus is given

where C represents the Clebsch-Gordon coefficiefitg]. by

H

12, and *H; 17, are the uncorrelated’s for triton,

whereash ;32 and A Y2 are the spin-down and spin-up states,

respectively, of the\ particle.

<‘I’A_1|HA_1|\I’A_1>
. . . LS : . <EA l>_ N N N (3 12
The spin-orbit correlatiod;;” is given by N T T A Ay :

Uii=[uis(rij) + Uis(rip) 7i- 71(L-S); . (3.10 TABLE Il. ANN correlation parameters fgHe, 4H, and {H*

The eight radial functionsf(r;;), uy=26(rij), Uis(rij), Parameters V=620 MeV V=6.15MeV V=610 MeV

anduyg,(r;;) are obtained from approximate two-body Euler-
Lagrange equations with variational paramefdig. 52 0.364 104 0.311 733 0.257 894
T . .
U ni IS- a three-body correlation mduced_ by t.he three- Sza 0.006 096 0.004 845 0.003766
nucleon interactionV;;c. The other correlations incorpo-

rated in the wave function are a spatial three-bbdidyN cor- aEquation(3.11).
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TABLE lII. Variational results for’H and*He. All energies are TABLE IV. Energy expectation value&alculated and fitted
in MeV and radii in fm. for 4H (ground state with V=6.20 MeV. €=0.24, k,y=0.12,
as=0.95,a,=0.7.
Components °H “He
Kinetic energy 50.7@Y 106.856) Vo Wo Cp (Ecap (Eri)
NN potential energy —57.954) —129.306) 0.17 0 0 10.5805) 10.60
NNN potential energy —-1.133) —5.277) 0.17 0 1.0 11.6(07) 11.63
Total energy —8.322) —27.716) 0.17 0.01 0 9.9(05) 9.97
rms (proton 1.5853) 1.4782) 0.17 0.01 1.0 10.965) 10.90
rms (neutron 1.7314) 1.4782) 0.17 0.02 0 9.284) 9.31
d-state probability 0.0933) 0.15122) 0.17 0.02 1.0 10.205) 10.13
0.17 0.02 2.0 12.287) 12.31
0.17 0.005 0 10.285) 10.29
where W' is the wave function of the massA¢1) 017 0.005 10 11.285) 11.97
nucleus andHy~ ! is the nuclear Hamiltonian. 017 0.005 20 13.599) 13.60
The energy expectation value for the hypernucleus is ¢ 17 0.015 1.0 10.505) 10.52
given by 0.22 0 0 10.8005) 10.71
0.22 0 1.0 11.605) 11.74
A (PRIHAIWE) 0.22 0.01 0 10.005) 10.09
(BR) = —yargny (3.13 0.22 0.01 1.0 10.905) 11.01
HA 0.22 0.01 2.0 13.369) 13.30
where \Ifﬁ is the wave function of the massA" hyper- 0.22 0.02 0 9.405) 9.43
nucleus and—|ﬁ is the hypernuclear Hamiltonian. 0.22 0.02 1.0 10.205 10.25
Therefore, binding energy ol to the hypernucleus is 0.22 0.02 2.0 12.386) 12.43
given by 0.22 0.005 1.0 11.405) 11.38
0.22 0.015 1.0 10.685) 10.63
~By=(ER) ~(EAY. G4 o3 o 10 e e
The nuclear and hypernuclear wave functiofg, * and g'g 801 %’O ig;’gg ig';g
W are optimized with respect to the variational parameters 0:27 0:01 1.0 11'_1(95) 11:12
to obtain the minimum in the energies. 0.27 0.01 20 13.408) 13.41
The B, value for each hypernucleus is calculated from 027 0.02 0 9.6@5) 955
the variational results using E(B.14). TheB, value is thus 0'27 0'02 1.0 10' 395 10.36
written as a function of the adjustable parameters inAhe ' ' ' ' '

: ) . . 0.27 0.02 2.0 12.566) 12.54
HamiltonianH , , and is used to determine the set of param- 0.27 0.005 0 10.505) 1052
eters that are consistent with the experimeral values ' ' ' '
[26,27. 0.27 0.005 1.0 11.465) 11.49

0.27 0.015 1.0 10.805) 10.75

IV. RESULTS AND DISCUSSION

Table IIl gives the variational results for the nuclei, f_ormed for different values of spin-average potential strength

namely, “He and®H calculated using the two-bodyN Ar- V (6.10, 6.15, and 6.20 MeV The different values of t_he
gonne vyg interaction[5] and three-bodyNNN Urbana IX  space-exchange parameteused in this work are 0.24\(
interaction[6,7] with relevant correlations. The numbers ap- =6.20 MeV), 0.19 V=6_15 MeV), and 0.14 V
pearing in parentheses in all the tables in this work indicate=6.10 MeV) [25].

the statistical error in the last digit. These calculations have The bulk calculations consist of the energy expectation

been performed on similar lines as those by Wiringa and, 5 ,es for eachv as a function of the interaction parameters,
co-workers[5,19] and the results conform to theirs. Thesey, = andW.. In Table IV we illustrate one such set of
o1 “ps o-

results also che_ck very well W't.h the recent calculations of g5 for the ground state ¢fH. Our results demonstrate
Forest, Pandharipande, and Arrig@4] who use a truncated 5 1 4% o
: . . that theB, values for YHe, {H, and jH* show similar

version of the Argonne,g interaction. i i , —

Next we calculate the energy expectation values for thdrénds with the spin-average potential strengtand ANN
s-shell hypernuclei, namely“AH, 4AH*, andf{He, using the interaction p_arameters;p and W,. As expectedB, in-
two-body NN Argonne v;g and three-bodNNN Urbana IX ~ creases with/. B, also increases significantly with the in-
interactions along with the two-bodjkN and three-body crease inC,, while it decreases withV,, . As expected, the
ANN interactions with appropriate correlations incorporateddependence oW, C,, andW, is more pronounced foA
in the wave function. Variational calculations have been per=5 than forA=4 systems. This result is in accord with the
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TABLE V. B, as a function of coefficienty,_g that include
contribution due toA-nuclear correlations.

ﬁZ V2 Y1 Y2 Y3 Ya Y5 Ye
iHe 6.20 —0.92 —-285.51 1.28 1701.78 1.50—37.62
6.15 —1.19 —280.03 0.99 1134.41 1.35 —7.44
6.10 —-0.20 —210.02 0.88 2997.79 1.19-44.03
f\H 6.20 227 —-61.23 0.35 —141.55 0.68 —10.53
6.15 221 -59.03 0.32 453.47 0.52 —-8.14
6.10 155 -—-43.48 0.23 298.23 0.37 —4.96
f\H* 6.20 —-0.89 —-112.62 0.37 639.67 0.68 —8.51
6.15 —-0.98 —65.63 0.27 208.58 0.45 —6.68
6.10 —0.81 —53.21 0.12 334.70 0.36 —5.69

earlier calculations where only simplifiedN interactions
have been useft].

An important goal of the present study is to learn abou
the role ofV,,, C,, andW, through the 0-1" energy split-
ting in 4H and {H*. We place limits on the values of these
parameters, consistent with the following experimerggl
values:

BA(1H)=2.22-0.04 MeV,

BA(1H*)=1.12-0.06 MeV,

B,(1He)=3.12+0.02 MeV. 4.2

Values ofB,(}1H) andB,(}1H*) are averages for those of
“H and {He. Limits on the parameteks, , C,, andW, are
determined by the uncertainties in the experimeBtalval-
ues.

For a given value ol we did ay? fit for the calculated
energy expectation values according to the relation

BA(Vy Wo,Cp) =1V, +YoWo+yaCpt yaW3+YsCh

+YeWoCp+ B, 4.2

PHYSICAL REVIEW C66, 024006 (2002

where B is the corresponding value d8, for Vy=C,
=W,=0 for each hypernuclear species. The coefficients
y1_p are varied to give a minimum in the? that is defined

as

BA(Vrr ,Cp 1WO) - BA 2
AB, .

2 1 .
Y :N; (4.3

Here N is the total number of energy calculations for a
particular hypernucleus with different values\of, C,, and
W, . B, is the calculated value of th& separation energy
andAB, is the corresponding Monte Carlo statistical error.
The values of the coefficients g, as determined from this
procedure, are displayed in Table V. In all the cases consid-
ered they? values are<1 which demonstrates the goodness
of the fit. There shall be correlated error bars on the coeffi-
cientsy; _g which would be reflected in the uncertainties in
tdeterminingV,,, Cp, andW, . We find it more convenient to
consider the uncertainties in the experimental values while
placing limits onV,,, C,, andW,. We hope to compensate
some of the uncertainties associated withyheby giving a
generous allowance to the experimenid, values as well
as by taking into account the Monte Carlo statistical errors in
the calculation of the energies.

We use the coefficientg, g of Table V to obtain a fit
with respect to the experimentd), values, treatiny/,,, C,,,
and W, as parameters to determine the best fit. We again
construct ay? fit using Eq.(4.3 but now “N” refers to the
factor “3” for the three hypernuclear species aBq refers
to the experimentaB, values. They? fit is minimized with
respect taC, andW, for a given value oV, . In Fig. 1 we
plot x?, C,, and W, as a function ofV, for V
=6.15MeV. It is seen that botl, and W, decrease with
increase inV,,, the effect being more pronounced fGy, .
Figure 2 displays the calculated valuesBof as a function of
V, for 4H, t1H*, and }He. Within the accuracy of the
graphs theB, values for {H and }He do not show any
dependence o¥, in the range 0.09-0.26 MeV. As one may
expect, theB, values for4AH* depend sensitively oW,
and thus in turn on the spin dependenceCgfand W, .

The x? stays very close to zerpwhich corresponds to
almost an exact fit toB,(exp) value$ for V,=0.176

MeV iy2
e
L

038 | AN ’
06 | AN /

04 AN e
N, 100, /

FIG. 1. x?, C,, andW, as a function oV, .

02 ~ -

0.09 0.11 0.13 0.21 023

0.25
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TABLE VI. Variational results foryHe, 4H, and {H*.
A5He
29 ¢ Components V=620 V=615 V=6.10
2He
Nuclear kinetic energy 128.3874) 128.1671) 125.3%69)
24 1 NN potential energy —139.9773 —140.2769) —139.3167)
N pr NNN potential energy —5.978) —5.91(8) —5.738)
S A A kinetic energy 11.645  11.1¥15 9.1313)
;3 19 | AN P.E (centra) —23.632) —21.69300 —17.5527)
AN P.E(spin —0.01381) —0.03113) -—0.02813)
AN space exch. 0.76313) 0.57810) 0.3957)
contribution
ANN P.E (total) —1.91(9) —2.6710) —3.5310)
ANN P.E(TPE) —8.4316) —8.77117) —-8.2017)
ANN P.E (dispersive 6.5211) 6.1011 4.6710
Total energy —30.7514) -—30.7618) —31.27112)
0.09 0.14 0.19 0.24 Ba 3.0315 3.0519 3.5613)
V, (MeV) rms radius(proton 1.3762) 1.3792) 1.3892)
rms radius(neutron 1.37712) 1.3792) 1.3892)
FIG. 2. B, as a function oV, . d state probability 0.1568) 0.15682)  0.15572)
1H
+£0.015, Cp: 1.64+0.3 andW0= 0.026+0.001 MeV. Most Nuclear kinetic enerdy 65.7&47) 62.8247) 60.3446)
of the deviation from zero of thg? values in Fig. 1 arise NN potential energy  —66.9147) —65.1046) —63.6046)
from f{H*. The dotted horizontal lines of Fig. 2 display the NNN potential energy  —1.333) —-1.253) —-1.193)
limits on the experimenta® , value of4AH*, consistent with A kinetic energy 7.1 5.999) 4.7709)
the experimental error bar of0.06 MeV. This places limits AN P.E (centra) -14.0022) —11.5520) —8.84198)
on the values oV, thus, in turn orC, andW, . However, AN p.E (spin ~0.2913) —0.3634) —0.3004)
the actual error bars on these parameters would be larger dugy space exch. 0.3339) 0.2216) 0.1434)
to Monte Carlo statistical errors. To take this into account, contribution
we made a number of energy calculationsVgrin the range A NN P.E (total) —1.336) —1.366) —1.486)
of 0.10-0.24 MeV. The correspondi_ng value:_af,‘q;c andW,  AnN PE(TPD —2.878) ~2.639) —2.479)
have been taken from the calculations of Fig. 1. We could, \y P.E (dispersive 1.544) 1.274) 0.993)
obtain acceptable fits to the @ergies Y4y in the range of Total energy —106X6) —10595) —10.145)
0.12—-0.23 MeV. This gives fo¥ =6.15 MeV: B, 2.28(6) 2.27(6) 1.836)
rms radius(proton 1.4082) 1.4353) 1.46Q3)
V,=0.176-0.05, C,=1.64+0.15 W,=0.026+0.003. rms radius(neutron 1.5163) 1.5473) 1.5773)
(4.4 d-state probability 0.0984)  0.096G1)  0.096Z1)
I vl . AH*
A similar study forV=6.20 MeV gives Nuclear kinetic energy 63.7849) 60.5847) 57.9646)
NN potential energy  —65.7148) —63.6446) —62.3645)
V,=0.125-0.05, C,=1.52+0.15, W,=0.025+ 0.023. NNN potential energy  —1.343) —1.273) ~1.203)
(4.5 A kinetic energy 6.42) 4.789) 3.45168)
We have been able to obtain good fits only ¥6+6.15 AN P.E(centra) —12.3525  -9.4219  -6.5617)
and 6.20 MeV. The value 0¥ =6.10 MeV does not repro- ANN P.E (spin 0.08G1) 0.0831) 0.0651)
duce the correct binding energies sfshell hypernuclei. Acﬁniﬁzﬁﬁoimh' 0.31X8) 0.2026) 0.1104)
Therefore, we have not carried out any error analysisvfor P.E (tota) —0.576) —0.625) —0.735)
=6.10 MeV. For the sa@ of completeness we mention th(;\NN P.E(TPE ~3.119) —2.329) ~1.088)
best parameter values fof=6.10 MeV: ANN P.E (dispersive 2.547) 1.705) 1.245)
Total energy —9.40(7) —9.31(5) —9.265)
V,=0.193, C,=1.84, W,=0.027. (4.6 B, 1.087) 0.995) 0.94(5)
. . rms radius(proton 1.4313) 1.4673) 1.4943)
We can note f_rt;)rrs_ Table VI_that tlh@Ndsprl]n IFI)OteTtIaI hash rms radius(neutron 1.5433) 1.5853) 1.6183)
a non zero contribution even in a closed-shell system suc .
2He. This arises because of theN spin-spin correlations Bstate probabilty 00995 0098Q1)  0.0869Y)
incorporated in the wave function. 4ncludes contribution due td-nuclear correlations.

024006-6



PHENOMENOLOGICALA-NUCLEAR INTERACTIONS PHYSICAL REVIEW C66, 024006 (2002

TABLE VII. Breakup of the 0"-1" splitting contributions. The  contribution from the three-bod\NN potentials become
first row gives the contribution to splitting frond,. The second positive thereby decreasirig), . We have performed a few
row gives the contribution arising from, . The third row gives energy calculations fO&He, iH- and f\H* but with the
the total ofV, andV ,yn. The last row gives the actual calculated three-body ANN part of the Hamiltonian completely

B 4 *
energy difference betweefH and {H". switched off. We find in this case thdtHe is overbound by

Contribution V=6.20 V=615 V=6.10 about 2.34 MeV forv=6.20 MeV and by about 1.39 MeV
for V=6.15 MeV. In general, the results f§H show that it
Vo 03713 0.4484)  0.3634) is underbound whiletH* is overbound without the three-
¥3%T 2‘712(%0) 2'12(2230) (1)'3:239) body ANN interactions for all values df. Both these stud-
, ) : : ies show the importance of the three-bodi)NN potentials
Energy differences 1.29) 1.287) 0.907)

and correlations in obtaining a consistent fit to Byevalues
for all the s-shell hypernuclei considered in this study. In
Comparing the results for the core nudi@able 1) with pgrticular, we notice the importance of tzheNN correlations
the results for the hypernucléFable Vi) we note, in general, faun On the effect of TPEANN forcesVii{y. These corre-
a shrinking of the core nuclei by about 20% in all the hyper-lations reduce reasonably the repulsive three-body contribu-
nuclei due to the presence of theparticle. This decrease in 1ion to an attractive contribution implying a strong nonlinear
radii of the core nuclei would imply that thé wave func- ~dependence o@,.
tions are closer for largek. This also contributes to the fact ~ Implications of s-shell results of/O. We now examine
that the dependence &, onV, C,, andW, is more pro- the 1’0 hypernucleus in relation to the two- and three-body
nounced for the mass 5 than for the mass 4 hypernuclei. Thé-nuclear potential parameters that we find from our analy-
change in thed-state probability is found to be small in all SiS Of s-shell hypernuclei as described earlier. Usmani,
cases. Pieper, and Usmariireferred to as UPUhave carried out
Table VI gives the breakup of the'®1* splitting con-  MC calculations for the;’O hypernucleus using the; part
tributions in 4H and 4H* arising from the AN spin-  Of the older Argonney, , potential[9]. For the three-nucleon
dependent strengtif,, and the three-body\NN interaction ~ Potential they use the same forfdrbana modslas in the

V nn for different values of spin-average streng_ath It can present study but with different strength parameteéxs—

be noted from this table that the energy difference between. 0.0333 andU,=0.003§. Their trial wave function con-

a 40 . . N sists of pair and triplet operators acting on a single-particle
AH and 3H IS can|stent with the total contnbunqn from determinant. In many respects, these calculations are similar
V, andV ,nn Within the error bars of the MC calculations. It

b that a | 2 of th litt ‘ to our present calculations. The difference lies in the treat-

fr?n the seind /a\NaNarg(i p%ﬁf) '?'h etvip Ib”:jg Comte_sb rf[)_m ment of noncentral correlations for which they use the cluster

¢ three-body’ potential. The two-body contribulion \,,nte Carlo method with up to four-baryon clusters. The
arising fromV,, is around~3 of the total splitting. This is in

) . ) . central correlations are treated exactly. We carry out this
colr)tr_ast rt10 thg earllﬁr stuhdlés,ﬁ&zq wherem thel df'l h study in the hope of analyzing further our estimageshell
splitting has been thought to have arisen mainly from they ,cjear parameters. UPU have given the following empiri-

spin dependence of the two-bodyN potential. The present cal relation forC, in the range 0O—1 MeV andlV, in the
study clearly demonstrates théf \ plays a significant role range 0—0.02 Mgv: ©

in explaining the splitting. This also results in a redudéd
as compared to the value of 0:28.02 found in Ref[4],
though in our case the error bar ¥} is much larger due to
reasons discussed earlier. In the present study \Mgr
=0.23, half of the splitting arises because \6f and the
remaining half from the three-bodgxNN forces. For the This equation relates thg, of 3O with Cp andW,. In
extreme case, in particular, for,=0.12, the three-body order to test the consistency of our results vBth(3'0), we
forces contribute nearly of the total splitting. It would be  assume that relationd.7) holds for our values ofC, and
desirable to have an independent fix @p, for example, w,. UPU have done calculations for spin-average strength
from a more refined\p scattering data. This can enlighten \;_ g 16 MeV with space-exchange parameter0.3. Our

us further on the three-bodyNN forces. v . :
The Majorana space-exchange contribution for the varivalues ofV=6.15MeV with =0.17 are closest to theirs.

ous hypernuclei have been found to be small but significanyVe thus need to modify Ed4.7) for our values oV ande.
in all s-shell hypernuclei. It is in the range 0.1-0.7 MeV for Unfortunately, there is no simple method to scale relation
g in the range 0.14-0.24 and as expected has a linear depe@-7) for V=6.15 MeV, as the scaling can be considerably
dence with the Majorana exchange parameter nonlinear. However, since the two values\bére very close,

A few variational calculations have been carried out withywe assume that this will not affect the results much. The
only the ANN potentials and nd\NN correlations. We find  correction fore is simple, since in the absence of space-
that without theANN correlations yHe is not bound. We exchange correlation the space-exchange energies are ex-
also notice that the contributions frowf %, andV5, be-  pected to be linear witk. Thus, relation(4.7) can be modi-
come more repulsive without the correlations and the totafied as

By=27.3-8.9C,+11.2C2+870.0/,. 4.7
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TABLE VIII. Results for nuclear matter calculations. All ener- consistent phenomenology with hypernuclear interactions
gies are in MeVyp, is the normal nuclear matter density infh  which include thes-shell and the medium and heavy hyper-
The third column gives the well depth. The fourth column gives  nuclei as well asA binding to nuclear matter. Our results
the value ofD without the ANN forces and the space-exchange indicate that with the present available techniques of treating
contribution, i.e., fore=0. The fifth column gives the reduction in  the nuclear matter this is not possible. The resolution of this
the contributions t® due to the space-exchange pe8pc. exch.  paradox perhaps lies in the proper handling of the three-body
of the AN potential. The last column gives the contribution due to correlations, particularly the\NN correlations for nuclear
the three-bodyA NN forces. matter. It may be noted that the contribution from the TPE
ANN forcesV3T,, for nuclear matter is always positiyé].

v Po D (TatVan)  Spc.exch. Vi On the other handy37,, for s-shell hypernuclei and’O is
6.20 0.162 -21.525 —77.617 8.561 47530 always negative and substantial. The three-bAdyN cor-
6.15 0.162 -17.819 —72.628 6.644 48.164 relations that are taken in nuclear matter calculations always
6.10 0.162 —11.727 —67.729 4.798 51.205 pertain to thes shell[4]. The reason for adopting this corre-
lation lies in its simplicity. At present the techniques for in-
corporating the realistic three-bod¥NN correlations for
Br=27.3+(e—go){(1—P)Van) nuclear matter are not sufficiently developed as compared to
those for thes-shell hypernuclei incorporated in this work.
—8.9C,+11.2C2+870.00,, (4.8 These affect the contribution from37,, quite substantially,

. even to the extent of reversing its sign in the presence of the
wheree,=0.3 as taken by UPUP, is the space-exchange ANN correlations as can be seen in the present as well as in
operator andV,y) is the energy expectation value of the the 170 studies. The correct incorporation of the three-body
AN potential. correlations in nuclear matter may affect the results to quite

Using the entries foru,(r)(1—¢) and ve(r)ePy from g extent, particularly those at high densi{igg]. The incor-
Table Il of Ref.[16] and using our values &,=1.6407 and  poration of these correlations is indeed a challenging task
W,=0.0255 forV=6.15 MeV we obtain and is very much needed for the present work as well as for

other related studies.

B,=23.3x1.6 MeV.
V. CONCLUSION AND COMMENTS

This is considerably larger than the empirical estimate _ _ ) _
[16] ~13.0+0.4 MeV. Thus the results of the present study From the results discussed in the previous section we note
are incompatible with those of RdfL6]. The reason for this that the values of the spin-average strength6.20 and 6.15
incompatibility may largely lie in the use af part of thev;3 M€V give a reasonable description of thehell hypernuclei.
hamiltonian for3’O. Another reason can be attributed to the We have been able to provide a consistent account dBthe
use of relationg4.7) and(4.8) for large values o€, andw,  values of\H, 1H*, and§He using the realistic Argonne
for which these relations may not be adequate. This discregN interaction and Urban& NNN interaction along with
ancy can probably be resolved by carrying out calculationg\-nuclear interactions with appropriate correlations. Our re-
for 3O with Argonnev, g Hamiltonian, which, at the moment sults forB, show very similar trends with the spin-average
is an extremely challenging task. strengthV of the AN interaction, and thé\NN interaction

Implications of s-shell results oA binding to nuclear parametersC, and W, for all the s-shell hypernuclei con-
matter The presence of & particle inside nuclear matter sidered.
can reveal information on thé-nuclear interactions. The An important conclusion of our study is that25-50 %
well depthD is identified with the separation energy foha  of the 0"-1" splitting energy between th&H and %{H*
in nuclear matter. It is an important parameter which carcomes from the\ N spin-dependent strength, . The earlier
help to distinguish between differetN potentials and also  studies[4,28,29 attribute a larger part of the splitting to the
throw light on the ANN interaction. A-binding to nuclear spin dependence of the two-bodyN interactions. In con-
matter can put further constraints on the potential paramtrast, our study indicates that the major pars0—75 % of
eters, namely/, V,,, W, , andC,. With this aim in mind we  the splitting is generated by the three-batifjN forces.
have performed calculations fd» using the FHNC tech- Our study onA binding to nuclear matter shows thatis
nique[4] to calculate the energy expectation values. underbound. This indicates the fact that there is a need to

We have calculated the well deph variationally using include the three-body correlations while treating nuclear
the same underlying principle as for osshell hypernuclei. matter. This would require a different technique altogether
Our discussion orD is based on the results given in Table and is a challenging problem in itself. Our analysis jdﬁ)
VIII. The empirical value oD is now fairly well established also indicate the importance of the noncentral correlations. It
at 29+ 1 MeV [30,3]] at the normal nuclear matter density of is possible that the inconsistency between the results of Ref.
po~0.16 fm 3. These results clearly indicate thatis un-  [16] and ours-shell results is due to their neglecting terms
derbound at the normal nuclear matter densify,  with higher than four-baryon clusters and thereby neglecting
~0.16 fm 3. This indeed is a disturbing feature. Bodmer the contributions from the non-central clusters. Moreover,
and Usmani[4] have found that it is possible to obtain a our values of theANN interaction parameter<;, and W,
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are higher than those of RéfL6] and which, in turn, would tensor forces are already implicitly included in our phenom-

induce strongeA NN correlations. enological dispersiveANN force. Moreover, the Argonne
Contrary to the findings by Bando and Shimodd®8] v, potential used in our study has a weak tensor part and

and Shinmura, Akaishi, and Tanaka4] regarding the effect this in fact, provides a much better binding to nugej.

of tensor forces on the overbinding problem, we find that the

tensor forces do not play a significant role. Further, separate

studies by Hiyamaet al. [29] and Carlsorj28] on four- and ACKNOWLEDGMENTS

five-body hypernuclei have shown that the binding energies We would like to thank Dr. R. B. Wiringa for providing
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