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A four-body calculation of thepnAA bound state,, tH, is performed using the stochastic variational
method and phenomenological potentials. N, AN, andA A potentials are taken from a recent paper by
Filikhin and Gal[Phys. Rev. Lett89, 172502(2002]. Although their Faddeev-Yakubovsky calculation found
no bound-state solution over a wide range\of interaction strengths, the present variational calculation gives
a bound-state energy that is clearly lower than ilheJrA threshold, even for a weak A interaction strength
deduced from a recent experimerﬁlA(AfHe) value. The binding energies obtained are close to, and slightly
larger than, the values obtained from the three-bddyA model in the paper.
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In a recent papefl], Filikhin and Gal (FG) described above as the trial function is improved. Therefore, starting
systematic Faddeev-YakubovsKiFY) calculations for the from an identical Hamiltonian for the four-body system, if
mass numbeA=4, strangenesS= —2 problem, in which the bound-state solution is obtained in a variational calcula-
they searched for a particle-stable bound statg/‘pﬂ, They tion, the exact eigenenergy must be lower than that and the
did not obtain a bound-state solution, even for a stronglyFY calculation should achieve this kind of solution.
attractive A A interaction, the scattering length of which is  In the calculation of this four-body system, determining
abouta, ,~ —3 fm. On the other hand, they also studied thethe AN interaction is very important. Particularly, the
same system by using a three-badlf A model, where the strength in the®S; channel of theA N interaction is crucial,
Ad interaction was constructed to reproduce the low-energys well as the strength of theA interaction, in determining
parameters of & pn Faddeev calculation for both the spin- whether , tH is particle stable.
doublet and quartet states. In contrast with the four-body The purpose of this paper is twofold: One is to examine
pnAA calculation that produced no bound state, the threethe recent result of the four-body calculation fonA A by
body dAA model produced a particle-stable bound stateFG. Our four-body calculation gives quite a different result
One may think that this incompatibility raises an interestingfrom that of FG, and we discuss the structural aspects of
problem concerning the formal relationship between these AﬁH as a four-body system. Another purpose is to clarify the
four-body and three-body models which do not share a comimportance of the choice of theN potential in searching for
mon Hamiltoniaf [1]. However, we are doubtful that there 4y
. R . A
is really no bound_state in the four-bogynA A calcul;mon. In Ref. [1], FG used phenomenologicIN, AN, and

GA recent experimental repof2] on the observation of =y \ oentials, which have functional forms of a three-range
asHe in the KEK-E373 hybrid emulsion experiment has hadg g ssjan, TheNN potential utilized in thepn spin-triplet
a significant 'mp"_"Ct on strangeness DUCIG?"T physmleéhe channel is consistent with théH binding energy, and the
gara event provides unambiguous identification gfHe potential is parametrized by fitting the low-energy scat-
production, and suggests that thé\ interaction strength is tering parameters for the Nijmegen soft-core 93f 97
rather weaker than that expected from an older exloerlmerBotential. For theA A interaction, since there is no direct

[3]. information from experiments in free space, FG used various

Before the publication of the Nagara event, we had al - .
ready attempted to search le“H theoretically by perform- parameter sets. A promising one, deduced by reproducing the
A experimental binding energy of SHe [2] from an a+2A

ing a complete four-body calculation using a variational - ) . .

method[4,5]. The AA interaction used in those studies was t"fe€-Pody model, is weakly attractive with a scattering

strongly attractive with a scattering length Gfi,, length ofa, ,=—0.77 fm. For all of these interactions, the
strength and range parameters were determined so as to be

~—3 fm. We concluded thal;\XH is particle stable pro- g ¢ X
vided that theA A interaction is so strong. appropriate forSwave interactions. We thus assume that

The variational calculation gives an upper bound on thdhese interactions are valid only_ for the_ ev_en-partial wave
energy eigenvalue as was discussed, for example, if&ef. component of the baryon-baryon interaction in the three- and
which compared configuration space Faddeev calculatiofPur-body systems.
with variational bounds. Although a variational basis func- For systematic calculations 6H, 3H, YH*, and ,{H,
tion does not necessarily describe exact behavior in thave use the same sets BN, AN, and AA interactions as
asymptotic region, the variational principle guarantees thafFG used. The seék AN potential from Ref[5], which has a
the energy obtained comes close to the exact value frordifferent strength in the’S; channel, is also used. The pa-
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35 : oy Here, A is an antisymmetrizer acting on identical baryons,
a0 | 's NSCO7H(FG) | Xx=(Xy, ... Xa_1) Stands for a set of relative coordinates,
and xyim (r;TMT) is the spin(isospin function. The spatial
a7 ) TN 1 part of the trial functionG(x,A) is the CG, which is defined
20 . ] by
15/ A
w0} // N Y G(X,Ak)=exr{ 3 Z ayij(ri—r;) J 2
51/
/ A-1
O L L L L L
0 100 200 300 400 500 600 =exp{ — 5.21 (A; jxi-xj] . 3)
1L]=

pa(MeV/c)

FIG. 1. 'S, and 3S; phase shifts ofAN scattering as a function The /(A_—dl)X ('z_ 1) Symm?t”c mamxﬁ.‘khcor?tamSA.(A h
of the A momentump, . The solid lines are obtained from the set _ 1)/2 independent matrix elements, which characterizes the

A potential in Ref[5], the dashed lines from NSCAFG) in Ref. ~ CG basis and is uniquely determined in termsxgf . A set
[1]. of linear variational parameterg{, ... ,cx) is determined
by using the Ritz variational principle. The variational pa-
. . rameters are optimized by a stochastic procedure. This is
ramete.rs of the s& AN potential were determl_ned phenom- entirely the san?e as in ayprevious stL[di}.pThe reader is
SESA?J%IICe?”y in order to reproduce the=3,4 singleA hy- referred to Refd.5,9] for details of the calculation. The mass
. . 2 _
Figure 1 shows thé\N Swave phase shifts. In the low- ?\f |’\sl 'Ssettatlzerg;si //rr:,\,_ 141;87;(6) MeV firi, and the mass of
. l . . N_ . .
energy region, the °S, phase sh|fts_ obt_alned from Before showing the results of our four-body calculations
NSC97fFG) and from setA are almost identical. On the for ,H, we report results for the binding energies 2
other hand, theé’S, interaction of the NSCOTFG) is more 5, AA .0~ "= : ’
attractive than that of seA. As we show later, both\AN AH, and;H* using the same potentials as were used by FG.
; : 3 ' Using the tripletpn(FG) and NSC97fFG) AN potentials,

potentlalsarepr.oduce the experimen®l(yH) value, be- "% - lated binding energies weBg °H) =2.250 MeV
causeB, (1H) is sensitive to the strength of thk&S, AN BA(iH)=0.237 MeV andBA(iH*)ZO.Olo MeV. Thes'e

interaction, while it is insensitive to thés_l strength of the energies for the three-body systems are consistent with those
AN interaction. In other words, the experimental information d b ithouah h ; IV slightl
for A=3 cannot determine théS, strength of theA N inter- quoted by FG, althoug each energy Is actually slightly
action. Therefore, thd N interac}[ion used in the calculation larger than that of FG. We think that these small discrepan-
¢ 4|;| has 1o b ' tested not onlv f@. (3H) but also f cies are due to the-wave approximation of the Faddeev
° Atﬁ Basthot € 1es e‘t' not O?hy tA(A tr)1, futﬁgscj)mlor calculation. Note that both calculations fgH* produce a
anotherb, that Is sensilive to the strength of th=, . weakly bound state; this means that the SVM with CG basis
interaction; for example, one can Bg(3H) andB,(1H*).  fnctions and the Faddeev calculation with theave ap-

This is one of the most important points in this paper, bey,oyimation do work well even for the very weakly bound-
cause the calculatdsl, , value is very sensitive to the choice ;a0 problem.

of the AN interaction, particularly the strength in thts; According to our previous studiéé,5], AﬁH should have

channel. . . . .

- . a particle-stable bound state with an isospir 0, and an
tln ?rtljer to Chfdi ttgi_vglfltx cr)]f the chc|>|<_:e of tbﬁel;lh angular momentum and parity such thit=1", provided
ﬁlosgg'?a": Gwe C:;CU a A XN, i t_yr?eronulc ef" l:ﬁ!ngt ke that a strongly attractive\ A interaction with a scattering

{FG) or the se potential. Lnly for this task, length ofa,,~—3 fm, is used. Using such a strongA

the Minnesota potentla[l7]_ is used for the_NN |nteract|on._ interaction, we have obtained a bound-state solutior)\ﬁjﬂ
The parameters of the Minnesota potential were determlnefiSee Fig. 2 The B, ,(,*H) values (1.2 MeV) obtained
so as to reproduce low-ener§yN scattering data. The Min- '9. than tw A? AA | valu h tﬁ | btl ined i

nesota potential reproduces reasonably well both the bindin@'€ MOre than two times jarger than he vaiues obtained in

; ; ) ur previous studies~0.5 MeV) with the seA AN poten-
guzrgfsdaade Eﬁes of few-nucleon systems, suctras’H, tial. This is due to the difference in the strength of thal

. . . 3 .
In this work, the few-body calculations of the various interaction in the*S, channel(see Fig. 1

systems are performed using the stochastic variational 1ne four-body calculation using a weakén interaction

method (SVM) with correlated GaussiafCG) basis func-  (8AA= —0.77fm) is a chaIIeng_ing probler_n, since the three-
tions [9]. The trial function is given by a combination of Pody dAA model by FG predicts a particle-stable bound-
basis functions: state with a very small binding energy(,~0.3 MeV).

For such a weakly bound four-body calculation, though the
convergence of the energy is rather slow, the energy obtained

K is clearly lower than theiH+A threshold, and we found
P _ C ATG(X,A _ 1 that the ground state is particlg stalidee Fig. 3 This is a
IMTMy kz‘l ALG( k)XkJMnTMT] @ genuine four-body calculation, and the calculated
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1.6 . . . . . . TABLE |. Energy expectation values of kinetid@ {) and poten-
tial (Vyn) terms, and the sum of these energi&s)( for the pn
147 subsystem, in units of MeV. The rms distance between a proton and
121 a neutron, or between a nucleon and ais also listed, in units of
< fm. The spin-triplepn and NSC97(FG) AN potentials, taken from
o 1t Ref.[1], were used.
= NSCO7f(FG)
ﬂ; 08 (Te)  (Van) Ec  V(riw) V(riw
00 o 2H 18.74 —20.99 —2.25 3.85
04 r e SetA - 3H* 19.09 —21.20 —2.12 3.79 37.8
4 ‘ ‘ ‘ ‘ ‘ $H 20.70 —22.30 —1.59 354  8.88
0 05 1 15 2 25 3 35 AtH (ay,=—0.77 fm) 22.28 —23.17 —0.88 3.34 7.92
—apa(fm) AtH (aya=-281fm) 24.63 —2450 0.13 3.09 4.88

FIG. 2. CalculatedB,,(,tH) as a function of the scattering
length a,,. The solid squares were obtained using theinternal structure of th@n subsystem becomes large as the
NSC97fFG) AN potential and the solid circles by the gepoten- A particle comes close to the nucleon. Especially in the case
tial. The open squares are the result of d2eA three-body model, of g strongly attractive\ A potential, the change in the in-

igktehg frf::jel'\;ef[l]. The straight lines were drawn only as a guide ternal energy E,) or of the rms distancem) is sig-
) nificant.

4 o As can be seen in Fig. 2, th&, , value is sensitive to the
Baa(axH)~0.4 MeV is slightly larger than that from the cpgice of theAN potential. For the purpose of predicting

dAA three-body calculation by FG, as shown in Fig. 2. \yhether4  H exists as a particle-stable bound state, Alé
As can be seen in Fig. 2, the difference in Big, values dpotential has to be examined carefully.

between the present four-body model and the FG three-body T4pje || compares th&, values ofA=3,4 hypernuclei.
model becomes larger as the strength of Ak interaction 1o calculated B, value of the A=4 system using
Increases. Moreover, the two linglbeled pnAA” and  NSCO7(FG) is larger than that using sét or larger than the
dAA”) in Fig. 2 seem to meet each other at the pointgyperimental value. Particularly, thé'S, strength of
wherea, ,=0 fm. This means that the polarization of the NSCO7{FG) is apparently too strong to reproduce the
pn subsystem is small, and that tdé\ A model is a good BA(?\H*) value, though the NSCOHG) reproduces reason-
approximation if theA A interaction is very weak. The po- ly well theB ,(3H) value. It would, therefore, be rash to
larization of the deuteron subsystem grows as the strength oitcl))nclude thatiil—? has a pa{rticle-statgle bound-:state though

the AA interaction increases. . . .
Table | lists the energy expectation values for the protonthe present four-body calculation with the NSOFG) gives

and neutron subsystem in eattypep nucleus, and also the a bound-state solution, even for a weakeA interaction,

root-mean-square distances betwegread amn, or between sugrhh asy, = _t(f”? t];md lculati . i diff t
a nucleon and &. Here, T, is the kinetic energy of then € present four-body calcuation gives quite a diteren

subsystem, which is defined BJ,=(p;— py)2/4my. The result from that of the FY study discussed in REf]. At

table shows that the influence of thie particle upon the present, we have no clear explanation for why the FY search
for ,4H has not found a bound-state solution. We also

checked the accuracy of the present variational calculation

21 by examining the virial theorerf®]. For an exact eigenstate
20| of the HamiltonianH=T+V, we have

. 237 1 ) a Vv

S (T)=5(W) with W=2] r-—. 4

S 247 i=1 ri

i . . .
2.5 1 For the four-body calculation, we obtained the ratio
o6l 2(TYy/(W)=1.000016 for a weakAA potential @,
27 TABLE Il. A separation energies, given in units of MeV, Af

0 100 200 300 400 500 600 700 800 900 1000 =3,4 singleA hypernuclei. The Minnesotsd N potential was used.
Basis Dimension

3 4 4%

FIG. 3. Energy convergence qftH as a function of the basis BaGH) BaGH) BaGH)

dimensionK. The interactions are taken from Rét], spin-triplet ~ NSC97{FG) 0.24 2.69 1.99

pn, NSC97fFG) AN, and AA deduced from the recent experi- SetA 0.18 2.24 1.14
mentaIBAA(AfHe). The converged energy is clearly lower than the Experiment 0.130.05 2.04:0.04 1.06-0.04

2H+A threshold.
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=—0.77 fm), and the ratio 0.999 978 for a stroAg\ po-
tential (ay,=—2.8 fm). Therefore, we think that the
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We should emphasize that in the study/ij; the 3S;
AN interaction has to be determined very carefully, since

present four-body calculation gives a virtually exact eigenenBy, is sensitive to the’S; channel of theAN interaction.

ergy, and that th&, , value obtained by a four-body calcu-
lation for pnA A should be close téand slightly larger than
the energy given by thé A A three-body model. In compari-
son with thedA A three-body modelin Fig. 2), the present

Therefore, a check of thA N potential concerning the ob-
served binding energy of only the subsysteivh—l (31), is
insufficient.

One might think that the spin-doublet structurefst 4 A

result seems to be reasonable, in contrast to that of the Fiypernuclei is a means of determining tA8, AN interac-

four-body calculation in Ref(1].

tion. However, this strategy without any expligitadmixture

The contribution to the binding energy from the higherwould lead us to a serious problem concerning w5
partial wave components is marginal. The present potentialgnomaly[5,11,13. According to recent studies, taking ac-
are all central and have Gaussian form factors. This Gaussiggpunt of the explicitY degrees of freedonj13-17, the

radial form(e.g.,Ve~ "('i‘ri)z) is rewritten so as to be valid
for each angular momentum in terms of nonlocal potential
[10]

Ve*““i*ri)zzf drdr’|8(ri—r;—r")){8(ri—r;=1)]

- S(r'—r R ~
XIZO Ve/\'rz(r—z)% Yikm(r’)Ylm(r)-

©)

We also calculated the binding energies in which khi,
AN, andA A potentials are restricted to be valid only for the
=0 component. The binding energy calculatedS(SAﬁH)
=2.388 MeV @, ,=—0.77 fm), orB(,1H)=2.827 MeV
(app,=—2.8 fm). Each energy is still lower than thfeH

+ A threshold[For | =0 truncated interactions, we obtained
B(3H)=2.365 MeV.]

AN-3N coupling plays a crucial role in the binding mecha-
g]ism ofs-shell A hypernuclei. In other words, even the spin-
doublet structure oA=4 A hypernuclei does not pin down
the 3S; AN interaction, and the\N potential used in the
study of ,iH has to be tested on a complete set of the
observeds-shell A hypernuclei. Moreover, thae+ 2A three-
body model might be inappropriate for deducing thé.
interaction in free space from the recent experimental infor-
mation onBAA(AﬁHe), since theAN-2N coupling plays an
important role even foFAHe, and the rearrangement energy
of the core nucleus*fe) is rather larg¢13,18. Therefore, a
study aimed at searching fgrj{H needs not only a four-body
calculation, but also five-bodyiHe) and six-body ($He)
calculations. Furthermoréy A — ZN coupling effects should
be explicitly taken into account, because the Pauli suppres-
sion effect in theE channel ofAﬁHe is appreciably large
[10]. A theoretical search fomH is still an open subject.
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