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Mohammad Shoéb
Department of Physics, Faculty of Science, Addis Ababa University, P. O. Box No. 1176, Addis Ababa, Ethiopia
(Received 23 July 2003; published 26 May 2p04

A variational Monte Carlo analysis of recent binding energy data of the hypernu[é(eifs has been made
treating this as a six-body problem. A phenomenological central UrbanaAtyippotential which fits the new
data, predicts a bound state for the charge symmetric,g#r ,3He and just or weakly bound state fgtH
is obtained. A three-range Gaussi&i potential phase equivalent to the Nijmegen model D over estimates by
25-80 % the binding energy gfiHe and pair,3H, ,3He compared to an Urbana potential. The simulated
potential predicts boun;J4AH. The incrementaAB, , value, IeavingAf'\H, for the above potentials is about half
of that found in recent cluster model calculation which usés\apotential phase equivalent to the ND type in
the Faddeev method.
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I. INTRODUCTION stable,tH and while three-body\ Ad model admits a bound
state for weakA A interaction required to fig§He. A very
cent four-body stochastic variational calculatitO] of
H also predicts bound states.

Despite phenomenal growth in the productiomofyper-
nuclei and measurement of their spectra over a wide magg

number range, the data doA hypernuclear specigd—4] is  AA .
S i . . Recently Nogga, Kamada, and GlocKtEl] have solved
limited to three, listed in the Table | along with theA  Foqqeay equation for the mass numie# A hypernu-

separation energg, . In one case excited state energy has;|q; pased on a complete meson-theoretical YN interaction.

also been measgred. Since the Ia§t hypernuclear_ conferenfﬁe Nijmegen interaction mod¢12] SC89 and SC97 series
HYP2000, a revised eveift], considered to be reliable, is 4o not reproduce perfectly the binding energy but NSC97f is
added to the_ list and a few_more such events are likely to bauite close forA=4 binding energies of the*and I states
announced in the forthcoming hypernucleus conference. Thgnd reproduces their separation rather well. They also ob-
binding energyAB,, (=By,—2B,, whereB,, andB, are  served that the potential SC97-sim simulated from the
separation energies of bot\ and singleA, respectivelyis  Nijmegen model SC97f overestimates by about 30%Bke
closely connected to thAA potential. TheAB,, from the  compared to the realistic one. Hence they concluded that the
newB,, data of,$He, called the NAGARA event, recently results based on the simulated forces should be taken with
observed in the KEK hybrid experimeifit] E373, is ap- caution. Further it will be interesting to compare the results
proximately ;th of the p-shell data and should not be taken of VMC calculation ofB, of s-shell hypernuclei employing
as an indication of the mass number dependence until mof&@e realisticNN interaction, Argonne j by Sinha, Usmani,
data is accumulated. and Taib[13] with those of Shoelet al. [14] (abbreviated as
The (K~,K*) reaction on &Be target in the Brookhaven SNUK) who used the simplified Malfliet-TjoNNN potential
alternating-gradient synchrotron experiment E906, has givelf! their analysis. The\N spin-dependent streng¥, is al-
evidence[4] for bound ,4H (1=0,J=1*). This event along most t.he same e_md the+ contr_lbutlon of d|sp_e_rS|ve fprces to
with NAGARA has renewed the interest in the theoreticalth® SPin-flip splitting 0-1" of A=4 hypernuclei is consistent
studies of hypernuclei in th8=-2 sector. Recently Filikhin in tWC_’ studies. In view of these findings we 90n5|der It ap-
and Gal[5] (referred to as F@and Filikhin, Gal, and Susloy Propriate to analyze the-shell AA hypenuclei as A-body
[6] have carried out cluster model analyses of Bhg data systems using 5|mpl!f|ed baryon-barygBB) phenomeno-
of \6He and,}%Be using the Faddeev method.Athree—range|°9'ca| forces following the work of SNUK fors-shell

GaussianAA potential phase equivalent to the Nijmegen A-Typﬁ_rnucleli. | h f the ph loai
model SC97 interaction agrees with tBg, of A,‘(He and n this work we explore the nature of the phenomenologi-

predicts a bounqu and AiHe- The newB, , of AﬁHe is cal Urbana typeA A force from the study of the recent and

found to be incompatiblg7] with ,\°Be, even if a de- TABLE I. Binding energy of double lambda hypernuclei.
excitation of ,X°Be* or {Be* via an unobserveg ray in the
detection process is admitted; one such possibjibty] in- Hypernuclear species  ,3He 19Be B
volving iBe* at 3.1 MeV is recorded in Table |, thus again
guestioning the consistency of the existing data. Further Baa(MeV) 725018  17.7¢04  27.6:0.7
Faddeev-Yakubosky calculatigf] for the four-bodyAApn (14.6+0.9°
system over a wide range @A interactions suggests un- AB)A(MeV) 1.01+0.2 4.3+0.4 4.8+0.7
“Referencq1].
bReference[Z].
*On leave from Department of Physics,AMU, Aligarh-202002, ‘Referencd3].
India. Email address: mshoeb202002@hotmail.com ‘Reference8], assuming,i°Be— =~ +p+SBe*.
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TABLE II. AiHe: variational parametet,y, San: Knn: Kaa»Saa and kinetic energyT), two-body energy
Vgn, dispersive non-central three-body ene(ﬁﬁﬁ) and last column is total energy for 100 000 points
(optimum variational parameters, potential parameters and the energy of subiymemN:O.QS fmL,
S\n=1.0, Cyn=2.0 frT2, a,y=0.8 fm, Ryny=1.0 fm, iyn=0.304 firl, Cyn=1.0 fi?, ayn=0.5 fm, Ryy
=1.0 fm, V5=-6.15 MeV, £=0.25, W/6=0.09 MeV, E+ AE=-34.331+0.092 MeY,C,,=1.0 fri2, a,,
=0.75 fm, RAAZO.O.

KAN KNN KAA (M —(Van (VRN -ExAE
(fm™) sy (fm™1) (fm™) SaA (MeV) (MeV) (MeV) (MeV)
0.105 0.95 0.404 0.405 1.1 94.16 137.21 4.62 38.43+0.20
0.104 0.90 0.404 0.440 1.2 100.46 142.77 3.33 38.71+0.12

reliable B, data of ,$He, called the NAGARA event. The eral expectations of meson theoretical models.
simulated AA potentials are being extensively used in the Since three-body correlation are not crucial in view of the
recent time. Therefore, we choose one of these to analyze thEhenomenology[14] we adopt with regards tdwn, the
data so that a meaningful comparison with the cluster modedtrength of dispersive spin-dependent and noncetNiN
could be made. The energy of A=5 and 4 systems is alséorce, the trial wave function o/‘{gHe is constructed from the
predicted. The system is analyzed in the spirit of SNUK:product of only central two-bodfgg (BB=AN, NN, andAA
freedom in choosing W, the strength of dispersive spin-correlation functions as

dependent and noncentrANN force [15] eliminates the

need for three-body correlations in the calculatiorBgf of A-2

s-shell hypernuclei. This was the cadé] even for the phe- WA =TT fanri)| T fan(rap)

nomenological central spin-dependent dispersive force pro- i< . =1t Y

posed by Bodmer and Usmafii7]. From our earlier calcu- A2

lations [14] of s-shell A hypernuclei it seems that the effect _ 7

of the two-pion exchanged three-bodyNN force is being xgl Fan(Tag) [Faun,(Faa X @

simulated by the variation ofvV and, therefore there is no

need of introducing it in the present work. In the next section

BB potentials and wave functions, Hamiltonians, the methocr/her_ex(m I the appropriate spin fL(’,T_Clt)ion' Similarly wave
of the calculation 0B, , for the systems of baryon numbar  functions for singleA hypernucleuW ™) and correspond-

. ) - (A-2) : ) :
and the results are discussed. The conclusions are presengdl core(Wy™“) may be written. The correlation functions
in the last section. fgg are obtainedvide Refs.[17,19) from the procedure de-

veloped by the Urbana group, which involves the solution of

two-body Schrodinger type equations with the appropriate

Il. ENERGY CALCULATION FOR  A-BODY s-SHELL AA two-body and an auxiliary potential. The latter one is such
HYPERNUCLEI AND RESULTS that the correlation functions have the asymptotic behaviour

\8He is treated as a six-body problem and to our knowl-"éduired by the fullA-body equations:

edge this is the first such analysis. The study requires as
inputNN, AN and dispersivé\NN potentials fittingi He. We fgg ~ r BB exp(— kggl), 3
take these potentials to beNN Malfliet-Tjon [18], a AN
Urbana-type central spin-dependent poterfla, 16,17 that \yhere the appropriate products of the in the wave func-
fits the Ap scattering data and a dispersive spin-dependenfy have the asymptotic behavier ! exg(-kgr) if the ap-
noncentralANN potential[15]. These potentials explain the ropriate choice ofrgg (1xN=0.5, vy, =-1.0, rn=0.0) is
B, of 3He satisfactorily and we chose the relevant potentiat_)naole However fongon\//\gnierlwc’e \[/\vAe tai@é\,’:—N(’)\IS V _
strength and variational parameters fr_om tsecond row -1.0, .anvaN:O'.O. This is reasonable since su.cr’1 gAchoice
fTabI_e Vof SNUK ar?d V\.’h'clh are I'SéigA'nfT?]bliljl\' The o_nIy does not affect the result if the energy is optimized with
ree-parameter Is the singlet stren of the poten respect to the variational paramet§td]. The parametekg
tial of Urbana type is related to the separation energy of bary®nOur trial
Va(r) = V(1) = VAAT2(r), (1)  wave function has in total 14 variational parametetgs,
i Sans Cans @ns Rans Kaas Saas Cans @xas Raas & G
whereV (r) =WJ[1+expr—-R)/d]™" with W,=2137 MeV,R 4, and Ryy. synyand sy, take account the effect of the
=0.5 fm, andd=0.2 fm.T(r) is the one-pion exchange ten- dispersiveANN potential on thef ,,, and f,, correlations.
sor potential shape modified with a cutoff: The Hamiltonian ofA A hypernucleus of the baryon num-
ber A can be written as the sum of Hamiltoniang Hof the
To(r) = (1 + 3hc+ 3h) [ expl-)/xI[L - expl=cr) P, subsystem of thé, kth (k=1,2) particle and the!\%kfnucle—
with x=0.7 andc=2 fm 2. Our BB potentials are reasonable ons of the core and of {2 for the A-2 nucleons of the core
in the sense that their radial form factors agree with the genaucleus, and of the singletA potential given in Eq(1):
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TABLE III. AiHe,AiH: same as preceding table wiih=0.5, vy ,=-0.5, »yn=0.0 [optimum varia-

tional parameters, potential parameters, and the energy of subs(?MH):KAN:O.lso fm?, syn=1.0,

CAN=0'2 fm_z, aAN=0.8 fm, RAN=1'3 fm, KNN=0'31 fm_l, CNN=2'O fm_z, aNN:0.6 fm, RNN=1'3 fm, V4

=-6.188 MeV, £=0.25, W/6=0.09 MeV, E+ AE=-10.483+0.020 Mey, C,,=1.0 fn?, a,,=0.75 fm,

RAA:O'O
KAN KNN KAA (M —(Ven (VARR -ExAE
(fm™) SAN (fm™ (fm™) SaA (MeV) (Mev) (MeV) (MeV)
0.075 0.95 0.303 0.300 1.05 61.71 75.05 0.00 13.34+0.10
0.025 0.95 0.330 0.350 1.00 62.46 76.38 0.00 13.85+0.10
HA L = HAT + HAT H HR 2+ V(o) (4) tional parameters, taken from Table Il and Ill of SNUK and
1 2 142 K . .
are listed here in Tables Il and IV. The hypernuclear pair
with the Hamiltonians AaH, AXHe turns out to be particle stable withB,,
, Ao Ao =0.65 MeV, about 30% less than foRQHe. AB,,
- h ~0.1 to 0.01 MeV for,1H (relative to deuteron bindin
HA 1= V2 + SV, )+ SVESN (o . 0] \ anH de ng
A 2my, A 12:‘1 afin z ATy 2.24 MeV) brings into question whether it is weakly or just
bound.
A2 o A-2 Further, we perform a Variational Monte CarftyMC)
HA?2=-> —Vv2+ > Vandri) - (5) calcula}tlon replag:mg the potentigl) with the three-range
o 2m i< Gaussian potentigfor ND)

AB, , is written as
A A A A-1)|4A-1 A-1
(PRAUHALPRD (PR HAT )

I T e

V(1) = 9324 exp- r?/0.3%) — 379.1 exp- r%/0.777)
- 21.49 exp- r?/1.342), (7)

given in Ref.[5] which is a simulated meson theoretical
interaction of the Nijmegen group. This choice is because the
results for this potential are expected to be intermediate to
the models ESC00 and NSC97 and facilitates a comparison
of AB,, with that of FG. The results are listed in the third
The second and third terms on the right have already beefbw of Tables II-1V. TheAB, , from simulated meson theo-
evaluated fos-shell A-hypernucle{14]. The first term needs retical interaction of the Nijmegen group are 1.24 MeV
to be optimized with respect to the variational parameters foeg), 1.14 MeV(A=5), and 0.48 MeV(A=4).
values ofVy", which give a bound state fafHe. The varia- Our calculated values afB, , for the three-range Gauss-
tional parameters corresponding to the optimum energy negdp potential are about 50-60 % lower compared to 2.11,
not be the same for the first and the last two terms. The 27 Mev for ,5H, ,5He and 2.91 MeV for,SHe obtained
estimates for the energy were made for 100 000 poW}S.  yith the cluster model by FG for the Nijmegen model D.
is then chosen to reproduce the experimenidly, for  Another interesting feature of our four-body calculation is
asHe. The AB,,=0.99 MeV for Vo "=-6.1 MeV is very  that,4H turns out to be bound for the ND potential whereas
close to the experimental value. The component energieso clearcut result is obtained in R¢8]. A recent stochastic
kinetic energy(T), two-body interaction energiVg), and  yariational four-body calculatiofil0] of ,4H using the po-

AR tentials given by FG also predicts a bound state. Thus results

(P2 HR W)
(WR2IwE)

(6)

three-body dispersive energy), v along with the total en-

ergy E+AE of ,QHe are listed in Table Il. Having fixed of two types of variational calculations fofiH are consis-
V§A we calculateAB, , for the A=5 charge symmetric pair tent for the simulated potentials. The statement that simu-

12H, AxHe and for, \H. For these hypernuclei the energy of lated interaction over estimatgkl] the energy in the-shell
the subsystem$H, 1He, andiH and the potential and varia- A hypernuclei if extrapolated for th& A s-shell hypernuclei

TABLE IV. Aj‘\H: same as preceding table withy=0.05, vy, =0, »n=0 (optimum variational param-
eters, potential parameters and the energy of subsy%tdamKAN:OD? fmL, s,=1.0, Cy\n=3.70 fni?,
aAN:]..G fm, RAN:3'30 fm,KNN:O.27 fm_l, CNN:3'7 fm_z, aNN:1.6 fm, RNN:3'30 fm,V3:_6.220 MeV,
£=0.25,W/6=0.09 MeV,E+ AE=-2.343%0.026 MeY, Cy,=1.0 fm"?, a,,=0.75 fm,R,,=0.0.

KAN KNN KAA (T —(Van (VRN -E+AE
(fm™) SAN (fm™1) (fm™1) SAA (MeV) (MeV) (MeV) (MeV)
0.025 0.94 0.280 0.010 0.85 29.48 32.76 0.396 2.513+0.058
0.045 1.0 0.280 0.010 1.00 36.03 39.55 0.560 2.966+0.073
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analyzed here thedB,, found here are expected to be Gaussian potentigffor ND) gives the bound state energies

slightly reduced for the use of realistic interactions. Furtherfor A=5 and 6 hypernuclei much lower than the cluster

energies ofAA s-shell hypernuclei are being over estimatedmodel in Faddeev approach. Our result of four-bq@\ﬂ

in cluster model compared to microscopic VMC calculationcalculations for the simulated potential is consistent with

as the two-body correlations in the former are masked whilehose of Ref[10] but disagrees with that of FG. The incon-

the latter one includes these explicitly. sistency in the results of present work and the cluster model
Recently Nemura, Akaishi, and Suzuld0] and earlier approach appears to be a reflection of not incorporating two-

others(e.g., vide Ref[21]) have made an observation from body BB correlations in the later one, an inherent limitation

the studys-shell hypernuclei that the energy of the core isof cluster model methods. Of the many meson-theoretical

affected by the presence of thle a characteristic of all the interaction models and the phenomenologital potentials

calculations[13,14,16,17,1P incorporating correlations in currently in use which one is the correct one could be de-

the wave functions. This is expected to be situationfdr  cided by the future experiments confirming the existence

hypernuclei. However, the effect of rearrangement energy i§4AH. Further revising and improving the statistics of existing

likely to be largely cancelled in th&B, ,, being a difference events and addition of new species with reliaBlg, values

of energies of two hypernuclei. Therefore, the evaluation owill be useful in extracting thé\A interaction.

behavior ofV,,(r) from the AB, , is likely to be least af-

fected from the effect of core rearrangement energy. ACKNOWLEDGMENTS
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