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Hidekatsu Nemura

Advanced Meson Science Laboratory, Nishina Center for Accelerator-Based Science, RIKEN,
Wako, 351-0198, Japan

Abstract. We describe a few-body calculation of Af\H as well as Af\H and A16\He taking account
fully coupled-channel two-baryon potentials acting among the octet of baryons. The wave function
includes not only pnnAA and ppnnZ~ components but also pnnAX0, ppnAX~, pnnZ®%® and
pprElE=. An effective YY potential based on Nijmegen model D is used. We find that the pnnAZ?
and pprAX~ components play an important role in producing the Af\H bound state. The present
result requires the introduction of a new coupled-channel three-body-force, NAA — NNZE, if the
intermediate prnuAZ? and ppnAT~ states are eliminated from the model space.
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INTRODUCTION

Doubly-strange, light hypernuclear systems are important to study in order to understand
the baryon-baryon interactions, including the hyperon-hyperon (YY) potential as well
as the hyperon-nucleon (YN) potential. In the study of strangeness S = —1 s-shell
hypernuclei, it has been demonstrated that the AN — ZN coupled-channel potential plays
a significant role in explaining the anomalously small binding of f\He[l]. The “coherent
A —Z coupling”[1] may also be important in doubly strange hypernuclei.

A AA two-body system couples to the N= and XX states in free space. For the doubly
strange (S = —2) hypernucleus, Af\H, the core nucleus + AA system couples to the
core nucleus+ AX component. This is an extension of the coherent A — Z coupling to the
doubly strange hypernucleus, and it implies that AN —ZN coupling should also play an
important role in the binding mechanism of the doubly strange hypernuclei. Therefore,
precise calculations of the light AA hypernuclei should be made in a fully coupled
channel formulation taking account of explicit X degrees of freedom. The purpose of
this study is to describe a few-body calculation of the s-shell hypernuclei with § = —2
by taking account of the explicit X degrees of freedom in a framework of a fully coupled-
channel formulation.

INTERACTIONS AND METHOD

We assume that the wave function of a system with § = —2, comprising A(= 4 — 6)
octet baryons, has four isospin-basis components. For example, the Af\H has four isospin
components as pnuAA, NNNNNE, NNNNAX and NNNNZX. We abbreviate these
components as AA, NE, AX and XX, referring to the last two baryons. The Hamiltonian
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of the system is hence given by 4 x 4 components as

Hyn o Vieoan Vazsan Vs aa

g | Vanne Hvz Vas vz Vs ows ()
Vancas Vvzoas Hazs Vasoas |7
Vanesy Wavaess Vassy Hss

where Hp p, operates on the B, B, component,

4 /p 2 4-2
Hpp = 2(2,1’1 +mc> TchrzvNNr—r +22\/NB r—rB)

i=1 i<j j=li=1
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and VB1 B, BB, is the sum of all possible two-body transition potentials connecting the
B, B, and B} B, components:

N
Vaa-ng = Vaa-ng Vaa-az = EVNA —NE Vve_ax = Vne-ax 3)

i=1

Vaa-z2 =Vaa-s3: Vavess = Vv s Vazsx = Zl VyA-nz TVas sz (4)
i

In the present calculations, we use the Minnesota potential[2] for the NN interaction
and the D2/ potential for the YN interaction. The Minnesota potential reproduces reason-
ably well both the binding energies and sizes of few-nucleon systems. The D2/ potential
is a modified potential based upon the original D2 potential[1]. The strength of the long-
range part (¥, in Table I of Ref. [1]) of the D2/ potential in the AN-AN 3S1 channel
is reduced by multiplying by a factor (0.954) in order to reproduce the experimental
B, (3He) value.

For the YY interaction, we use a full-coupled channel potential among the octet
baryons in both the spin triplet and the spin singlet channels. We assume that the
YY potential consists of only the central component, and the effect due to the non-
central force (e.g., tensor force) should be effectively included in the central part. The
parameters are selected to reproduce the low-energy S matrix of the Nijmegen hard-core
model D (ND)[3]. We take the hard-core radius to be . = 0.56(0.45) fm in the spin
singlet (triplet) channel. Each number is the same as the hard-core radius of the YN
sector in each channel. We denote as ND the potential simulating the ND model.

The binding energy is calculated in a complete 4-body treatment. Since all of the
exotic components (AA, NE, AX and XX) are taken into account, the variational trial
function must be flexible enough to accurately search the eigenenergies. The trial func-
tion is given by a combination of basis functions:

K
Y= o, with O = A{GGAR) XM, - (5)
f=1
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Here .« is an antisymmetrizer acting on the identical particles. For the spin y, and the
isospin 1, functions, all possible configurations are taken into account. The abbreviation
X = (xy,---,X, ;) is a set of relative coordinates. For the spatial part, the basis function
is constructed by the correlated Gaussian (CG), G(x;4,), which is given by

G(x;4,) exp{ zockl] r;) }exp{ EA,WZ } (6)

z<] i,j=1

The stochastic variational method[4, 5] with the above CG basis produces accurate
solutions. The reader is referred to Refs.[5, 6, 7] for details.

RESULTS

Table 1 lists the B, , values for the § = —2 hypernuclei. We have obtained the bound-
state solutions for ,4H, ,3H and ,{He. For ,{He, the AA interaction energy (AB, ) is
given by

AB(CAIC)( 6 Hey — plealC)( e pe) 2 p(CAI0) (S He) — 1.50MeV, (7
which is slightly larger than the experimental value,[8]
ABEP) (¢ He) = 1.0140.2075 1 MeV.

We have also calculated these systems using a modified ND¢ (mNDy) Y'Y potential; The
strength of the AA diagonal part of the mNDy potential is reduced by multiplying the
original NDg by a factor of 0.8 in order to reproduce the experimental A5, ,( A16\He).
Hereafter we use the mND, potential rather than the NDg. Table 2 shows the prob-
abilities for the NZ, AX and XX components of the § = —2 hypernuclei. We should
emphasize that the probability of the N component, Pyz( AJS\H), has a surprisingly large
value (4.56%) in spite of the fact that the AA — NZ coupling of the ND is rather weak
as will be seen later. This is in remarkable contrast with other calculations based on
(t+A+A)and (a+Z7) two-channel model[9, 10]. We obtained a sizable value for the
Pis( Af\H) probability. The AX component couples to the AA component via the vy,

potential, as can be seen in Eq. (3), whereas the v, , yz_yy potential in the 1SO, I1=0
channel does not directly connect the AX component and the AA component. 5’s are

TABLE 1. AA separation energies, given in units of
MeV, for the 4 =4 — 6, S = —2 s-shell hypernuclei.

ry BAA (Af/l\ H) BAA (Af\ H) BAA (A?\He)

ND; 0.107 4.05 7.94

mNDg  0.058 3.75 7.54

Exp 7.25£0.1910-18
131

Downloaded 04 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



TABLE 2. Probabilities, given in percent, for the NZ, AX and XX components
ofthe 4 =4 — 6, S = —2 s-shell hypernuclei.

Af\H Af\H A16\He
Ppg Py Py Pe Py Py Ppe Py Py
mNDg  0.06 0.25 0.00 4.56 249 0.06 0.28 1.17 0.05

very small for both systems, due to a large mass difference between the AA and XX
channels (myy —my, = 155 MeV).

Although the present calculation assumes no simplified structures, such as (r+ A+
A) and (a+Z7), this kind of model is useful to provide a clear explanation of the
complicated full coupling dynamics of the 4 = 5,5 = —2 hypernucleus. Let us consider
a set of simple core nucleus + Y(+Y) model wave functions for the 3 H:

|AAH) = W X W X Waa s 2H) = Wa X W XYz, (8)
SH o 1 2

|A2 >SAZ - g |:% x [WAZO]SAZ:| X WAZ(Lt_ g |:wh X [WAZ,]SAZ X wAszh

(for Syy = 0or 1), (9)

where y, (¢ =t,h,a) is the wave function (WF) of the core nucleus, yyy (YY =
AA,Z7,AX) is the WF of the hyperon(s), and v, . is the WF that describes the relative
motion between YY and c. We assume that all of the baryons occupy the same (0Os) orbit.
For the A%H state, we have two independent states for the WF v, 5, that the spin of two
hyperons (S, ) is either a singlet or a triplet. Since the XX component plays a minor
role, we omit the ZgH state. Using these WFs, we can obtain the algebraic factors for
each averaged coupling potential of the allowed spin state, ¥ or ¥:

1 =
Van_nz) = \/;VAANa (10)
9=t 1=s
B T for §,v =0),
Vierng) = \/g_ij NE i_iVA vy (for Syy =0) (11
\/;VNAfNZ —\/ %A ax (forSyy =1),
35 _
Vhzn) = { ~/ifte (0rSy=0) (12
3VyE_Ax (for Sy =1).

The v, , = potential is suppressed by a factor of \/1/2 for the 4 = 5 hypernucleus. The
Vya_ns, and vy 45 potentials, particularly in the spin triplet channel, play significant
roles instead. Namely, these equations imply that the AX component strongly couples
both to the AA and to the N= components, and the AX component plays a crucial role in
the hypernucleus.
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The normalized energy expectation values of the Hamiltonian (1) for Af\H are (given
in units of MeV),

) Phean)  Pazan) —9.12 -1.82 —14.52
< Pan : /PanPrz ?/PAAPA);H
Vas—nz (Hyz) Vas-—nz .
h=| AR RE B | = 1s son —1039 | (3)
aaas)  Pheas)  (Hyy)
Tt Vit Pe _14.52 —1039 92.41

Here, we display only the 3 x 3 components of the Hamiltonian (1), comprising AA, NZ,
and A%, since the contributions from the X component are not large. These numbers
reflect the nature of the YY potential model (ND). The ND model has a weak AA-NZ
coupling and a weakly attractive N2-NZ potential.

If we solve the eigenvalue problem, det(# — A7) = 0, we obtain the ground state
energy, £ = —11.82 MeV, and the probability, Pz = 3.99%. On the other hand, if we
ignore the third row and the third column, the eigenenergy of only the first 2 x 2 subspace
becomes £ = —9.35 MeV, and the probability, Pyz = 1.57%. This clearly means that the
couplings between the (AA, NE) and AX components play crucial roles to make AJS\H
bound. The large coupling potentials, (V,, ,x) and (Vyz x), also enhance the Py
probability.

COUPLED-CHANNEL THREE-BARYON-FORCE

A coupled-channel Schrodinger equation for three component is written as

hy yp Uyc Wy Wy
Uyp g tpe Vp | =¢€| ¥ |- (14)
Uye Upe e Ve Ve

Here the subscript (4,8,C) reads (AA,NZ,AX). The third component yields

—1 —1
Vo= (e—he) vyt (e—he) gy (15)
Substituting the (15) into (14), we obtain the effective 2 x 2 Schrédinger equation

ha Ty <WA>8<WA> (16)
ZB Yp Vg )’

g
where
~ -1
hy = hytuyc(e—ho) iy, (X =4,B) (17)
~ -1
iy = typtue(E—he) g (18)

Therefore, the effective three-baryon-force is given by

Wyp = Uy (8_}’0)71”30 19

133

Downloaded 04 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



m
Z
Z

A A N

FIGURE 1. Schematic description of coupled-channel three-body-force AAN — ZENN (left), derived
from the intermediate AX component (right).

Figure 1 shows a diagram of the AAN — ENN three-body-force due to the intermediate
AXN excitation. In the present case, we can deduce the energy expectation value of the
coupled-channel three-baryon-force AAN — ZNN by eliminating the AX component,

(Wor_wz) = —1.4 MeV. (20)

This has almost the same magnitude as the energy expectation value of the original
Vaa_nz Dotential (=2 —1.8 MeV). The net attractive energy due to the AA — NE coupling
thus becomes approximately three times larger than the original two-body AA — NZ=
potential.

The present study is a first attempt to explore the new three-body-force arising in
AA hypernuclei. This kind of coupled-channel three-baryon-force should be taken into
account for the study of = hypernuclei since it affects the net AA — NE coupling and the
decay width of the hypernucleus.
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