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A simultaneous description of the central interaction of the hyperon-nucleon and hyperon-
hyperon systems with strangeness'S = -2 is attempted by using the (3q)-(3¢) resonating-
group formulation in the SUs quark model. The full Fermi-Breit gq interaction with explicit
flavor symmetry breaking is supplemented by the effective meson-exchange potentials gener-
ated from the scalar-meson nonet and = and K mesons of the Nijmegen potential model-F.
The central forces predicted by the quark-model potential have the flavor-dependent medium-
range attraction in the § = —2 system just like in the § = —1 system. The strength of the
ZN-AA transition potential in the 'S channel strongly depends on the effect of the flavor
symmetry breaking generated from the mass difference between ud and s quarks. The two-

baryon system in the ' § state of isospin 0 is predicted to have the binding energy of —19.25
MeV from the AA threshold. The cross sections induced by the =~ p reaction at pz = 500

MeV/c are predicted as follows: 0a(Z~p) = 27.7 mb, o(Z p — =%n) = 24.5 ;J.b, and
o(E"p — AA) = 15.4 mb.

§1. Introduction

The study of the interaction between two octet-baryons in the strangeness S =
—2 sector has recently been attracting much attention.! %) It is since Jaffe pre-
dicted the existence of the H-particle®) that many authors have focussed on the 1Sy
interaction in the isospin I = 0 channel of A4, =N and X' ¥ systems. The discovery
of a double-A hypernucleus, which was observed in 1991 by the emulsion-counter
hybrid technique®, has also directed our attention to the AA interaction. In spite of
the technical difficulties in its measurement, a =~p scattering experiment through
the (K—, K*) reaction is being planned to get information on the ZN interaction
as well as the transition potential to the AA system.

The system with S = —2 comprising two octet-baryons includes the AA, =N,
YA and ¥ X channels. They have richer coupling features than in the case of S = —1
system. For example, the AA, &N and XX channels couple each other in the state
with I = 0, while the N, YA and X% channels couple each other in the state with
I = 1. For the correct evaluation of Z~p scattering observables, one should therefore
take into account the effect of transitions to these other channels.

Nijmegen group® -8 and Jiilich group? have extensively studied the baryon-
baryon interaction in the S = 0 and —1 systems by using the one-boson exchange
model. They have attempted a systematic description of the interaction by fixing
the coupling constants between the octet baryons and the nonet mesons through the
SUj; relations and succeeded in obtaining reasonable reproduction of the low-energy
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hyperon-nucleon (Y N} data. The treatment of the short-range interaction is more
or less phenomenological in both models: The hard core radius in Nijmegen model-
D% and the cut-off mass in Jiilich model are fixed to reproduce the scarce YN
scattering data, whereas the hard core radius in Nijmegen model-F 7 and the cut-off
mass in Nijmegen soft core model® are determined through relating the flavor SU3
symmetry of the Y N system to that of the nucleon-nucleon (N N) system in which
rich data are available. When these models are extended to the § = —2 system, it
is clear that the above prescription does not apply straightforwardly: In the former
case there are no available experimental data on the § = —2 system, and in the
latter case the § = —2 system contains a unique symmetry of flavor singlet which
appears in neither of the S = 0 and —1 systems. The extension of these models to the
S = -2 system, therefore, cannot be trivially made. It is desirable to acquire such
a framework that describes the S =0 and —1 systems consistently for a systematic
study of the § = —2 system.

The quark cluster model inspired by the QCD attempts at describing the baryon-
baryon interaction by including some phenomenological confinement potential and
a one-gluon exchange gg potential (OGEP). In this model the short range part of
the interaction is unambiguously determined by the quark-exchange kernel, once
the parameters of the OGEP are fixed to reproduce the single-baryon properties.
10).11) To describe the nuclear force realistically the model must be reinforced by
the meson exchange effect which is essential in the medium and long range regions
of the interaction. This framework has the advantage that it can straightforwardly
be extended to any interaction among the octet baryons through the SU;z Wigner
coefficients. In fact some papers have already discussed the § = —2 system in
the quark cluster model. Straub et al.!? studied the low-energy Y N cross section
as well as the H-particle by incorporating the pseudoscalar- (PS-) meson nonet
exchange at the quark level and the flavor singlet scalar- (S-) meson exchange at
the baryon level. Koike, Shimizu and Yazakil® employed the flip-flop model for
the confinement mechanism, and took into account the PS-meson octet exchange
and the flavor singlet S-meson exchange with the form factor being introduced at
the baryon level. Takeuchi and Oka!%) took into account the effects of instanton-
induced interactions as well as a phenomenological medium-range attraction which
is independent of spin and flavor. We have to note, however, that due care should
be taken of how to introduce the effective meson-exchange potential (EMEP). For
example, the usage of the flavor singlet S-meson is not appropriate to reproduce the
correct flavor dependence of the nuclear force and to describe the NN, AN and N
interactions simultaneously. 1%

We have recently proposed a simultaneous description of the NN, AN and
N interactions'®)~19) in the SUs quark model formulated in the resonating-group
method (RGM). The full Fermi-Breit (FB) interaction with explicit flavor symmetry
breaking (FSB) is incorporated in the calculation. The difference in introducing
the EMEP has led to three models called RGM-F, 1617 FSS18).19) and RGM-H, 19
although in all of these the YN interaction is treated consistently with the NN
interaction. The model RGM-F, which is the simplest among the three, introduces
only the tensor component of the - and K-meson exchanges besides the central
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force of the S-meson nonet exchanges. In this model, we first calculate RGM kernels
for pure flavor singlet mesons and then introduce the explicit flavor dependence
of the Nijmegen model-F7) potential for the products of the coupling constants.
Other models called FSS and RGM-H introduce not only the tensor component
generated from the 7~ and K-meson exchanges, but also the spin-spin and tensor
components of the PS-meson nonet exchange. In FSS the spin-flavor factors of the
quark-exchange RGM kernel are explicitly evaluated at the quark level, while in
RGM-H the description similar to RGM-F are used only for the isoscalar S-meson
exchange to get the overall reproduction of the Y N cross sections. Although some
difference is seen in these models for the coupling features of the AN-X N systems,
RGM-F is the simplest which describes NN and YN data simultaneously. It is
straightforward to extend these models worked out for the S = 0 and —1 systems
to the S = —2 system through the SUj invariance of the baryon-meson coupling
constants of the EMEP. ‘

A theoretical study on the = ~p system is interesting itself and moreover urgently
requested by experimentalists as a measurement will be performed in a near future.
No theoretical prediction for the observables of the 5~ p system, e.g., the scattering
cross section, has so far been given systematically and realistically. Only the S-wave
phase shift of the ZN system was investigated in the above quark model. 12-13) Since
the 5N system has the complexity of channel coupling with other channels, it will be
legitimate to first understand the SN interaction in a single-channel approximation.
The central force of the baryon-baryon interaction is an outcome of combined contri-
butions from both of the quark kinematics and the meson-cloud effect, whereas the
tensor force is generated mostly from the meson-exchange effect and the spin-orbit
(LS) force is reasonably well accounted for in the quark model.??) The understand-
ing of the central force is essential to disentangle the complicated characteristics of
the interaction.

The purpose of this paper is to investigate the behavior of the central force of
various baryon-baryon systems with S = —2 in a single-channel approximation. We
apply the simplest framework of RGM-F to the system with S = —2 and focus on
the interaction in the S- and P-waves. The organization of this paper is as follows.
In the next section the formulation of our model is briefly recapitulated together
with the definition of the effective local potential. Characteristic features of the
central force are discussed in §3 by considering the quark Pauli effect and the role
of color-magnetic piece of the FB interaction. The RGM calculation of the phase
shifts are also shown in this section. A preliminary result of the coupled channel
calculation for the &N cross section and the binding energy of the H particle is also
discussed in this section. In §4 our quark-model (QM) potential is compared with
the Nijmegen potential. The last section is devoted to a brief summary.

§2. Recapitulation of the formulation
The detail of our framework is already given in Refs. 15) and 16). Here we only

recapitulate the main part for the sake of convenience.
The single-baryon wave function ¥ g of three quarks is composed of three parts,
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the symmetric orbital part ¢(°™)(123), the spin-flavor part W?(]“)a(123), and the
antisymmetric color part C(123): ‘

$p(123) = ¢ (123) Wf(lu)a(us) Cc(123) (21)
where [3] denotes the 3-particle symmetric state of the SUs spin-flavor wave function,
the label 1/2(11) stands for the octet-baryon with spin 1/2 and the flavor SUs
symmetry of (11) in the Elliott notation. The SUs; subgroup label a specifies a
member of the octet-baryons. For ¢{°%)(123) we adopt a simple (0s)3 configuration
with a common harmonic-oscillator constant b. The center-of-mass (c.m.) motion is
eliminated in ¢{°®(123) with the use of the usual definition of the c.m. coordinate
X = (r1+7r2+173)/3. We thus assume that the orbital function for the (3¢) clusters
is flavor independent and taken to be common in all the octet baryons.

The RGM wave function for the (3¢)-(3¢) system with the inter baryon relative-
motion function x,(r) can be expressed as

7= A{paxa(R)} (22)

where A’ denotes the antisymmetrization operator, and the channel wave function ¢,
is defined through ¢{° (123) ¢(°)(456) £5F¢C with £€ = C(123) C(456). A product
of the two spin-flavor functions is given in the isospin-coupled basis ¢5F, which is
the eigenfunction of PyF, the core-exchange operator of the two (3¢) clusters in the
spin-flavor space. The operator defines the flavor symmetry phase P through

PPFESF = (-1)!-5pest | (2-3)

where the subscript a specifies a set of quantum numbers of the channel wave func-
tion, @ = [1/2(11)a1, 1/2(11)ag] SS.YII,;P. Here S denotes the total spin, S, its
z component, Y the hypercharge, I the isospin and I, its z component.

The QM Hamiltonian consists of the non-relativistic kinetic energy term, the
quadratic confinement potential, the full FB interaction with explicit quark mass
dependence, and the S-, 7- and K-meson exchange potentials acting between quarks;

2, P}
H=Z<m,~c +§—T:71)

i=1

6
N GRS S 2 o IS

1<j=1 B=¢€,5* 6,k B=n,K

where m; and p; are the mass and the momentum operator of the i-th quark, re-
spectively. Here U,-(jf = —(Af - X§)acrd with ry; = |ry;| = |@; — ;| is the con-
finement potential of quadratic power law with a. denoting the confining strength.
The color SU3 generator, A{, is normalized in such a way that the exchange opera-
tor Pg in the color space is given by (1/2)(A{ - A$) + 1/3. The central component
of the gg FB interaction, Ug B is composed of the color-Coulombic (CC) term,
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USC = (1/4)as he (A - AS)/ryj, the momentum-dependent retardation (MC) term,

1 1 pi-pj | rij-(rij pi)p; '
UMC=__ he( XS - \C J ¥ J L .
3 1"s ol J)2m,-mjc2 Tij t T?j (2:5)
and the color-magnetic (GC') term,
1 wh? (1 1 4
GC _
Uij = —Zashc(/\f . /\5)5&5- (;&? + —m—;" + mai ) Uj) 6(1‘,']‘) . (26)

Here ag is the quark-gluon coupling constant and o; denotes the spin SU, genera-
tor. In Eq. (2-4), U{jﬁ and U,-? S8 denote the central force generated from the S-meson
nonet exchange and the tensor force generated from the 7- and K-exchange, respec-
tively. Ugﬂ is expressed as follows;

S i
UL ==Y ¢*mgY (mgry) (2-7)
3

where g denotes the quark-meson coupling constant, mg the mass of the meson 8
and Y (z) is the Yukawa function Y (z) = e */x.

The RGM equation is derived from the variational principle, subject to the
change of the relative wave function yo(R) of Eq. (2-2) and reads as follows;

2Ue OR
=Y [ ARG (B R)xa (R) 2%8)

2 2
[ea + ( 0 ) ~VEY(R) - VIY (R)S12| xa(R)

where the relative energy ¢, is defined by subtracting the internal energies of the
clusters in the channel « from the total energy, uo is the calculated reduced mass,
and S12 denotes the tensor operator at the baryon level. Here the integral kernel
Gao' (R, R') is defined through

Gao! (R, R) = 3 MR, R)) — eaMy (R, R)) (2:9)

aa'
2

where M, (R, R') is the normalization exchange kernel and M(Q)(R,R’ ) is the

ao’
exchange kernel corresponding to the interaction piece 2. For the detailed defini-

tion of MSZ?(R, R'), see Ref.15). The Hamiltonian of Eq. (2-4) includes the c.m.
kinetic-energy and the Galilean non-invariant terms like the M'C term. However, the
existence of these terms does not pose any problem if the RGM kernels are evaluated

in the c.m. system.!® The direct potential V.S (R) of Eq. (2-8) are given by
VEY (R) = —9¢*mgYa,(mgR) (2-10)

where Yo, (mgR) with ag = (mgb)?/3 is the modified Yukawa function with a Gaus-
sian form factor F(g?) = exp{—(bq)?/6} (see Eq. (A2) of Ref. 16)).
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As is discussed in Ref.15), it is essential to choose an appropriate flavor de-
pendence for the quark-meson coupling constant g in Eq.(2-7). We assume that
the direct terms in Eq. (2-8) are proportional to the corresponding pieces of the Ni-
jmegen model-F potential.” For the S-meson nonet employed in model-F, this can
be achieved by replacing 9¢° in Eq. (2-10) with

for B =¢ 8" and 6
9 2 —_— C‘Pfa3a1,3fa2a4ﬂ ’ ’ 2.11
g { cpfaaaznfalau{ L) ( )
supplemented with appropriate isospin factors. Here ¢p denotes the reduction factor
which may depend on the flavor symmetry phase P. The values we mainly employ
in this paper are the same as in Ref. 15):

cp=4+1 = 0.56, cp=—1 =033 . (2-12)

For the RGM calculation incorporating the non-central forces, the last value is mod-
ified into 0.4212, which is the standard value of RGM-F employed in Refs. 16) and
17).

Since we include the MC term and takes account of its contribution to the
relative kinetic-energy term, the calculated reduced mass u, is only about half of
the experimental reduced mass uS*. To use the correct reduced mass is important
in the phase shift analysis. For this purpose we employ the prescription given in
Ref. 15). The prescription is very simple and does not spoil the Pauli principle in a
single-channel problem. What is needed in the prescription is to multiply by pq /us?
only the kinetic and M C exchange kernels. ,

In order to apply the WKB approximation to the RGM equation in Eq. (2-8), we
need to simplify the present coupled-channel formulation by neglecting the channel-
coupling effect and the non-central forces. The single-channel exchange kernel
Gao(R, R') for the (3¢)-(3¢) system is converted to the corresponding Wigner trans-
form through

GY (R, P) = /ds i P G (R - R+ g) . (2-13)

The effective potential, UST(R), follows from GY,(R, P) = GY.(R?, P2, (R - P)?)
by solving the following the transcendental equation

vef(r) = voY (R)

w [ 52 eff 2 off 2 1\?
+G3, | R%,2ua[ea — Ug  (R)), 2uaR*[ea — U (R)] —R° | L+ = ,

where L is the orbital angular momentum.
§3. Phase shift calculations in RGM

Before showing results of the phase-shift calculation in the RGM, we first discuss
the spin-flavor SUs symmetry of two octet-baryons in the S = —2 sector. Table I
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Table I. The relationship between the isospin basis and the flavor-SU; basis for the S = —2 system.
The flavor-SU; symmetry is given by the Elliott notation. P denotes the flavor exchange
symmetry, and I the isospin.

P = +1 (symmetric) P = —1 (antisymmetric)
'E or %0 SE or 'O
AA Ze(11), + 55=(22) + 512 (00) -
ENI =0) Z(11), — /5(22) + J5(00) (11)a
EN(I=1) Vian, +/E(22) Z5l=(11)a + (30) + (03)]
. ~VIa, + T(22) 2:1(30) - (03)]
21 =0) Vi), = 73=(22) — /3 (00) -
TE(I=1) - Zrl2(11)a + (30) + (03)]
DX =2) | (22) -

shows the relationship between the isospin basis and the flavor SU3 basis for the
S = —2 system. With regard to the S = 0 and —1 systems, see Table I of Ref. 15).
As mentioned in the introduction, a comparison of these two tables shows that
the flavor singlet (00) state, namely the H-particle, appears only in the § = —2
system. It is possible to get some information on those states which have already
appeared in the § = 0 and —1 systems because the flavor symmetry constrains
the interaction in so far as the effect of the FSB is small. For example, we expect
that the short-range part of the AA, XA(P = +1) and YX(I = 2) interactions is
dominated by the repulsion generated from the color-magnetic interaction, because
they have a predominant component of (22) which is nothing but the NN !S-state.
We also expect that the quark Pauli principle generates the repulsive effect in the
EN(I = 1) (P = +1) and XX (I = 0) channels because their main component is
(11)s. The most compact (0s)® configuration of (11), symmetry is Pauli forbidden,
which is responsible for the strongly repulsive feature of the TN (I = 1/2) 'S phase
shift. :

Next we discuss the role of each term of the Hamiltonian Eq.(2-4) in order to
understand qualitative characteristics of the interaction in each channel. The con-
finement potential Ug f does not contribute to the interaction between the baryons
in the present approach, as mentioned in Ref.15). The color-Coulombic potential
Ugc also gives a very minor contribution. On the other hand, both of the exchange
contributions from the kinetic energy (K) term and the MC term U}}l C are ex-
pected to give a significant contribution to the baryon-baryon interaction.!®) The
strength of these terms is approximately (exactly in the SUs limit) proportional to
the spin-flavor-color factor of the exchange normalization kernel

Xn = (—ONESFEC P C1e5FeCy . (3-1)
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Here P3f'C denotes the exchange operator in the spin-flavor-color space between the
third and sixth quarks. The quark Pauli effect represented by the exchange kernels
of the K and MC is classified as follows: In a channel with Xx ~ 0 the Pauli effect is
of course negligible. In the case of Xy ~ —1 there exists an almost Pauli-forbidden
state in the corresponding S-wave channel, because the smallest eigen-value of the
normalization kernel 4 = 1+ Xy becomes close to 0. As the result, the channel tends
to get strong repulsion. The Pauli effect generally gives a repulsive contribution when
Xn <0, whereas it becomes attractive when Xy > 0. The values of Xy in the case
of S = —2 are listed for each channel in Table II. The values for the S-wave channel
are already given in Table 5 of Ref.21). According to the above discussion, the
channels of S = —2 can be arranged in decreasing order of the short-range repulsion
in the S-wave as follows:

ENI=11!S > 2A4's,38 > ENI=1)38
> EX(I=018>X2I=1)38>ENI=038> - . (32

We note that this ordering approximately agrees with that of the size of the corre-
sponding effective hard core radius examined in Ref. 21).

Table II shows that the value of Xy for the N system is determined solely
by spin and isospin values, independently of the flavor exchange symmetry P. This
suggests that the ZN interaction is P-independent. This is traced back to the
fact that, for the single-quark exchange, the transformation from EN (NE) to NZ
(EN) is not possible because the FB interaction does not induce the flavor change.
On the other hand, two-quark exchange kernels are simply reduced into the single-
quark exchange kernels owing to the generalized Pauli principle. Because of this P
independence of the spin-flavor factors, we can expect that the 5N system has a
similar central potential in the !S- and ! P-states and likewise in the 3S- and 3P-
states. In contrast to the =' N system, the XA system can have the exchange diagram

Table II. The spin-flavor-color factors, Xn, of the exchange normalization kernel for the channel
with the flavor exchange symmetry P and the spin-orbital quantum numbers 2°+! L,

P=+1 P=-1

s ip is 'p

AA 0 -3 - -
EN(I=0) : -3 -3 ;
sNa=y | -} % ~% -3
o4 -4 -4 -4 -1
E5(I=0) -2 = - -
EX(I=1) - - -5 -1
EE(I=2) 3 -3 - -
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of YA — AX through an operator with I = 1, e.g., the §-meson exchange. Indeed
we find that Xy in the ¥4 system is P-dependent.

The contribution from the color-magnetic (GC) term UZC is discussed next. It is
known that the spin-spin term in Eq. (2-6) yields strong attraction in the H-particle
channel? of the flavor-singlet (00) symmetry;

1 2 oy _./3 .
(00)=%/1A+ﬁ_1\/ \/;22. (3-3)

If the effect of the FSB is neglected (m; = muq = m), it is possible to estimate
the contribution of the GC term to each of the AA, EN(I = 0) and XX(I = 0)
channels, by employing a simple formula given in Refs. 4) and 11). We consider the
energy difference between (0s)% and two-(0s)3 configurations. The expectation value
of the GC term for the totally antisymmetric {0s)" quark states is given, in units of

V2/mas(h/meb)*mc?(1/16), by

2 : 2 2 8 2
(=S 08X (1 + o -aj)> = 2oy + g5+ D+ 20 —6) , (34)
i>j '

where C; is the Casimir operator for flavor-SU; group and its expectation value is
given by

4 .
(Codny = 3 (A + 4+ A+ 31+ 3py) (3-5)

for a state of the flavor SUs symmetry (Ag). The difference between the (0s)® and
2 x (0s)3 configurations is —16/3 for the H-particle state, while it becomes 32/3, 0
and —32/7 in the 1S states of AA, EN(I = 0) and T X (I = 0), respectively. We
expect that the AA interaction generated from the GC term shows the repulsive
behavior at the short distance. In the other channels than the three discussed here,
the characteristic behavior of the interaction is generally determined by the K + MC
term rather than by the GC term.

Table III. The quark-model parameters, the scalar-meson masses, and the SUs parameters of the
effective meson-exchange potential. The symbol f; (fs) denotes the flavor-singlet (flavor-octet)
coupling constant, o the F/(F + D) ratio, and 6 the singlet-octet mixing angle. The € mass
denoted by “two-pole” indicates two-pole approximation, for which m;c? (81) and mac® (32)
are shown below the table. For cp, see text.

b (fm) Mmyac® (MeV) ag A=m,/muq
0.6 313 1.5187 1.25
m.c® (MeV) mg+c? (MeV) msc? (MeV) myc? (MeV)

two-pole” 1250 1255 1245
h f8 o 6 (degrees)
4.30881 0.93649 1.49640 37.6964

*508.52 MeV (0.19986) and 1043.79 MeV (0.55241)®
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Table III lists the parameter set
used in the present paper.!® The QM
parameters are set to satisfy the single
baryon properties as usual, while the
EMEP parameters are taken from the
Nijmegen model-F 7} without any alter-
ation.

In what follows we display the phase
shifts obtained by solving the RGM
equation of Eq.(2-8) decomposed into
partial waves. Only the central com-
ponent of the interaction is included in
the calculation. The phase-shift curves
of the AA, EN(I = 0) and TX(I =
0) channels are shown in Figs.1(a) (S-
waves) and 1(b) (P-waves). It is clear
from Fig.1(a) that a bound state ex-
ists in the SN'!S and XS states.
The binding energy is 9.65 MeV from
the N threshold and 42.62 MeV from
the XX threshold, respectively. These
bound states are realized through the
attractive nature of the K + MC term
for the £ N 1S state and of the GC term
for the £X'18 state, in addition to the

(@) I=0:8-wave b

100} ITls -

8 (deg)

5o} EN's g

e ]
EN’S
1 L H L

] 200 400 600 800 1000
Py ( MeVic)

10} (b) I=0:P-wave 4

~20 1 L I )
0 200 400 600 800 1000

Piap (MeV/ic)

Fig. 1. The AA, EN(I = 0) and E5(I =

0) phase shifts predicted by the central
force of the present model under the single-
channel approximation: (a) the S-wave,
(b) the P-wave. The momentum in the
laboratory system, piab, stands for the mo-
mentum of particle By for By B2 system.

moderate flavor dependence of the over-
all attraction from the EMEP’s. Our re-
sult indicates that the SN 3S state has
no bound state, in contrast to the result
of Ref. 13). This channel does not couple
to any other two-baryon channels. The
Z N 38; phase shift is raised up to 18 degrees when the tensor force is turned on.
The central potential of the SN (I = 0)38 state is less attractive than the 19 state
because of the flavor dependence of the EMEP through Eq.(2:12), in addition to
the repulsive nature of the GC term. The AA'S phase shift is similar to the NN
S wave phase shift through the behavior of the GC term, and it is fairly close to
that of Ref.12). The strong attraction in the ZX 3P state is due to the attractive
behavior of the K + M C term as suggested from the large Xy value in Table II. The
EN1P and E N3P phase shifts are very similar. This is due to the fact that the
potentials of both channels have almost same attraction in the long range region. As
seen in the next section, the attraction of the ZN ! P channel is, however, stronger
than that of the SN 3P channel in the region of less than 1.5 fm.

The phase shift curves of the ZN(I = 1), 24 and ¥¥(I = 1) channels are
shown in Figs.2(a) (S-waves) and 2(b) (P-waves). All the channels in Fig.2(a)
have negative phase shifts. These are due to the repulsive behavior of the K + MC
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term as all the X n values are negative.

Although the Xy values of all the chan- » ' ' ! '

nels in Fig.2(b) are also negative, the = . (@ 1=1:S-wave

phase shifts in the SN3P, TA3P and - 0

X2 ! P states are slightly attractive, be- o0 s

cause the EMEP’s produce weak attrac- 8 a0l _

tion in the tail region. o IA’s A 'S
We show the phase shift for the o

I = 2 channel in Fig.3. The phase shift i EN'S EN’s

in the X' 1S state with pure (22) sym-
metry is similar to that in the NN 18
state. The phase shift of the X3P
channel is repulsive due to the repulsive
Pauli effect (Xny = —31/27).

A short remark follows as to the
FSB. The FSB generated from the mass
difference between ud and s quarks is
explicitly incorporated in the present
calculation through the Hamiltonian
Eq. (2-4). The effect is expected to be

(b)I=1:P-wave

more significant in the S = —2 gys-

tem than in the § = —1 system. To - \ " . .

see this we have changed A from 1.25 ° . pm (Me\?Z) 0 o
to 1.69.20) Although the change of the e

phase shifts is strongly channel depen- Fig. 2. The same as Fig.1, but for the
dent, it is larger as the energy increases, EN(I = 1), A and JE(I = 1) phase
and is certainly larger than that in the shifts.

S = -1 case. Those channels which

have the strongest A dependence are the YA!S, TX(I = 0)3P, X (I = 1)3S and
X X(I = 2) 1S states, where the maximum change of the phase shift reaches about 12
degrees. The channels of the ¥A38, AA!S, 3P, XX(I =0)'S and TX(I =1)!P
states have the change of at most 6 degrees. The EN channel shows relatively
small A-dependence. As to the H-particle channels, increasing A yields more attrac-
tive behavior in A4 and XX channels and more repulsive behavior in £N channel,
respectively.

To estimate the cross sections induced by the =~ p reaction, we now solve the
coupled-channel equation, Eq. (2-8), by including the non-central components due to
the FB interaction and the tensor component due to the 7- and K-exchanges. The
value of ¢p-_; in Eq. (2-12) is altered to cp—_; = 0.4212, in order to be consistent
with the NN data as discussed in Refs. 16) and 17). The present calculation includes
the partial waves up to the total angular momentum J = 3 and incorporates the
Coulomb force approximately. The single-channel calculation without the EN - AA
coupling predicts the following cross sections at p= = 500 MeV/c: ce(E~p) = 31.1
mb and o(E~p — E%2) = 32.4 mb. They decrease to 27.7 and 28.4 mb at 600
MeV /e, respectively. The near equality of both cross sections is understood by the
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fact that the N potential with I =
1 channel is repulsive and thus gives
20| 1 I=2 A a minor contribution to the cross sec-
IS tions. When the EN - AA coupling
is turned on, the above cross sections
decrease a little: 0o (Z"p) = 27.7 mb
and o(5p — Z0n) = 245 mb at
500 MeV/c. The reaction cross section
20| _ o(E~p — AA) becomes 15.4 mb. If we
compare these results with predictions
0 20 200 50 50 o by S = —2 Nijmegen hard-core models

Pu, (MeVic) which assume the hard-core radii of the

Fig. 3. The same as Fig.1, but for the NN system,?? the elastic cross sections
XX (I = 2) phase shifts. are similar to each other whereas our
reaction cross sections are larger than

3 (deg)

those of the Nijmegen models.

We next estimate the energy of the H-particle state by including the three
channels of A4, EN(I = 0) and XX (I = 0). Only the central force plays a role in
this system. The energy for a pure (0s)® configuration becomes 72 MeV above the A4
threshold, whereas it goes down to —19.25 MeV when the relative motion between the
two baryons is dynamically solved by the variational principle. We should note that
this value may be overestimated because the present model produces the threshold
energies for EN — AA and XX — AA too low; i.e., they are 19.8 MeV and 78.2 MeV
corresponding to the experimental values 25.7 MeV and 154.9 MeV, respectively.
The improvement of these threshold energies may reduce the present value of the
binding energy.

§4. Behavior of the effective local potentials

In this section, we investigate the effective local potential obtained by solving
the transcendental equation of Eq.(2-14), in order to understand intuitively the
baryon-baryon interaction in the S = —2 sector. It sometimes happens, however,
that a real solution cannot be obtained when the repulsion due to the effect of the
Pauli principle is too strong. 15 In this case we define the effective local potential by
employing the incident momentum for the local momentum. The obtained effective
local potential is still useful for understanding the baryon-baryon interaction at least
qualitatively, though it may be no longer “equivalent”. We also note that, even when
the transcendental equation has a real solution, the phase shift calculated by the
effective potential sometimes deviates by about 10 degrees from the original RGM
phase shift in the case that the Pauli effect is fairly large. All the effective local
potentials shown here correspond to the zero incident energy.

Figure 4 shows the 'S potentials of the A4, N (I = 0) and £X(I = 0) channels
which constitute the H-particle. The total potential has different characteristics in
each channel: It is similar to the NN S-wave potential in the AA channel, has
broad attraction in the 5N channel, and has deep attraction in the £X' channel.
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Fig. 4. The 'S-potentials of the (a) A4, (b) EN(I = 0) and (c) ZX(I = 0) channels, where
the total potential (bold curve) is shown together with the contributions from the (kinetic +
OGEP)-term (solid curve), the effective meson-exchange potential (dot-dashed curve) and the

color-magnetic (GC) term (dotted curve).

The qualitative behavior of the (ki-
netic+OGEP) curves agrees with that
given in Ref. 10). The GC (color mag-
netic) contribution is consistent with
the expectation given by Eq.(3-4). In
particular it has the short range repul-
sion in the AA'S state. The K + MC
contribution in the SN 1S state shows
the strong attractive behavior at the
medium-range due to the positive value
of Xy = 1/3. The attraction in the
XX 18 channel is largely due to the GC
term which enhances the weak attrac-
tion of the EMEP.

We show in Fig. 5 the &N poten-
tials for most important channels of the
Z7p scattering; (a) I = 0, spin-singlet,
(b) I = 0, spin-triplet, (¢) I = 1, spin-
singlet and (d) I = 1, spin-triplet. As
discussed in §2, the P-wave potential
is similar to the S-wave potential with
the same spin and isospin values, except
for the extremely short-ranged region of
R < 0.5 fm. The QM predicts that the
E N potential is attractive in the I = 0
channel but repulsive in the I = 1 chan-
nel. This isospin dependence is different

200

T
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"
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—_8 ]
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L
2
T

L i n

s

POTENTIAL (MeV)

g

(\c)EN(I=1)

+

. " L
1.0 15 00 [K]
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Fig. 5. The =N central potentials for (a) the
spin-singlet state of the I = 0 channel, (b)
the spin-triplet state of the I = 0 chan-
nel, (¢) the spin-singlet state of the 7 = 1
channel and (d) the spin-triplet state of the
I =1 channel. The solid curve stands for
the S-wave potential and the dashed curve
for the P-wave one.
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from that of the Nijmegen hard core potential as discussed later.

The AA3P potential shown in Fig. 6 is re-
pulsive because of the K + MC contribution.
The slight attraction appearing in the region
of more than 1.5 fm, however, makes the phase
shift positive as seen in Fig.1(b).

We compare the present QM potential
with the Nijmegen potential in Table IV which
lists the qualitative behavior of the potentials
in the medium range of 0.6 — 1.2 fm for each
channel. The Nijmegen model-D and model-F
potentials give different behavior in ten chan-
nels among twenty channels. There are two
reasons for this difference. First, the contribu-
tion from the S-meson exchange is different be-
tween the model-D and model-F: 1)>2) Only the
flavor singlet S-meson exchange is introduced
in the model-D, leading to the Y N and YY po-
tentials which are as attractive as the NN po-
tential. On the other hand, the S-meson nonet
exchange is used in the model-F and naturally
produces the flavor dependent attraction in the
medium range of the YN or YY potentials.
The difference in the A4 and X'A systems is
understood by this reason. Secondly, the spin-
spin interaction generated from the vector- (V-

80 ‘I T 1 L 1 T )
1
1}
)
'
II
[}
ok |4 AA®P
1
% 40
= vr — Total ]
-] ——
< K+MC
g
o204 4
g
N
O \-.-9
d \—_‘—-—_——_——l
B T R ¥ R 1Il z.o 3

Fig. 6. The AA®P central potential.
The solid curve stands for the to-
tal potential and the dashed curve
the contribution from the kinetic
(K) and momentum-dependent re-
tardation (M C) terms.

Table IV. A characteristic behavior of the Nijmegen model-D (D), model-F (F) and quark model
(QM) central potentials at the distance of 0.6 - 1.2 fin. The symbol a means the attractive

behavior and r the repulsive one.

ls ip

s 'p

D F QM| D F QM

D F QM| D F QM

AA a a a a r r - -
EN{ =0) a T a a a a a a a a r a
EN{I=1) a r r a a r a r a r r

ZA a a r a r r a r r a r r
22I=0)} a T a a a a - -
TX(I=1) - - a r a r r

ZX(I=2) a a a T T r
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" ) meson exchange has different behavior between these two models: It is repulsive
in the model-D but attractive in the model-F. As a result the central force in the
spin-singlet state becomes attractive in the model-D and repulsive in the model-F.
This mechanism explains the difference in the SN and I X systems.

Among the ten channels where the model-D and model-F give similar behavior,
the QM predicts different results, namely the repulsive potentials in the four chan-
nels, EN(I =1)38, EN(I = 1)%P, ZA'S and 3 (I = 1)3S. These channels are
characterized by the repulsion due to the K + MC term as they have Xn ~ —%. All
the potentials become attractive in the other channels except for the XX (I = 2)3P
channel. As for another group of the ten channels where the model-D potential is
attractive and the model-F potential is repulsive, the QM predicts mostly the re-
pulsive behavior. In fact the potentials of the channels AA3P, EN (I = 1)!$ and
1p, 2A3P,3S and P, and ZX(I = 1) ! P become repulsive due to the repulsive
contribution of the K + MC term. However, the QM gives attraction in the re-
maining three channels of EN (I = 0)!S, !P and XX (I =0) 'S in agreement with
the model-D. The K + MC term plays an important role to produce attraction in
the EN(I = 0) channel as understood by Xy = %, while the GC' term becomes
important in the X' ¥ channel as is already discussed below Eq. (3.5).

Figure 7 compares the QM potentials to the Nijmegen hard core potentials for
" the 1S(I = 0) channels of A4, EN and X¥. The QM potentials are found to follow
the model-D potentials qualitatively. It is interesting that, though the present QM
constructs the EMEP employing the S-meson parameters of the model-F rather
than the model-D, the resulting ! S(I = 0) potential is similar to the model-D in the
channels comprising the H-particle. This originates from the behavior of the spin-
spin interaction as discussed above. The spin-spin potential, which is enhanced by a

AA ' EN(1=0) L IZ(I=0)

'S - POTENTIAL (MeV)

I 1 1 1.
0.8 1.0 1.2 14 0.6 08 1.0 12 14

R (fm)

Fig. 7. The comparison of the 'S-potentials between the present model (bold curve) and the Ni-
jmegen hard-core potentials, the model-D (solid curve) and model-F (dashed curve).
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factor of —3 in the 1S(J = 0) channel, comes mainly from the V-meson exchange in
the Nijmegen model. It is repulsive in the model-D but attractive in the model-F.
The spin-spin potential of the QM is, however, given only by the quark part of the
Hamiltonian and turns out to be qualitatively similar to the model-D.

We summarize the QM prediction for the =N potential since it is crucial to the
Z~p cross sections. The 'S (I = 0) potential is attractive in agreement with the
model-D. The 35 (I = 0) potential shows weak attraction of about —20 MeV in the
medium-range region as seen in Fig. 5(b), which agrees with both the model-D and
model-F. We may conclude that the £ N potential is attractive in the I = 0 channel.
The 18 (I = 1) potential is repulsive in the QM as well a3 in the model-F. The 3S (I =
1) potential is also repulsive in the QM, while it is attractive in both of the model-D
and model-F though the depth of the attraction in the model-F is only one third of
that in the model-D. The £ N potential in the I = 1 channel is repulsive in the QM,
weakly repulsive in the model-F and attractive in the model-D. It is interesting to
investigate how this difference of model predictions affects the =~ p cross sections.

200

! ' ‘ T Finally a comment follows as to the
channel-coupling effect. In order to esti-
1S mate the qualitative feature of the ZN-
AA coupling effect in the S-wave, we
100 - - calculate the P = 0 Wigner transform
for the transition potential from ZN to
model-D - AA. Figure 8 shows the obtained tran-
sition potential, together with the cor-
responding Nijmegen potential. Only
. o the strange-meson exchange contributes
- S to this EN-AA transition potential in
S the Nijmegen model, and it is larger
Ry in the model-F than in the model-D 2%
e L7 Vy 1  as seen in' Fig.8. In the QM term the
/) w—A=125 S N-AA transition potential of the 1S-
Y channel is generated only from the x-
1 meson exchange and the GC term. The
200t L L ! Z N-AA transition potential of the QM
' ' ' ' ' differs in its sign from that of the Ni-
jmegen model. To see the effect of the
Fig. 8. The comparison of the =N - AA tran- FSB on the coupling effect, the transi-
sition potentials for the 'S state between tion potential is drawn as a function of
the present model and the Nijmegen hard- X in Fig.8. The transition potential is
core models. The tra.n.sition potential of smaller as the FSB becomes larger and
the present model is given by the P = ‘s .
0 Wigner transform at the ZN incident t}%e strength .of the trangltlon potential
channel. Also shown is the dependence of with A = 1 is about twice larger than
the transition potential on the mass ratio that with A = 1.69. The reason for this
A=m,/my. is that the GC term is smaller as the
effect of the FSB becomes larger. This

model-F

TRANSITION POTENTIAL (MeV)

R(fm)
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feature is suggested in Ref. 24), which reports that the RGM calculation with only
the OGEP for the H-particle state gives a bound state with the binding energy of
—38 MeV in the flavor SU3 limit but no bound state when introducing the FSB with
about A = 1.67. The difference between bold and solid curves in Fig.8 comes from
the contribution of the x-meson and it reduces the contribution from the GC term.

§5. Summary

. Motivated by the planned = ~p scattering experiment, we have studied the cen-
tral force of the two-baryon systems with the strangeness S = —2. As a natural
extension of our previous work on the S = 0 and -1 systems, we have adopted
the resonating-group (RGM) formulation of the (3¢)-(3¢) system in the SUgs quark
model. The gg interaction includes the central force generated from the scalar-meson
nonet exchanges and the tensor force generated from the 7- and K-meson exchanges,
in addition to the phenomenological confinement potential and a one-gluon exchange
potential (OGEP) with explicit quark-mass dependence. This model, which we call
RGM-F, gives a realistic description of the NN, AN and XN interactions, and can
straightforwardly be extended to the S = —2 sector.

The effect of the quark Pauli principle manifests itself most clearly through
the behavior of the kinetic-energy exchange term and the momentum-dependent
retardation term. This behavior characterizes the innermost central part of the
baryon-baryon interaction in the § = —2 systems similarly to the § = 0 and -1
systems. An exception is the 1S state in the I = 0 channel of the AA, ZN and XX
systems ( H-particle channels), where the color-magnetic term plays a dominant role.
The S- and P-wave phase-shifts of all the systems with S = —2 are calculated in a
single-channel RGM approximation. It appears that the interaction in the S = -2
system as a whole is attractive in the I = 0 channels but repulsive in the I = 1
channels. Our phase shifts of the A4 'S and X X(I = 2) 1S channels are similar to
those of Refs. 12) and 13), respectively. Two bound states are obtained in the H-
particle channels: one for the ZN (I = 0) ! § channel and the other for the S X(I = 0)
1S channel. The former gets attraction from the effect of the Pauli principle, while
the latter is due to the color-magnetic interaction. We have found a single bound
state of —19.25 MeV below the A4 threshold, when the three channels, A4, £N and
2 X, are coupled together in the coupled-channel RGM formalism. Our calculation
has predicted no bound state in the SN (I = 0) 35 channel.

The effective local potential arising from the present quark model is calculated
under the WKB approximation. Although the color-magnetic term is not always
responsible for the attraction, the full potential for each H-particle channel is at-
tractive as a whole. The £ N potential is found to be independent of the flavor
exchange symmetry, but depends on the isospin: it is attractive in the I = 0 channel
and repulsive in the 7 = 1 channel. Our quark-model potential is compared with
the Nijmegen model-D and model-F potentials. The quark-model potential is qual-
itatively close to the model-F potential in the medium region when the Pauli effect
plays a repulsive role, but is rather close to the model-D potential if the model-D
and model-F give a different feature for the spin-spin interaction of the vector-meson
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exchange.

The effect of the flavor symmetry breaking is expected to be important for a
quantitative analysis of the binding energy of the H-particle and the =~ p cross
sections. The effect is investigated in the present model by varying the mass ratio of
the up-down and strange quarks, A = m;/myq. It strongly depends on the channel
and is larger than that in the S = —1 case. For example, the binding energy of
the H-particle is increased from 19.25 MeV to 64.21 MeV, if A = 1.25 is modified
into A = 1. An estimate of the S N-AA transition potential clearly shows that the
effect of the flavor symmetry breaking reduces the coupling effect between these two
channels.

The Z~p total cross sections are calculated in the coupled-channel RGM for-
malism for the SN - AA system. The Coulomb force is approximately treated and
the isospin relation is employed to generate the scattering amplitudes in the particle
basis. At p= = 500 MeV/c these total cross sections are given by 27.7 mb for the
E~p elastic scattering, 24.5 mb for the Z~p — Zn charge-exchange reaction, and
15.4 mb for &~ p — AA reaction. This value for the = p elastic cross section is very
similar to the result by S = —2 Nijmegen hard-core models which assume the same
hard-core radii as in the NN system. On the other hand, our Z~p — AA reaction
cross section is considerably larger than that of the Nijmegen models.

The data of the double-A hypernuclei obtained so far and the old emulsion data
of the £ hypernuclei seem to require considerable attraction in both of the ZN and
AA channels. This favors the Nijmegen model-D rather than the Nijmegen model-
F.%) The present quark model predicts, however, that the ZN interaction is strongly
channel dependent, and is not as strongly attractive as the model-D. Especially the
quark-model potential for the N interaction is strongly repulsive in the I = 1
channel. It will be important to examine if our result is consistent with the above-
mentioned hypernucleus data. Predictions of the H-particle binding energy and the
£ N cross sections in terms of the other versions of our quark model, FSS 18-19) and
RGM-H !9, should also be examined.
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