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Abstract. The SUs quark-model baryon-baryon interaction by the Kyoto-Niigata group is reviewed with
an emphasis on the unknown hyperon-nucleon interactions, especially, the =N interaction. With a newly
developed framework to derive the baryon-octet (Bs) « interactions, we have examined Ao, Yo and Ea
central and LS potentials predicted by our models fss2 and FSS through the G-matrix calculations in
symmetric nuclear matter. Our A« potential is comparable to the ones from the effective AN forces.
The Aa LS potential by FSS is consistent with the very small spin-orbit splitting of % Be, experimentally
observed. The Y« potential is repulsive due to the very strong repulsion in the isospin I = 3/2 3S; IN
channel, which is induced from the Pauli principle at the quark level. A similar strong isospin dependence
of the =N interaction implies that Z« central potential may not be strongly attractive, merely having an
attraction of less than 5 MeV at the surface region. The A(3N), X' (3N) and =(3N) central potentials are

also discussed.

PACS. 13.75.Ev Hyperon-nucleon interactions — 21.60.Gx Cluster models — 21.80.4-a Hypernuclei

1 Introduction

The QCD-inspired spin-flavor SUs quark model for the
baryon-baryon interaction, proposed by the Kyoto-Niigata
group, is a unified model for the full octet-baryons (Bg =
N, A, ¥ and Z) [1,2]. In this model, the interaction
Hamiltonian for quarks consists of the phenomenological
confinement potential, the color Fermi-Breit interaction
with explicit flavor-symmetry breaking (FSB), and effec-
tive meson-exchange potentials of scalar-, pseudoscalar-
and vector-meson types [3]. The model parameters are
determined to reproduce the properties of the nucleon-
nucleon (NN) system and the low-energy cross section
data for the hyperon-nucleon (Y N) interactions. Once the
quark-model Hamiltonian is assumed in the framework of
the resonating-group method (RGM), the explicit evalu-
ation of the spin-flavor factors leads to the stringent fla-
vor dependence appearing in various interaction pieces. In
this way we can utilize our rich knowledge of the NN in-
teraction to minimize the ambiguity of model parameters,
which is crucial since the present experimental data for the
Y N interaction are still very scarce. These quark-model
interactions were used for the detailed study of few-baryon
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systems such as 3H [4,5] and 3H [6], and also of some
typical A-hypernuclei, 9 Be [7,8] and ,5He [9], through a
newly developed three-cluster Faddeev formalism [10,11]
and G-matrix calculations [12-14]. We can now use these
baryon-baryon interactions to calculate not only the A«
interaction, but also Ya and Z« interactions, assuming
the harmonic-oscillator (h.o.) shell-model wave function
for the a-cluster [15].

In this report, we first discuss an overview of the vari-
ous BgBg interactions predicted by our quark-model inter-
action. A current status of our understanding on the AN
interaction is reviewed with respect to the S-wave and P-
wave AN-X' N coupling, where the one-pion exchange ten-
sor force and the antisymmetric spin-orbit (LS(~)) force,
generated from the Fermi-Breit interaction, play a major
role. A negligibly small ¢s splitting of % Be excited states is
discussed from the viewpoint of the A« interaction, which
is derived from the G-matrix calculations. The strong re-
pulsion in the Y N(I = 3/2) 39, state yields a repulsive
Yo central potential, while attractive X (3N) central po-
tential in the spin 0 and isospin 7' = 1/2 state. A strong
isospin dependence also appears in the =N interaction,
which leads to the weakly attractive feature of the Z«
central potential in the surface region.
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Table 1. Characteristics of the quark-model BgBg interac-
tions, classified in the flavor SUs basis.

s, 3p (Psp-symmetric) 3¢, 'p (Psr-antisymmetric)
(22) attractive (03)  strongly attractive
(11)s  strongly repulsive | (30) strongly repulsive
(00)  strongly attractive | (11)q weakly attractive

2 Characteristic features of the quark-model
BgBj interaction

Since the underlying quark-model Hamiltonian is approxi-
mately SUjs scalar except for the strong one-pion exchange
effect (due to the very small pion mass) and the FSB, it is
essential to know the characteristic features of the BgBg
interaction classified in the SUs scheme. Table 1 shows
these features which are mainly determined from the effect
of the Pauli principle in the compact (6¢) structure and
the dominated color-magnetic interaction in the quark-
model Hamiltonian. In particular, the character of the SU;
(00) state is strongly attractive, suggesting a possibility of
the H-particle resonance in the strangeness S = —2 sec-
tor. On the other hand, our quark-model prediction for the
(11), state is weakly attractive both in the model fss2 and
FSS. Since the ZN(I = 0) 3 state is composed of the
pure (11), state, it is urgent to determine this interaction
from the experimental observables.

3 na RGM by the quark-model G-matrix
interaction

We have developed in Ref. [15] a general procedure to
calculate Bga: Born kernel by using the nuclear-matter
G-matrix of the quark-model baryon-baryon interaction.
In this treatment, the nonlocality of the G-matrix and
the center-of-mass motion between Bg and « are explic-
itly treated in the cluster-model technique, under the as-
sumption of the rigid (0s)* h.o. shell-model wave function
of the a-cluster. We first applied this method to the na
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Fig. 1. na RGM phase shifts predicted by the quark-model
G-matrix interaction by fss2, compared with experiments.
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RGM. Figure 1 shows the S-wave and P-wave na phase
shifts, predicted by fss2, for the neutron incident energies,
FE, =0 - 30 MeV. The G-matrix calculation in symmet-
ric nuclear matter is carried out in the continuous choice
for intermediate spectra, with constant G-matrix param-
eters, w, K and kp = 1.20fm ™. The h.o. size parameter
v = 0.257 fm ™2, which corresponds to the matter root-
mean-square (rms) radius of the a-particle, is used for the
a-cluster. We find that the central and spin-orbit com-
ponents of the na interaction is reasonably reproduced
without introducing any free parameters.

4 AN interaction and A« potential

The 'Sy and 2S5; phase shifts of the AN interaction are
both attractive, but the relative strength is crucial to re-
produce the hypertriton 3 H, and the 0% and 17 states of
4H and 4 He. The detailed Faddeev calculation using fss2
and FSS implies that the 1Sy AN interaction is slightly
more attractive than 2S; state [6]. Although the binding
energy of the hypertriton in Ref. [6] is too large even for
fss2, a small increase of the k-meson mass cures this defect,
yielding a result quite similar to the Nijmegen NSCS89.
However, enough attraction in the 3S; AN interaction is
necessary to obtain the 17 states of the 4H and % He sys-
tems in the right energy position.

Figure 2 shows the Aa potentials derived from the «
cluster folding of the various effective AN central forces
[7,16]. In these effective forces, the strength is deter-
mined to reproduce the empirical Ao bound-state energy
EZP = —3.12 £ 0.02 MeV. On the other hand, Fig. 3
shows the A« potential, which is obtained from the quark-
model baryon-baryon interactions fss2 and FSS [15]. We
first calculate the AN G-matrix in symmetric nuclear mat-
ter, assuming the Fermi momentum, kp = 1.35 fm ™', and
the QTQ (qtq) and continuous (cont) choices for inter-
mediate spectra. The Aa Born kernels are then calculated
through the a-cluster folding without any approximations.
The A« potential is derived by solving the transcendental
equation for the Aa Wigner transform of this Aa Born
kernel. The comparison between Figs. 2 and 3 shows that
our Aa potential resembles that of the Nijmegen model
D simulated potential (ND), and the potential range is
rather large. The bound-state energies obtained by solv-
ing the Lippmann-Schwinger equation for the Aa Born
kernel are —3.62 MeV for fss2 (cont) and —3.18 MeV for
FSS (cont). If we assume kp = 1.20 fm ™', we obtain —4.54
MeV for fss2 (cont) and —3.90 MeV for FSS (cont). All
these values are lower than the the experimental value
—3.12 £ 0.02 MeV, which implies that the central part
of our fss2 AN interaction is probably slightly too attrac-
tive in agreement with the previous finding in the Faddeev
calculation of the hypertriton [6].

Another prominent feature of the AN interaction is
a very small spin-orbit splitting observed in the light A
hypernuclei. In the non-relativistic description of the AN
interaction, this feature is usually described by the strong
cancellation of the ordinary LS component and the anti-
symmetric LS (LS(7)) component. Since the Aa LS Born
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Fig. 2. A« potentials predicted from the Wigner transform
for various effective AN potentials: SB (Sparenberg-Baye po-
tential [7]), NSC, ND, NF (simulated versions of the Nijmegen
potentials), JA, JB (those of the Jiilich potentials) [16]. The
energy FF = —3.12 MeV is assumed.
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Fig. 3. The same as Fig. 2, but for the Wigner transform
calculated from the quark-model G-matrix interactions. The
Aa Born kernels are calculated from the quark-model G-matrix
Bs Bg interactions by fss2 and FSS.

kernel is straightforwardly obtained from the AN invariant
G-matrix, we can use this in the Faddeev calculation of the
aa three-cluster system [8]. Table 2 lists the results of
such Faddeev calculations. The previous results , using the
simple folding procedure of the diagonal AN Born kernel,
and the Scheerbaum factors in symmetric nuclear matter,
are also shown. The G-matrix calculation is carried out
for three Fermi-momenta, kr = 1.07, 1.20, and 1.35 fm™*,
which correspond to the densities p = 0.5pg, 0.7pg, and pg,

Table 2. The ¢s splitting of the %Be excited states by the
aa/ Faddeev calculation, using the quark-model G-matrix A«
LS Born kernel. The Scheerbaum factor, S4, in nuclear mat-
ter is also listed. The Fermi momenta, kr = 1.07, 1.20, and
1.35 fm~! are assumed for the G-matrix calculation by the
model fss2 or FSS in the continuous choice for intermediate
spectra. “AN Born” implies the results obtained when the AN
single-channel Born kernel is used in S, calculation and the
a-cluster folding.

p/po 0.5 0.7 1 AN Born

kp (fm~') 1.07 1.20 1.35 -

G-matrix  fss2 (cont) —10.5 —10.6 —10.7 —10.9

Sx (MeVfm®) FSS (cont) —1.9 -29 -3.6  -7.8

Faddeev fss2 (cont) 188 194 198 198

AE (keV)  FSS (cont) 7 34 59 137
AE®P (keV) 43+5

respectively, with py being the saturation density. We find
that the very small spin-orbit splitting of the % Be excited
states [17,18] can be reproduced in the present calculation,
using the aa RGM kernel and the A« LS Born kernel pre-
dicted by the FSS G-matrix with kr = 1.25 fm ™. It is
noteworthy that the strong cancellation takes place for the
Fermi-Breit LS interaction through the important P-wave
AN-YN coupling caused by the LS(=) component. The
¢s splitting is drastically reduced in the % Be system, if a
smaller kr value is used for FSS. On the other hand, the
reduction in fss2 is very small, since this model include
appreciable LS contribution from the scalar mesons.

5 X« and =« potentials

The present formulation using the quark-model G-matrix
BgBg interaction is applied to obtain the Yo and Z«a po-
tentials. When the interaction is repulsive and the square
of the local momentum, g2, becomes negative, the tran-
scendental equation sometimes does not have its solu-
tion. Since the extension of the Wigner transform to the
negative ¢2 is not easy numerically, we only discuss the
zero-momentum Wigner transform, G$,(R,0), which we
call the “Bga potential” in this subsection. Since these
Wigner transforms consist of contributions from two dif-
ferent isospin components for the YN and =N interac-
tions, it is important to examine each isospin component
separately, in order to gain some insight to other pos-
sibilities of unknown hypernuclei. Here we discuss some
qualitative features of G$(R,0), based on the symme-
try properties of the BgBg interactions predicted by the
quark-model interactions, FSS and fss2. We focus on the
real part of the central potential, which originates from the
real part of the central invariant G-matrix interaction.
Figure 4 shows the isospin I = 1/2 and 3/2 contribu-
tions to the Y« central potential, predicted by fss2. The
results by FSS are qualitatively very similar. We find that
the Yo potential has some amount of attraction originat-
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Fig. 4. The central zero-momentum Wigner transform,
G5 (R,0), for the Yo system, calculated from the quark-model
G-matrix BgBsg interactions by fss2.
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Fig. 5. The same as Fig. 4, but for the Z«a interaction by FSS.

ing from the 3S; channel of the I = 1/2 XN interaction.
This channel becomes attractive due to the very strong
AN-X'N coupling by the one-pion exchange tensor force.
On the other hand, the 35 state of the I = 3/2 channel is
strongly repulsive due to the Pauli principle at the quark
level. We find from Fig. 4 that this repulsion is so strong
that it makes the Y« interaction repulsive.

Figures 5 and 6 show the I = 0 and 1 components
for the Z«a central potential, predicted by FSS and fss2,
respectively. Here again we find the situation that the at-
tractive nature of the I = 0 component is largely canceled
by the repulsion in the I = 1 channel. However, this can-
cellation is not strong especially in the model FSS, and we
have almost 5 MeV attraction around R = 2 fm. In fss2,
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Fig. 6. The same as Fig. 4, but for the Z« interaction by fss2.

the height of the central repulsion in the I = 1 channel is
almost 20 MeV, and we can expect a few MeV attraction
in the surface region. These long-range attractions may
have some influence on the atomic orbit between =~ and
«. It should be noted that the origin of the repulsion in the
I = 1 channel is the Pauli forbidden state (11), in the 1S,
state and the almost Pauli forbidden state (30) in the 35;
state. However, the coupling with the XA channel is very
important [2], which may cause the long-range attraction
even in the I = 1 channel.

6 A(3N), X(3N) and =(3N) potentials

We have also calculated Bs(3N) potentials, by assum-
ing the (0s)® (3N)-cluster with the h.o. size parameter
v = 0.22 fm ™2, which is estimated as an average of v =
0.18 fm 2 for the 3He and *H clusters and v = 0.257 fm >
for the a-cluster. The framework developed in Ref. [15]
is used by changing the mass number A from 4 to 3.
The Bg(3N) Born kernels are calculated from the quark-
model G-matrix BgBg interactions by fss2 in the continu-
ous choice for intermediate spectra. The Fermi momentum
used in the G-matrix calculation is kp = 1.20 fm ™. Fig-
ures 7 and 8 illustrate the zero-momentum Wigner trans-
forms, Gw (R, 0), (dashed curves) and the solutions of the
transcendental equations (solid curves), obtained from the
Born kernels for the A(3N) J™ = 0" and 1% states with
T = 1/2. The bound state energies of the Lippmann-
Schwinger equation, Ep = —2.06 MeV for the 0 state
and —1.02 MeV for the 17 state, are used for solving the
transcendental equation. These energies are very close to
the A separation energies, about 2 MeV and 1 MeV of
the 4 {He, H}(0") and 4 {He, H}(1T) states, respectively.
However, these results are rather fortuitous, since more ac-
curate Faddeev-Yakubovsky calculations would yield more
binding for the too attractive AN interaction of fss2.
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Fig. 7. The zero-momentum Wigner transform (dashed curve)
and the solution of the transcendental equation (solid curve),

obtained from the Wigner transform of Bg(3N) Born kernels,
in the A(3N) 07 state with the isospin 7 = 1/2.
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Fig. 8. The same as Fig. 7, but for the 1T state.

We find that the X(3N) potential depicted in Fig. 9 is
attractive for the J© = 0% and T' = 1/2 state. In this spin-
isospin state, the strong repulsion in the YN (I = 3/2) 39;
channel does not contribute. The X'(3)N) Born kernel gives
the bound-state energy, —7.00 MeV, for kr = 1.20 fm™*,
which is a reasonable value for the X'(3NV) single-channel
calculation. The X' bound state is observed experimentally
in the 3, He(0") state with 7' = 1/2, whose binding energy
is about 4 MeV and the width is about 7 MeV [19,20].
On the other hand, the Z(3N) zero-momentum Wigner
transform in Fig. 10 is mostly repulsive in the 0T and
T = 0 channel.

10
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Uc(R) (MeV)
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Fig. 9. The same as Fig. 7, but for the X(3N) 01 (T = 1/2)

state.
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Fig. 10. The zero-momentum Wigner transform for the = (3NV)
0" (T = 0) state.

7 = p and =% total cross sections

Figure 11 shows the =~ p and =% total cross sections pre-
dicted by FSS (left) and fss2 (right). Both of the isospin
I =0 and 1 channels contribute to the =~ p cross sections,
while only the channel with I = 1 contributes to =% (or
Z7n). The Z% (and Z7n) total cross sections with the
pure I = 1 component are predicted to be very small be-
low the XA threshold. This behavior of the =~ n total
cross sections is essentially the same as the Nijmegen re-
sult [21]. On the other hand, the =~ p total cross sections
exhibit a typical channel-coupling behavior which is simi-
lar to that of the X~ p total cross sections. These features
demonstrate that the >'A channel coupling is very impor-
tant for the correct description of scattering observables,
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Fig. 11. = p and 5% total cross sections predicted by FSS (left

the particle basis, including the pion-Coulomb corrections.

resulting in the strong isospin dependence of the =V inter-
action. Figure 11 also includes the in-medium experimen-
tal =7 N total cross section around piap, = 550 MeV/c [22],
where o=- y (in medium) = 30+6.7 fg:g mb is given. An-
other analysis using the eikonal approximation [23] gives
o =209 =% 4.5‘_%:2 mb, as shown by the black square
in Fig. 11. The analysis also estimates the cross section

: +1.440.7
ratio oz-, /0=, 1.17,27 , mb. A more recent ex-

perimental analysis [24] for the low-energy = p elastic
and =7 p — AA total cross sections in the range of 0.2
GeV/c to 0.8 GeV/c shows that the former is less than
24 mb at 90% confidence level and the latter of the order
of several mb, respectively. These results seem to favor
the predictions by fss2. However, we definitely need more
experimental data with high statistics.

8 Outlook

The production of Z-hypernuclei is scheduled as the Day-
1 experiment of the J-PARC project. Rich information
on the strangeness S = —2 sector will stimulate further
theoretical and experimental studies on the strangeness
and hypernuclear physics.

This work is supported by Grants-in-Aid for Scientific Re-
search (C) from the Japan Society for the Promotion of Science
(JSPS) (Grant Nos. 18540261 and 17540263).
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