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Abstract

Scattering observables of the NN and Y N interactions are investigated in
a recent quark model developed for a simultaneous description of the NN
and Y N systems. The model is formulated in the (3¢)-(3¢) resonating-group
method, and incorporates a phenomenological quark-confining potential, the
full Fermi-Breit interaction with explicit quark-mass dependence, and min-
imum effective meson-exchange potentials of scalar and pseudo-scalar me-
son nomnets directly coupled to quarks. Characteristic features of the experi-
mental data are rcasonably reproduced for the differential cross sections and
some spin obscrvables of the np and pp scattering. Predictions for the Ttp
and Ap scattering observables at intermediate cnergies are very much model-
dependent, suggesting the importance of further experimental studies on these

quantities.
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I. INTRODUCTION

The nucleon-hucleon (N N) and hyperon-nucleon (Y N) interactions are among the most
important fundamental interactions which result from highly non-trivial dynamics of quarks
and gluons, governed by quantum chromodynamics (QCD). Since QCD is not amenable to
the direct solution of low-energy hadron phenomena, QCD-inspired effective quark mod-
els are usually employed to study these interactions. The composite nature of the nucleon
and hyperon is taken into account most straightforwardly in the resonating-group method
(RGM). In the simplest RGM formulation for the NV interaction [1], the effective quark-
quark (gq) interaction is usually built by combining a phenomenological quark-confining
potential with a one-gluon exchange potential through the color analog of the Fermi-Breit
(FB) interaction. This simple (3¢)-(3¢) model could clucidate only the extreme short-range
part of the NNV interaction, which was found to be purely repulsive. Since the long-range
part of the interaction is dominated by meson-exchange cffects, any RGM description in the
simple (3¢)-(3¢) model must comprise effective meson-exchange potentials (EMEP) intro-
duced by some appropriate means.

Meanwhile, many successful meson-exchange descriptions of the NN interaction have
been extended to the YV interaction. These include several versions of the one-boson ex-
change potentials (OBEP) such as the Nijmegen models [2—4] and the Jilich potentials.
[5,6] In these models a large number of baryon-meson coupling constants are constrained by
the use of the SU; relations, and several SU; paramaters are determined to reproducc the
NN properties together with the low-energy cross-section data for the YV scattering. One
can inherit many techniques developed here for incorporating EMEP in the quark model.
The extension of the (3¢)-(3¢) RGM study of the NN interaction to the YN interaction
is, however, by no means straightforward, since the lack of the medium-range attraction in
the quark model leads to too much ambiguity in the way of supplementing EMEP. Further-
more, in the study of the YV interaction, the flavor-symmetry breaking should be correctly

introduced even though we choose the spin-favor SUs; symmetry as a starting point.
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We have recently achieved a simultancous description of the NN and Y V interactions in
the RGM formulation of the spin-flavor SUs quark model [7,8]. This formulation incorporates
EMEP induced from the scalar (S) and pseudoscalar (PS) meson nonet exchanges at the
quark level, and calculates the spin-flavor factors of the quark-exchange kernel explicitly
by assuming the Gell-Mann matrices for the flavor operators of the octet-meson exchange
potentials. Since the hyperon and she nucleon belong to the same class of the spin-flavor
SUs supermultiplet 56, the spin-flavor factors thus evaluated give a strong constraint for
the parameters of the EMEP. The microscopic approach to introduce EMEP at the quark
level gives strong correlation among different flavor channels of the NV and Y NV interactions,
making it possible to utilize the very rich experimental information of the NV interaction for
the study of the Y N interaction with scarce experimental information. In {7,8] we have fixed
model parameters by using some appropriate NN properties and the available low-energy
“total” cross section data for the YN scattering, and found that the deuteron properties
and the NNV phase shifts up to the partial waves J < 4 are reasonably reproduced, as well as
the low-energy Y' N differential cross sections. In (9] we have shown that, for some particular
energies, reasonable agreement with the experimental data is obtained not only for the total
and differential cross sections but also for some spin observables of the np and pp systems.
A similar analysis is also carried out in [10] for L*p scattering at ps = 450 MeV/c, in
which a strong correlation between the resonance behavior of various OBEP models and the
predicted differential cross sections and polarization is discussed.

In this investigation, we further continue our study of the scattering observables of the
NN and YN systems. The reason why we need to cxamine the scattering observables in

addition to the phase shifts is as follows:

1) In the Y N system, the phase-shift analysis does not seem to be possible even in future,

because of the very poor statistics of the experimental data.

2) In the NN system where the phase-shift analysis exists, we can learn the quality of

our model predictions for reproducing the experimental data. This information is

3

indispensable, when we try to analyze future YV data by using our quark model.

3) Since our quark model is not perfect in reproducing the NN phase shifts, it is useful
to pinpoint the flaw of the predicted scattering observables for the future renovation

of our quark model.

It is certainly true that the characteristics of the interaction pieces are usually reflected
more clearly in the behavior of the phase shifts as long as the energy is not high. In the
studies of the YV interaction by the OBEP models, however, the .combined discussion of
the phase-shift behavior and the scattering observables is not frequently done, since the
parameters of OBEP’s are supposed to embody the characteristics of the experimental data.
In the present framework, the short-range part of the NN and Y N interactions is uniquely
determined. It would be useful to examine the correlation between the characteristics of
the phase-shift behavior and those of the scattering observables by taking advantage of the
strong correlation of the NV and YV interactions in our quark model.

‘We stress that our purpose in studying the NV and Y IV interactions in the quark model
is not actually to reproduce the experimental data, but to clarify the various aspects of
the baryon-baryon interactions, which reflect dynamical processes taking place between the
composite systems of quarks. In the present approach, these processes are dominated by
the effective gq interaction as well as important kinematical requirements arising from the
quark Pauli principle and the symmetries of the spin, flavor, and color degrecs of freedom.
In particular, it is a great advantage of the RGM framework that we can deal with the
NN and YN interactions on an equal footing as long as we assume the SUs wave functions
for the baryons and a unique gq interaction between quarks. In our quark-model study,
the perfect reproduction of the cxperimental data of the NN system is not a mandatory
condition to proceed to the study of the scattering observables of the YV system, but more
important is that the properties directly related to the characteristics of the interaction are
qualitatively reproduced. We expect that these properties are reflected in the energy depen-

dence and shapes of the angular distributions of various scattering observables. Since the
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present discrepancies between the predicted and empirical V.V phasc shifts cannot be easily
overcome by a mere change of the parameter values, we deem that the expected discrepan-
cies between the calculated and experimental scattering observables should be used for the
future feedback to the improvement of the present quark model or the present framework.

This viewpoint is largely different from those of previous quark-model studies of the
NN scattering observables. For example, the Paris group [11] combined the quark-model
potential [12} with the long- and medium-range part of the Paris potential, by introducing
a special type of cutoff function. They tested the quality of the model by confronting its
predictions directly with data on scattering observables, and found that the fit to the existing
pp data was not satisfactory. It is not appropriate, however, to substitute the quark-model
potential for the short-range part of the Paris potential. One should allow the quark model
the freedom to choose an optimum framework for the EMEP. ‘Another calculation of the
spin observables by the Tiibingen-Salamanca group [13,14] is motivated by the hope that
one could find an additional information on the quark degrees of freedom at short distances.
They also try to estimate the quality of the quark-model! predictions for the polarization
observables in the VN system. The extension to the YV system is their future work.

In this paper, we first extend our work in [9] and examine the energy dependence of
the NN scattering observables up to about 300 MeV. This is a necessary step to make
sure that our quark model has attained essential ingredients which enable us to describe
the characteristic features of the NV and Y NV interactions up to certain incident energies.
Since a detailed discussion of the T *p scattering observables at the intermediate energies is
already made in [10}], we briefly mention characteristics of the various models, which appear
in the energy-dependence of the the differential cross sections and polarization. Next we
proceed to analyze the Ap system, for which new experimental data are expected from KEK
in the near future. In this system the coupling with the EN(I = 1/2) channel through the
antisymmetric LS force (LS~ force) is particularly important at the cusp region, although
we remain in this paper in the energy region where the LV channel is still closed. The result

of our preceding model, RGM-F [15-17], is mentioned only briefly when some difference from
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FSS and RGM-H appears.
In the next section we formulate the model to calculate the NN and Y N scattering
observables. After a brief discussion of our quark model, the procedure to calculate the

scattering observables from the S-matrix is outlined. Scction III deals with results and dis-

_cussions. The differential cross sections and the Spin observables of the np and pp scattering

are examined in Secc. IITA, those of the Z*p scattering in Sec. IIIB, and those of the Ap

scattering in Sec.IIIC. The final section is devoted to a summary.

II. FORMULATION
A. Quark model

Here we only recapitulate some important features of our quark model. Qur new ver-
sions, FSS [7,8] and RGM-H [8], and their preceding version RGM-F [15-17] are formulated
in the (3¢)-(3g) RGM applied to the system of two (0s)? clusters, where the quark interaction
is composed of the full FB interaction with explicit quark-mass dependence, a simple con-
finement potential of quadratic power law, and EMEP acting between quarks. The RGM
equation derived from the variational principle {(§¥{E — H|¥} = 0 is formulated for the

parity-projected relative wave function x"(R) as [8]

B fa\?
b (—) - S VEMAR) - V(R - T VEVR(R) (Sa), | XA(R)
2pa \OR ] B ]

- [ar [XH:ME,‘B(R,R')~5., M (R.R)| XU(R) ()
o

where ¢, is the relative energy in the channel a. Each channel is specified by a set of quantum
numbers a = {1/2(11)a;, 1/2(11)eg] SS.YI1,;P, where P is the flavor-exchange symmetry
phase [15]. The summation over 2 for the cxchange kernel MY involves not only the
exchange kinetic-energy (K) term, but also various pieces of the FB interaction, as well as
several components of EMEP. The FB interaction involves the color-Coulombic (CC) piece,

the momentum-dependent Breit retardation (MC) piece, the color-magnetic (GC) piece, the




symmetric LS {sLS) piece, the antisymmetric LS (aLS) picce, and the tensor (T) piece.
The EMEP contribution, on the other hand, yiclds the central (CN) component from the
S-mesons, and the spin-spin (SS) and tensor (TN) terms originating from l;’S mesons. These
terms are further divided into contributions from some particular meson species denoted by
3, which is explicitly shown in Eq.(1) only for the direct potentials.

The difference of the three versions lies solely in the meson species, the interaction types,
and the treatment of the spin-flavor factors for the EMEP assumed to act betwcen quarks.
In RGM-F the one-pion exchange and K-meson exchange tensor forces are only taken into
account, in addition to the S-meson nonet (e, S*, § and «) exchanges, while in FSS and
RGM-H all pieces of the PS-meson nonct (77, 7, # and K) are introduced with respect to
the spin-spin and tensor terms. Coupling constants of these mesons to quarks are controlled
by the SU; coupling constants appearing in the direct term of the RGM equation, and are
determined to realize an optimum fit to some of the NNV properties and available low-energy
“total” cross sections for the YN scattering. The NN properties fitted are the deuteron
binding energy, 1S scattering length for np (FSS) or pp (RGM-H) scattering, and 5- and
P-wave phase shifts up to about 200 MeV, adjusted to the recent phase-shift analysis by
the Nijmegen group [18]. Since Table III of 8] has a misprint for f{’* and f{® of RGM-H,
we show correct model paramcters of FSS and RGM-H in Table I.

The spin-flavor factors of the EMEP are not explicitly calculated in RGM-F. In this model
the exchanged mesons are first assumed to be flavor-singlet, and then the overall strength is
adjusted such that the flavor dependence of the spin-flavor factors in the direct term correctly
reproduces the flavor dependence of the Nijmegen model-F, which is determined from the
products of the baryon-meson coupling constants with the SUj relations. For scalar mesons
the strength of she original model-F parameters are multiplied with a common reduction
factor, c;; = 0.56 for the flavor symmetric states with P = +1 or ¢_; = 0.4212 for the
flavor antisymmetric states with P = —1. These are determined to reproduce the 15, phase
shift of the NN scattering and the correct binding energy of the deuteron. On the other
hand, the spin-Aavor factors of EMED are explicitly calculated in FSS and RGM-H. We have
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found that the full microscopic approach in these models imposes too strict a constraint on
the SU; EMEP parameters. For example, the F/(D + F) ratio of the flavor octet mesons
is no longer a free parameter, but takes specific SUg values originating from the SUs spin-
flavor wave functions of the octet baryons. The pure electric nature of the S-mesons with
as = 1 leads to a difficulty that the direct potentials for the AN and TN systems become
identical. Under this constraint it is not easy to ensure an appropriate relative strength of
the central attraction between AN and TN channels. In particular the central attraction of
the ©*p channel is usually too strong, if we fix that of the AN chanﬁel to fit the low-energy
Ap cross sections. In FSS we avoid this difficulty by choosing a little larger value of 85
for the isoscalar meson mixing only for the TN(I = 3/2) system. In RGM-H we partially
return to the old prescription of RGM-F and revise a degree of freedom of as by using the
approximate spin-flavor-color factors only for the isoscalar S-mesons € and S™.

A short comment follows for the spin-spin part of the PS meson exchange potentials and
their coupling constants. The spin-spin part includes the delta-function type contact term
which is recently advocated by some authors {20] as a replacement of the color-magnetic
term of the FB interaction. In fact this term also yields the short-range repulsion in the S-
wave channels of the NN interaction. However, we are reluctant to take this contact term of
EMEP as the origin of the very intricate fiavor dependence of the baryon-baryon interaction.
We have introduced a common reduction factor cg for this term and determined the value
in the NN system. In our previous formulation [8], we included the factor mg/m,+)?
common to the spin-spin and tensor terms of the PS meson exchange potentials. In the
actual calculation of FSS and RGM-H, however, this mass factor is introduced only for the

spin-spin term.

B. Scattering observables

We solve the coupled-channel RGM equation Eq. (1) by the variational method, employ-

ing Gaussian-type trial functions [21]. The S-matrix thus obtained constitutes essential




constructing blocks for the scattering amplitude which is expressed by eight invariant am-

plitudes a,---,h [22}:

M= %{(a+b)+(a—-b)(ol -n)(o2- 1)+ (c+d) (o1 -m)os- m)
+{c—d)(o, - D{oz-D)+e(lor+03)-n+floy—0o2) n

+ 9 {{o1 - (o2- m) + (o, - m)(as- 1)}

+ h {(a1-Y(g2-m) ~ (01 -m)(o2-1)}} , (2
where
kf+k,' kf—-k,‘ k,’in
e M= ) TS et 3
Ik k] R e ] ®

and k; and k; are unit vectors of the incident and scattcred particles in the center-of-mass
{c.m.) system. The partial-wave expausion of the invariants amplitudes are given in Eq.(3)
of [23] for a,---, e, and in Eq.(2.21) of [22] for f,g,h. The last three amplitudes, f,g and
h, do not appear for the NN scattering, since the process is invariant under the exchange
of two particles (f and h) and the time reversal (g and h). The time reversal property
also excludes g and h even in the clastic YV scattering. These three terms correspond to
the non-central forces characteristic in the ¥ N scattering; i.e, f corresponds to LS, ¢
to S1a(r, p), and h to LS (ie., the (L - §)P, term), respectively [24]. In particular,
LS and LS interactions involve the spin change between 0 and 1, together with the
transition of the flavor-exchange symmetry P # P'. In the NN scattering this is forbidden
from the isospin conservation, since the flavor-exchange symmetry is uniquely specified by
the isospin: P = (-~1)'~7. On the other hand, thesc interactions are all possible when
AN-ZN transition is incorporated in the YN scattering, leading to intriguing interplay of
non-central forces.

The standard procedure to derive the polarization observables of the NNV and Y' N scat-

tering is formulated in terms of the spin density matrix given by

1 —
oz = (T i)) 3 2 (0w o “)

where, i, v =0, I, m, n, denote the components of the spin vectors of the first and second
particles with respect to the unit vectors, I, m, n, in Eq. (3). When the polarization of the
particle ¢ = 1 or 2 is not measured, we assume 4, v = 0 and ;9 = 1. The density matrix of
the spin variables in the outgoing channel is related to that in the incident channel through

Pscat = M pine M'. The differential cross section is given by

do Trpsca ¢
an - Trpin: = ay(f) gAOO;w(UlpU'D)inc J )

where oo(8) = (1/4) T [M M f] is the differential cross section when the incident and target

particles are both unpolarized. In Eq. (5) the polarization matrix X, is defined by
1
00(6) X = 7 Tr [1e00 M o100, M) . (6)

Any polarization observables in the c.m. system can be calculated from the polarization
matrix Eq. (6) through

Tt g = 900) & X 000 - g

v

From the definition Eq.(6), it is clear that all together 4* = 256 matrix elements of Xy,
are expressed as linear combinations of real 64 products, {a?, |b]%,-- -, Re[a*b}, Im[a*d],- -
. An elegant procedure to derive all the explicit expressions of 64 independent observables
as the linear combinations of thesc is given by Bystricky, Lehar and Winternitz [25] in their
formulation of the theory of scattering observables for the NV system. The final result for
the most general scattering amplitude Eq.(2) involving spin-1/2 particles is tabulated in
Table I of [22].

The transformation of the spin observables expressed in the unit vectors, { and m,
in the c.m. system to those expressed in the body-fixed frame in the laboratory system
involves not only a trivial kinematical rotation around the n axis, but also an extra rotation
around the same axis, which is called by Stapp [26] the relativistic rotational correction
of the polarization vectors. The angles, 2, and (g, by which the polarization vectors of

the scattered and recoil particles arce rotated, respectively, are obtained as a result of three
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successive Lorentz transformations with non-parallel velocity vectors [6,26,27]. The spin
observables in the laboratory system, incorporating these relativistic corrections, are also
given in Table I of [22] in the most compact form. The relationship between a, B in Eq.(3.8)
of [22] and Q, Qg in Eq.(B.7) of [6] is given by

Q=QL—g+9L , ,3=QR+7T“‘g‘0R1 (8)

where 8, (fg) is the scattering (recoil) angle in the laboratory system and 6 is that in
the c.m. system. For the elastic scattering, the simple relations Qp = § — 20, = 2a and

Qp=—71+60+20g = -7+ 20 hold [6].

III. RESULTS AND DISCUSSIONS
A. NN scattering

In this subsection we discuss scattering observables of the NV system predicted in the
present quark model. Since the model parameters are fixed by fitting the S-wave and P-wave
phase shifts up to the energy range Tier < 200 MeV, the low-epergy scattering observables
are naturally well reproduced. However, the phase shifts of higher partial waves are only
qualitatively reproduced. For example, in FSS and RGM-H (and also in RGM-F) the *D,
phase shift is too attractive by morc than 10° in the encrgy range 200 MeV ~ 300 MeV [8],
which seems to be a common feature of most quark-model calculations (see, for example,
[12]). The deviation of the e, mixing paramctcrs of the *P; - 3Fy coupling is not small
either. These features indicate some insufficiency of the present model in the tensor and/or
quadratic LS. components, which may be related to our assumption of no vector mesons
included.

The differential cross sections (do'/dQ) and the polarization (P) for the np scattering,
predicted by our quark model, are displayed in Fig. 1, and those for the pp scattering in Fig.
2. Solid curves indicate results by RGM-H and dashed curves by FSS. The partial waves up

to the total angular momentum Jep,,=7 are taken into account. The comparison with the
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experimental data [28] shows that qualitative agreement is achieved in these cases. In the
np scattering, the differcntial cross section data show typical V-shape behavior. The peak
position for the polarization data is enhanced and moves gradually to the forward angles
as the incident enmergy increases. Our quark model reproduces these features quite well.
There are, however, some deviations from the cxperimental data at higher energies. In the
differential cross sections, our quark model gives slightly too large values at 8., < 30° and
yields a bump structure around 8., = 130°. Some deviations from the experimental data,
especially at 8., = 30° - 60° and fc.m. = 90° - 150°, are also seen 'in the polarization at
310 MeV. For the pp scattering in Fig. 2, the differential cross sections and the polarization
are plotted only for .. < 90°, since these are repeated for fc.m, = 90° - 180°. Although
our model (especially FSS) slightly overestimates the differential (and consequently “total”)
cross sections, a reasonable description is still obtained with respect to the energy dependence
and the shape of the angular distribution. The model RGM-H gives a slightly better fit to
the experimental differential cross scetions, since the parameters of this model are fixed by
using the pp phase shifts with / = 1. The measured polarization becomes larger as the
energy increases. Our quark model reproduces this energy dependence for the maguitude
of the polarization. The polarization on the high-energy side (Tip ~ 213 MeV) is slightly
underestimated.

The quality of the agreement with thc cxperiment ig similar even for the other spin
observables. Figures 3 (np) and 4, 5 (pp) show the comparison of the depolarization D and
the Wolfenstein parameters, R, R and A. These spin observables do not have a simple
symmetry property with respect to the scattering angles even for the pp system.

Next we briefly discuss the improvement of the scattering observables in RGM-H and
FSS over those in their preceding version RGM-F. In the polarization and the depolarization
at 50 MeV, we do not find any large deviation among these calculations. On the other hand,
the differential cross sections and the spin correlation parameters of RGM-F deviate from the
experimental data at backward angles, whereas those of RGM-H and FSS give better resuits.
(See Fig. 1(b) of [9] for the diffcrential cross sections at 90 MeV.) We attribute this difference
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to the lack of the spin-spin term of the PS mesons (especially, the pion) in the RGM-F. It
is interesting to note that this deviation appears only in the differentjal cross sections and
the spin correlation parameters, and not in the polarization and the depolarization. This
may indicate that some observables are very sensitive to the particular components of the
interaction. In the T*p system we will see another example of this kind of property with
respect to the resonance behavior of particular partial waves.

Summarizing this subsection, we have found that the present quark model can qualita-
tively reproduce very rich experimental data of the NV scattering observables at the wide
energy range up t0 Ti,p < 300 MeV. Although the quality of the fit is far behind the OBEP
approach, the essential ingredients of the NN interaction can be incorporated in our quark
model, as long as this energy region is concerned. This is a necessary condition for the
purpose of extending the present model to the Y IV interaction. Some deviations from the
experimental data found on the high-energy side should be investigated for the improvement

of the present framework.

B. T*p scattering

The SU; content of the £+p system is (22) for the flavor-symmetric ' E and 30 states
and (3(5) for the flavor-antisymmetric *E and 'O states. [15] Since the pp system also has the
SUy symmetry (22), the Tt p interaction in the ! £ and 30 states is expected to resemble the
well-known pp interaction as long as the ¢g interaction is approximately SUs scalar. On the
other hand, the Z*p interaction in the *E and 'O states is a priori unknown from this kind
of simple symmetry discussion. In the quark model, the most compact (0s)® configuration
of thé LN(I = 3/2) 35, state is almost forbidden by the effect of the Pauli principle. The
L*p interaction in the 35, state is consequently repulsive due to this kinematical effect
arising from the quark structure of the baryons. On the other hand, the Pauli effect gives
v?ea.k attraction for the ! P, state through the kinetic-energy exchange kernel in the RGM
formalism. [15]
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In the OBEP models, the phase-shift behavior of the 35; and P, states at py >
300 MeV/c is very much model-dependent, which results in different predictions of the
differential cross sections and polarization at intermediate energies [10]. For example, the
1P, phase shift of the Nijmegen hard-core model-F (HC-F) [3] and model-D (HC-D) 2]
shows strong resonant behavior around 400 MeV/¢, which yields strong enhancement of the
differential cross sections at the forward and backward angles. The Nijmegen soft-core model
(NSC) [4], on the other hand, shows a broad resonance structure around 600 MeV/c in the
33, phase shift, although it is repulsive below py < 400 MeV/c. The sﬁlall phase-shift values
in the 35, state around this energy result in small values of the differential cross sections
and the polarization . The Jiilich models [5,6] also have a broad 35 resonance, resulting in
very small differential cross sections at 450 MeV/e [10].

These features of scattering observables can be clearly seen in Fig. 6, which displays
the energy dependence of the £+tp differential cross sections and polarization up to py =
800 MeV/c. The predictions by RGM-H (solid curve), FSS (dashed curve), the Nijmegen
HC-F (crosses), and NSC (circles) are displayed. All the models give similar results up to 200
MeV/c, except for some overcstimate of the differential cross sections in RGM-H. At higher
energies, characteristic features of individual models appear. The ! P, resonance in HC-F
is reflected in the V-shape behavior of the differential cross sections. The 35, resonance in
NSC gives very small values of the the differential cross sections for pr = 400- 600 MeV /c.
The polarization is also sensitive to the resonance structure of the 35) phase shift. For
example, in NSC it stays at small values below 600 MeV/c. The two versions of our quark
model predict a behavior very similar to each other for both of these observables. We have
also compared these model predictions with the recent experimental data from KEK for
the T*p differential cross sections averaged over the energy range py = 300-600 MeV/c
[29]. Unfortunately the poor statistics of the data obtained so far does not lead to any
meaningful conclusion on the characteristics of the +p interaction in the 3E and 10 states.
Further experimental investigations of the differential cross sections and polarization at the

intermediate energies are surely very important to understand this interaction.
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C. Ap scattering

In this subsection, we discuss scattering observables of the Ap int;ara,ction based on the
analysis of the phase-shift behavior of the AN - EN(I = 1/2) coupled-channel calculation.
It is found in [8] that the channel coupling effect between the AN and LN (I = 1/2) chanrels
is very important even below the LV threshold at px = 638 MeV/c (which corresponds to
the A-T mass difference AE,_y = 77.49 MeV). This situation is naturally understood in the
quark model, since two SUj states, (11), and (11}, which newly appear in this system, are
largely mixed in the AN system. In particular, the flavor symmetric (11), state is completely
forbidden in the most compact {3¢)-(3¢) configuration, which leads to the strong repulsion
to the 1S; state of the TN(I = 1/2) system. On the other hand, !5y state of the AN system
contains the (22) component with 90 %, resulting in the attractive feature of the phase shift
with the short-range repulsion, similar to the the NN(I = 1) system. The 35, states of the
AN and TN(I = 1/2) systems both contain the (03) and (11), components fifty-fifty, so
that one may expect their interactions should be very similar to each other so long as the
total Hamiltonian is approximately SUs scalar. It is, however, possible that this observation
found in [15] for the central interaction is largely violated by the strong effect of the favor
symmetry breaking, especially by the r- and K-meson exchange tensor force. In the AN
system, the one-pion exchange tensor force becomes important only through the coupling
with the ©N channel, whereas it should give an appreciable contribution to the LN system.
It is, therefore, important to determine the strength of the attraction affecting the AN and
LN(I = 1/2) systems in the 35 (and also ! P,) state independently.

Another characteristic feature of the AN - ZN(I = 1/2) system is the the (11)q - (11),
transition due to the LS force. This effect of the flavor-exchange symmetry for the
interchange of the two particles is accompanied with the spin transition between 0 and 1.
The spin values are not conserved any more in the Y NV system and 1J; state is coupled with
37, state through the LS(™) force. Although the LS~ force exists even in the T*p system,
the different SUs contents of the 0 and 'O states (which are (22) and (30), respectively)
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make the transition very weak, as long as the total Hamiltonian is almost SUj scalar with
small flavor symmetry breaking. On the other hand, we have found in {7,8] that the LS~
force originating from the Fermi-Breit interaction betwecn quarks plays a very important role
to enhance the cusp structure of the Ap elastic cross sections at the TNV threshold. This is
particularly prominent in the model FSS, where the resonance structure in the TN(I = 1/2)
3P, state is moved to the AN 1P, state due to the very strong coupling by the LS\~ force.
We will show below another effect of this coupling in the polarization observables.

Figures 7 and 8 show the differential cross sections (do/d(?), tﬁe depolarization (D),
the polarization of the scattered (P) and recoil (Py) particles for the Ap elastic scattering
with respect to various incident momenta of the A-particle below the TN threshold. The
solid curve denotes predictions by RGM-H and the dashed curve by FSS. For comparison,
predictions by some standard OBEP models, the Nijmegen NSC and the Jilich model-B
(Jiilich B), are also shown by circles and diamonds, respectively. We first note that the
predictions by FSS and RGM-H are characteristically very similar to each other, except for
the stronger enhancement of the differential cross sections in FSS near the £V threshold.
This enhancement is apparently related to the fact that the LS'™) coupling is stronger in
FSS than in RGM-H. If we compare the predictions of D and P, by various models at
pa = 600 MeV/c, we find that the difference between FSS and RGM-H is smaller than the
difference between the two OBEP models. Since predictions of full Wolfenstein parameters
by various OBEP models are alrcady given at this particular incident momentum, we also
give our predictions for R, R', A and 4’ in Fig. 9. We find that these quantities are strongly
model-dependent. Even our quark model predicts different results between FSS and RGM-
H, which is also related to the diffcrent coupling features of the AN and TN(I = 1/2)
channels by the LS force. This difference between FSS and RGM-H sometimes exceeds
the difference from the other two OBEP models. Much experimental informatior is required
to predict these quantities without ambiguity.

Since the structure of the AN interaction is rather complicated, it is necessary to clarify

various aspects of the interaction stcp by step. First let us discuss the S-wave phase shifts
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and their effect on the scattering observables. Although all the models for the Y NV interaction
are made such that the empirical low-energy Ap toﬁa.l cross sections in 120 - 330 MeV/c
region [30,31] are reproduced, there still remains much ambiguity in the relative strength of
the attraction appearing in the 'Sy and 35S, phase shifts. Table II shows the 1Sy and 35
phase-shift values predicted by various models at px = 200 MeV /¢, where they reach almost
maximum values. The effective-range parameters are also shown for comparison. These
models are classified into two catcgories; one gives a small difference between the 'Sy and
35) phase shifts and the other gives a larger value for 1Sy and a smaller one for 35;. All the
OBEP models and RGM-F! belong to the first category and our new version of the quark
model, FSS and RGM-H, belong to the second one. In usual the 1S, state is more attractive
than the 35 state, except for the Nijmegen model-D and RGM-F. This feature is required
from the analysis of the cnergy spectra of light A hypernuclei. First the hypertriton 3H is
bound, while 3He is not. Secondly 4H and 4He have the 0* ground state and an excited
state 1T at about 1 MeV. The determination of the rclative strength of the attraction in
the 1S, and 35, states is, therefore, very crucial for understanding the detailed structure of
light A hypernuclei.

The two categories could be characterized by the depolarization D. If we retain only the

S-wave in the low-energy limit, D is explicitly calculated from

2 {(sin &,)% + sin 4, sin §, cos(é, — 8:)]

D~ (sin 6,)2 + 3(sin &,)? ’

In [16,17], the K-meson coupling constants, fyax and fyzk, for the tensor term are inadver-
tently taken to be the electric-type coupling constants of the K* mesons; i.e., fnag> = —1.37177
and fypxe = 0.79199, instead of the correct values fyax = —4.30263 and fyzx = —0.77317. By
this change, the 35 phase shift of the Ap channel in RGM-F becomes more attractive than that of
the 15p state. The Ap total cross section at py = 200 MeV/c (given in Fig. 14 of [17]) has increased
about 45 %, but is still within the experimental error bars. The correct effective range parameters
for the 35) phase shift in RGM-F are given in Table II.
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where 6§, = §(So) and & = 8(Sy). If 6, = 6, Eq. (9) yields D = 1. At py = 100 MeV/c, the
phase-shift values of each model give D ~ 1 for the Nijmegen model-D and RGM-F, and
much smaller values 0.55 for FSS and 0.56 for RGM-H. The Nijmegen soft-core model NSC
gives 0.93. The depolarization behavior in Fig. 7 clearly shows that this situation continues
up to about 200 - 300 MeV/c.

Once the incident energy becomes higher, the P-wave contribution becomes important.
It is still not clear if the P-wave AN interaction is repulsive or attractive. The experimental
data for the low-energy angular distribution seems to indicate that it is slightly attractive
[30,31], although these data involve large error bars. The central components in the single-
channel P-wave phase shifts of the AN scattering are generally repulsive in our quark model.
After introduction of the non-central forces, the 3Py phase shift becomes repulsive and the
3P, phase shift becomes attractive mainly by the LS force. Table III shows the P-wave
phase shifts of FSS and RGM-H in the full coupled-channel calculation with respect to
the incident momenta below the LN threshold. The mixing angles p; between ! P, and 3P,
channels by the LS force arc also shown in the standard notation of bar phase shifts. Here
we clearly find that the mixing is stronger in FSS than in RGM-H. As the cnergy approaches
the TN threshold, both of the ' P, and 3P, phase shifts obtain appreciable attraction by the
effect of the step-like resonance in the ! P, state of FSS and of the dispersion-like resonances
otherwise [8]. Except for this quantitative difference of the coupling features near the TN
threshold, FSS and RGM-H yield very similar results for the P-wave phase shifts of the AN
elastic scattering.

In order to see the contributions of the P-wavc components more clearly, we examine the
forward-to-backward ratio F/B of the Ap angular distributions for the energy range px <
300MeV/c. If we keep the dominant S-wave phase shifts, §, and 6,, and small corrections,
€, 88 = §(1R), §! = 6(3Py) with J = 0, 1, 2, the total differential cross sections are
approximated by

o0(8) ~ %(sin 5)2 + %(sin ) + [g sin 6, sin 8! cos(§, ~ 61)
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1 3 . .
+3siné, sin 59 cos(8, — 67) + 5 sin 8, sin 8! cos(8; — 6})

+5;-sin6, sin 82 cos(6; — 62)| cosd . o (10)

Apparently, the attractive feature of the P-wave phase shifts gives an F/B ratio greater
than one. Note that the effect of €; disappears in this approximation. We find that F/B =
1.03 (FSS) or 1.04 (RGM-H) for 100 MeV/c and F/B = 1.26 (FSS) or 1.33 (RGM-H)
for 200 MeV/c. We compare in Fig. 10 the F/B ratios of FSS and RGM-H in the full
calculation with the available experimental data [30,31] for the energy range up t0 Ecm =
20 MeV (pa ~ 310 MeV/c). Our prediction is within the upper limit of the experiment.
We can conclude that the low-energy P wave Ap interaction is probably weakly attractive
in accordance with the phenomenological analysis by Dalitz, Herndon, and Tang [32]. This
weak attraction originates from the combined effect of the non-central force and the AN -
TN(I = 1/2) coupling in our quark model.

Another spin observable related to the LS!™) force is the difference of the polarization
of the scattered A (P4) and the polarization of the recoil proton (Py), which is shown in
Fig. 8. This can be seen from the cxplicit expressions of these observables given in Table I
of [22]. Since the invariant amplitudes, g and h in Eq. (2), vanish for the elastic scattering,
we find oo(8) Pagoo = Re(a”e + b°f) and 0o(6) Ponco = Re(a"e — b*f). The different signs
of f indicate that one can tell the cffect of the LS force by observing the difference of
Py = Pogeo and Py = Pongo, since the amplitude f is rclated to the L5%) force. Figure 8
shows apparent difference of Py and Py both in FSS and in RGM-H. These observables are
measured experimentally a3 the left-right asymmetry of the differential cross sections when
the out-going A or proton is rescattercd in the target.

When the incident momentum of the A particle exceeds the TN threshold energy 638
MeV/c, the charge exchange reactions to % and T£*n channels take place. The total
reaction cross sections for Ap — % are at most about 5 ~ 6 mb for both of FSS and
RGM-H, as is shown in Fig.10(b) of [8]. If we use the isospin relation for the scattering

amplitudes, the total reaction cross sections for Ap — T+n are twice the above values. In
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the next paper, we will discuss scattering observables for the £~p scattering, which also

involves the charge exchange reactions to £%n and An channels.

IV. SUMMARY

A study of the baryon-baryon interaction in the QCD-inspired quark model is motivated
to clarify the rich low-energy hadron phenomena, which result from the non-perturbative
quark dynamics dominated by an effective gq interaction and strong kinematical constraints
of the quark Pauli principle and the symmetries of the spin, flavor, and color degrees of
freedom. The most important findings of such studies are the importance of the quark degree
of freedom in the short-range region and the very intricate roles of the meson-exchange effect
in the medium- and long-range region. A realistic model for the baryon-baryon interaction
with these facets of very different character should be examined by confronting the model
predictions directly with the experimental data.

In this paper we have investigated scattering observables of the NN and Y N interactions
in the low- and intermediate-energy region by using a recent quark model developed for a
simultaneous description of these interactions. Our model, called FSS (7,8] and RGM-H (8],
and their preceding version RGM-F [15-17], is formulated in the {3¢)-(3¢) resonating-group
method (RGM), and incorporates a simple confinement potential of quadratic power law,
the color analog of the full Fermi-Breit interaction with explicit quark-mass dependence, and
minimum scalar (S) meson and pseudoscalar (PS) meson effective meson-exchange potentials
directly coupled to quarks. RGM-F includes only 7- and K-meson tensor force besides the
central force of the full S-meson nonct, and the spin-flavor-color factors of the quark-exchange
kernel is approximately evaluated. In the FSS and in most of the RGM-H, the spin-flavor-
color factors of the quark exchange kernel are explicitly calculated for all the species of the
S- and PS-meson nonets included. RGM-H is mainly different from FSS in using the same
approximation as RGM-F exceptionally for the spin-flavor-color factors of the isoscalar S

mesons. In FSS and RGM-H the model parameters are determined to fit the NNV S-wave
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and P-wave phase-shift values under the constraint of the deuteron binding energy and the
1Sy scattering length, together with the low-energy YN “total” cross sections.

Before proceeding to the analysis of the YNV scattering observables, we first examine the
quality of our model by calculating the scattering obscrvables of the np and pp systems,
in which the rich knowledge of the phase shifts helps a great deal iu understanding the
characteristic features of the interaction pieces reflected in the scattering observables. The
energy dependence and the angular-distribution shape of the diffcrential cross sections, the
polarization, and some other spin observables are qualitatively reproduced for the np and
pp scattering in the wide energy rcgion up to about 300 MeV, although our model slightly
overestimates the differential cross scctions on the high-energy side. In RGM-F, the lack of
the spin-spin term of the PS-meson exchange potentials (the one-pion exchange, in particu-
lar) leads to some unsatisfactory behavior of the np differential cross sections and the spin
correlation parameters at backward angles. Through this comparison, we can confirm that
a particular component of the interaction pieces is strongly reflected in the characteristic
behavior of some particular types of spin observables.

After making sure that the discrepancies between the predicted and empirical scattering
observables in the NV system are far smaller than the ambiguity in the present experimental
data for the Y IV interaction, we proceed to study scattering observables of the Y N systems
in FSS and RGM-H. When experimental data are not available, our predictions are compared
with the corresponding values given by some OBEP models. It is found that the standard
procedure to correlate the phase-shift behavior with the scattering observables is very useful
even in the study of the YV interaction, in order to understand characteristic features of
the model interactions appearing in the scattering observables.

In the study of Z*p scattering we have found large model-dependence in the predicted
differential cross sections and the polarization at the intermediate energies px, = 400 ~
800 MeV/c. The behavior of some partial waves is strongly reflected in the energy depen-
dence and the angular-distribution shape of the differential cross sections and the polariza-

tion. This includes the V-shape angular distribution of the differential cross sections in the
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Nijmegen hard-core models [2,3] through the ' P| resonance around py = 400 MeV/c, and
small differential cross sections in the Nijmegen soft-core model [4] and the Jiilich models
[5,6] through the 35; resonance around ps = 400 ~ 600 MeV/c. The differential cross
sections predicted by FSS and RGM-H are very similar to each other, except that RGM-H
overestimates the 10w—energy cross sections at pr < 200 MeV/c. This similarity is related to
the smooth energy dependence of the strongly repulsive 3] phase shift and of the weakly
attractive 'P; phase shift in our quark model. The differential cross sections at py = 450
MeV/c are compared to the recent KEK data [29] averaged over pg = 300 ~ 600 MeV/ec.
Unfortunately, rather low statistics of this experimental data prevent us from obtaining
new information on the I*p interaction in the 35, and ! P, states. As for the polarization
in pr = 400 ~ 500 MeV/c region, the Nijmegen model-F and the soft-core model gives
relatively small values less than 0.1, while the Jiilich models and our quark model yieid
appreciable values around 0.2.

In Ap system we have examined the scattering observables at the energy range below
the TNV threshold (pan = 638 MeV/c). In this system the effect of non-central forces and
the channel-coupling effect between AN and EN(I = 1/2) configurations are both very
important. The one-pion tensor force is responsible for the strong coupling among AN
35, AN 3Dy, and IN(I = 1/2) 35, channels, yielding a prominent cusp structure for the
Ap total cross sections at the LNV threshold. Even below the TN threshold, this tensor
coupling is important to make the AN 35; phase shift very attractive. Among many models
which reproduce low-energy Ap cross sections, our improved models FSS and RGM-H have
characteristics that the ! 5; state is very attractive and the 35, state is less attractive. Besides
a possible check of this feature in the energy spectra of s-shell A hypernuclei, we have found
that the depolarization at low energies less than 200 MeV/c can be used to measure the
difference of attraction between the !Sp and 35, states. In the P-wave interaction, the effect
of the LS force is very important in our quark model. In particular, FSS gives a strong
coupling between ! P, and ®P; channels by the LS force generated from the Fernﬁ-Brcit

interaction, resulting in strong enhancement of the cusp structure in the TN threshold
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region. The effect of this coupling continues down to the energies of about 400 McV/c. By
examining the forward-to-backward ratio F/B of the differential cross sections, we find that
the low-energy P-wave Ap interaction at py < 300 MeV/c is weakly attractive due to the
combined effect of the LS and LS~ forces, and of the AN - ZN(I = 1/2) channel coupling.
As a direct detection of the the LS~ force, we have pointed out that the scattered A-particle
and the recoil proton have almest opposite signs in the polarization at intermediate energics.
The Wolfenstein parameters at py = 600 MeV/c are also calculated in FSS and RGM-H.
Because of the quantitative difference in the strength of the AN - TN(I = 1/2) coupling,
they give a sizable difference comparable to the difference from the other OBEP models.
This indicates that more experimental information is indispensable, in order to understand
the whole picture of the Ap interaction.

In summary, we have found that various YN interaction models, which reproduce the
NN and Y'N experimental data currently available, sometimes give entirely different predic-
tions for the Y N scattering observables in the intcrmediate-cnergy region, where experimen-
tal data are not yet available. This indicates that many of the models have quite different
characteristics from each other, with respect to the relative importance of the different
partial waves, the relative strength of the central and non-central forces, the cancellation
mechanism of the short-range repulsion and the intermediate-range attraction and so on.
The behavior of the phase shifts for the P wave and the higher partial waves cannot be
determined only from the low-energy YNV cross scction data currently available. Once new
data are obtained in the intermediate-energy region, the scattering observables could give
important information that makes it possible to construct better models for the realistic

description of the various YV interactions.
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TABLES TABLE 1. Ap 'S and 35, phase shifts at py = 200 MeV/c and effective range parameters

predicted by our quark model, RGM-F, FSS and RGM-H. The corresponding values by some
TABLE 1. Quark-model parameters, SU; parameters of the EMEP, S‘meson masses, and the '
OBEP’s, Nijmegen hard-core model-D (HC-D) (2], hard-core model-F (HC-F) {3], and soft-core
reduction factor ¢5 for FSS and RGM-H. The parameter « denotes the F/(F + D) ratio for the
model (NSC) [4], are also shown for comparison.
flavor-octet SU3 coupling constants. The e-meson mass denoted by “two-pole” indicates two-pole

approximation, for which m;¢? ( 8, ) and mac? ( 52 ) are shown below the table. HC.D HC.F NSC RGM.F Fss RGM-H
15 24° 29° 33° 29° 46° 45°
b (fm) myac? (MeV) as A =my/mud 381 28° 27° 25° 33° 17 17
FSS 0.616 360 2.1742 1.526 a, (fm) -1.90 -2.29 -2.78 —-2.03 -3.39 —5.34
RGM-H 0.667 389 2.1680 1.490 r, (fm) 3.72 3.17 2.88 3.05 2.26 2.46
s s 85 (deg) a a; (fm) -1.96 -1.88 -141 —2.48 —-1.02 -1.04
FSS 2.89138 1.07509 27.782 1 7, (fm) 3.24 3.36 in 2.69 4.21 4.91
RGM-H 2.95388 0.86906 36.018 1.32%
s i 8ps (deg) a
TABLE OI. Ap P-wave phase shifts {in degrces) predicted by FSS and RGM-H at energies
FSS 0.21426 0.26994 -23 2/5
below the LN threshold. 3Py, 3P, P, *P; phasc shifts and the mixing angle py for P3P
RGM-H 0.15853 0.26410 -23 2/5

coupling are listed.
mec? (MeV) mge¢? (MeV) mse? (MeV) Mec? (MeV)

FSS 800 1250 970 1145 P 3p, 3p, tp, 3p) n

RGM-H two-pole © 1250 980 920 (MeV/c)| FSS RGM-H | FSS RGM-H | FSS RGM-H | FSS RGM-H FSS RGM-H

cs 100 {-0061 004 {015 022 | 005 005 | 005 007 | —011 ~0.07

FSS 0.381 200 |-0.12 0.4 | 112 157 | 046 034 | 038 042 [ —085 -0.54

RGM-H 0.339 300 [-0.64 —012 |320 437 | 1.90 098 | 130 092 | -284 -170

400 |-1.94 -133 | 641 791 | 558 201 | 3.36 122 | —-7.35 -3.69

2 fg = 65° is used in the TN(I = 3/2) channel. 500 |-4.21 -3.73 | 9.70 1115 |14.22  3.70 | 7.79 1.28 |-1593 ~6.65
b o = 1 for non-isoscalar mesons. 600 |-7.28 -7.08 |12.45 13.53 }36.90 7.21 |14.21 2.20 1-32.44 -11.46

¢ 487.818 MeV ( 0.16900 ) and 1021.14 MeV ( 0.61302 ) [19].
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FIGURES

FIG. 1. Comparison of the quark-model np differential cross sections and polarization with
experimental data. The solid curve denotes the result by RGM-H, and the dashed curve by FSS.
The model calculation takes into account the partial waves up to Jmax = 7. The experimental

data are taken from [28].

FIG. 2. The same as Fig. 1 but for pp differential cross sections and polarization.

FIG. 3. Depolarization D and Wolfenstein parameters R and A by RGM-H (éolid curve) and

FSS (dashed curve) for np system, compared with experimental data [28].

FIG. 4. The same as Fig. 3 but for pp depolarization and Wolfenstein parameters R at various

energies.

FIG. 5. The same as Fig.4 but for pp Wolfenstein parameters R’ and A.

FIG. 6. Quark-model predictions for 7 p differential cross sections and polarization in RGM-H
(solid curve) and FSS (dashed curve), comnpared with those by the Nijmegen soft-core model, NSC
{circles), and the hard-core model-F, HC-F (crosses). The results by NSC and HC-F arc obtained
by using the phase-shift values given in [4] and [3] with the maximum angular-momentum values
up to I € 2 and ! < 4, respectively. For FSS and RGM-H, partial waves up to Jmax = 7 are

included.

FIG. 7. The differential cross scctions and the depolarization for Ap system predicted by
-RGM-H (solid curve) and FSS (dashed curve). The partial waves up to Jmax = 7 are taken
into account. Predictions by NSC (circles) and Jilich B (diamonds), which are taken from [33]
and [6], respectively, are also shown for p/( = 600 MeV/c.

FIG. 8. The same as Fig.7, but for the polarization of the scattered (Pa) and recoil (Py)

particles.
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FIG. 9. Wolfenstein parameters, R, I/, A, and A, at po = 600 MeV/c. The quark-model
calculation by RGM-H (solid curve) and FSS (dashed curve) includes contributions from the partial
waves up to Jmax = 7. The predictions by NSC (circles) and Jilick B (diamonds) are taken from
[33] and [6], respectively.

FIG. 10. Forward-to-backward ratio of Ap differcntial cross sections by RGM-H (solid curve)

and FSS (dashed curve), compared with the cxperimental data [30,31].
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