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We investigate characteristic properties of effective meson-exchange potentials to achieve a simultaneous
description of the nucleon-nucleoN ) and hyperon-nucleony(N) interactions in the (8)-(3q) resonating-
group formulation of the spin-flavor Slquark model. The quark Hamiltonian includes a phenomenological
confinement potential af? type, the full Fermi-Breit interaction with explicit quark-mass dependence, and the
central, spin-spin, and tensor components of the meson-exchange potentials generated from the scalar and
pseudoscalar meson nonet exchanges. A small number of parameters are determined t&-fiartde
P-waveNN phase shifts and the low-energy cross-section datd fdscattering. Satisfactory agreement with
experiment is obtained, including ti¢N phase shifts up td=4 partial waves, the deuteron properties, the
effective-range parameters, and the total and differential cross sections AfNtend 3N systems. In the
intermediate-energy region with,,,= 400-500 MeV¢, some discrepancies from the one-boson exchange
potentials, such as the Nijmegen antichumodels, are found for th¥ N scattering observables. In particular,
the total nuclear cross sections Bf p elastic scattering show a smooth decreasing behavior in this energy
region. In Ap elastic total cross sections, the cusp structure appearing aX khehreshold through the
one-pion tensor force is influenced by the antisymmat§&™) force generated from the Fermi-Breit interac-
tion. [S0556-281®6)01111-9

PACS numbgs): 13.75.Cs, 12.39.Jh, 13.75.Ev, 24.8b.

[. INTRODUCTION quark (qq) interaction, which is usually built by combining a
phenomenological quark-confining potential with a one-
In spite of its basic importance in the study of hypernucleigluon exchange potential through the color analog of the
and strangeness physits|, the hyperon-nucleonY(N) in- Fermi-Breit(FB) interaction. Besides the quark confinement,
teraction is not well known, in contrast with the nucleon- mesonic effects are most important among the nonperturba-
nucleon (NN) interaction. In the light of quantum chromo- tive aspects of QCD. It is therefore natural that the applica-
dynamics(QCD), theNN andY N interactions both originate tion of this framework to the&NN system does not give any
from rather complicated nonperturbative dynamics of quark§nédium-range attractiopd]. Since the long-range terms of
and gluons. Nevertheless the difference betwdew and e interaction are particularly dominated by meson-
NN interactions has its origin merely in the differences of theexchange effects, any RGM des_crlptlon in the simplg)¢3
flavor degree of freedom. Since the hyperon and the nucleo .3q) model must comprise effective mesqn—exchange poten-
belong to the same class of the spin-flavorgSuipermulti- lals (EMEP) introduced by some appropriate means.

plet56[2], one can anticipate that quark models can afford a[erThe first realistic quark-mode&QM) study of theNN in-

ble f K d d tHe i . h action was carried out by supplementing the well-
possible framework to understand thé\ interaction on the  oqapjished one-pion exchange potent@PEP and phe-
same basis as tHéN interaction.

: i nomenological medium-range potentials of the central and
The composite nature of the nucleon and hyperon is takefansor types in the Schiinger-type equation equivalent to

into account most straightforwardly in the resonating-grouphe RGM equatior{5]. The most successful calculation of
method(RGM). In the simplest RGM formulatiof8] for the  the NN interaction in this kind of approach is the one by
NN interaction, the nucleon is assumed to be g)(8luster  Takeuchi, Shimizu, and Yazaké], in which the spin-spin
described by a product of §° harmonic oscillator wave and noncentral terms of the OPEP are introduced by assum-
functions, the symmetric S} spin-isospin wave function, ing that the pions directly couple with quarks in the quark
and the antisymmetric color-singlet wave function. Thecore. An alternative approach is to assume OPEP between
relative-motion function between the B clusters is deter- quarks in the RGM formalism and to calculate the quark-
mined by solving the integrodifferential equatidRGM  exchange kernel explicitly7]. This program was carried out
equation which incorporates the nonlocal quark-exchangeby the Tibingen group in8,9]. Their approach includes a
kernel generated by the effect of antisymmetrization withpseudoscala(PS meson exchange between quarks as well
respect to all six quarks. The Hamiltonian is composed of thes a phenomenologicatlike potential at the baryon level. A
nonrelativistic kinetic-energy term and the effective quark-complete microscopic calculation incorporating both PS- and

o-meson exchange potentials acting between quarks has re-

cently been undertaken by the Salamanca gid@p11] for

*Present address: Research Center for Nuclear Physics, Osakae NN interaction and by the Beijing group for théeN and

University, Ibaraki 567, Japan. NN interaction[12-14].
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In the microscopic approach of the EMEP, two points TABLE I. The intera_ction types and mesons employed in each
have to be clarified(i) What kind of difference does the model. RGM-H deals witle andS* mesons in an approximate way
EMEP produce depending on whether it is calculated at th@&S in RGM-F.
quark levelor at thebaryon level? (i) What is the minimum

set of mesons indispensably needed ? An advantage of intrd10del Interaction type Mesons
ducing the EMEP at the quark level lies in the stringentrgy-F S central € S* 6 K
relationship of the flavor depend_ence on variold or YN PS tensor . K
channels, as well as of the relative strength between the di

rect and exchange terms in the RGM treatment. This feature S central €, S*, 6,k
is particularly important when one attempts to describe thé-SS, RGM-H PS spin-spin 7', m K
NN andY N interactions in a single framework and to mini- PS tensor 7', 5, m K

mize the ambiguity of th& N interaction by utilizing the rich
knowledge of theN N interaction. The utility of introducing

.gssumes the full PS- and S-meson nonet exchanges at the
. . . - uark level and properly introduces the flavor symmetr
against experiment. In a recent Physical Review L4}, |y reaking in the qugrkpsec)t/or. An explicit evaluation gf quark)-/
we have proposed a possible framework to introduce thgychange kernels for the EMEP sets a strong constraint in
EMEP for a simultaneous description of theN and YN  characterizing the flavor dependence of et and YN
interactions, and have shown some of the main results. Helghannel. The Syrelation of the coupling constants emerges
and show more comprehensive results. _ . mesons, one of the SUparameters, thé&/(F+D) ratio,

In our recent QM study of th&N and Y N interactions  tyrns out to take the Sivalue of purely electric type. This
[16], we have carried out a detailed analysis of the mediumis not always convenient for the detailed reproduction of the
range central attraction required for a simultaneous deSC”Fbxisting experimental data for the low-energ cross sec-
tion of theNN, AN, and%N interactions. It is found that the tions. We will avoid this situation in two ways; one is to
YN systems should have much weaker attraction than thghange the mixing angle of the flavor-singlet and octet scalar
NN system and that the needed EMEP which leads to thighesons, and the other is to employ the same approximation
feature is conveniently generated from the scal&) (neson 35 RGM-F solely for the isoscalar S-mesoasgnd S*. We
nonet exchange in the Nijmegen modepotential[17]. Fur-  call these models FSS and RGM-H, respectively. Since pre-
thermore, we have shown that, with only two adjustable pagjctions of these two models are not much different except
rameters determined in tHeN sector, the modek meson  for the roles of theLS(™) force in the AN—3IN(I =1/2)
parameters incorporated into our QM can yield a reasonablgoypled-channel system, we will discuss mainly the result by
reproduction of all the low-energy cross section data of thg=ss in this paper. The main difference of the three models,
YN systemg[18,19. This model called RGM-F introduces RGM-F, FSS, and RGM-H, is summarized in Table I.
besides thes-meson nonet only the tensor component gen- | the next section we will formulate the ¢3-(3q) RGM
erated from ther- andK-meson exchanges, and uses som@ncorporating the EMEP at the quark level. Special attention
approximations in evaluating the spin-flavor factors of thejs paid to the evaluation of the spin-flavor factors of the
quark-exchange RGM kernel. Since the major part of theneson-exchange potentials. This serves to clarify the differ-
vector-meson exchange potential is short-ranged and coulshce between the previous model RGM-F and the two mod-
possibly be considered as an alternative description to thgls, FSS and RGM-H. Some simple spin-flavor factors are
quark-exchange mechanism, no vector-meson exchange dgen in the Appendix. Section Il deals with results and
invoked in accordance with the discussion given[20].  discussions. We first discuss the procedure of the parameter
This assumption seems to be plausible in view of the findingearch employed in FSS and RGM-H in Sec. Il A. The re-
that theNN andY N spin-orbit force generated from the FB syltant meson parameters are compared with one of the stan-
interaction already has an appropriate strength to reproducgard one-boson exchange potenti@BEP models for the
the empirical behavior of théO phase shift§21]. One of NN and YN interactions. Section Il B discusses theN
the unsatisfactory points in RGM-F is, however, that thephase-shift behavior with respect to FSS. The deuteron prop-
Strength of the EMEP has to be chosen differently dependingrties and the effective_range parameters of N System
on the spin-flavor exchange symmetry of the two-baryongre discussed in Sec. Ill C. Sections Il D and Il E deal with
system. Another problem is that the threshold energy of thene phase-shift behavior of tHe*p and AN—3N(I = 1/2)

XN channel is not reproduced well in the systems, respectively. ThéN cross sections in the low- and
AN=Z2N(I=1/2) coupled-channel system. As we will see intermediate-energy region are discussed in Sec. Ill F. The
in this paper, the correct reproduction of the threshold energyinal section is devoted to a summary.

is essential for a quantitative description of the coupling fea-

tures, particularly, the coupling through the antisymmetric Il. FORMULATION

spin-orbit LS(™)) force.

In this study we upgrade the EMEP of the RGM48,19
in two respects. One is to calculate the spin-flavor factors The RGM wave function for the (§-(3q) system can be
exactly at the quark level, and the other is to include theexpressed as
spin-spin terms originating from all the PS mesons. We show
that it is possible to reproduce the availabldl andY N data Y= 2 A{dxa(R} 2.1)
simultaneously in the standardqB(3q) formulation, if one P atar

A. (39)-(3q) RGM
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where the channel wave functiaf,= ¢(©P¢5F¢C is com- The QM Hamiltonian consists of the nonrelativistic
posed of the orbital part of the internal wave functionkinetic-energy term, the quadratic confinement potential, the
$OP)= 5(0™m)(123)4(°P)(456), the isospin-coupled basis full FB interaction with explicit quark-mass dependence, and
giF of the spin-flavor S|y wave functions, and the color- the S- and PS-meson exchange potentials acting between
singlet wave function:®=C(123)C(456). For ¢(°P)(123)  quarks:
we adopt a simple (€§)° configuration with a common har-

6 2 6
monic oscillator constarh. The center-of-mas&.m) mo- - L Cf , ||FB sB
tion is eliminated with the use of the usual definition of the H izl mi+ 2m, +i2<j Ui+ Ui +% Vi
c.m. coordinateXg=(X;+X,+X3)/3. Namely, the orbital
functions for the (§) clusters are assumed to be flavor in- +E U_psg) 2.3
dependent and are taken to be the same for all the octet L '

baryons. The isospin-coupled basgF incorporates the gen- of C oo _
eralized Pauli principle, € 1)-*SP=1, with respect to the HereU;j'=—(\i-\j)acr? with r=[r[=[x—x| is the con-
eigenvalue P of the flavor-exchange operator finement potential of quadratic power law, which is known

PE=PF PSP namely, to give a vanishing contribution to the interaction in the
present formalism. Thgq FB interactionU ﬁB is composed
PEeSF=peSF (2.2 of the following pieces:
where the subscript specifies a set of quantum numbers of UP=U5“+ Ul +usc+uiS+uisrul, (29

the channel wave function,a=[1/2(11)a;,1/2(11),]

SS,Y1l,;P. Here 1/2(11x denotes the spin, the Sljuan- ~ wWhere the superscript CC stands for the color-Coulombic or
tum number in the Elliott notation\(«), and the flavor label (A{~\{)/r piece, MC for the momentum-dependent Breit
Y| of the octet baryons, respectively. For exampleretardation term or )(ic«xjc){(pi«pj)+r(r-pi).pj/r2}/
Y1=1(1/2) for N, 00 for A, and 01 forX. The explicit ~(m;m;r) piece, GC for the combined cold-and color-
expression ok is given in Eqs(2.5) — (2.8 of [16]. The  magnetic or §-A()  {1/(2m?) +1/(2m?) + 2/(3m;m))
antisymmetrization operatod’ in Eq. (2.1) makes¥ totally ~ X(o;- 0y)}d(r) piece,(sLS for the symmetridS, (aL$) for
antisymmetric under the exchange of any quark pairs and cathe antisymmetrit. S, and(T) for the tensor term. For the S-
be reduced to the formd’ — (1/2)(1—9P36) (1—Pgy) with and PS-meson exchange potentials, we adopt the lowest-
Po=P14P,sP35 being the core-exchange operator of the twoorder central, spin-spin, and tensor terms originating from
(3q) clusters. the flavor-singlet and octet mesons labef&d

m; \?m 4 4
U= —wmpY(x), uﬁS‘?:wﬁS‘*(m—i) ?ﬁ[(ai.aj) Y(x)—cﬁm—:ga(r) +S14 Z(X) - m: 5(r)“, (2.5

Wherewﬁﬁ andwﬁsg are appropriate flavor operators arglis a reduction factor, both of which will be discussed in detail in
the next subsection. Furthermor¥(x)=e */x, Z(x)=(1+3/x+3x?)Y(x) with x=mpglr|, and S;,=3 (o;-)(o;-T)
—(oy- gy) is the tensor operator.

The RGM equation is derived from the variational principle

(8VY|E—H|¥)=0, (2.6)
with respect to the relative wave function,(R) of Eq. (2.1). The standard procedure yields

h2
g,t _ZM

J 2
ﬁ) =2 Vg (R~ 2 Vs (R~ 2 Vg (R)Siz) xo(R)

Xo'(R"), (2.7

=> de{E MP(RR)—e M (RR)
a' Q

whereS;, is now the tensor operator at the baryon level. The relative engygy the channek is defined by subtracting the
internal energies of the clusters from the total endfgyrhe quark-exchange kernel\slgi),(R,R’) on the right-hand side of

Eq. (2.7) include a sum ovef)=K for the kinetic-energy term, CC, MC, GC, sLS, aLS, T for each piece of the FB interaction

in Eq.(2.4), as well as CN for the central term of the S-meson exchange, SS for the spin-spin term of the PS-meson exchange,
and TN for the tensor term of the PS-meson exchange corresponding (&.5qThe direct potentialvg%)ﬁ(R) of Eq. (2.7)

are given by
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m; \?m
VAR = = (X3 %) aaMpY o), VIBP(R)= (xg%%ﬁua(m—ﬁ) 3 [Yag() =5 D (0],

m

mg \?m
VLTDNW<R>=<XBBN3B>M(m—i) F1Ze (0 =D (0], 29

whereYaO(x), Zao(x), andDao(x) with x= mﬁ| R| andagy= (mﬁb)2/3 are the standard OBEP functions with a Gaussian form
factor F(g?) = exp{—(bq)?/6}, and their forms are given in EGA2) of [18]. The spin-flavor-color factors)(f)%)f)m in Eq.
(2.9 are defined through more generefjuark-exchange factors depending @’ channels:

X" W
XESTS"B :Cn<zn§a|(i‘jz)eT WiP].SG(g-i.g-j) |§a’>;
(Xl(']-'l;\l)ﬁ) aa' = Cn<zn§a”<i JE) TWSSB[ O X Uj](Z)llga’><l||[Ule ‘TBZ](Z)” 1>7l' (29)

Here §a=§§F €, oy is the baryon spin operator, and thus avoiding the kinematical ambiguity which influences the

Co=1,C;=-9,2y=1, andz, = P5{PSscome fromA’. The  subtle features of th& N—=N coupling.

subscript7 specifies five different interaction typeEg, S, Another nice property of the present RGM formalism is

S, D., andD_ [22,23. The internal-energy factor with that the internal-energy contribution is already subtracted in

7=E and the direct-potential factor witi=D. are only the exchange kernel. Namely«'”)(R,R") for the central

possible for the direct term with=0. components() =K, CC, MC, GC, CN, and SS is defined
In Eq. (2.3), we should note that the total kinetic-energy through its corresponding original exchange kernel

operator is not subtracted from the full Hamiltonian. This is A (YR RYY:

purposely done since Galilean invariance is not respected in ““

our formalism. The appearance of the Galilean noninvariant

terms like the momentum-dependent retardation t!elffﬁ is MDY (RR)= MYFNR R
a direct consequence of the more strict Lorentz invariance at o o
the relativistic level, and their RGM kernel should be explic- —(Eg‘f)+Eg?))Msa,(R,R’), (2.12)

itly evaluated in the total c.m. systef6]. Even if one in-
cludes thel i'\f'c term and takes account of its contribution to

the relative kinetic-energy term, the calculated reduced masghere E denotes the)-term contribution to the internal

of the XN system is degenerate with that of théN system.  energy of the octet baryon specified by the flavor label

This is one of the limitations of the nonrelativistic quark Owing to this subtraction, the mass term of the kinetic-

model, in which the inertia massésf % and A in the  energy operator in Eq2.3) as well as the confinement po-

present cageare not always reprodyced correctly. In order totential with Q= Cf exactly cancels out between the first and

use the correct reduced masses in the coupled RGM equge second terms on the right-hand side of Efy11). We

tion, we make th(% following replatf\:/l%?ent only for the ex- consider this feature one of the advantages of the RGM for-

change kernels\1,,,(R,R") and M_,,/”(R,R") [19]: malism, because the present quark model is independent of
the strength of the confinement potential and is insensitive to

@) =) , Halba' | (0) , the details of the confinement phenomenology.
Mo (RR) =M, (RR) = —Mexpt,uexpt/\/laa’(RiR ) The scattering matrixS,, is calculated by solving the

« e coupled-channel RGM equation of EQ.7) by a variational

technique developed by Kamimuf24]. It can be expressed
for Q=K and MC. (2.10 g

This prescription does not spoil the Pauli principle in the

single-channel system liklN and 3 "p [16]. In the AN- S,a! = Nye € e’ (2.12
3N(1=1/2) coupled-channel system, this procedure causes

only a slight inaccuracy with respect to the treatment of the

Pauli principle except for théS, state, in which a complete where 7,,=|S,.'| are the reflection and transmission co-
Pauli-forbidden state with (€)° configuration exists in the efficients fora=«a’ anda# a’, respectively. The Coulomb
spin-flavor SU; coupling 1/2(11) X 1/2(11) — 0 (11). force is entirely neglected in theN—3N(I =1/2) coupled-
The treatment in this case is carefully spelled ou{i8].  channel system when theep channel is an incident channel.
With this procedure we can employ the empirical reducedrhe scattering amplitudes in the particle basis are then given
mass without impairing the major part of the Pauli principle, by
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(Ap|M|AP)=(AN|M (1= 1)|AN), easily cglculated' by using the properties of the exchange op-
erators in the spin and flavor Slspaces, and are expressed
1 by the SU; unit vectors,ef, ,, andey,,, for the SU; cou-
(3%|M|Ap)=— —=(SN|M(I= )|AN), pling [3]X[214]—[41%]~[3]. (See[ 25,26 for the operator
V3 representation technique of the spin-flavor faciofsie D
factors for the direct term witih=0 are particularly simple
2 since one only needs to replace the quark operatpn (i)
(X"n|M[Ap)= \/;(ENW'(' =2AN). (213 iy Eq. (2.15 with the SU; unit vectors (1/6&%?5) z';md
(1/6)e£“m of each (3y) cluster, corresponding to the spin-
If the %~ p channel is an incident channel, we include theinvolved and noninvolved cases, respectively:
Coulomb attraction in theN(1=1/2) and XN(I=3/2)
channels separately by neglecting the isospi.n symmetry XB%NE(“EfSe?Ime?w ngDN+><W= fge?{fmegw
breaking. Namely, we first calculate the scattering matrices (2.16
of theXN(1=1/2)—AN andXN(l =3/2) systems by assum-
ing the Coulomb attraction for the ™~ p system. The scatter- \ynere a simplified notation,
ing amplitudes fron ~p to 2~ p, 2°n, and An channels

are then generated by employing the isospin relations: eZ-)TA)eZ-AA)EEae(T)T)\)a(Bl)ez-}\)\)a(BZ) (r=e or m),

1
(X pIMI[Z " p)= §{<EN|M(I = 3)|=N) is employed. .From Eqi2.16 one can immedigtely see that
the SU; relations are naturally incorporated in the present
formalism. The tensor and spin-spin factors with-0 are

_1
+2(ENIM(1=2)[ZN)}, related to each other by

2 _
<E°nlM|2‘p>:g{<EN|M(| = 3)|EN) X5 P =Xop " (0, - 0,). (2.17)
—(SN|M(1=1)|NY} This implies that we only need to calculate spin-flavor-color
2 3

factors of the tensor term for PS mesons as far as the direct
5 term is concerned. Equatidil) of the Appendix lists the
(An|M|3 " p)=— \ﬁ(AN|M(I=%)|2N>. (2.14  spin-flavor-color factors for the choice cwi(joo)=1 and
3 Wi(jll)z()\i~)\j), where the trivial numerical factors (2/@

. andf3 of Eq. (2.15 are omitted.
The spin-flavor-color factors of the exchange Coulomb ker In the SUs approximation of the EMEP the coupling con-

nel are explicitly calculated only for thep system and they gtantfo at the quark level is chosen for each of the four

are given in the Appendix. For the other systems they ar ombinations; S-meson singlet and octet, and PS-meson sin-
assumed to be proportional to the factors of the exchang(é ’ 9 '
glet and octet. These coupling constants are most transpar-

normalization kernel, as in EGA9) of [18]. In this approxi- : )
mate treatment of the Coulomb force, at most four channel ntly eXpresseg n tsermpssof the 5P‘§°“p"f‘9 constants at the
specified by?S*1L ; couple for a given total angular momen- 22ryon level,f7, g, 11, andfg”, which appear in the
tum J and parity. Thell, and 3L, partial waves with verte>§ Lagranglan functions for the baryon-baryon-meson
J=L couple o each other by the antsymmets ) force, - i BTEE TR SEECE R CaCC B o kg the
and its coupling is incorporated in theN systems. matrix elements of the SJunit vectors with respect to the
_ _ flavor wave functions of the octet baryons. By employing

B. Effective meson-exchange potentials 3?00): _ \/6 e?g)o): _ \/2—/3 and the S\ standard matrix el-
The flavor operatorsv’ andwf¥ in Eq. (2.5 are gen-  ementsefs=1, ey, =5/3 (see Table | of 25]), we easily
erated from the Syrscalar combination of the extended find that
Gel-Mann  matrix, Aep=—116 and Ny

=(1/2){AN1 0%, . \8):
( ){ } (fo)s(oo):%fi (fO)S(ll):fSS'

WO =4 135 NNl

2/3 (00), (fo)P900= \ﬁ fFS (fo)F’S’“D:§ S, (2.18
=f2 for (A\N)= (2.15 2 5
(Ni- X)) (11).
We also introduce the singlet-octet meson mixing for the
Here (\i-\;)=3E_;\{\{ is the Casimir operator in the isoscalar mesons. As is discussed[i], this process is
usual notation. The flavor indeg is assigned to the SY  essential to reproduce the necessary flavor dependence of the
label (\\) =(00) or (11) corresponding to the flavor-singlet central attraction generated from teeneson exchange po-
or octet meson. The spin-flavor-color factob?(® and  tentials forNN and'Y N channels. We introduce this mixing
XD (0 =CN, SS, and T\ defined through Eq2.9) are  in Eq. (2.15 by employing a simple rotation
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)\(00)—> )\(OO)COS‘)— )\(:u)oo(ﬁina, X CN)E_ (f100$5+ f83|n05e(11)000)
. S Sai
)\(11)000—> )\(00)S|n0+ )\(11)000(:089. (219) X (f100§5+ fBSInBSe(ell)OOO)’
. o , 3
One needs to introduce two mixing anglég,andfpg, for S XBEN:” = ( fPScospst —fsPSSinepse(qu)ooo>
and PS mesons, respectively. Furthermore, we decompose

nonisoscalar components wfj“) in Eg. (2.15 into isovector

(I=1) andl=1/2 components, since the isovector mesons

and the strange mesons usually have different masses. With

all these relations, the flavor operatov§® andw{;¥ in Eq. (CN)S* TN _ .

(2.5) are assumed to be The factor forXgp ™ (Xpp,”) is obtained by replacing

0s ( Ops) with 65— 77/2 ( Ops— 7/2) in the above expres-
sions. Those for the isovector ang1/2 mesons are ob—
_[Ls Sqi 8 tained by the corresponding partial sum ovenof e/
Wi = 3 f1C0FsH fgsindah; y P gp (1)
Eq. (2.16.
We here remark on the characteristic features of the

14 s . 8 EMEP in the present model. In RGM{E8,19 we first as-

3 ficosfs+ fgsindshj |, sumed pure flavor-singlet mesons to avoid the calculation of
the spin-flavor-color factors, and then introduced the explicit
flavor dependence of the Nijmegen model-F potential for the

o 1. S 8 products of the coqpling constants. This procedure is pos-
Wi =| — §f15m95+ fgCoshsh| sible because the direct potentials of E28) have the same

structure as the standard OBEP with Gaussian form factors if

1 X§p)” are replaced with the products of baryon-meson cou-

- §ffsin03+ fECOSﬂs)\?), pling constants. The result of EgR.16) and(2.22 implies
that a similar correspondence to the OBEP models is still
possible even if we start from an original flavor-dependent

’ gq interaction as in Eq92.20 and(2.21). The parameters,
wi=(f922 MNF, wiE=(f92 2 AAT (220 5, 15, 6, andfFS, fES, 6pg, at the baryon level can be
o=t =4 used to specify the SyJparameters of the originajq inter-
action. We note that the present model has the short-range
for S mesons and part arising from the exchange kernel. This short-range effect
of the EMEP is of purely microscopic origin, and is not
incorporated in OBEP models. Furthermore, another; SU
Wn — (f 30089p3+ £PS5ingpeh 8 ) parametero=f5/(f2+fL), is no longer a free parameter in
the present framework, but takes the pure gSthlues,
a=1 (for S mesonsanda=2/5 (for PS mesor)s as is seen

« ffscosﬂpSJr Efgssinaps)\‘?), from Eq.(2.16 with (AN)=(11). Namely, thee(ll)em? de-

5 : pendence iX(3" " implies pure electric-type coupling for
the scalar mesons, whik}}ef};, in ngDSjﬂl) and ngDN3<11>
implies pure magnetic-type coupling for the PS mesons. As
we will see in the next section, this turns out to be a rather
severe restriction of the S{Jquark model.

3 Another essential difference between RGM-F and the

— f7Ssingpgt gfgscosepgxf), present improved models lies in the internal energy contri-

bution from the EMEP. In RGM-F the approximation for the
products of the coupling constants is made after the internal-
3 7 energy subtraction of Eq2.11) is carried out. Thus thé
:< fPS) 2 AONS, W= ( fPS> 2 NS, and > mass differenceAEN_=EY—EY', has vanishing
= =4 contribution from the EMEP. On the other hand, the value of
(22D AEY_ can be calculated by usingiSV? and XES¥ in the
present framework. The contribution of the EMEP to
for PS mesons. The isoscalar spin-flavor factors in@@  AE)_y is divided between the S-meson and PS-meson parts;
are given by AEN =AESN+AERS ¢ They are given by

3 ps.
x| f7%codhpst gfg%lnepseﬂl)ooo). (2.22

X

X

3
Wi7j7= ( — f?ss|n0ps+ gfgSCOSQPS?\?)

AEY s = (F%{—4m,Y ,2(0) +4m, Y ,=(0)},
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ss Ss m, | *m,, Ss m, \?m,
AERZ s =AWRZ 5 (0p9 e T[Yag’(o)—CaDag’(O)]‘*'AWA—z(GPs—77/2) ?[Yag(o)_C(SDag(o)]

mg .+
3fP52—8 m”ZEY 0)—c,D =(0)]+4 sz%YKO—DKO (2.23
+ g 8 mﬁ+ 3 [ a'"ET( ) C& a"ET( )] mﬂ_+ 3 [ aE( ) C(‘)‘ aE( )] ’ .
whereaf=(mgb)?/2 andAW3® ¢ (6) is defined by
3 3
AWSS 5(0)=4 (§f§3> sina( V3P o+ gfg’ssine) : (2.24

Before discussing the contribution of the EMEP to thevarious mesons. As EqR2.23 shows, the isoscalar S mesons
A—3 mass difference, we discuss the reduction factpr do not contribute tAAES" ¢, while § and « contributions
introduced in the spin-spin term of the PS-meson EMEPIargely cancel, as well ag and »’ contributions. The can-
[See Eq.2.5).] The é-function-type contact term is usually cellation betweers and k becomes perfect whems=m,_.
ignored in OBEP for point nucleons by aal hocprocedure.  As a result, the pion contribution might be a good estimate
The inclusion of the term induces rather vigorous repulsivefor the total meson contribution. However, this is very sen-
behavior in the short-range region of theN interaction.  sitive to the particular values of parameters suchfgs
(See[7,27] for OPEP) We include » and »" mesons to m_, andm;. Since it is very important to reproduce the
make it possible to choose a unique set of the scalar-mesabrrect threshold energy in thd —3(1=1/2) coupled-
coupling constants for the flavor-symmetric and antisymmetchannel problem, we will make the parameter search under
ric configurations of theNN and YN systems. The full in- the constraint that the correct mass difference
clusion of this term withc ;=1 strongly hinders the role of AE,_y=77.49 MeV is always reproduced.

n andn’ mesons, and makes it very difficult to find a simul-  So far we have discussed only the mass difference of the
taneous fit to the S-wave afdwaveNN phase shifts. With-  octet baryons, but not their absolute values. The absolute
out this term the pion gives a negative contribution to themasses are not reliably calculated because they strongly de-
A —2 mass differencgsee Eq(2.23)], and the reproduction pend on the strength of the confinement poterdial The

of the =N threshold energy becomes very hard in thenucleon mass can be fitted with,=95.61 MeV fm 2 in
AN—XN(I=1/2) coupled-channel system. We therefore as+SS, and then thad, 3, and=E rest masses are calculated to
sume a single reduction factog around 0.3—0.4 common to be 1158, 1236, and 1399 MeV, respectively. Although these
all the NN andY N channels. values are a little too large compared to the empirical ones,

Table Il shows the contributions of the various terms tothe discrepancies do not affect the QM interaction since the
the A —X mass difference for the models, RGM-F, FSS, andcluster internal energies are already subtracted. A similar
RGM-H. The explicit parameter values of FSS and RGM-Hevaluation in RGM-H yieldsa,=56.82 MeV fn 2, and
will be given in the next section, after the difference of the1103, 1180, and 1344 MeV for th&, 3, and & masses,
models is clarified. We find that the mesonic contributionsrespectively.
are by no means small, and should be properly taken into \We have also examined the EMEP contribution to khe
account in the RGM formalism. The pion does not make aand A mass differenceAEy_,=E,—Ey. Only the non-
dominant contribution partly because of the reduction factorstrange mesons contribute to this quantity and &heontri-
cs. There is a large cancellation among the contributions obution is partly canceled with the additive PS-meson contri-

butions. This cancellation is also very sensitive to the

TABLE II. Quark and meson contributions th—2 mass dif-  particular values of the meson parameters, andAdeig_
ference AE, 5) in MeV for RGM-F, FSS, and RGM-H. The mass values are generally too small; i.AEy_,= 222 MeV in
ratio of strange to up-down quarks=(ms/m,q)=1.25, 1.526, and  FSS and 165 MeV in RGM-H compared with the empirical
1.490, are employed to calculate the quark contribution in RGM-Fyalue of 293 MeV. Since theé\ particle does not appear
FSS, and RGM-H, respectively. See Table Il for the other parameyplicitly in our framework, we have not attempted to fit

eters. AEy_, in the present calculation.
B RGM-F FSS RGM-H
lIl. RESULTS AND DISCUSSIONS
Quark 29 _1630 _g; A. Determination of the parameters
K 0 76 58 In addition to four QM parameterdy, myq, asg, and
7' - -13 -8 A=(mg/m,4), we have to determine several meson param-
n - 15 13 eters including?, 5, 6s, f°, f£°, 6ps, and the reduction
o - 25 15 factor c5 in the PS-meson spin-spin term. The range of the
K - 7 8 QM parameters is largely constrained by properties of the
Total 39 77 77 ground-state baryons; i.e., generally accepted values are

b=0.5-0.6 fm, m,4c?=300-400 MeV, and\<1.69. The
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strength of the FB interactiomrg usually becomes rather framework of our model. Our previous model RGM-F shows
large, as=1—2, compared to the QCD coupling constant. that the isospin-dependent efféce., § meson effegtalone
When the meson contribution is not taken into account, the&annot solve this problem, but we need to take two different
N—A mass difference is usually used to determiag  values for the central reduction factor of the S-meson poten-
through/2/7 ag(f/myqch)®m,c2= 440 MeV. The value of tials; c=0.4212 for °E and 'O, and c=0.56 for ‘E and

asis determined from this equation in FSS. We hope that the’O states. This effect is taken care of by the EMEP of the
meson parameters do not deviate much from those of the, »' PS mesons and th& meson in the present approach.

standard OBEP. In particular we hope that the;S6lation We should also mention the mechanism of introducing the
of Eq. (2.18 flavor dependence in the EMEP of theneson. The baryon-
meson coupling constants for the direct potentials are ob-
£5- JBfS, ffszx/?gfpsl 3.0 tained from Eq(2.22 by employing the SUY relations of the

SUg unit vectors,e{;1)o00 @Nd €(13)000: iven in Table Il of
[26]. (Note that the definiton of « in [26] is
is not severely violated. One may use tN&N7 coupling «=D/(F+D), and it corresponds to 1a here) The
constant of the standard OBEP approach in order to detee-meson coupling constants are given by settingl in
mine f£°. However, we need a careful consideration to find

; ; PS _ 1
a relationship betweefyy, andfg>. The use of the Gauss fNNe:ffC099$+ fgssinas—(4a— 1),

ian form factor withb=0.5-0.6 fm corresponds to a rather J3

low cutoff mass of about/3/b~ 600 MeV, and brings about

a fairly large modification of the Yukawa tail of the direct 2
potentials of Eq.(2.8), even in the asymptotic region. We fare=TficOAg+ f5sinds—(a—1),
require that the direct potential for the pion exchange coin- V3

cides with the OPEP used in the hard-core model at
|R|— . This leads us to set 2
—(a—1).
J3

The coupling constants for th8 meson are obtained by
changingés to 65— /2 (with an extra overall sign We see

This procedure is equivalent to assuming thatf{ﬁj@; used thatthe direct potentials for theN and> N systems become
in the hard-core model is the momentum-dependent couplinifientical for a=1. Under this constraint it is not easy to

constant at the pole positiog?=—m?2 [28]. We employ €nsure an appropriate relative strength of the central attrac-
m

fﬁxﬁ;=0.278 43 following the Nijmegen model-f17], tion betweenAN andX N channels. In particular the central

which leads tofgsz 0.26994 in ESS. We determine the attraction of theX " p channel is usually too strong, if we fix

S-meson masses to fit available experimental data for th@"’lt of theAN 'char?nel 'to. fit th? low-energi p Cross sec-
NN and Y N systems, considering that the S mesons are n ons. We avoid this difficulty in two ways. One is to in-
well-established mesons but some substitutes for more conf€ase the value dis only for theXN(1 =3/2) channel, and
plicated meson-exchange processes likeeXchangep— the other is to employ Eq.3.3) with o being an extra pa-
exchange, and excitations of nucleons. On the other hand,rameter. We call the former model FSS and the latter

we use the experimental masses for the PS mesons. Ont '\tA'H' ;I']t]e It?]tter mOd?l dges not akgsa*fug)l r:‘ncro?copm
C; is determined in theNN system, then it is used in the tLea ment for the |sot§ca ar mde_sosgrl\l/l Ff1 tl:1 app Ilest'
Y N systems without alteration. e same approximation as used in -F for the evaluation

We stress that no one has ever successfully introduced tﬁ)ef the spin-flavor-color factors of these mesons. Note that the

EMEP both for the S and PS mesons at the quark level evetaonisoscala}r m?‘SO”S? and «, satisfy the S\ rule with
=1 even in this case.

for the NN interaction. For example, in their QM study of ¢ . .
the NN interaction Takeuchét al. [6] had to introduce dif- The procedure used to fix thg model pgrameters of FSSis
composed of two steps. The first step is to reproduce the

ferent potentials for each state t, °E, 'O, and30. Both . e I le. Th 4 ie to oot
Zhanget al.[12] and the Salamanca gro{ip0] find that the phase Shills as well as possible. 1he second 1S 1o opti-

NN phase shift of the'S, state is too repulsive, once the mize the fit to the Iow—_energyl\_l Cross _sections by varying
33, phase shift is fitted to experiment. The origin of this those parameters which are insensitive to il phase

difficulty lies in the imbalance of the color-magnetic repul- SMifts- We first determiné; to reproduce correctly the deu-
sion for the 1S and 3S states as discussed in our previous!€ron binding energy, and the spin-singlet scattering length
paper[16]: If we properly take into account the effect of the s ofsthenp system. ThessSMo conditions give two solutions
very strong one-pion tensor force compatible with the one irfor f1 in general, so that;~is varied to yield a unique set
the standard OBEP approach, the color-magnetic repulsiownder some appropriate value f§. Since the result is not
of theNN 3S state is always too weak compared with that of Sensitive to the parametéps, we assumeps= —23° for
the 1S state. The assumption of such a common potential, asimplicity. Even if we can reproducélN S-wave phase
given by a flavor-singlet scalar meson, is insufficient to giveshifts in this way,P-wave phase shifts are not usually well
a full account of the central attraction of théN S and  reproduced. Thus we selefd andc; to obtain a good fit to
3S states. In order to overcome this difficulty, we introducethe S-wave andP-wave phase shifts simultaneously. Since
the spin-dependent or/and isospin-dependent effect into théie S* meson does not contribute too much because of its

fys.=ficosfs— f3sindg (3.3

1
fg’S: fﬁIXI\IIJ;ETe— 00/2 W|th a0=§(mﬂ.b)2- (32)
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FIG. 1. TheNN phase shiftss and mixing parameters predicted by FSS as a function of the laboratory enetgys for 3S; and
3D, channels, and,, (b) & for 1S, °D,, and!D,, (c) & for ®P;(J=0,1,2) and'P,, (d) & for D3, 3G, 3G,, and'G,, ande, () & for
3F,, °F3, 'F3, 3F,, °Hy, ande,, €,. The Coulomb force is neglected. Solid circles denote the recent phase-shift analysis by the Nijmegen
group[31] for the np system.

very large mass, we may at first determifigto setfyys  fane Coupling constant through E¢B.3). Since this change
zero; tas=(\/3f5/f3). A small deviation offyyg from  also affectsfyys, we can use it to determings. If fyys
zero does not impair the nice fit to theN system. The main  increases from zero, thefi; decreases and one can increase
effect of changingfs through fyng lies in adjusting the the overall attraction in th& N systems, keeping that of the
relative strength of the medium-range attraction between thaIN system almost unchanged. The differenceAdf 1S,
NN andY N systems. The magnitude tbf is also very im- and S, phase shifts and the mass different&, _y are
portant to control this difference. £ is too small, one can- very sensitive to the variation of and m,. Increasingh
not get enough suppression of thé\ central attractioisee  from one and decreasing, both lead to largeAE, _s and
the discussion i116]). The overall fit to theNN S- andP- smaller AN cross sections through the less attractive nature
wave phase shifts is achieved also by searching for an optof the AN 3S; phase shift. This tendency is not favorable,
mum set for the QM parametefs,andm,q, and less exten- becauseAp cross sections are usually too small if we fit
sively for the S-meson masses, andm;. 3 *p cross sections. We would rather fit thgp cross sec-
The next step is to fids, N, andm, to reproduce the tions and reduce the attraction of tBeé p system by taking
low-energyY N cross-section data and the—3 mass dif- a large value ofds only for the X N(I =3/2) system. In this
ference. If6g is changed,ff is readjusted to give the same process we also pay attention to tB&(1=1/2) 3S; phase
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TABLE Ill. Quark-model parameters, SUparameters of the The SU; parameters of the EMEP are given together with
EMEP, S-meson masses, and the reduction facjdior FSS and  those of the Nijmegen soft-core potentiNSC) [29]. The
RGM-H models. The parameter denotes thd=/(F+D) ratio for ~ F/(F+ D) ratio « is not an adjustable parameter, except for
the flavor-octet SY coupling constants. The mass denoted by the - and S* -exchange potentials of RGM-H. The §pa-
“two-pole” indicates two-pole approximation, for whiclnic®  rameters of our model are similar to those of NSC. The de-
(B1) andm,c? (B,) are shown below the table. The meson param-y;iation of the SU, coupling constants from the SUrelations
eters of the Nijmegen soft-core potent[@9] are also shown as of Eq.(3.1) is 10 — 60 %. The model FSS usés=65° only
NSC for comparison. for theX N(1 =3/2) channel ands=27.78° otherwise, while
RGM-H usesa=1.32 fore- andS* -exchange potentials and

b (f 2 (MeV A=mg/m ;

(fm)  Mugc” (MeV) s s’ 7wl a=1 for - and k-exchange potentials.
FSS 0.616 360 2.1742 1.526
RGM-H 0.667 389 2.1680 1.490 B. NN phase shifts

f$ f3 0s (deg a Figures 1a)—1(e) compare thenp phase shifts predicted
FSS 289138 1.07509 2798 1 by FSS with the recent phase-shift analysis by the Nijmegen
RGM-H  2.95388 0.86906 36.018 182 group[31]. The P, phase shift and the low-energy behavior
NSC 3' 75548 1'27734 40' 895 1 ﬁ8555 of the 1S, phase shift demonstrate remarkable improvement

over the previous RGM-F resulil8], owing to the correct
£ f£s Ops (deg Y treatment of the long-range OPEP tail in the spin-spin term.
For the same reason, the phase shifts of higher partial waves

FSS 0.21426 0.26994 —23 2/5 with L=2~4 are also reproduced within an accuracy of
RGM-H  0.16118 0.26851 —-23 2/5 1° to 2° atT,,=300 MeV, except for the’D, phase shift
NSC 0.18455 0.27204 —-23 0.355 [see Fig. 1b)]. The overestimation of this phase shift is 6° at

m.c? (MeV) meec? (MeV) myc? (MeV) m,c? (MeV) Tiap=150 MeV and 12° afl|,,=300 MeV. The tensor and
< ul quadratic spin-orbit components originating from the FB ten-

FSS 800 1250 970 1145 sor term are not sufficient to reduce the too strong one-pion
RGM-H Two-pole® 1250 980 920 tensor force in this channel. Closer examination of the phase-
NSC Two-pole? 975 980 1000 shift behavior still indicates a couple of insufficient points.

First of all, the peak value of th&P, phase shift in Fig. (c)

s is about 2° too high, while théP, phase shift is a little too
FSS 0.381 repulsive on the high-energy side. Since i, phase shift
RGM-H 0.339 is almost perfectly reproduced, this implies that ttfe and
tensor forces are slightly too strong and the central attraction
?9s=65° is used in the&sN(I1 =3/2) channel. is slightly too weak. The mixing paramete; in Fig. 1(e)
®a=1 for nonisoscalar mesons. shows that its absolute value is too large by about 2°. This
°487.818 MeV(0.16900 and 1021.14 Me\0.61302 [28]. tendency is already seen in RGM¢Bee Fig. 4 of 18]). A
9500.45 MeV/(0.18719 and 1047.14 Me\(0.60105 [30]. similar feature is also seen feg in Fig. 1(d). On the other

hand,e; and e, are almost perfectly reproduced as seen in

shift, because both the=1/2 andl = 3/2 phase shifts have a Figs. 1a) and Xe), respectively. We note that the accurate
crucial influence on th& ~p elastic,>  p—3°n charge ex- determination ofe; in the variational technique requires a
change, an@ ~p— An reaction cross sections. careful selection of the channel radiysbecause of the very

The procedure to find a parameter set for RGM-H is al-long-range tail of the OPEP. I is too small, the mixing
most the same as the above except for some small alteanglee, is largely overestimated not only in the low-energy
ations. We employ an additional parameteto control the region but also even al,,=300 MeV. We have used
relative strength of thd N and>N attraction. If we increase r. =8 fm in the present calculation, and the inaccuracy is
a from one, the attraction of th& N systems is strongly estimated to be less than 0.2°. Another problem is the behav-
hindered as a whole. We therefore use the two-pole approxior of the F5 and 3F, phase shifts in Fig. (&) on the high-
mation for thee-meson exchange potentigSee Table | of energy side. They are too attractive in the energy range
[28].) We employ thepp data to fit the S- ané-wave phase T,,>200 MeV. This tendency seems to be a common fea-
shifts and the scattering lengty in the NN system, after ture of the QM approacfB].
incorporating the “pion-Coulomb” correctior{28]. We will For calculatingpp phase shifts we have to introduce the
discuss this Coulomb problem in Secs. Il B and 1l C. The “pion Coulomb corrections” discussed if81]. These cor-
ag value is also varied to obtain the optimal fit in theN rections are necessary since the charge independence is bro-
system. ken at least by the electromagnetic interaction, by the

Table 11l shows the result of the parameter search. Theaeutral-pion and charged-pion mass difference, and by the
values ofb, m,4, and\ in FSS and RGM-H turn out to be neutron and proton mass difference. We use a simple
relatively large compared with those in RGM-F. The largel/r-type Coulomb potential between quarks and neglect
value ofb may be related to omitting the vector mesons insmall corrections induced from the mass difference of the up
the present model. If we takesmaller than 0.6 fm, it is not and down quarks. This difference is important to explain the
easy to reproduce thdN 3P, phase shift, even when the isospin mass splitting of hadrons, but again plays a minor
other S-wave and-wave phase shifts are reproduced well.role in the baryon-baryon interaction since the internal-
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sistency of the singlet scattering lengths of ting and pp
systemd 33]. We have observed these same features in the
calculation of thepp phase shifts by FSS. The difference of
the np and pp phase shifts for thé P, states is reasonably
reproduced only with the pion Coulomb corrections, while
7 the 1S, phase shift for thep system is still too repulsive by
2° — 3°, compared with the empiricalp—pp difference.
n i This difference is not limited to the low-energy region but
continues up to 300 MeV. In the next subsection we will fit
the S-wavepp scattering length by slightly decreasi@
-/ - only for the 1S, state. The difference up to 2° in the high-
’ energy region still remains even with this modification.

The phase-shift curves of the RGM-H are rather similar to
the FSS results. The quality of the fit to the (1=0) and
pp (I=1) phase shift analysis ¢B1] is a little worse than
the fit tonp phase shifts by FSS; the difference in the phase
shifts sometimes exceeds 2°. The total and differential cross
sections and the spin observables calculated by RGM-H

energy contribution is already subtracted in our RGM for seem to be rather good as a whole in comparison with those
. . “of FSS, as will be discussed in a forthcoming pajBH.
malism[32]. The difference between the charged and neutra? g payE

pion masses yields a fairly large effect because ofrﬂ};é
dependence in the pion-exchange direct potential of Eq.
(2.8). On the other hand, the effect of the neutron-proton
mass difference is rather weak; i.e., less than 0.1% in the In this subsection we will discuss the deuteron properties
empirical reduced mass. Unfortunately these pion Coulomiand the low-energy effective-range parameters of e
corrections are not sufficient to reproduce the—pp dif- system. In principle, the deuteron properties should be de-
ference of théS, phase shiff31]. An extra origin of the rived from the six-quark cluster-model wave function by us-
charge dependence is clearly necessary to explain the incoimg electromagnetic currents at the quark level. It is shown in
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FIG. 2. The S-wavé¢u(R)] andD-wave[w(R)] deuteron wave
functions by FSS as a function of the distanceR. Dashed curves
denote those of the Paris gro[g6].

C. Deuteron properties and effective-range parameters
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9% ' S TABLE IV. Deuteron properties calculated by RGM-F, FSS,
‘ (a) and RGM-H in comparison with the experimental values. The
sol 'So i value is the asymptoti®-state to S-state ratioy=Ap/Ag. The
AN . - . .
seo NSC magnetic moment is calculated from a simple formula by using the
xxx HC-F

D-state probabilityPp .

xo

30

0
o

—+ xo

%%\ ] Model RGM-F FSS RGM-H Expt. Ref.

4 (deg)
(=]

€g (MeV) 2274 2244 2224 2224644 0.000046 [37]
Pp (%) 5391 5879 4.998

—60- EN n 0.0264 0.0272 0.0251  0.0256 0.0004 [39]
oy 1933 1.966 1.986  1.9635 0.0046 [37]
1.(50 6(|)0 8(‘)0 I1000 (fm)

o (MeV /) Qq (fm?) 0.2752 0.2845 0.2750  0.2860 0.0015 [40]

wg (wy) 0.8491 0.8463 0.8513 0.85742

-30- E

- | 1
900 200

90 T T 1

60~ follow this approximation to define the relative wave func-

tions of thenp systemu(R) (S wave andw(R) (D wave.

We also improve the incorrect asymptotic behavior of the
Gaussian trial functions, although we neglect the change of
the deuteron binding energyy by this modification of the
wave function.

The deuteron wave functiony(R) and w(R), obtained
xxx HC-F from FSS is compared in Fig. 2 with the prediction of the
~sor 7 Paris potential[36]. The difference of the two models is
\ | L rather small except thati(R) of the quark model has a
400 600 800 1000 slightly larger amplitude in the interior region &<<1fm.
Pa(MeV/c) Correspondingly the peak positions ofR) and w(R) are
T , somewhat pushed outside. This can be understood by noting

3 (c) that the short-range repulsion in our quark model originates
60 AN Dy . ..
entirely from the exchange kernel of the color-magnetic in-
200 NSC teraction. Yamauchi, Yamamoto, and Wakamdt3&] ob-
301 xxxHC-F " 1 tainedu(R) andw(R) which are very similar to those of the
d , Paris potential. They have introduced a cutoff function for
— T the theoretical meson-exchange potentials in the interior re-
L1 gion, while we use the S-meson potentials with no modifica-
W——F—T—T—— T T tion for the whole distance.

Table IV compares various deuteron parameters calcu-
lated from the models RGM-F, FSS, and RGM-H. The
. D-state probability predicted by FSS is 5.9%, and is very

L close to the result di35]. The quadrupole moment @B85] is
800 1000 too small by about 2—3 %, while our FSS value agrees well
with experiment. Meson-exchange currents involving the ex-
change of a single pion contribute to the quadrupole mo-
ment. If the effect is so large asQ4=0.01 fn? in [38], the
predicted by FSS as a function of the incident momenfum (a FSS overestimates the_ experimental value_. The asymptotlc
5 for 1S, channel,(b) & for 3S,, (¢) & for D;, and €, for the D-state .to S-state _ratlo. of the deuteron=Ap/Ag, is
AN 3S,-3D, coupling. In(a) and (b), SN(I = 1/2) diagonal phase 0.0272 in FSS, which is compared to the recent value
shifts are also shown above tAeN threshold ap, =638 Meve. 7~ 0-0256-0.0004 [39]. The model RGM-H gives the
Open circles denote predictions by the Nijmegen soft-core potentigpmallestD-state probability,Pp=5.0%, among the three

(NSO [29], crosses those by the hard-core potential model-AModels, and predicty, Qq, and_ the Charge_z rms radius in
(HC-F) [17]. The HC-F predictions fog, are negative below the reasonable range. The magnetic moment is calculated from

SN threshold. Pp by using a formula = (up+ un)—(3/2)(1p+ pn
—1/2)Pp . Precise comparison with the experimental value
[35], however, that a simple renormalized relative waverequires careful estimates of various corrections arising from
function,u,=(/Ny),, can be used to calculate them accu-the meson-exchange current and relativistic effect, etc.
rately in the conventional method. Hekedenotes the nor- Table V lists the S-wave effective range parameters for
malization kernel of the six-quark system. This is becausehe NN system. The scattering length and the effective-
the contribution of the exchange term is rather small even forange parameter for the 3S; state are well reproduced to
the most compact (€)° configuration; i.e., the eigenvalue of within an accuracy of 1 — 2 %, since thg is fitted to the
N is w=1+ Xy with Xy=1/9 for NN °E and 'E states. We experimental value. Underlined valuesafor the 'S, state

d (deg)

L I

d (deg)

: l
400 600
Pa(MeVic)

FIG. 4. TheAN phase shiftss§ and the mixing parametes;
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TABLE V. The S-wave effective-range parameters for M curveg. Predictions by the Nijmegen soft-core potential
system derived from FSS and RGM-H; (the scattering length  (NSC) (open and closed circlesind the hard-core potential
r (the effective-range parameteandP (the shape-dependent pa- model-F(crossegsare also shown for comparison. The most
rametey. The experimental values are frof7]. The underlined critical issue of theX " p interaction is the strength of the
figures in the'S, state indicate fitted quantities. The coupling con- medium-range central attraction. It is particularly essential to
stantf is modified tof$ 0.9934 for thepp 'S, state in FSS, and pinpoint the phase-shift rise of thts, state in comparison
to f$X1.010 35 for thenp 'S, state in RGM-H. The figures in  with that of thepp system. The behavior of th&S, phase

parentheses are those without the modification. shifts in Fig. 3a) shows that the central attraction of RGM-H
is stronger than that of RGM-F given in Fig. 5 [f8]. On
Model a (fm) r (fm) P the other hand, the attraction of FSS is weaker than that of
RGM-F. In the E and 20 states,> "p and pp configura-
3 FSS 541 1.76 —0.009  inng belong to the same flavor-symmetric states of &p-
np°S, RGM-H 547 182 —0.012  yesentation X ) =(22). The phase-shift behavior in these
Expt 5424+ 0.004  1.759+ 0.005 states is expected to be very similar as long as the flavor
FSS _ 2364 262 0.028 Symmetry breaking is not so significant. Tr?'é_’g phase
np 1S, RGM-H 375 274 0017 shifts in Figs. &) and(d) clearly show a competition of the
P — 17'23 5 é 0 (')1 central,LS, and tensor components as seen ingpesystem.
( 23) (2.83 (0.016 In particular, the3P, phase shift is very sensitive to the
Expt ~ —23.7480.010 2.730.05 strength of the central attraction. The results of RGM-H and
Fes oI 268 00 of the NSC and Nimegen modelBIC.D). On the.
RGM-H _781 275 0023 other hand, the FSS predicts a rather moderate rise similar to

that of the HC-F. This difference of th&P, phase shift is

Expt  —7.8098-0.0023  2.767.0.010 detectable in polarization observables at intermediate ener-

FSS —16.84 272 0.029 gies, as will be discussed in a forthcoming pf[mr].
nn 150 RGM_H _1624 287 0018 On the Othel’ hand, théSl S'!:ate- Of theE p C.hannel
Expt ~17.9 282 belongs to the SY (30) state which is almost forbidden by

the effect of the Pauli principle. The eigenvalue of the nor-

malization kernel isu=2/9 [16]. The repulsive behavior of

the 3S; phase shift in Fig. @) is a consequence of this

. . : ) kinematical effect arising from the quark structure of the
1

tion of the FSS value inp S, is due to a poor choice of the |y, vons. Since the strength of the repulsion is mainly deter-

variational parameters for the phase-shift calculali@®ne  ineq by, the difference of the phase-shift values by FSS,
has to include at least the pion Coulomb corrections, in ordeRgM-H. and RGM-F is not significant in spite of the big

to calculate the spin-singlet S-wave effective range paramyifference of the central attraction among these models. The
eters for thepp andnn systems. The values in parentheses inmixing parametek, and 3D, phase shift in Fig. @) show a

the case of FSS are calculated with these corrections for theehavior entirely different from thalN system.

pp system. Since the corrected value-68.61 fm is larger As noted in our previous publicatiofil8], our quark

in  magnitude  than  the  experimental  value, model predicts a'P; phase shift which is substantially dif-
—7.8098+0.0023[37], our pp potential is found to be t00  ferent from the Nijmegen hard-core modétee Fig. &l)].
attractive at least for théS, state. In RGM-H theNN pa-  The prediction by HC-F shows a very strong resonance be-
rameter search fotS, and °P, states is carried out by using havior around 400 Me\, while our quark models always
the pp data and the pion Coulomb corrections. Then ourpredict a very weak rise of the phase shift as also predicted
np potential for the'S; state is found to be too repulsive. by NSC. It is very likely that the strong enhancement of the
This is seen from the value in parenthesek7.23 fm for the > *p elastic “total” cross sections around 450 MaVis an

np scattering length, which is too small in magnitude com-artifact of the very singular short-range behavior of the
pared with the empirical value; 23.748-0.010 fm[37]. I meson-exchange potentials and some specific choice of the
both FSS and RGM-H, we definitely need some extra origirhard-core radius in HC-D and HC-F. On the other hand, the
of the charge-independence breaking. Here we follow theySC phase shift for théS, state shows a broad resonance
suggestion of33], in which this breaking is attributed to the pehavior around 650 Me¥/ which leads to a very small
two-pion exchange mechanism and) exchanges. In  contribution of the®S; phase shift to low-energy cross sec-
practice, f3 is modified to f$%0.9934 in FSS, and to tjons.

X 1.010 35 in RGM-H. These are small modifications of ~ Finally we summarize in Table VI the S-wave effective
order of less than 1%, and applied only to t® state. The range parameters for ti" p system derived from the vari-
empirical feature of the charge dependence of #8gscat- ous models. We find that théS, state of RGM-H is too
tering lengths with respect to threp, pp, andnn systems is  attractive, while RGM-H and FSS give negative values for
reasonably reproduced by this procedure, as is seen in Tablg consistent with the experimental analy$it]. A more

V. detailed determination adg anda, is surely necessary.

indicate that they are fitted to experime(ithe small devia-

D. X *p phase shifts E. AN=3N(I =1/2) system

The phase-shift behavior of the" p system is depicted in We here discuss the phase-shift behavior of the
Figs. 3a) — (d) for FSS(solid curveg and RGM-H(dashed AN-—23N(I=1/2) coupled-channel system. The two models,



54 EFFECTIVE MESON-EXCHANGE POTENTIALS IN THE ... 2193
TABLE VI. The Z*p S-wave effective range parameters de- strength of the central attraction induced from the S-meson
rived from RGM-H, FSS, RGM-F, and other models; Nijmegen exchange potentials. In the previous calculatioNdf phase
model-D[42], model-F[17], and Jiich models A and H43]. The  shifts by RGM-F, the reduction factar of the EMEP is
Juich result is without the Coulomb force. The result of an effec- . = .33 for the3S central phase shiftL6], while we need to
tive range analysis is taken frofa4]. increase it toc=0.4212 when the one-pion tensor force is
incorporated 18]. The approximate treatment of spin-flavor-

='p 3 (fm) rs (fm) 3, (fm) re (fm) color factors adopted in RGM-F underestimates the role of
RGM-H —4.21 3.28 0.84 ~083 the one-pion tensor force in the short-range region. In the
FSS _215 4.93 0.95 —0.66 present full treatment of the exchange kernel, the tensor force
RGM-F _226 270 0.79 0.59 of the pion exchange has the same order of magnitude as in
Model D 366 3.52 0.34 —731 the standard OBEP approach. This corresponds to the situa-
Model E ~3.20 3.87 0.70 o011 tion which would be equivalent to taking=0.33 in RGM-F.
Model A _226 5.92 _076 0.78 On the other hand, this improvement_ of the ong—pion tensor
Model B 109 10.20 -0.90 124 force does not affect thA N system, since the pions do not

contribute in this system. We therefore arrive at the conclu-
sion that the3S, phase shift of the\ N system calculated by
FSS and RGM-H should be less attractive than that by
(BGM-F. Another reason for this big difference in the central
attraction is the choice of a larger value ~1.5 than in
eRGM-F (A\=1.25). The increase of and the decrease of the
-meson mass enhance the difference of the attraction be-
ween the!S, and 3S; states.

Expt[44] —2.42+0.30 3.4%0.30 0.7090.001 —0.783+0.003

FSS and RGM-H, reproduce the threshold energy of th
3N channel correctly, unlike our previous model RGM-F.
This is a very important ingredient of the analysis, since th
coupling feature of these two channels is quite sensitive t
;helitic(;)?]ndmon. The Coulomb effect is neglected in this sub- Another difference from RGM-F in théS, phase shift is
The S-wave phase shifts of tiieN channel are displayed that the very sharp steplike behavior iq Eig. 2[aB] has.

in Figs. 4a) and 4b) for FSS. The diagonal phase shifts of now turned into the cusp structure. This is due to the im-
the SN channel are also shown above i threshold. The provement of the threshold as well as the weaker attraction
phase-shift curves by RGM-H are very similar to those give f the ZN(I=1/2) channel. This is understood from the

here. If we compare these with the RGM-F resyfgs. 1 N(1=1/2) °S, and °D; phase shifts in Fig.®. The solid
and 2 in[19]), we find that the'S, phase shift is more curves denote the FSS results and the dashed curves

attractive, while the3S; phase shift is less attractive. The RGM-H. Qomparing these with the solid curve in Fig. 5 of
maximum peak of the S-wave phase shift reaches 47£19], we find that these models have rather weak central
(46°) for 1S, and 18° (17°) for3S, in FSS(RGM-H). On attraction for the SN(I=1/2) channel. However, the

. 3 -
e ather hand, he RGF predicton is 20 1y and [SS00A1Ce benavio avound 100 Ve e Sy stie s
25° for 3S;, which is very similar to the predictions by 9 :

- : . le, if the Coulomb attraction is included in FSS, the
Nijmegen potentials, NSircleg and HC-F(crosses The ample, It . . ’
3DJl p%asg shift and thgrmixir?g parametf(alr in th}es AN phase shift changes suddenly in the energy region of less
channel are depicted in Fig(@. They are very similar to the than 100 MeV¢: It starts to decrease slowly from 168°, then

i . ; T suddenly drops down to 70° around 150 MeVThis is very
f:]?ehghzlgrsg;g;niz gg/v?/na;thzgéo?rg%bsei)t(igipt that the similar to the RGM-F result without the Coulomb force, al-

The S-wave effective range parameters given in Table V”though the phase shift starts from 180° in that case. On the
show the strong attractive feature of thl 1S, state com- other hand, the Coulomb force does not have such a large

. _ 3 . .
pared to the®S,; state. A main reason for the difference be- effect in RGM-H. The”s, resonance in this model has a

C ; ather broad structure.
tween the present and RGM-F results lies in the differen{ In spite of this rather subtle behavior of tHeN— 3N

coupling in the3S,-°D; state, the main characteristics of
this coupling is not much different among these three mod-
els. This can be seen from the reflection and transmission
coefficients illustrated in Fig.(6). (See Fig. 6 of19] for the
RGM-F result) Here the channel indicelsandi of #;; are

TABLE VII. The AN S-wave effective-range parameters de-
rived from RGM-H, FSS, RGM-F, and other models; Nijmegen
model D[42], model F[17], and Jlich models A and H43]. Two
results of the effective-range analysis are taken ffdbj, [46].

AN a, (fm) rs (fm) a, (fm) re (fm) specified as fO”OWSZ(l) AN 381, (2) AN 3D1, (3)
SN(1=1/2) 3S;, and(4) SN(1=1/2) °D;. The magnitude
RGM-H —-5.34 2.46 —1.04 4.92 of 7,5 reaches almost 0.8 around 100 MeVTThis strong
FSS —-5.39 2.26 —-1.02 4.20 coupling betweem\N 3D, and3N(1=1/2) 3S, channels is
RGM-F —2.03 3.05 —1.66 3.26 of course due to the strong one-pion tensor force in this
Model D -1.90 3.72 -1.96 3.24 system. Although the magnitude @f; shows some differ-
Model F -2.29 3.17 —-1.88 3.36 ence among the three models, the largest transmission coef-
Model D -1.56 1.43 —1.59 3.16 ficient at the resonance region is always;.
Model B —0.56 7.77 -1.91 2.43 Figure a) also shows th&N(l=1/2) 1S, phase shift. It
Expt [45] -1.8 2.8 -16 3.3 is noted that the two-baryon state withg) = (11) includes
Expt [46] -2.0 5.0 —-22 35 the SN(1=1/2) 1S, component with 90% probability and

becomes a forbidden state by the Pauli principle for the
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FIG. 5. (@ The SN(1=1/2) phase shifts for'S;, °D,, and 40— 400 600 800 1000

s, channels predicted by FS&olid curve$ and by RGM-H
(dashed curvgsas a function of the incident momentupy . (b)
The reflection and transmission coefficienys; for J=1 even- 1.0 T
parity states of the\N—3N(I=1/2) system. The incident channel
i (=3) and the outgoing channtlare specified byl) AN 3S;, (2)
AN 3Dy, (3) IN(1=1/2) 33;, and (4) =N(1=1/2) 3D,. Solid

pa(MeVic)

curves denote the FSS result, dashed curves denote RGM-H. & 051

(0s)® configuration[19]. The repulsion of this channel is

mainly kinematical as in the case of tBaN(1=3/2) 3S; 7 -
channel. The effect of the EMEP is rather small in these 05 : ==1” 6(30

states.

Next we discuss the\N—2 N(I =1/2) coupled-channel
problem in the'P; and 3P; channels. These two partial
waves couple together through the antisymmetric spin-orbi
(LS7)) force[21,19. We here again find that the strength
of the central attraction of th&N(l=1/2) channel influ-
ences the coupling features of these four channels. Figur

6(@) and Gb) show th(_eAN phase_shifts in the’P, and tively. (b) The same aga) but for the 'P; channel.(c) The reflec-
1P, channels, respectively, and Fig(chshows the reflec- g i i

1 » 1esp Y, € ¢ '~~~ tion and transmission coefficients; for J=1 odd-parity states of
tion and transmission coefficients. Here the channel |nd|cegN_2N(| =1/2) system. The channelsandi are specified by1)
are(1) AN 151, (2) AN °Py, (3) SN(1=1/2) *Py,and(4) AN Py, (2) AN 3Py, (3) SN(I=1/2) *P;, and(4) SN(I=1/2)
3N(I=1/2) °P;. The XN(I=1/2) phase shifts calculated 3p,. The incident channel iAN *P;. Solid curves denote the FSS
with the 2N channel being an incident channel are displayedesult, dashed curves denote RGM-H.

in Fig. 7. Table VIIIl summarizes the resonance behavior in

each channel. The large steplike resonance observed
RGM-F [19] in the AN 3P; channel turns into a wavy dis-

Pa(MeV/c)

t FIG. 6. (a) The Ap phase shifts for théP, channel predicted

by FSS(solid curve and by RGM-H(dashed curveas a function

of the incident momentunp, . The predictions by the Nijmegen
soft-core potentia(NSC) [29] and those by the hard-core potential
FRodel F(HC-P) [17] are also shown by circles and crosses, respec-

e resonance energy is shifted to the higher-energy side by

A e more than 100 Me\, in comparison with the resonance in
persionlike resonance as seen in Fig) 60n the other hand, ! A
the AN P, phase shift shows a broad resonance in FsSRGM-F (see the dashed curve in Fig. 13[aB). The *P,

However, the RGM-H result shows that this resonance carPhase shift of RGM-H indicates another prominent reso-
not stay in the AN channel and goes back to the nance structure around 900 MeV/All of these features in-

SN(1=1/2) 3P, channel. The resonance feature of RGM-H dicate that the central attraction of tReN (1 =1/2) channel
in Fig. 7 indicates that the phase-shift rise is at most 40° an#? RGM-H is not as strong as in FSS and RGM-F.
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The strength of the central attraction in tA&N(l =1/2)

channel depends on how the flavor dependence to thg,
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FIG. 8. The low-energ® *p andX ~p “total” cross sections as
a function of the incident momenturps : (a) X *p elastic, (b)
3 p elastic,(c) =~ p—3°n charge-exchangég) =~ p— An reac-
tion cross sections. Solid curves denote the FSS result, dashed
rves denotes RGM-H. The Coulomb force is approximately in-

e-meson exchange potentials is introduced. The flavor degjuded. The experimental data are taken fii@H] for (a) and (b),

pendence introduced in RGM-H through th§ F + D) ratio

and from[48] for (c) and(d).

results in a commonre-meson exchange potential for the

3" p andXN(l =1/2) systems, as far as the dominant directregyt by FSS and the dashed curves by RGM-H. The im-
term is concerned. On the other hand, FSS assumes a |ar§?ovement over the RGM-F resuit9], especially in the
mixing angleds only for theXN(1=3/2) channel, so thatthe s -p elastic cross sections, is an outcome of the weaker cen-
e-meson exchange potential in tAeN(1=1/2) channel is  {a| attraction of theSN(1=1/2) channel in the present
much stronger than that of the"p channel. In order to  model. On the other hand, p— An reaction cross sections
pinpoint the strength of the central attraction in theare overestimated especially in FSS. The agreement of the
2N(I=1/2) channel, more accurate experimental data arg + elastic cross sections in FSS is achieved because the
needed to determine the effective-range parameters of thg. vajue is used to fit the data, while RGM-H predicts too

3~ p scattering.

F. YN cross sections

large cross sections.
The angular distribution of “p scattering atps =170
MeV/c is compared with the experimental dg&/] in Fig.

The low-energy scattering and reaction “total” cross sec-2(@. A forward rise of the experimental data is reasonably
tions for3. *p and3, ~p systems are compared in Fig. 8 with reproduced in FSS, owing to the appreciable contribution of

the experimental dafa7,48. The “total” cross sections are

P-wave componentgSee Fig. 12 of18] for comparison.

calculated by integrating the differential cross sections froml is feature is also seen in Fig(t9, where the angular dis-

COYpin="0.5 to co¥,,,x= —0.5. The solid curves indicate the

TABLE VII. The resonance behavior of the
AN=3N(1=1/2) *P;-3P; coupled-channel system in RGM-F,
FSS, and RGM-H. The behavior of tlN phase shiftss is also
summarized(See Figs. @), 6(b), and 7, and Figs. 10 and 11 of
[19].) The =N threshold energy AE, _s) is fitted in FSS and
RGM-H. The depth of the effective local potentiay§N(,:1,2) in
the 33, state, obtained from th®=0 Wigner transform(16], is

tribution of 3" p elastic scattering aps=160 MeVEk is
shown with the experimental dat47]. The differential cross
sections forY " p—An at py=160 MeVkt are shown in
Fig. 9c), together with the experimental dd48].

The calculated total cross sections for the scattering
are compared with the experimental ddi45,46,49 in
Fig. 10(a). Since the threshold energy of tReN channel is
properly reproduced both in FS$&olid curve and in
RGM-H (dashed curve a cusp structure of th&N 3S; state

shown as a guidance to the strength of central attraction for thappears at the incident-momentumpf=638 MeVk. The

SN(I=1/2) system.

RGM-F FSS RGM-H
AE,_s (MeV) 39.11 77.47 77.46
V=11 (MeV) -38 —24 -18
AN 3P, Steplike Dispersionlike Dispersionlike
AN P, Dispersionlike Steplike Dispersionlike
SN 3P, 5<0 5<0 5~40°
SN P, 5<0 5<0 5~0—60°

FSS result shows that the bump structure predicted by
RGM-F [19] now spreads out over a wide energy region of
p,=500-800 MeWV¢, enhancing the cusp structure. This is
the consequence of tiawave channel-coupling effect with
the S N(I =1/2) channel due to theS(~) force. On the other
hand, RGM-H predicts a rather moderate rise of the cross
sections at the cusp region, which is consistent with the ex-
perimental data[49]. Figure 1@b) shows calculated
Ap—3%p total cross sections compared with the experimen-
tal data[49,50. Our result appears to favor small cross sec-
tions. This may be supported by Fig. 18 [&0], because
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(c) FIG. 10. (8) Comparison of calculated p elastic total cross
> o—An | sections with the experimental data [gf5] (open circley [46]
(closed circley and[49] (crosses without circle The solid curve
2 100 P; =160 MeV/c | denotes the FSS result, the dashed curve denotes RGl)-Qal-
~ g culated A p—3°p reaction total cross sections compared with the
R e St — experimental data d#49] (solid crossesand[50] (dashed crossgs
o .
ole Tre—— . ..
f’; 50l “*‘ _{L ] low-energy. " p cross sections, the predictions of FSS and
+ + RGM-H at higher energies of more than 400 Me\é&te very
N i similar to each other. This high-energy behavior is shared
even in 3 p elastic scattering an® p—3°n charge-
oL L 11111y exchange reaction cross sections. As is clear in Fig&)11
10 06 02 ] -02 -06 -10 and 11d), further efforts must be made to get reliable ex-
cos Yem. perimental cross sections.
FIG. 9. (a) Comparison of calculated *p differential cross IV. SUMMARY

sections aps =170 MeVkt with the experimental data ¢f7]. The
solid curve denotes the FSS result, the dashed curve denotes IN the quark-modellQM) study of low-energy hadron

RGM-H. (b) The same a&) but for 3, ~p differential cross sections Phenomena, a basic question is how to incorporate nonper-

atps =160 MeVEk. (c) The same ab) but forS ~p — An differ- turbative aspects of QCD into the framework. Quark con-

ential cross sections. The experimental data are taken [#&in finement is certainly one of the most important nonperturba-
tive aspects, but it does not seem to play a crucial role in the

much smaller cross sections are predicted if the measurdshryon-baryon interaction except that hadrons are always ob-
3.~ p—An cross sections are converted iltp— 2°p cross  served in the color-singlet form. Another important nonper-
sections by using the isospin symmetry and the principle ofurbative aspect of QCD is the mesonic effect. The most
detailed balance. detailed description of the nucleon-nucledwl) interaction

The energy dependence &f'p andX " p “total” cross has been achieved in the last several decades by employing
sections predicted by FSS and RGM-H are displayed in Figaneson-exchange potentials. Since the naive quark model as-
11(a)—(d). The = p cross sections in Fig. 14 show no  signing (3) states to the ground-state baryons does not take
bump structure at the intermediate-energy regioninto account this effect, a realistic description of the baryon-
(psy=400-600 MeV#), in contrast to the Nijmegen hard- baryon interaction is only possible if the meson-exchange
core models[17,42. Although RGM-H overestimates the effect is incorporated into the simple ¢$-(3q) formalism.
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FIG. 11. () Comparison of calculated “total” cross sections ®i p elastic scattering with the experimental datg47]. The solid
curve denotes the FSS result, dashed curve denotes R@h)-fihe same a) but for 2~ p elastic scatteringic) The same aa) but for
3~ p—23°n charge-exchange reaction. The experimental data are taker{4@&nfsolid circles and[51] (crosses without circle (d) The
same agc) but for theX, ~ p— An reaction.

The final goal of this investigation is to understand thewell. These difficulties are resolved by evaluating the spin-
NN and hyperon-nucleonY(N) interaction in a consistent flavor-color factors explicitly at the quark level. We include
framework, thus establishing a natural connection betweethe spin-spin and tensor terms from all the PS-meson nonet
the QM description of the interaction and the effect ofexchanges. Thé-function-type contact term in the spin-spin
meson-exchange potentials. To achieve this, we first have {gart is reduced by a common factos~0.4. The spin-spin
answer the following two questioné) What kind of differ-  term of 5’ and » mesons, together with the central term of
ence does the effective meson-exchange pote(fRIEP)  {he 5 meson, plays an essential role in the control of the

produce depending on whether it is calculated at the quarl|ative strength of the medium-range central attraction of
level or at the baryon level@®) What is the minimum set of theNN 1S, 3S, 1P, and 3P states. The explicit evaluation of

lrntesdopstri]ndispens?bly needed?tﬁ)ur (qu'uatzk modlel _is forml{he spin-flavor-color factors also makes it possible to account
ated in the resonating-group meth@GM) by employing a for the internal-energy contribution from the EMEP, through

QM Hamiltonian consisting of the quadratic confinement po- . . . .
tential, the full Fermi-Breit(FB) interaction with explicit which the difference of the threshold energies betwaéh

quark-mass dependence, and the interquark meson—exchan%dzN channels is calculated to fit the experimental value.

potentials of the scald®) and pseudoscaldPS meson non- Since the flavor o.perator of thg EMEP for octet mesons is

ets. Only the leading term of the central force is introduced"® Gell-Mann matrix, the Spspin-flavor wave functions

for S mesons. for the (3q) baryons yields a very strong constraint to the
In this study we have improved the following two insuf- coupling constants of baryon-meson vertices appearing in the

ficient points of our previous model RGM{#6,18,19; one  direct term of the RGM equation. The SUelations are

is that the strength of the medium-range attraction of theautomatically satisfied in these coupling constants, which is a

EMEP has to be chosen differently depending on the spinprominent feature of the S}JQM approach to the’ N inter-

flavor exchange symmetry of the two baryons, and the otheaction. We can identify the SUparameters for these cou-

is that the threshold energy of tN channel in theAN pling constants with the Syparameters of the OBEP ap-

—2N(1=1/2) coupled-channel system is not reproducedproach. We write these &g, fg, and 6 for each set of the
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S and PS mesons. The $lparameter in the OBEP ap- turned into a cusp structure commonly predicted in the
proach,a=F/(F+D), is completely determined to be the OBEP approach. The dominant coupling betweel °D,

pure SU; values;a=1 for S mesons and&=2/5 for PS andXN(I1=1/2) 3s, is crucially influenced by the strength
mesons. The pure electric-type feature of the S-meson exf the central attraction in thEN(I = 1/2) channel. Since the
change potentials turns out to be too strict to obtain a simulPhase-shift rise in th&N(1=1/2) P, channel is strongly
taneous fit of theNN phase shifts and the low-energyN  hindered in the present models, the steplike resonance in the
cross sections. We therefore relax this restriction in twoAP_°P1 channel of RGM-F is largely suppressed especially
ways. In the model called FSS we increakgfor S mesons N RGM-H. This resonance appears in thél “P, state in

only for the SN(I=3/2) system in order to decrease the FSS- The strong coupling betweeiN and XN(1=1/2)
strength of the attraction. On the other hand, RGM-H use§hannels by the.S™) force enhances the cusp structure at

approximate spin-flavor-color factors, as in RGM-F, for thetheEN threshold. This strong coupling is one of the reasons

Z ! h
e- andS*-meson exchange potentials, acquiring the freedo or too largeX “p— An cross sections. ThE "p cross sec-

of a for the isoscalar S mesons to control the relativef[Ions are too large in the low-energy regionmf< 300 MeV

strength of the medium-range attraction betweeN and n RGM'?' ;hf anlgu"?” g|§tr|bl|1t|orjs of tgzeidlﬁer:nnal cross
SN channels ?ectlons or2, " p elastic, %Ie ast:lc, an y p—d> In reaE[:- o
: ion processes are reasonably well reproduced. In contrast to
The QM parameters, the Slparameters of the EMEP B y b

) ' the Nijmegen hard-core moddl$7,42 our quark models do
andc; are searched for to fit thdN S- andP-wave phase

" X S€  not predict any bump structure in te*p elastic “total”
shift values, under the constraint that the deuteron b'”d'nQross sections.

energy and the'S, scattering length are reproduced. Some A couple of problems still remain to be investigated. First,
parameters, such as the strange to up-down quark mass rafige central attraction of th& “p channel is still in general
and thex-meson mass, are further determined to fit the low+tgo attractive when the total cross sectionsAgp elastic
energy cross section data of tifé\ scattering. Although the  scattering are fitted to experiment in the low-energy region.
harmonic oscillator width parameter and the up-down quarkro changefs only for theSN(I =3/2) channel or to change
mass turn out to be a little larger than the standard values, thg only for the e and S* mesons is not completely satisfac-
SU; parameters of the EMEP have good correspondence @ry for a consistent understanding &N and Y N interac-
the values of the Nijmegen soft-core potenf28]. We have  tions. It will be necessary to inquire into the origin of the
achieved very good reproduction of theN phase shifts up  S-meson exchange in order to clarify the appareng Sy-
to J=4 partial waves. The'P; phase shift and the low- metry breaking of the S-meson exchange potentials. Second,
energy behavior of théS, phase shift are remarkably im- vector mesons are entirely neglected in the present models.
proved over the RGM-F resUIL8]. This is mainly due to the  Most important short-range effects of the vector mesons such
correct treatment of the long-range OPEP tail in the spin-spims the central repulsion and thé& force are expected to be
term. An only exception is théD, phase shift, which is taken into account by the present QM approach, but no one
about 10° too attractive at the 300 MeV region. The quadruhas yet quantified it. The too attractiN °D, phase shift
pole moment of the deuteron is reproduced to within an acmay indicate that the cancellation mechanism between the
curacy of 4%, and th®-state probability is predicted to be pion andp meson contributions in the tensor force ought to
5 — 6%. The effective-range parameters of Ml system  pe included in the present framework. The third is that the
are reasonably reproduced. We find that an accurate repreelative strength of the central attraction betwegm S and
duction of the'S, scattering length would require an extra 3S states cannot unambiguously be determined from the
source of the charge-independence breaking in addition tpresent data for the low-energyp total cross sections. The
the pion Coulomb correctionf31]. Although the present AN spin-singlet and triplet scattering lengths should satisfy
models do not fit th&IN data as well as the OBEP approach, the condition|as|>|a,| in order to reproduce the spin of the
the agreement is satisfactory at least for the purpose of @& ground-statd45]. A recent study on this system in the
tending the present model to tiveN interaction. few-body approach52] may give a definitive answer to this
The main result of this paper is the simultaneous reprogyestion. Finally, the strength of the central attraction of the
duction of the low-energy® "p, 7p, and Ap cross sec- sN(1=1/2) system should be determined more precisely.
tions. The overestimation of tfe™ p elastic cross sections i Thjs strength is crucial to predict correct coupling features of
RGM-F is improved owing to the weaker central attractionthe AN andSN systems. In particular the resonance behav-
of the XN(I=1/2) channel in FSS and RGM-H. The key jor of the SN(I=1/2) 3P, state is very sensitive to the
point for the present improvement is twofold. The first one iSip. - 3p, coupling features by theS(™) force. A prelimi-
that the reproduction of thfN phase shifts by a unique set nary result[41] shows that spin observables are useful to
of meson parameters has largely reduced the ambiguity Qfjarify the role of the noncentral forces and to evaluate the
the central attraction in theN(I =1/2) channel. Among the  5qgequacy of various models which reproduce the low-energy
three models, RGM-H has the weakest central attractiony N cross sections equally well. Further experiment is needed

FSS the next, and RGM-F the strongest. The other is thg, order to extend our understanding of t#l interaction to
reproduction of theXN threshold energy in theAN the same level as that of théN interaction.

—3N(1=1/2) coupled-channel system. Th&N and
2N(1=1/2) channels are coupled by the one-pion tensor
force in the ®S;-3D; state and by the antisymmetric spin-
orbit (LS ) force in the!P,-3P; state. The steplike reso- The authors would like to thank members of Nuclear
nance in theAN 3S; state, obtained in RGM-F, is now Theory Groups of Kyoto and Niigata Universities for useful
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APPENDIX: Xip, =12 Xy 1P, P= 3X
SPIN-FLAVOR-COLOR FACTORS FOR EMEP
Here we show some spin-flavor-color factors for the x(15D3<11>:E((,.l.o.z)_g_zx%S(OO)'
RGM kernel of EMEP. According to Eqg2.9), the basic - 3 3 -
factors X{P™ (Q=CN, ss, TN for w{?=1 and _
wi™=(\;\;) are given by Q(AN)=TN(00):
_ ) (TN)(00) _
Q(NN)=CN(00): Xop., 1,
CN)(00) CN)(00
X6, XG99, o .
X{q )(00)26 eMfem— E(ee“re”‘vL eMfe®) |,
XEIO=2xy, XV =X(GID=ax,,
X(chl\i)(OO):XN, X(TN)(OO) 2[(ee’ree+ emTem)_(eeTem+ emTee)],
Q(AN)=CN(11): 1
X(l'II'DN)(OO): — Zgmtgm
Xog ' H=—4, XE)CDN 11)=e(11 e(11 B 6
(i (85100 2 Q(AN)=TN(11):
X =X + =XN»
1E 1E 3 N X N)(11) _ .mt .m
op,  —€ap€ay:
4
X(CNID = (S9(00) |~
1s 1s 37N X(TN)(ll):ix(TN)(OO)
18 18 '
X&%’\f(ll):[X&%S;(OO)+4XN]PUP_ §XN (TN (1) _ (TN) 00) 1
X{MNAD = o x (TN (P §),
1 2
X(chl\l_)(ll):_ 3+§(0'1'0'2)}_§XN1 1
X(l'II'DNj(ll): §emTem_ 5 (A1)
Q(AN)=SS00):
te _— et e mt — m
(S9(00) _ _ (S9(00) _ . where ef'e® = e(ll)e(11)+6, eMem = e(ll)e(ll)+ 2/3
Xo 6. Xop' T =(01 o), o= (i=12),  and  Xy=-(1/12)ecle?
X(SS00— _ gx +X(S9(00] +(0,- 0,) e™e™ is the spin-flavor-color factor of the ex-
1E s 0 change normalization kernel. The factot§e) ™" are equal
ss00 L oo 1 ) to XYM in the present case.
X1s ) e”'e’— E(ee e"+eM'e?) The spin-flavor-color factors of the exchange Coulomb

TN)(00)
+(0'1'0'2)X(15 )OO0,

SS(00 TN)(00
X 0=[ 3+ (01 0)IXip @,

SS(00) _
X0 -

1 et e
§e e*+ Xy

Q(\\) =SS 1D):

(S9(11) _ S9(11) _ TN)(11
XOE3( '=28, XE)D+( —(0'1‘0'2)X§)D+( g

kernel are calculated only fopp system. These are em-
ployed in place of Eq(A9) of [18]:

XSE= XS5, = L 4+Z(o"a')
18’ 2 9 1°92)

1 1
X(1:I|5+:_2_7[ 10"‘5(0'1'0'2)},

o 1 65
XlD_=_5_ 17+ 3(0‘11)'2) . (AZ)
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