PHYSICAL REVIEW C VOLUME 59, NUMBER 1 JANUARY 1999

Soft-core hyperon-nucleon potentials

Th. A. Rijken
Institute for Theoretical Physics, University of Nijmegen, Nijmegen, The Netherlands

V. G. J. Stoks
Physics Division, Argonne National Laboratory, Argonne, lllinois 60439
and Centre for the Subatomic Structure of Matter, University of Adelaide, SA 5005, Australia

Y. Yamamoto
Physics Section, Tsuru University, Tsuru, Yamanashi 402-0054, Japan
(Received 13 July 1998

A new Nijmegen soft-core OBE potential model is presented for the low-enéhgynteractions. Besides
the results for the fit to the scattering data, which largely defines the model, we also present some applications
to hypernuclear systems using the G-matrix method. The potentials are generated by the exchange of nonets of
pseudoscalar, vector, and scalar mesons. As is standard in the Nijmegen soft-core models, we also include the
J=0 contributions from the tensdy,,f;,a,, and pomeron Regge trajectories, and use Gaussian form factors
to guarantee that the potentials have a soft behavior near the origin. An important innovation with respect to the
original soft-core potential is the assignment of the cutoff masses for the baryon-baryon{BB&byvertices
in accordance with broken SU(3) which serves to connect tieN and theY N channels. As a novel feature,
we allow for medium strong breaking of the coupling constants, using’Ehemodel with a Gell-Mann—
Okubo hypercharge breaking for the BBM coupling. Charge-symmetry breaking igtend An channels is
included as well. We present six hyperon-nucleon potentials which describe the availdldmoss section
data equally well, but which exhibit some differences on a more detailed level. The differences are constructed
such that the models encompass a range of scattering lengths ¥i\tkeend AN channels. In all cases, we
obtainedy?/Ng,~0.55 for 35Y N data. In particular, we were able to fit the precise experimental dagum
=0.468t0.010 for the inelastic capture ratio at rest. For the scalar-meson mixing angle we obtained values
0s=37°-40°, which points to almost ideal mixing angles for the scqﬁrstates. The G-matrix results
indicate that the remarkably different spin-spin terms of the six potentials appear specifically in the energy
spectra ofA hypernuclei[S0556-281®9)04501-X]

PACS numbds): 13.75.Ev, 12.39.Pn, 21.30x, 21.80:+a

I. INTRODUCTION experimental scattering data to determine these parameters.
(The only experimental information on theA interaction is
In Refs.[1,2], henceforth referred to as | and II, respec-limited to the ground states of double-hypernuclei, but
tively, it has been shown that a soft-core one-bosonsuch information is “contaminated” by few-body effedts.
exchange(OBE) model, based on Regge-pole thed8i,  Second, we note that in Ref2] the magneticF/(F + D)
provides an excellent simultaneous description of the richatig a7 for the vector mesons was fixed to its @Yvalue.
and accurate nucleon-nucleoNN) and the more scarce Thgrefore, in order to improve the spin-spin interaction, we

hyperon-nucleon(N) low-energy scattering data. However, o o considery; as a free input and make fits for different

in the application to the hypernuclear systems using th(\a/alues of this parameter. It turns out that this allows us to

G-matrix method, it was found that the spin-spin interaCtionconstructYN models which encompass a range of scattering
in the AN channels needs a correctigh-6]. Another incon- X ;
bh-6] lengths in the!S, and the®S; AN channels. It is found that

venience with | and Il is that an extension to the\ and ; . )
ZN channels cannot be done without the introduction ofYarious other quantities, calculated with these new models,
extra free parameters. also exhibit an impressive correlation with the choice for
In order to improve the soft-core interaction on these@v - BY testing these models in hypernuclear systems we can
points, we here modify the original soft-core OBE models ofselect the successful spin-spin interaction. In order to have
| and Il in the following way. First, we assign the cutoff enough flexibility, we introduced a third modification with
parameters in the form factors for the individual baryon-respect to | and II; namely, we allow for medium strong
baryon-meson (BBM) vertices, constrained by broken breaking of the coupling constants. The breaking is imple-
SU(3): symmetry. This is in contrast to | and Il, where thesemented according to théP, model[7] with a Gell-Mann—
cutoff parameters were assigned per baryon-baryo®kubo hypercharge breaking.
SU(3)e-irrep. Because thA A andE N channels involve the Apart from the modifications indicated above, the OBE
{1}-irrep, which does not occur in tHéN andY N channels, models of this paper, henceforth referred to as NSC97 mod-
the description of these channels would require the introducels, are motivated according to the same physical principles
tion of additional free parameters. However, there are nas those of | and Il. We refer to the latter papgt®] for a
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more detailed description of the physics background of thehe value found in semileptonic weak dec4$g].

Nijmegen soft-core baryon-baryon models. We here only (ii) The vector mesong( ¢, »,K*), with the ¢-» mixing

briefly reiterate the main points. angle 6,=37.5°[12] and the electria{,= 1, which follows
The main idea is that the complete interaction mechanisnthe “universality” assumption[13]. The magneticay is

consists of one-meson exchanges, two-meson exchéinges ysed as a free input to encompass a range of scattering

cluding the possibility ofA-isobars and/or other resonances|engths, characterizing the different models, but is restricted

in the intermediate statgsquark-gluon structure contribu- to values consistent with static or relativistic @Y predic-

tions, etc. Our philosophy is that the OBE interactions protjons[14].

vide an excellent and effective first approximation in model-  (jii) The scalar mesons[ay(980)fy(975).fo(760),

ing the complete interaction. Extensions beyond one-mesoR(880)]. In the following, we will reserve,, for the f o(975)

exchanges, like the inclusion of the two-meson-exchanggneson and use for the f,(760) meson. The fregy-¢ mix-

contributions, are expected to be of lesser importance. Howng angleds is to be determined in the fit to théN data.

ever, theyare expected to improve certain qualitative fea- (jy) The “diffractive” contribution from the pomerorP

tures on a more detailed level. We have, therefore, already,q from the tensor mesofib,(1285) f4(1525) a,(1270)].

taken the first steps in studying the effects of two-mesofrhese exchanges will give repulsive contributions of a
exchanges in thBIN sectof{8-10], and similar extensions to Gaussian type.

the \LN gndYYEectors arfe currentl;(/jir; progrgslsfl].” dert The BBM vertices are described by coupling constants
The baryon-baryon soft-core models can be fully envedand form factors which correspond to the Regge residues at

in the context of the analyticabmatrix theory[3]. This high energied3]. The form factors are taken to be of the

seems a proper framework to describe baryons and meso . ; . i . )
which are composite particles. In particular, in QCD the mer_Eaussuan type, like the residue functions in many Regge-pole

) : . models for high-energy scattering. Note that alsgrnianrel-
sons ardjq systems and any reasonable interaction used in gistic) quark models a Gaussian behavior of the form fac-
Bethe-Salpeter approach to the systems leads to mesons tors is most natural. These form factors evidently guarantee a
on Regge trajectories. The consequences of the Regge trajegsft behavior of the potentials in configuration space at small
tories for low-energy scattering and the correspondmetp-  distances.

tivistic) Lippmann-Schwinger equations can be worked out |t turns out that, starting from the soft-core OBE model
in a consistent manner in the mentioned framework. for the NN interaction, we are indeed able to achieve a very

With a combined treatment of tH¢N and Y N channels  good description of th¥ N data, and at the same time main-
we aim at a high-quality description of the baryon-baryontain values for the free parameters which are consistent with
interactions. By high quality we mean a fit to tNeN scat-  the present view on low-energy hadron physics. Like in | and
tering data with a lowy?, such that, while keeping the con- || we use SU(3) symmetry for the coupling constants,
straints forced on the potentials by the fit to ti&l scatter-  while SU(3): breaking is included byi) using the physical
ing data, the free parameters with a clear physicainasses of the mesons and baryons in the potentials and in the
significance(like, e.g., theF/(F+D) ratios apy and ayy]  Schradinger equation(ii) allowing for meson-mixing within
assume realistic values. Such a combined study of alh nonet ¢-%',w-¢,e-fo); (iii) including charge-symmetry
baryon-baryon interactions, and especidlN and YN, is  breaking(CSB) due toA-3° mixing [15], which introduces
desirable if one wants to test the assumption of SYEE)M-  a one-pion-exchangéOPE potential in theAp and An
metry. For example, we want to investigate the properties oghannels; andiv) taking into account the Coulomb interac-
the scalar mesoniss(760),f5(975) 29(980),x(880)], since tion. In order to include the Coulomb interaction exactly, and
especially the status of the scalar nonet is at present n@b account as much as possible for the mass differences be-
established yet. We also want to extract information aboutween the baryons, we solve the multichannel Sdimger
scattering lengths, effective ranges, and the existence of resequation on the physical particle basis. However, in order to
nances. This, in spite of the scarce experimeithl data.  limit the number of different form factors, the nuclear poten-
Moreover, we aim to extend the theoretical description to theials are calculated on the isospin basis. This means that we
AA andEN channels, where experiments may be realized irinclude only the so-called “medium strong” SU(B break-
the foreseeable future. ing in the potentials.

In this paper we treat in detail the followingN reactions The content of this paper is as follows. In Sec. Il we give
for which experimental data existi) The coupled-channel the meson-baryon interaction Lagrangian and define the
reaction Ap=Ap,>"n,>%, below the threshold of the OBE potentials for the Lippmann-Schwinger equation. In
coupling to thex N channels{ii) the coupled-channel reac- Sec. Ill we review the possibléN channels that are allowed
tion >~ p=An,>n,3 " p; and(iii) the single-channel reac- and discuss some aspects of the multichannel ‘Satger
tion > *p=3"*p. The NSC97 models of this paper are a stepequation. In Sec. IV we discuss the pseudoscalar- and vector-
forward in the realization of a program where the baryon-meson multiplets. The scalar-meson multiplet is discussed
baryon interactions for scattering and hypernuclei can be deather extensively, because of its important role in the soft-

scribed in the context of broken SU@EB¥symmetry. core OBE models. Also, some remarks are made on the ori-
For definiteness, we list the meson exchanges which argin and nature of the pomeron and tensor-meson contribu-
included. tions. In Sec. V we outline the broken SUE9cheme of the

(i) The pseudoscalar mesons, @, »',K), with the -7’ form factors and the coupling constants, in particular the
mixing angle fpy=—23.0° from the Gell-Mann—Okubo employed3P, model. Section VI contains the results of the
mass formula. Th&/(F + D) ratio, @p\,=0.355, is given by fits to theY N scattering data, while in Sec. VII the properties
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of the models are investigated in hypernuclear systems [§B Pls= Tr(§B)Tr(P)=Tr(§B)Tr(P ) (2.6
within the G-matrix approach. Finally, in Sec. VIII we finish s
with a final discussion and draw some conclusions. and hence an interaction Lagrangids]
Il. DEFINITION OF THE POTENTIALS £,= —g°N2{a[BBP]z+ (1— a)[BBP]p}
The nucleon-nucleonNN) and hyperon-nucleonY(N) 1
potentials constitute only a subset of possible interaction _gsm\[§[88 Pls, 2.7

channels for the baryon-baryon interaction; they cover only

the strangenesS=0,— 1 channels. The various members of

the baryon octet, in principle, allow for baryon-baryon inter-

actions with total strangeness up3e —4. Since at present

there are no scattering data for tle=—2, —3, and —4

channels, any results based on these potentials are pure pre- =0 K+ Ko
o ==l el el )

n

where « is known as the~/(F+D) ratio, and the square-
root factors are introduced for later convenience. We next
introduce the isospin doublets

dictions and hence will be left for a future publication. Here

we only focus on thé&s=—1 channel, for which scattering KO —-K-

data do exist. However, because our models heavily rely on (2.9
the assumption of S@3) symmetry(although we allow for a

breaking of this symmetry to allow for the fact that the and choose the phases of the isovector meson fRlaisd =
strange quark is much heavier than the up and down gyarkssuch[16] that

we will here define the interaction Lagrangian, and hence the

oy —
=
.

coupling constants, for the complete baryon octet. Som=3Tar +370+3 7", (2.9
The eightJP=3" baryons can be collected into a trace-
less matrixB, which has the familiar form If we now drop for a moment the Lorentz character of the
interaction vertices ¥sy, 9" for pseudoscalar mesonghe
S0 A 4 pseudovector-couplederivative pseudoscalar-meson inter-
EJF % b p action Lagrangian is of the form
50 A Loy=L3N4 £oct, (2.10
B= 3" —T-FT n , (21) o P P
2 6 where theStype coupling in Eq(2.7) gives the singlet in-
o —0 2A teraction Lagrangian
mﬂ"cgl\?: - fNNno(NN) o~ fAAno(AA) Mo~ fzzrjo(z' 2) 7o
and which is invariant under SB8) transformations. Simi- -
larly, the various meson nonefwe take the pseudoscalar _faano(ﬂ:)no, (211

mesons withi°=0" as an examplecan be written as
with the (derivative pseudovector coupling constants
P=Pg+ Pocts (2.2 _
f :f :f :f:: :fsm. 2.1
where the singlet matriPg, has elementsy,/\/3 on the NNmg ™ TAAmg ™ 13Xmg— "= mg— Tpv (2.12

diagonal, and the octet matrRo is given by As is customanf12], we introduced the charged-pion mass

as a scaling mass to make the pseudovector coupling con-

0
Tr_+@ ot KT stantsf dimensionless. The interaction Lagrangian for the
NG meson octet is obtained by evaluating the and D-type
R . couplings in Eq(2.7), and can be written as
Poct= T -—+—= K . (23 _ _
* V2 6 M, L= — o (NTN) - 7 iy o(EXZ) 71—,
K- Ko —Z—J’g X(AS+EN)- 7~ T2z, (Eo2) - 7~ Lyud (NK)A

+A(KN) 1= f2ak[(EKJA +A(KE)]

One can now define the $8)-invariant combinations _ _ _ _
_ _ _ _ _ —fynk[ 2 (KAN) + (N7K) - 2] — fask[ X (K 7E)
[BBP]=Tr(BPB)—Tr(BBP)=Tr(BP,B)—Tr(BBPyy), — — _

" &4 F(EK- ]~ funyy(NN) 75— F o0 o (AA) 75

- - 2 ~ 330y (32) 75~ f22,(EE) 7g. (2.13
[BBP],=Tr(BPB)+Tr(BBP)— §Tr(BB)Tr(P)

. . The octet coupling constants are given by the following ex-
=Tr(BPoeB)+ Tr(BBP,), (25  pressions {=fp0):
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1 Writing out the nucleon-nucleon-pion part of the interaction
fang=T, fANKZ—ﬁf(l-l-Za), Lagrangian(2.13), we find
(NTN) - = ppa°—nna’+\2pn=* + 2npm~,
f ! f(4a—1) (218
NN7g™ ~ /= a—1),
SRNE] and so the neutral pion is seen to couple to the neutron with

opposite sign as compared to its coupling to the proton. This
1 implies that the nonzerb, , .o coupling produces strong de-
fys,=2fa, fEAK:ﬁfMO‘_l)’ viations from charge symmetry for theép and An poten-
tials. Obviously,A-3° mixing also gives nonzerd A cou-
pling constants for the other neutral isovector mesons, but
fAAn8: - —f(1-a), they. give rise to much smaller effects.
V3 Finally, we use the’P, model[7,17] to account for the
fact that the strange quark is much heavier than the up and
2 down quarks. In this model, the breaking of the(S)flavor
fAEw:ﬁf(l_ @), fyn=f(1-2a), symmetry is described by one parametey,, where we al-
low for a different parameter for each meson nonet. This will
5 be discussed in more detail in Sec. V.
fyy, = —=f(1—a), In order to define the potential in momentum space, we
73 next consider the general baryon-baryon scattering reaction

fez,=—f(1-2a), fzsx=-f, B1(P1) +B2(p2)—B3(p3) + Ba(pa), (219

1 where the four-momentum of bary@, is p;=(E; ,p;), with
=——f(1+2a). (2.19 Ei= \/pzi + Mzi and M; its mass. The second-order one-
8 \/§ . . .
meson-exchange kernel is derived following the procedure as
discussed in our earlier papers on two-meson exchgg)gg
to which we refer for details and definitions. In this proce-
dure the Thompson equatiph8] for the wave function reads

fou
EEn

Similar relationgwithout the scaling mas®,,) are found for

the coupling constants of the scalar and vector mesons.
The assumption of S(3) symmetry thus implies that for

each type of mesofpseudoscalar, vector, scalave need ¢++(p’):¢(+°Zr(p’)+E(2+)(p’;W)

only four parameters to characterize their couplings with all

possible baryons: the singlet coupling constant, the octet -

coupling constant, th&/(F+ D) ratio, and a mixing angle xf d*pK"(p".pIW) . (p),  (2.20

which relates the physical isoscalar mesons to their pure oc-

tet and singlet counterparts. However, it is mopriori ob- ~ with W= /s the total energy, ang andp’ the center-of-

vious that these S@3) relations for the coupling constants mass momenta in the initial and final states, respectively.

will be satisfied exactly. For example, the strange quark isThe irreducible kernel is given by

much heavier than the up and down quarks, and so already , s , ,

on the quark-mass level the §8) symmetry is clearly bro- K (P"PIW)=—(2m) " {W—Es(p') ~ E4(p")]

ken.

In our models, breaking of the $8) symmetry is intro- X[W— El(p)—Ez(p)]j dpéj dpg
duced in several places as well. First of all, we use the physi- o ’°°
cal masses for the baryons and mesons. Second, we allow for 3yt @)t ry—1
the fact that theA andX° have the same quark content, and *A[Fw (P.Po)Fw (= P", = Po)]
so there is an appreciable mixing between the isospin-pure X1 (D',Déip,po)]++,++[FW(p,po)F§3)
and>.° stateg15]. Although exact S(B) symmetry requires
that f,,,0=0, A-2° mixing and the interactions®— A X(—=p,—po)] ™} (2.21

+ 70 result in a nonzero pion coupling constant for the

physical A -hyperon. Dalitz and von Hippel derias] Substituting for the one-meson-exchange Feynman propaga-

tor and performing th@, and p} integrations generates the
(SO 6M|A) two time-ordered one-meson-exchange diagrams with energy

fanr=—2———frss, (2.19  denominator
AA Myo— M, AS

1 1 .\ 1
20| Ey;+E3—W+w  Ej+E;~WHo|
(2.22

Here, w?=k?+m?, with m the meson mass arid=p’ —p

the momentum transfer. In the static approximatiBn

—M; andW—M3$+M3. Note that we have included a su-
farr=—0.028F 55 . (2.17 perscript 0 to indicate that these masses refer to the masses

where theX A element of the electromagnetic mass matrix is D(w)=
given by

(39 6M|AY=[Mso—Ms++M,—M,1/\3. (2.16

Substituting for the physical baryon masses, we find
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of the particular interaction channel we are considering. TABLE I. Isospin factors for the various meson exchanges in
They are not necessarily equal to the masglgsand M,  the two isospin channel® is the exchange operatésee text
occurring in the time-ordered diagrams. For example, thé

potential for the SN—3N contribution in the coupled- Matrix element I=3 =3
chg;mnel (XN,EI\(I)) system hasv, =My andM,=My, but (AN|7|AN) 1 0
In principle, the propag_ator in the static apprOX|mat|on(AN|W|AN) 0.0283 0
can be handled exactly using the fact tf@i (AN|K|NA) p 0
(EN|7|=N) 1 1
;:Ef adh (SN|7'[EN) 1 1
w(wt+a) 7o (w2+N2)(a2+\?) (SN|7|SN) -2 1
» (ENIKINY) -P 2P
+—2( az), (a<m). 2.23  (ANl7IZN) -\3 0
w’—a (AN|K|NZ) -Py3 0
(EN|7|AN) -3 0
However, this requires an additionalumerica) evaluation (3 N|K|NA) —-P3 0
of an integral whenevea# 0, which might be a considerable
time factor in practical calculations. A way to avoid this
additi_onal integral is to assume th_at the average of the initial 1 OM o
and final masses always approximately equals the mass of g(p;W) = 3A(+1)(D)A(+2)(p)%' (2.28
the interaction channelM{+M}$. The advantage of this, (2m) pi—p°+is
Vrcrci)tizr?rgsde, approximation is that the propagator can then bv?/ith A (p) a spin-projection operator ang| the on-shell
momentum associated witl. This defines the potential. We
1 make the standard expansions and approximations valid for
D(w)— - , (2.24 low-energy scattering and end up with the potentials as given
®?= 7 (M3g=My+My—My)? in Ref.[2].! The partial-wave projection for the momentum-

space potential is discussed in REf9].
Vlthh means we have introduced an effective meson mass The potentia|s are regu|arized with a Gaussian cutoff,
m, where the mass has dropped to which still allows for the Fourier transform to configuration
space to be carried out analytically. Details again can be
found in Ref.[2]. Unfortunately, this reference contains a
number of typographical errors. The corrected expressions
are given in the appendix, where the potentials refer to the
The change in mass can be considerable for certain potese€attering process where one of the meson vertices occurs
tials. For example, the effective kaon mass3tN— N betweenB; andB;, and the other betweeB, andB,. The
drops from 495.8 Me\#? to 425.8 MeVE?. In the follow- — massM 43 then denotes the average of BgandB; masses,
ing, we will use the static approximation in the form of Eq. and M ,, the average of th®, and B, masses. For the ex-
(2.24). In view of the relatively large error bars on the ex- changed diagram we have to interchange 8 everywhere
perimentalY N scattering data, we argue that at present it isand multiply by the exchange operater The exchange op-
not worthwhile to pursue the more complicated exact treaterator P=+1 for evenkt singlet and odd- triplet partial
ment; we leave this for a later study. Note also that thiswaves, and®= —1 for oddLi singlet and even- triplet par-
approximation still ensures that the potential, viewed as aial waves. ForY N scattering, the exchanged diagram only
matrix in channel space, is symmetric, as required by timeeccurs when the exchanged meson carries strangeness

— 1
m2—>m2=m2_Z(M3_M4+ Mz_Ml)z. (225)

reversal invariance. (K,K*, 1, K*™),
The transition from the Thompson equati¢h20 to the
Lippmann-Schwinger equation, . YN CHANNELS
¢(p’)=¢<o>(p’)+g(p’;W)f d3pV(p’,p|W) é(p), In our approach, the potentials are calculated on the iso-
spin basis. Because the two nucleons form an isodoublet, the

(2.2 A-hyperon an isosinglet, and the thr&ehyperons an iso-

is made by defining the transformations triplet, there are only two isospin channels:

d++(P)=N(p;W)d(p), |=%: (AN,3N)—(AN,ZN),
K" (p’,p|W)=N"(p"; W)V(p’,p| W)N~(p;W),

ELY)(p; W) =N2(p;W)g(p; W), (2.2 Note that in Ref[2], Q) in Eq. (23) should have a minus sign
and Q8 in Eq. (25) should have masses squared in the denomina-
with the Green'’s function tor.
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3 =+1: (Ap,2*n,3%)—(Ap,="n,3 ),
=50 INGIN. (3. a (AP P)=(Ap P)
—0N- 0 - 0 -
The isospin factors for the various meson exchanges in the g=0: (Anx"n,2%"p)—(An2"nZ"p),
two isospin channels are given in Table I. We use the pseu-
doscalar mesons as a specific example,Riglthe exchange g=—1: S nh—>37n. (3.2

operator alluded to in the previous section. We also include

the coupling of theA-hyperon to the neutral pion, which is . , . .

nonzero due to\-3.° mixing, as was discussed earlier. How- Obviously, the potential on the partlcle3 basis for tiye 2

ever, this matrix element snly included when the potentials @ndd=—1 channels are given by tHe= 3N potential on

are used for calculations on the physical particle basis.  the isospin basis, substituting the appropriate physical par-
In the physical particle basis, there are four charge charficle masses. Fag=1 andq=0, the potentials are related to

nels: the potentials on the isospin basis by an isospin rotation.
Using a notation where we only list the hyperong, s+
q=+2: X" p—3Tp, =(Ap|V[ETn), etc], we find forq=1
VAA VA§,+ VAEO VAA \/gVAZ - \/gVAE
Vs+a Vs+s+ Vsiyo | = \/szA SVes(H)+3Vss(3) 5V2[Vss(3)-Vss(9) |, 3.3
V V V
RN RO HAe ~VEVer 3V2IVss()-Vas(D] 3Vas(h)+ 3 Vss(D)
while for g=0 we find
Vir  Vaso  Vias- Vaa ViVas SNV
Vion Voo Vi |=[ Vive,  3Ves()+3Vss(D) B2Ve(D)-vesD1]. @34
Vs-p Vs- Vy-s-
s Ve Vsl v 820V () Vas() 3Vas(D)+ 3 Vas(D)

The relativistic relation between the on-shell center-of-those in theAn channel at
mass momenturp; in channeli and the total energys is
given by pih(An—3%n)=641.7 MeVEk,
1 _
p?=2<[5~ IM1(D) + Ma(D)}I[s— {My(1) = M(i)}?], Pian(AN—2"p)=657.9 MeVE, (3.9

3.

@9 and the averagésingle threshold for the potential on the
while the total energy squared for a specific interaction chanisospin basis at
neli with laboratory momentunp,,(i) is given by

s=MZ(i)+M5(i)+2M(i) Vphy(i) + M3(i). (3.6
Using nonrelativistic kinematics, the thresholds are found to

Expanding the square-root energies, we obtain the corraye lower by about 30 MeV/

pPil(AN—ZN)=643.8 MeVk. (3.9

sponding nonrelativistic expressions: There are various ways to solve the Lippmann-Schwinger
_ _ _ equation for the partial-wave momentum-space potential. We

PZ=2M e )[ V5= M4 (i) —My(i)], use the Kowalski-Noyes meth¢#0,21] to handle the singu-
larities in the Green'’s function for the open channels. The

VS=M (i) + My(i)+ Mo [ PEy(i)/2MZ(i)]. Coulomb interaction in thes*p—3*p and = p—3"p
channels is included via the Vincent-Phatak metf2i].

We always use the relativistic relatiof®.5) and(3.6). Sub- The multichannel Schdinger equation for the
stituting for the empirical baryon masses, the vari@ld  configuration-space potential is derived from the Lippmann-
thresholds in the\ p channel are found to be at Schwinger equation through the standard Fourier transform,
and the equation for the partial-wave radial wave function is

pins(Ap—2"n)=633.4 MeVk, found to be of the forni2]

pi(Ap—3°p)=642.0 MeVk; (3.7 uy';+(p? & — A uy j—Bjjuf =0, (3.10
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whereA;; contains the potential, nonlocal contributions, and1970. They are an essential ingredient both in the hard-core
the centrifugal barrier, whil@;; is only present when non- models D[27] and F[28], and in all the soft-core models as
local contributions are included. This equation can be easilyvell.
solved numerically using a method derived by Bergervoet The scalar mesonr(550) was introduced in 1960—1962
[23]. A discussion of how to handle the presence of closetby Hoshizakiet al. [30]. In the OBE models foNN, this
channels is given, for example, in R¢R4]. As is well  scalar meson was necessary for providing sufficient
known, the inclusion of the Coulomb interaction in the jntermediate-range central attraction and for the spin-orbit
configuration-space equation poses no additional complicgpteraction required to describe thi@, splittings. In 1971 it
tions. . was realized that the exchange of the breg@60) could
The potentials are of such a form that they are exactly,, 1.in the role of the fictitious meson(31,32. From then
equivalent in both momentum space and configuration space

This means that the resulting phase shifts and mixing paramo-h’ this broade(760) has been used in the Nijmegen OBE

eters are also the same, provided both HALH (in the models. A recent analysis af production inN scattering

static approximationand (3.10 are solved with sufficient Wit_h polarized nucleons_, claims to have found unambiguous
PP n (3.10 evidence for a broad isoscaldf®=0"" state under the

aceuracy. peak of thep meson[33]. This was based on an amplitude
IV. MESONS, COUPLING CONSTANTS, analysis involving besides exchange als@; exchange in
AND FLAVOR SU (3) the production mechanism. In a similar analysis of data on
. K*n—K* 7 p, evidence was found for ah=3,0"(887)
A. The pseudoscalar mesong”¢=0"" strange scalar meson under the peak ofKH¢892) meson

In the literature one encounters two couplings for the[34]. In the latest issue of the Particle Data Grd@p] this
pseudoscalar mesons to td8=3" baryons: the pseudo- analysis is cited with reserve, asserting thatdhgarameters
scalar coupling£pe= g% ysib, and the pseudovector cou- of [33] cannot be correct because th€980) is neglected in

. . the analysis.
pling, Lo,=(f/m) ysy,pd* ¢ (or a mixture of these two ! . :
We assume S(3) for theMpseudovector couplifigThen, the Gilman and Harrari [36] showed ‘that all Adler

Cabibbo theory of the weak interactions and the Goldberger\-Ne'Sberger sum rules can be satisfied by saturation in the

X . X mesonic sector with thew(140), ¢(760), p(760), and
Treiman relation givexpy=[F/(F+D)]py=0.355[12]. In : i
the Nijmegen soft-core models, this value could be impose&l(logo)' They found the, in [36] called o, to be degen

. X : - erate with the p, having a width of I'(e—7w)
yvh|le _stlll keeping an excellent description of th_eN data, —570 MeV. Used in this work were the Regge high-energy
including the accurate datum on the capture ratio at rest.

The Nijmegen soft-core OBE models have quite sizablebehav'or’ SU(2% SU(2) chiral algebra of charges, and pion

: dominance of the divergence of the axial-vector current.
couplings to the baryons for the scalameson(see below. - ; : o
If this were to be used in a model for the pion-nucleon in-Slmllar phenomenology was derived by Weinberg requiring

teraction together with the pseudovector coupling for thethat the sum of the tree graphs for forward pion scattering,

pion, one would expect a large violation of the SOﬂ_piongenerated by a chiral-invariant Lagrangian, should not grow

constraints on therN scattering lengths. However, the faster at high energies than permitted by Regge behavior of

Nijmegen soft-core OBE models are compatible with these;[he actual amplitudef7,38. Therefore, it seems that chiral

soft-pion constraints, because the potentially dangerous Symmetry combined with Regge behavior requires a broad

Lo : scalare degenerate with thp. Finally, we should mention
contribution is canceled by an opposite pomeron-exchangﬁ]at the Helsinki group now also finds anmeson and other
contribution[25].

members of a scalar nonfg9].
In the quark model, the scalar mesons have been viewed

as conventionafP, qa states, while others view them as

. An important ingredient of the baryon-baryon interaction crypto-exotic qzaz states[40] or glueball states. We will
is the exchange of the members of the vector-meson nonet: —

(p,¢,0,K*). The details of our treatment of the vector me- riefly reva' the assignments ag a”O! axq q states.
sons have been given in Ref@6—28; see alsd29]. Ideal In theqq picture, one has for the unitary singlet and octet
mixing betweenw and ¢ implies 6,=35.3°, which means States, denoted respectively by andeg,

that the ¢ meson would be purss, and hence would not
couple to the nucleon. We assume a small deviation from
ideal mixing and use the experimental valiyg=37.5°[12]. -
For the electridc/(F+ D) ratio we takea=1, as required sg=(uu+dd—2s9/\6. (4.2)
by the “universality” assumptiof13]. The magnetiav; is
not always the same. In the OBE models, the singlet-triple
strength inAN depends, besides on other things, especiall
on ;. This feature is used to construct a range of soft-core
models.

B. The vector mesons)®¢=1""

e1=(uu+dd+ss)/3,

{]’he physical states are mixings of the pure(3states and
e write

£=C0Sfge1+SiNfseg,

fo=—sinfge,+ cosbgeg. (4.2
C. The scalar mesonslP¢=0*+ 0 s€1 sE€g

The scalar mesons have constituted an important role iithen, for ideal mixing we have tay=1/\2 or f5~35.3°,
the construction of the Nijmegen potential models sinceand so
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&=1o(760 = (uu+dd)/y2, Vo — T
— - Ap(Syl=1/2)
fo=10(980 =ss. (4.3 K ol Ap(SI=1/2)

Note that in contrast t2], we here follow for the descrip-
tion of the meson mixing the same conventions as for the \
pseudoscalar and vector mesons. T 8T 9./05=3.7
In the g?g? picture [40] (see alsd29]), one introduces ;
diquarksg? with F=3*, C=3*, andS=0, for the flavor,
color, and spin representations, respectively. SiRee3*, N 0 L AL A
one denotes these diquark stateshyThis conjugated trip- ’
let Q has the content§S=[ud], U=[sd], and D=[su],
where[ud] stands for the antisymmetric flavor wave func-
tion ud—du, and so on. Th& Q states form a scalar flavor
nonet. In particular, Jaffe predicted the lowest-mass state
(which we assume here to bg) as SS with 1=0,JPC
=0"*, and massM =690 MeV. In this scalar nonet, Jaffe
predicted a degenerate pair bE0 andl=1 states atM
=1150 MeV. It seems natural to identify these with the 1 07505025 0 025 05 075 1 125
f0(980) and theay(980). Explicitly, in theq®q? model, the
quark content of the neutral states corresponding tcgen
fo(760), fo(980), andad(980) is

FIG. 1. Volume integral for the scalar-exchange centrhl po-
tials in arbitrary units.

(4as—1) ,
TQNN%: SIN fsgnne + COS Osgnni,

(4.7
from which it is clear thates= ag( 6s). This relation implies
The strange members of this nonet are combinations likéoughly that for positive values @fs we getag>0, while for

xk*~[ud][sd], etc. These are expected at aboMt  negative values we gets<O0. For the ideal mixing in theq
=880 MeV, just under th&*(892). Ideal mixing in the caseag~+1.0, and for ideal mixing in the’q® caseasg

SS=[ud][ud],

Q
oo
Il

(UU+DD)={[sd][sd]*[su][sul}/\2. (4.9

case of they®q? states means that ~ —1.0. This difference between tlyg and theq?q? assign-
ment is quite important for th&¥ N and theY'Y systems. In
e= fo(760):sg principle, one could of course allow for the possibility that
the actual physical states(760) andf,(980), are mixtures
fo="f,(980)=(UU+DD)/\2, (45  ofthegqand theg’q” states. We expect that>0 if theqq

component dominates, wheredg<0 when theg?q? com-
which in this case implies that tég=—+2, or 65 ponent dominates.
~—54.8°. In Fig. 1, we show the strength as measured by the vol-
In view of the above, we note that ideal mixing for the ume integral of the scalar-exchange central potential, in ar-

scalar mesons in the caseqfig? states is quite distinct from bitrary units, for the diagonal matrix elementsYN. Here,

that for theqq states. To analyze some of the differences’" < assumeo_l equal Masses _for _the members of the scalar
nonet. Considering the contribution from the scalar nonet,

between theyq and theg”q” assignments for thBB chan- e note the following. In th& "p(3S;) channel, the scalar-

nels, we remind the reader that in our strategy we keep thﬁonet contribution is attractive in thﬁcase whereas in the
NN channel fixed. Considering the mixing, one obtains for '

Inne @andgunt., in terms of the flavor singlet and octet cou- g°qg® case it is repulsive. Note that for the spin-singlet the
olings 0 interaction inAN is quite similar to that ir¥N, due to the

dominance of thd27} irrep. Although outside the scope of
the present paper, we mention that in tha (1S) channel
the scalar-nonet contribution is much stronger g2

= _qj domination than foigq domination. A similar situation oc-
Onniry = — 1N 91+ COSOGe, “9 curs for theEN(!S,,1=0) and EN(3S,,I=1) states. So
_ _ _ far, the soft-core OBE models all havia>30°, which in-
whereg: =gnne, anng_gNNSs_(.4a5_1)g'\‘”ao/\/§' B? deed implies that the A and theEN potentials are rather
causegnna, 9Inne . andgnws, are fitted to theNN scattering  \eakly attractive in the intermediate range. They therefore
data, the only freedom left for théN and theY Y systems is  cannot produce sufficient attraction to account for the bind-
in the variation of the scalar mixing angl;. The scalar ing energies of the experimentally found double-Lambda hy-
F/(F+D) ratio is restricted by pernuclei, e.g.;’,Be [41].

INNe = COSHsY; +SiN Oy,
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D. The PomeronJ”°=0** and the heavy mesons BB channel. The latter was done for the NSC89 mdagl

The physical nature of Pomeron-exchange can be undel? principle, we can introduce different form factor masses
stood in the framework of QCD as a two-glugor multi- s @nd A, for the {8} and {1} members of each meson
gluor) exchange effect. In the Low-Nussinov two-gluon NOnet. However, for practical reasons, we neglect the finer
model[42], it was once proposefd3] to distribute the two- details of the isoscalar octet and singlet meson mixing, and
gluon coupling over the quarks of a hadron, the so-calledSSIgNA; to the physical isoscalar singlet meson aglto
“subtractive Pomeron.” Then, one would expect at low en-the physical octet mesons. At this stage we are not yet trying

ergies an attractive van der Waals type of force. This is irf© limit the number of free parameters to an absolute mini-
conflict with the results from Regge phenomenoldg).  Mum. and so here we also introduce a separate pararogter

However, it became apparent experimentally in the study ofor the strange mesons. For example, for the pseudoscalar
the pp—(A$K*)p and pp—>(A/Tp)p reactions aty/s mesons we have the following cutoff parametéts:for the
=63 GeV[44,45 that the Pomeron couples dominantly to EB?h v;gllges,/:'g for the BB andBB# vertices, and\
individual quarks. This leads to the so-called “additive or the vertices.
Pomeron.” The dominance of the one-quark coupling can be
understood as due to the fact that in the case of a coupling to
two quarks the loop momentum involved in such a coupling For the flavor-symmetry breaking of the coupling con-
has to pass through at least one baryon. Thus, the baryaflants we use théP, mechanism[7,17] for the meson-
wave function is involved, which leads to a suppression ofyaryon-baryon coupling. In th@P, model, which is rather
a’/R? [46], wherea andR are the quark and baryon radius e

+of, where _ q ryc » successful for meson decp48], the BBM coupling is due to
respectively. It_|s interesting to knov_v whether this is also trugy,o rearrangement of the quark of a virtual quark-antiquark
at lower energies. In the Low—Nussmov model one €an argu8,ir in the vacuum and a valence quark in the baryon. Such
that the Pomeron-quark coupling leads to a repulsive Gausg; rearrangement leads the initial baryon state into the final
ian potentia[29], which has been used in the Nijmegen soft- 5 rvon.meson state. The amplitude for the formation of a
core models. The importance of the Pomeron in OBE model,eson is calculated from the overlap between the wave func-
being compatible with chiral symmetry has already beenjons of the incoming baryon, the outgoing baryon, the out-

mentioned above; see alk2b]. oing meson, and theg-pair wave function. For reasons of
Exact SU3) and unitarity cause a strong mixing between 90!NY Meson, ap X o
implicity it is usually assumed that the momentum distribu-

the “bare” Pomeron and the isosinglet member of the tensoff A

mesons. Medium strong $8) breaking then gives mixing of lon of the created palr is independent of the momenta.

these bare states, leading to the physical Pomeronfand In scattering, one has to despnbe not only the emission of
mesons, but also the absorption of mesons. In a Feynman

tensor meson. This is why we include the 0 contributions . LTI .
from the tensof» f/  anda. Reqaae traiectories. So far. the graph a single vertex implicitly contains both processes and
2 21 2 R€09 ! ' : there is no distinction between emission and absorption.

eXp:'C't gx_chang; (I)f a)?atl and tetr;sor me_S(t)ns h?s ha;dlylbe onsider now theANK vertex as a specific example. In the
explored in models of baryon-baryon intéractions for oWﬂuark model the emission ofkais described by the creation

energies. The axial mesons are very important in connectio ; — h h . fiai
with chiral symmetry and play an important role in sum rules®' & nonstrangeyq pair, whereas the absorption ofkais

[47]. The tensor mesons are very important at higher enerdescribed by the annihilation of &8s pair. To implement
gies, lying on a dominant Regge trajectory, and they aréU(3)--symmetry breaking within the context of thtP,
exchange-degenerate with the vector mesons. In principlénodel, the usuafP, interaction for decay has to be gener-
there is no problem in the present approach to incorporatalized. In[17] this is done by introducing a factor which
these heavy meson@Ve already include thd@=0 contribu-  describes the transition of a quark from within a baryon to a
tion from the tensor mesonsRecently, we have included guark within a meson, or vice versa. This symmetric treat-
these mesons explicitly, using the estimates based on tHgent of the “moving” quarks and the pair quarks then leads
Regge hierarchy froni3] as a guidance for the coupling to a covariant vertex. Therefore, i 7] the 3P, Hamiltonian
constants. With regard to the general features, no qualitativér the BBM couplings is taken as follows:
changes in the description of tiNN andY N channels were
observed. This can be understood from the fact that these H :f dsxf dByF(x—y)

|
mesons have masses well above 1 GeV, and hence are ex-
pected to affect the interaction only at very short distances. — . — _
But the short-distance part of the interaction can already very X[q(x)Ogqa(x)] M@ [a(y)Ogqa(y)]?, (5.9
well be parametrized phenomenologically by the form factor
parameters at the BBM vertices.

B. BBM coupling constants

where the quark-field operators are vectors in flavor space,

V. BROKEN SU(3) FORM FACTORS with Componentsqi=(u,d,s) and qi=(u,d,s). In Eq. (52
AND COUPLING CONSTANTS it is understood that the first factor creates or annihilatgg a
pair, whereas the second factor “moves” a quark from the

baryon into the meson or vice versa. The oper&gy is a

In this paper we describe the results of the NSC97 modelmatrix in quark-flavor space which is diagonal if we assume
where the form factors depend on the SU{3psignment of there is no quark mixing. Since in general it will break(SU
the mesons, rather than on the SU{&yep structure of the and SUW2) symmetry, it will be of the form

A. Form factors
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Yo 0 O The 3P, model has approximately SU(@)symmetry
| o 0 [49]. Therefore, in[17] the BBM couplings were evaluated
(Oga)ij= Yd ' (5.2 using SU(6y, wave functions. Since in SU(§)the majority
0 0 s of the mesons havéV=1, we use here the results for the
) ) SU(3) breaking forwW=1 for all mesons. In terms of the
where the pair-creation constanis, vy, and ys are un-  gy3)-flavor breaking parametery,= s/, the modifica-

equal. _ _ . _ tion to the pseudovector coupling constants is as follows. For
The space-time structure will not play an important role inthe K

this paper. We assume that the effects from the overlap of the

wave functions can be effectively absorbed into theon- fank— Fank— Fank(1—Ngsp)s
stants. Hence, our matrix elements will contain an SY(2)
part due to the spins, and an SU{3art due to the flavors, fazk—fazk— fazk(1—Np),
and so from here on we can restrict ourselves to deal explic-
ity only with the spin and flavor part of the interaction fsnk— Fxnk— Funk(1—Ngsp),
Hamiltonian density.

Writing the O;; matrix elements in terms of the $8) fszk—fszk—Fezk(1— ), (5.6
generatorsF;=\;/2, (i=1, ...,8), where \; are the well-
known Gell-Mann matrices, we have for the 7,

Ogq=voFot v3F3+ vsFs, (5.3 fzznsﬁfm”g_%fnvg(l_)\fib),

with Fq the unit matrix. We neglect isospin breaking of the

coupling constants, and we sgt=y4=17,. This gives
) (1-Naw, (5.7

fzz, —fz=
EEn EE

1 2

Y0=3(2%t v, 13=0, 78=E(7n—vs)- and for ther,,
5.4
64 fAAnOHfAAnO_fAAnO(l—)\fzsb)a

For y,= y4= vs One has exact SU(3)symmetry, assuming

there is no breaking due to differences between the wave f ot n Ef (1-22)

functions of different quark flavors. Fop,= y4# ys, one 2o I 32mg " 3 320 fsb/»

gets a breaking of the coupling constants. In this case, there

is still isospin symmetry, SU(2) but SU(3} is broken. As

an operator in flavor space, the interacti®il) can now be faanoﬂf

written as

w|

fzz (1= N (5.9

i1

Eng

L ) Similar expressions apply for the vector and scalar mesons.
Hi=[voFo+ vsFs]V®[ yoF o+ vsFs]®

=Hf1)+7'{58)+7‘(|(8®8) , (5.5) VI. FIT TO YN TOTAL CROSS SECTIONS

In principle, the potential model contains four free param-
where the singlet interactiofi {*), and the octet interaction, eters for each type of meson exchange, éatdthis stage
H(®, correspond to theyy and yoys terms, respectively. three cutoff parameters to regularize the corresponding
Because we expect that the SUEFymmetry is not broken baryon-baryon-meson vertices. As mentioned earlier, the ad-
by more than 20%, the @8 interaction as given by thg3  vantage of abandoning the &)-irrep scheme for the cutoff
term will be rather small. In théP,-model calculation§17] parameters is that now the fit to tiveN (andNN) scattering
the 8®8 piece is implicitly included and can readily be re- data fixes all parameters, and so the model can be readily
trieved from the results by translating, and y, into yg and  extended to the strangeneSs- —2, —3, and —4 sectors.

Vs The SU3)-irrep scheme requires the introduction of new cut-

TABLE II. Coupling constantsF/(F+ D) ratios a, mixing angles, and cutoff parameters in Me¥/
common to all six models. Singlet refers to hleysicalmeson, i.e.’, », &, and Pomeron. Subscripts 8, 1,
and K on the cutoff parameteh refer to isovector, isoscalar, and strar@g@doublel mesons within the
meson nonet, respectively. A dash means this parameter differs from one model to the next.

Mesons Singlet Octet a Angles Ag Aq Ak

Pseudoscalar f/\4m 0.14410 0.27286 0.355 —23.0° 1254.63 872.09 1281.64

Vector g/\am 2.92133 0.83689 1.000 37.5° 895.07 949.33 1184.52
f/\J4w 118335 3.53174 -

Scalar o/V4m 459789  1.39511 - - 548.72 988.99 935.75

Diffractive o/JAm  2.86407 0.0 0.250 0.0°
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TABLE lIl. Fitted scalar-meson mixing angl@g, and flavor-  15.62, 15.76, 16.06, and 16.67, for models NSC97a through

symmetry breaking parameters;,, for models NSC97a—f. Note NSC97f, respectively. The capture ratio at rest, given in the
that the scalaF/(F +D) ratio as was not fitted, but is determined |ast column of Table IV, is defined as

by Eq. (4.7).

1 oy p—3n
Model al 0s as IS S - rR=— s> P )
4 oS p—An)+oy(2 p—3°n)
) 0.4447 37.07° 1.086 0957 0.828 0.918
(b) 0.4247 37.32° 1.091 1.003 0.895 0.946 3 a(2 p—3%n)
© 0.4047 37.57° 1.096 1.022 0985 0.990 R ey ——— (6.0
(d) 0.3847 38.31° 1.111 1084 1.090 1.037 ! !
© 0.3747 38.88° 1123 1137 1145 1061 \hereg, is the total reaction cross section in the sindig
() 0.3647 39.65° 1138 1242 1188 1.070 partial wave, andr, the total reaction cross section in the

triplet-coupled 3S;-°D; partial wave, both at zero momen-
tum. In practice these cross sections are calculateg gt

€X10 MeV/c, which is close enough to zero. The capture
ratio at nonzero momentum is the capture ratio in flight,

off parameters for these channels, whereas there are no
perimental data to fix them.
We have made six different fits to th€N scattering data,

: i . defined as

including partial waves up th.=2. The data we use are

tabulated in Ref[2], and are at sufficiently low energies that o(3 " p—30n)

the contributions of the higher partial waves can be safely re= ) (6.2)
neglected. TheNN interaction puts constraints on most of o2 p—An)+a(3 p—3n)

the parameters, and so we are left with only a limited set of )

parameters that we can vary. The parameters common to alhis capture ratio turns out to be rather constant up to lab

six models are given in Table II. For the remaining param-momenta of about 150 Me¢/ Obviously, for very low mo-

eters we chose six fixed values for the magnetic vectormenta the cross sections are almost completely dominated by

mesonF/(F+D) ratio o, ranging from al=0.4447 to S waves, and so the capture ratio in flight converges to the

aT'=0.3647. Adjusting the scalar mixing anghe and the ~Capture ratio at rest. _

SU(3)-flavor breaking parametens,,, equally good fits to The comparison to the expepmental _date_l for models

the Y N scattering data have been obtained. The fitted paran”scwa’ NSC97c, and NSCO7f |s.sh0\./vn. in Fig. 2. Models

eters are given in Table Ill, where the models NSC97 SC97b, NSC97d, and NSC97e give similar results, but are

through NSC97f are classified by their different choices for€ft out to avoid overcrowding in the figures. Thep total

the magnetic vector-mesd# (F + D) ratio o cross section in Fig.(®) shows a pronounced cusp of almost
V .

n oo .
The aim of the present study is to construct a set of mod-50 mb at the "n threshold, which is caused by th? couph_ng
els which give essentially the same fit to tHé\ scattering of the AN andX N channels and the rather strong interaction

H 3
data, but which differ somewhat in the details of their param-In the °S,-waveXN channel. Because the cusp occurs over a

it ; it is hard to see this effect
eterization. These models will then be used to study th&/ETY narrow momentum range, it is
model dependence in calculations of hypernuclei and in thei xperimentally. Indeed, the old bubble-chamber ¢afa5§

predictions for theS= —2, —3, and—4 sectors. Especially ave too large error bars to identify any possible cusp effect.

for the latter application, these models will be the first mod-(NOte that these data havet been used in our fifs.

- - .
els for theS< —1 sector to have their theoretical foundation Itt.ShOUId betr:ﬁte‘(‘jt tha,‘,tt”]{El p and t'p ela%']c ;:rt(:ss
in the NN andY N sectors. The results for tf< —1 sector  occuons aré not the “truetotal cross sections. The lattér are

will be presented in a future publication hard to measure because of the large Coulomb contribution
The x2 on the 35YN scattering daté for the different at forward angles. The cross sections that were measured are

models is given in Table IV. Although there is some varia-deflned ag52]

tion in the description of some experiments from one model 2 bmadr( 0)
to the next, these variations are rather small. The tptain o= dcod, (6.3
all data varies only a little, and is found to be 15.68, 15.82, COLmax— CODminJ b, ACOSH

TABLE IV. x? results on the 3% N experimental total cross sections for the six different models, labeled
according to thex\] input (see Table Ill. The last column gives the predictions for the capture ratio at rest.

Ap—Ap Ap—Ap 2'p—=3Tp 2 p—=3"p 2 p—3°n IS p—An ri
Model Ref.[50] Ref.[51] Ref.[52] Ref.[52] Ref.[53] Ref. [53] Ref. [54]

@ 1.63 2.12 0.07 2.28 5.90 3.68 0.469
(b) 1.59 2.22 0.06 2.32 5.82 3.77 0.466
(o) 1.78 2.00 0.08 1.98 5.86 3.90 0.469
(d) 1.98 1.93 0.10 1.89 5.84 4.01 0.468
(e 2.29 1.89 0.10 1.89 5.88 4.00 0.468

(f) 2.52 2.04 0.20 1.95 6.01 3.94 0.467




32

500

(a)

40r X Ap->Ap

o(mb)
o{mb)

300 -

200

100 |

800 1000
plab(MeV/c)

200

100 300 400
P, ab(MeV/c)

600

a(mb}
a(mb)

50 Tp>Zp
. . . 0 .
140 150 160 170 180 140 150 160 170
plab(MeV/c) P, ab(MeV/c)
T T T 300 T
= (e) - . U}
=) %
g 40| = p->2% 1 £ N Sp>An
200 |

200
100

By

0
100

160
(MeV/c)

L 0
160 100
(MeV/c)

140
Prap

120 120 140

Piap

FIG. 2. Calculated total cross sections compared with experi

mental data. Solid curve: NSC97a; dashed curve: NSC97c; dotte

curve: NSC97{f. Experimental data i@ from Ref. [50] (closed
circles and Ref[51] (open trianglek in (b) from Ref.[55] (closed
circles and Ref[56] (open trianglek in (c) and(d) from Ref.[52];
and in(e) and(f) from Ref.[53].

with typical values—0.2 to — 0.5 for co9,,; and 0.3 to 0.5
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FIG. 4. Ap'S, and= *p3S,; phase shifts for models NSC97a
(solid line), NSC97c(dotted ling, and NSC97f(dash-dotted line

termine theY N interaction. For example, in Fig. 4 we show
the wide spread in thdp 'Sy and3*p 3S, phase shifts
which, according to the results in Table IV, are still compat-
ible with the scattering data. Also, th&wave scattering
lengths in the fourY N channels exhibit a fair amount of
variation from one model to the next, as shown in Table V.
As will be discussed in the next section, the differences
among these models in applications other than low-energy
Y N scattering are even more pronounced. As a consequence,
they will provide important information to further pin down
theY N interaction. It is found that especially NSC97f exhib-
its nice features when applied to hypernuclear systems.
Therefore, rather than providing many tables with results for
Il the models, we will here only give some results for
SC97f. The phase shifts f& *p and Ap scattering are
given in Tables VI and VII, respectively. Predictions for the
total cross sections in th&p channel above th&N thresh-
olds are given in Table VIII, while those for the total nuclear
(i.e., without Coulomlp cross sections in th& “p channel
are given in Table IX.

for cos9ax- IN order to stay as close as possible to the plot-

ted experimental data, the theoretical curves in Figs.and
2(d) have been calculated with dfyg,= —0.5 and co08,,.«
=0.5. The Heidelberg groupp2] also presents elastic differ-
ential cross sections forX*p scattering at ps+
=170 MeV/c and ps-=160 MeV/c, respectively. The
corresponding potential model predictions are plotted in Fig
3; again, only models NSC97a, NSC97¢c, and NSC97f ar
shown.

Although the six models give an equally good description

of the (few) Y N scattering data, the different choices teff
give rise to different properties on a more detailed level. Thi

do/dc_(gs(e) (mb)

do/dcos(8) (mb)

0.5

0:5 1
cos(@) cos(8)
FIG. 3. Predictions for differential cross sections g+
=170 MeV/c and ps-=160 MeV/c for models NSC974gsolid
line), NSC97c(dotted ling, and NSC97f{dash-dotted line Experi-
mental data from Ref52].

VIl. G-MATRIX ANALYSES OF NSC97 MODELS

The properties of hypernuclear systems are linked closely
to the underlyingY N interactions. Since the free-spa¥é\
scattering data are sparse at the present stage, it is quite
important to test our OBE models through the study of hy-

ernuclear phenomena. Especially, the coming precise data

f y-ray observation from\ hypernuclei will provide very
valuable information on the spin-dependent forces such as
spin-spin and spin-orbit interactions. Effecti¥eN interac-
tions in a nuclear medium, which reflect the properties of the

o . . Soare interactions, can be derived using the G-matrix proce-
implies that these scattering data do not unambiguously ded

ure. One of the authorér.Y.) and his collaborators per-
formed the G-matrix calculations in nuclear matter with the

TABLE V. Singlet 'S, and triplet3S, scattering lengths in fm
for models NSC97a-f in the different channels.

S*p Ap An Sn

Model 'S, °s; ' s sy % sy s

(a) -4.35 -0.14 -0.71 -2.18 -0.76 -2.14 -6.13 -0.15
(b) -4.32 -0.17 -0.90 -2.13 -0.97 -2.08 -6.06 -0.18
(c) -4.28 -0.25 -1.20 -2.08 -1.28 -2.06 —-5.98 -0.28
(d) -4.23 -0.29 -1.71 -1.95 -182 -1.93 -5.89 -0.33
(e -4.23 -0.28 -2.10 -1.86 -2.24 -1.82 -5.90 -0.32
(f) -4.35 -0.25 -251 -1.75 -2.68 -1.66 —-6.16 —-0.29
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TABLE VI. 3%p nuclear bar phase shifts in degrees for TABLE VIII. Ap—Ap, 3"n, 3 total cross sections in mb
NSC9Tf. above the3 N thresholds for NSC97f.

ps+ (MeVic) 200 400 600 800 1000  p, (MeVic) T (MeV) Ap—Ap Ap—3*n Ap—3%
T (MeV) 16.7 655 1428 2440 3645

650 175.5 23.30 8.11 2.90
s, 42.01  28.67 11.86 -3.82 -17.81 700 201.4 15.87 7.80 3.68
3Po 4.92 9.79 4,51 -5.48 -16.48 750 228.7 15.34 7.39 3.59
p, 2.55 9.36 13.70 12.40 7.39 800 257.2 15.94 6.93 341
3P1 -3.03 -9.72 -17.07 -2494 -32.92 850 286.9 16.82 6.50 3.22
381 7.11 16.10 28.36 39.79 43.80 900 317.8 17.73 6.12 3.04
e1 -190 -2.82 0.08 3.16 4.23 950 349.7 18.60 5.79 2.88
3D1 0.26 1.20 1.31 -1.26 —-6.60 1000 382.6 19.40 5.50 2.74
1D2 0.29 1.88 5.01 8.90 11.70
3D2 -043 -2.24 —4.23 —-6.51 -9.49
3p, 0.79 4.43 8.01 9.60 0.83 tained from analyses of ther(",K*) reaction dat461—63,
P —036 -1.84 -3.00 -3.20 —260 though the comparison should be only considered on a quali-
°F, 0.03 0.38 0.83 0.76 _041 tative level. It should be noted here that the odd-state inter-

actions, which are uncertain experimentally, are very differ-
ent among the various OBE models. In the case of the
various OBE models by the Nijmegé@7,28,3 and Jiich NSC97 models, the odd-state contributions are found to be
groups[57,58, and found specific differénc,es among themStrongly repulsive. On the other hand, they are strongly at-
[59,4,60 I-,|eré we discuss the properties of G-matrix inter_tractive, weakly attractive, and almost vanishing in the case
actions derived from the NSC97 models in comparison withOf NHC-D, NHC-F, and .NSC89, respectivef60]. T_he
the old NSC89 versiof2], and the hard-core models[27] stronger odd-state repulsion of the NSC97 models is com-
and F[28] (referred to as NHC-D and NHC-F, respectively per|1§ated bg tﬁe arllso s;crqnger e_vertll-[stalte attra:chtJonéS
In order to compare the present results with the past works tis not(;.fft atthe re at|vehrat|§sscé\§ So) 3n| A(S) .
[59,4,60, the calculations are done in the same framework2'® V€Y lfferent among the -J{ MOCEIS, as seen In
We adopt the simple QTQ prescription for the intermediate-Table X, |nd|c_at|ng different spin-spin interactions. _In_order
state spectrum, which means that no potential term is take‘? see the s?ln-?ependet?t _fea:]ures of _Lhe_G-matrlfx Interac-
into account in the off-shell propagation. As discussed latertiONs more clearly, we obtain the contri utionsUo from
this procedure is reliable enough to investigate the feature of'r‘e spm-mdependent, spin-spin3, and tensor components
spin-dependent terms. of thg G matrices, deno.ted &k, U,,, Ugs, andU+, re-

In Table X we show the potential energies, for a zero-  SPeCtively, by the following transformations:
momentum A and their partial-wave contributions
UA(®5"L;) at normal density Ke=1.35 fm 1) for the 1 1
NSC97 models, where a statistical factorJ@21) is in- UO(S)_4{U( S+ UCSo)}
cluded inU,(?S*L;). It is seen that the values for each
state vary smoothly from NSC97a to NSC97f. The obtained 1
values for U, are not so far from the we.II depths Uyo(S)= 1—2{U(381)—3U(150)},
(~28 MeV) of A-nucleus Woods-Saxon potentials as ob-

TABLE VII. Ap nuclear bar phase shifts in degrees for 1
NSCO7f. i ’ ° Uo(P)= 35{U(PPo) + U(*P1) + U(°P2) +3U(*Py)},

par (Mevic) 100 200 300 400 500 600 633.4 TABLE IX. 3 p—3~p, 3%, An total nuclear cross sections
Tiap (MeV) 45 178 39.6 695 106.9 151.1 167.3 in mb above th&N thresholds for NSCI7H.

1

w, 00> 005 039 201 510 -84 1100 P (MOV/O) Tuw (MeV) XTp37p ¥ p-3n 3 pon
p, -0.08 -0.59 -1.82 -3.88 -6.71 —-10.08 —11.2450 1.0 427.8 672.8 862.3
p, -0.09 -0.74 -2.38 -5.04 -8.47 -12.12 -13.06100 4.2 211.8 232.3 270.2
33, 19.26 25.92 24.76 20.57 15.62 1155 7.68 150 9.4 143.2 128.1 1325
g1 0.16 0.81 180 3.03 4.77 10.18 19.81 200 16.6 107.8 85.3 78.4
°D, 0.00 0.05 036 149 515 23.26 76.52 250 25.8 86.0 62.7 51.9
D, 0.00 0.05 030 096 208 354 4.07 300 37.0 71.4 48.8 37.0
°D, 0.00 0.08 044 127 261 432 495 350 50.1 60.9 39.4 28.0
P, 005 031 059 052 -0.16 -1.45 -1.99 400 65.0 53.2 32.6 22.1
g, -0.00 -0.01 -0.10 -0.31 -0.62 -0.99 -1.11 450 81.8 47.3 275 18.1

°F, 0.00 0.00 0.01 0.06 019 047 0.70 500 100.2 42.7 23.5 15.3
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TABLE X. Partial-wave contributions to th& potential energy
Ua(ky,=0) at ke=1.35 fm ! in the cases of NSC97 models. ments for the intermediate spectrum. See Eql) for the defini-
G-matrix calculations are performed with the QTQ prescription fortions of Uy, U,,, U, 5, andU+. All entries are in MeV.
intermediate spectra. All entries are in MeV.

PRC 59

TABLE XII. Comparison between the QTQ and CIES treat-

ke=1.35 fm? ke=1.0 fm 1!

Model 15, 5, P, %P, 3P, %P, Sum QTQ CIES QTQ CIES
(@ -38 -307 15 -02 16 -22 -339 U, -31.1 343 -19.9 -21.9
(b) -55 -300 16 -01 19 -21 =341 U9 -9.33 -9.96 -5.25 -5.73
(0 -78 -297 17 02 22 -19 -353 U,.S 1.68 1.58 0.66 0.66
(d) -11.0 -27.7 1.9 04 27 -15 =351 Uy P) 0.92 0.83 0.18 0.16
(e -128 -260 21 05 32 -12 -343 U,/ (P) -0.50 -0.47 -0.11 -0.10
) -144 -229 24 05 40 -07 =311 U, (P) -0.47 -0.44 -0.10 -0.09

U(P) 0.22 0.14 0.06 0.05

— 1 3 3 3 1
Uoo(P) 36{U( Po) +U(TP1)+ UCP2) = SUCPL}, mediate spectrum in the propagator. The choice of a continu-
ous intermediate-energy spectrumCIES), extended
smoothly from the on-shell one, leads to the considerable
gain of U, values in comparison with the QTQ prescription
[4,60,64. Now, let us demonstrate that the spin-dependent
parts are not so much affected by these different treatments,
in spite of the considerable change of the spin-independent
partUg. In Table XII the components as defined in Eg.1)
for NSC97f are compared for the cases of QTQ and CIES,

i — Al
The obtained values are shown in Table XI, where also thévﬁfdﬁj t?}i rﬁitgtds ?Lereg“t/r?:t Ktt}; 1di3f?eg|1q(1els.oo;mth.e Itspin-

ggﬁs\fz;'\(IziggszeNﬁgéDt’hzngiyeHg&ﬁ;;g:i@&;ﬁ;ﬁgr"dependent parts are far smaller than those of the spin-
' ; in ndent on , ially in th k
values taken in the NSC models and the strengths of thgdepe dent_onesU, especially e case o

. o ) ) - th I | ¢ =1.0 fm 1. The reason is that these spin-dependent contri-
spin-spin interactions in even states; the smaller valuelbf p, ions are determined essentially by the differences of the

leads to the more repulsive strength. This marked differencgy ia|-wave contributions, and the induced changes cancel
of the spin-spin interactions for NSC97a~f will show up ot considerably. In addition, the-state contributions are
characteristically in hypemuclear spectra, which should bg; 655 sensitive to the treatment of the intermediate spec-
tested in comparison with experimental data. On the othe{rum than theS-state ones. Due to the same reasons, the
hand, the differences oLS components amongst the gensity dependencies of the spin-dependent parts are consid-
Nijmegen models turn out to be less remarkable than the oy weaker than those of the spin-independent parts.
spin-spin ones. It is notable here that also the strengths of the |t ihe nucleon rearrangement effect is taken into account
LS interactions vary smoothly with the\} values in the [59], the values o, are multiplied by (1 «y),xn="0.10
NSC97 models. The detailed discussion of spin-orbit compo-_q 15 (at normal density being the average correlation

nents is given later. _ o probability for nucleons. In Table XII we find that the QTQ

As is well known, there remains some ambiguity in theesits without the (+ «y) correction simulate roughly the
lowest-order G-matrix approximation concerning the inter-c|es results with this correction.

Thus, we can say that the G-matrix interactions are reli-
able enough for bridging the spin-dependent terms of the
OBE models with hypernuclear spectra separately from the
ambiguities of the spin-independent parts alluded to above.
A convenient approach is, for instance, to adjust the spin-
independent parts adequately so as to reproduce the experi-

1
U s(P)= 1_2{_ 2U(Py)—U(PPy) +U(3P,)},

1
Ur(P)=—5{~ 10U(®Pg) +5U(°P1) —U(°Py)}.
(7.2

TABLE XI. Contributions toU, atke=1.35 fm ! from spin-
independent, spin-spih,S, and tensor parts of the G-matrix inter-
actions. See Eq(7.1 for the definitions ofU,, U,,, U, g, and
Us. All entries are in MeV.

Sstates P-states mentalA binding energies in applying the G-matrix interac-
Model  Uo(S) Uso(S) Uo(P) UsulP) Uis(P) Ur(P) tions to structure calculations of hypernudl6D].
@ -8.62 -1.61 0.30 —~0.39 ~0.28 0.17 Let us discuss th& |-s potentials in hypernuclei, which
(b) -8838 -1.13 038 -041 -032 0.7 arederivedfromthé&Sand anti-symmetri¢ S (ALS) com-
(© —937 -052 046 -040 -037 0.15 ponents of our G-matrix interactions, in comparison with the
(d) —9.67 0.43 0.61 —0.42 ~0.43 0.15 corresponding nucleon one. In the Scheerbaum-
© _070 1.04 072 -044 —-046 017 approximation[65] the I-s potential is related to the two-
(f) ~9.33 1.68 0.92 —0.50 —0.47 0.22 bodyLS (ALS) interaction as follows:
NSC89 -6.00 3.10 0.27 -0.43 -0.53 0.14
NHC-F -7.67 0.77 0.13 -0.39 -0.49 0.14
NHC-D -8.13 -0.24 -1.08 0.46 -0.44 0.09 1 d_p

u'Ef(r):KBF l.s with B=N,A,

dr
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TABLE XIll. Strengths of A spin-orbit splittings for various TABLE XIV. Contributions toUy atke=1.0 fm ! in the cases
Nijmegen models. See Ed7.2) for the definitions ofKg and  of NSC97e, NSC97f, NSC89, NHC-F, and NHC-D. Conversion
S.saLs. The corresponding ones for tieN interaction(G0) are  widthsI'y are also shown. All entries are in MeV.
also shown.

IsospinT= 3 IsospinT=3

Model Ss SaLs Kg Model 's, 35, P sy %5, P  Sum Ty
(€ -14.2 6.2 8 NSC97e 52 -75 00 -61 -25 -09 -11.8 14.6
(b) -16.2 6.4 10 NSC97f 52 -76 00 -62 -22 -09 -116 155
(© -18.9 6.7 13 NSC89 30 -42 -03 -58 37 01 -36 250
(d) -21.7 7.1 15 NHC-F 42 -109 -15 -53 186 -17 35 163
C) -23.1 7.2 17 NHC-D 21 -96 -22 -54 94 -30 -87 87
) —-23.9 7.0 18

NSC89 -28.0 7.9 21

NHC-F -22.8 5.0 19 splitting energy evaluated with the precidewave function
NHC-D -22.0 7.3 15 is reduced by~25% from that with the single harmonic
GONN) _36.4 57 oscillator ong[68]. Then, the ratio ofA andN I-s splitting

energy is estimated as about one halfkof/Ky . Precise
calculations ofA splitting energies can be done with use of
the above values df, or G, g ) themselve$68].
a a o ' . . .
Kn=—=Ss and K,=——=(S.st+SaL9, Thus, it is concluded thak |-s splitting energies in hy-
2 3 pernuclei are likely to be very small compared to nucleon
ones, even if the\N LS interaction is not so much weaker
® 5 = than theNN one. Precise measurements/ofl-s splitting
SLS,ALS::JO r°j1(ar)Gesacs(rdr, (720 energies are crucially important to extract information on the
q two-bodyL S and ALS interactions.

Finally, we comment on the properties of theN
whereGy¢(r) andGa, «(r) are theL S andALS parts of the G—matriginteractions. The calculatiopns Fz;tre done in the same
G-matrix interactions in configuration space, respectjlelyv\/‘,iy as in Ref[60]. The QTQ spectra are adopted N
andp(r) is the nuclear density distribution. We take here intermediate states, but continuous intermediate ones are
=0.7 fm™* simply in the same way 4§5], since the results taken into account i\ N states coupled t&N channels.
are insensitive to the value of The potentials in the intermediateéN states only slightly

Table XIII shows the values df, andS s s obtained influence the real parts of tieN G matrices, but work de-
from theL S andALS parts of theAN G-matrix interactions cisively on their imaginary parts related to the conversion
derived from various Nijmegen models, where the G matri-width in nuclear matter. The reason is that the imaginary part
ces are calculated &=1.0 fm 1. Due to the reason men- is determined by the energy-conserving transition from the
tioned above, th& S and ALS parts are very insensitive to startingZ N state to theAN one. We calculate he single-
ke . For comparison we give als€y and S s for a typical  particle potentialsUs and conversion widthd’s for the
NN G-matrix interaction GO) [66], derived from the Reid NSC97 models. The obtained results are more or less similar
soft-core potential. Here, it should be noted that the effectivéo each other. In Table XIV the calculated valuedJsf and
strengthsS, s of the AN LS interactions are not so small I's atke=1.0 fm ! for the NSC97e and NSC97f are com-
compared to that diIN. In the case of NSC97f, for instance, pared with those for the other Nijmegen models. We find
the absolute value @, g is smaller than that diIN by 66%, remarkable differences among the models.
but theK , value is smaller than thi, one by 32%. There The Ty directly reflects the strength of tHeN-AN cou-
are two reasons why the valueskf become so small com- pling interaction, and those of the NSC97 models turn out to
pared to that ofky. One is thatK, is smaller thanK,  be considerably smaller than for NSC89. It is worthwhile to
kinematically by 2/3, which is determined by the ratio of the say that the moderatEN-AN coupling interactions of the
number ofNN and AN 30-bonds in the nucleus. The other NSC97 models are free from possible troubles which appear
reason is that the S contribution is canceled substantially by in applications of the NSC89 model to hypernuclear systems
the ALS one in theAN case. due to its too strong\N-XN coupling.

Furthermore, one should be aware that the ratio ofAhe Recently, the existence dfHe has been confirme@9],
andN |-s splitting energies should be further reduced com-which gives valuable information on tieN interaction. The
pared withK , /Ky, . First, the value oKy obtained withGO observed values of the binding energyBs , and the width
accounts for only about 60-70% of the empiritad split-  are 4.4-0.3+1 MeV and 7.2-0.7°33 MeV, respectively.
ting; the additional contributions are supposed to come fromAs discussed in Ref[70], the strong spin-isospin depen-
the many-body correlations related to the Pauli exclusiordence shows up in thEN interaction, and the value & is
effect [67], which are not expected to be present fona determined mainly by the attractions in tie= 3S, and
particle. Second, thd single-particle wave function should T=32!S; states. It should be noted that the NSC97 models
extend farther than thN one due to its smaller binding en- are adequately attractive in these states, as well as the other
ergy, which leads to a reduction of tieN matrix elements. Nijmegen models. Be careful that our calculated values of
In the case offO, for instance, it was found that thfe 1-s  I's should not be compared directly to the above experimen-
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tal one. Because of weak binding of the the wave function models for the central, spin-spin, spin-orbit, and charge-
extends outwards and is of small overlap with the nucleorsymmetry breaking interactions with respect to information
ones, which leads likely to a remarkable reductiod’ef. It ~ from hypernuclear studies.

is an open problem to perform exact four-body calculations

on the basis of these OBE models. A. Central interaction

The A well depthU , in nuclear medium is of basic im-
VIII. DISCUSSION AND OUTLOOK portance in hypernuclear physics. The data of the middle and
J1eavyA hypernuclei at BNL[62] and KEK [63] play an

The NSC97 models are an important step forward in th : . .
realization of a program where the baryon-baryon interacéssential role, because it seems rather ambiguous to extrapo-

tions for scattering and hypernuclei can be described in th’eateu/\ fm”."' A binding energies in light systems. The phe- .
context of broken SU(3) symmetry. nomenological analyses that have been performed for experi-

First, it turns out that Starting from the soft-core OBE mental B, values with the use of Woods-Saxon potentials,

model for NN, we are indeed able to achieve a very goo @ndicate a depth of-28 MeV [61,63. Some OBE models,

description of theY N data and at the same time maintain mpluding .the present NSC97 ones, reproduce this value
values for the free parameters which are consistent with th ity well in the lowest-order G-matrix theory. From a fun-

: ) : amental many-body point of view, however, the compari-
fr:gs\zﬂtg |3\éveg nfolro mge/n(iriy[)?iirt?g aphnycI)(rISt.hg %rsszjgg]pleéon should be considered as being qualitative, because of
PV -

scalar mesons is the same as that found in the weak intera@fr?bi.gmtieS in this G-matrix approximation, especially in the
tions; see, e.g., Ref12]. Also, the range of values used for spin-independent parts. One of the features of NSC97 mod-

the magnetic ratio of the vector mesons is compatible witrﬁls’t is that the Odd'tsﬁltg mttﬁracttlons are strotn?ly rtetpulf'lve,

the estimates from static and nonstatic(6}J 14]. 'F'] are compensaeh y I'e strong even-zale a rac_u7|ns.
Second, for the first time the soft-core model NSC97fT IS IS In contrast to the earlier Nijmegen models, especially

passes the tests from the hypernuclear studies very satisfa'g—HC'D' It is interesting 1o compare our resulis of the even-

torily. It is no longer necessary to introduce a phenomenoEind odd-state contributions with the ones obtained by Us-

logical spin-spin interaction for thAN systems, as was the mani and Bqdme[?_S] from the analysis of smgle-p_artlcle
case for the NSC89 modg2], see Ref[4]. This is an im-  ENerdies using variational nuclear-matter calculations. They

portant achievement with the NSC97 models. obtained the values—16~-21 MeV and —7~-12

Third, the NSC97 models give parameter-free predictioné\/lev for thes- andp-state contributions, respectively, which
fortheS=—2 34 two-body systems. In the= —2 sys- &€ substantially different from those in Table X. They stress

tems, the experimental information is limited to the groundtcr:)itpgsf.'grl]e '?porgnn:% d?t(;ﬁ]n?rl]%epulﬁlvk t:nﬂrile’\—lbody
states of$ ,He, 1% Be, and 3B, from which it is inferred ributions, €.g., coming fr ~exchang po-

. tential. Such contributions are not included in our present
that AB,,=4—5 MeV, corresponding to a rather strong

. : . ) lowest-order G-matrix calculation. In Reff73] this three-
attractiveA A interaction. The estimate for thkS, AA ma- body swave repulsive contribution is compensated by a

strongp-state attraction. It is at present an open problem to

agreement with the experimental observatpn__ For more OIeéonfirm the findings i 73] on the basis of meson-theoretical
tails we refer to Ref[60]. Now, the characteristic feature of | o1c

NHC-D is that, instead of a scalar nonet, there is only a
scalar singlet. This makes the scalar central attraction inde-
pendent of the baryon-baryon channel, and hence equally
strong as inNN. However, in the soft-core models con-  The spin-doublet splittingngK:Jcts’l\,z) of several

structed so far, we have nearly ideal mixing fpg states, hypernuclei have been analyzed extensively by Yamamoto

B. Spin-spin interaction

which implies that et al. [60] using the G-matrix interactions derived from the
Nijmegen and Jich potentials. As seen in Table X, the
[VAA(07)[<[VAn(0)[<[VNn(0T)], strengths of the spin-spin interactions are very different

among the Nijmegen models, where the most repul&ite

which leads to much weaker attractive potentials than in théractive is that of NSC89(NHC-D). Those of the Jich
case of NHC-D in the\ A andE N systems. For example, an potentials are known to be more attractive than NHQ8D.
estimate for theA A (1S,) scattering length, based @B,,  The spin-spin interactions show up in the differences of the
quoted above, isay,(*Sy)~—2.0 fm [71,72. In the 'Spand?3S; phase shifts. The values obtained fop scat-
NSC97 models we obtain values between —0.3 and —0.5 fniering at p,=200 MeVic are —18.89°,—15.33°,
The only way to produce strongeYA forces is to go to —10.55°,—3.34°, 1.40°, 5.60°, 9.14°5-4.17°, and 2.02°
smaller 65 and ipso facto a smallers. However, when we for NSC97 models a, b, c, d, e, f, NSC89, NHC-D, and
tried this for the soft-core OBE models, we produced aNHC-F, respectively. Here, positiv@egative values mean
AN(S,) bound state. On the other hand, preliminary resultgepulsive(attractive spin-spin interactions. Comparing these
from a potential model which includes also the two-meson-values to those fotJ,,,, we find a nice systematic corre-
exchange contributions within the present framework, dospondence between them. The experimental manifestation of
show the apparently required attraction in the interac-  the AN spin-spin interaction is found in the’@1" doublet
tion. This model is currently under further development.  states oftH and 4 He [74], where thel _=0" state is below

Finally, to put the NSC97 models in perspective, we conthe J.=1" one by about 1 MeV. The analysis éH with
clude by discussing the present situation of the Nijmegenhe G-matrix interactions indicates that the spin-spin interac-
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tion should be repulsive and its adequate strength is betweamvisage that thé\N spin-spin and spin-orbit interactions
those of NHC-F and NSC8®0]. Then, that of NSC97e or will be established rather well in the coming years.
NSC97f seem to be of adequate strength, though a definite

conclusion should be based on more elaborate four-body cal- C. Spin-orbit interaction

culations. A complementary indication can be obtained from
the exact three-body calculations i)H by Miyagawaet al.
[75,76, where the repulsivéattractive spin-spin interaction
of NSC89(Juich A) is shown to be adequatmadequatgto
reproduce the experimental binding energy. Recently,

Miyagawa performed the same calculations using the NSC9 ERN[83]. The splitting of the observed two peaks of the

models[77]. The model NSC97f, whose spin-spin interac- , _ ) .
tion is of the most repulsive among the N§C97pmodels, reL(p3’% n(P32)aJor and [(Pu)n(Puaalo- configurations

- was almost the same as that of the neupgn andp;,, hole
produces a reasonable binding energy. On the other hand, in'°0, and the splitting op-stateA was estimated to

the model NSC97e gives rise to only a very weakly bouncie less than 0.3 MeV. In th&'C(K - 77__)13C experiment at
state compared to the experimental one, and no bound stat@ L [84] thelA splitiing energy i’n fCAwas obtained as

are obtamedbfor modizlshNSC.S.)?al\—d. Tr;us, hﬂ : pr.obler.n . 0.36+20.3 MeV with the help of some theoretical consider-
turns out to be one of the critical tests for the spin-spin N-y4i0n on the dominant configurations of the peak. The
teractions. Results for the NSC97 potentials with regard tQ’Be(K‘ 7 y)%Be experiment at BNL85] also indicates

, A

tshe Carlson-Gibson computatig#g] of the 3He, iH?’ and  the small A I-s splitting. Only one observed-ray peak
.AH.e hypernuclel are-not available yet. Another '_mporta”tsuggests that the excited doubl@?ﬁe(Z*)®(sl,2)A]3,2,5,2
indication can be obtained from the phenomenological analyare almost degenerate, where the splitting energy has to be
sis of thes-shell hypernuclei with bottAN andANN poten-  |ess than the experimental resolution of 0.1 MeV. Anyway,
tials [79]. For their most favored N potentials, correspond- the data ofA |-s splitting energies are yet still far from a
ing to spin-dependenA NN potentials, the authors of Ref. quantitative determination.
[79] obtained values for the scattering lengths which are In Table Xlll the values ofS g5 s and K, for the
quite close to NSC97e and, especially, NSC97f. Nijmegen models are compared to the corresponding ones of
The ground-state doublet splitting energies of some lighthucleons. As stressed in the previous section, A LS
p-shell hypernuclei are also indicative of the spin-spin inter-interaction is not so small compared with thé\ one, which
actions. The shell-model analyses §B, }!B, 1’C, and Seemingly is contradictory to the above experimental indica-
128 with the G-matrix interactions showed that the repulsivelions. However, the\ |-s splitting is likely to be far smaller
spin-spin interactions such as NHC-F and NSC89 make th[:,han_ theN one due to the reasons mentloneq in the previous
J_ states lower than thé. stateq60]. (Experimentally the zfacttelznéégdltézg?gﬁl ' fgﬁugﬂzgl'{]ﬁeﬁf Cstsn\f[\;il:]h cgrr](;—re?(::ed
ground-state spins of'B and }B areJ_=3" and 1, re- oSSl piiting gies.

. T AR EE A < 2 . Recently, Dalitzet al. [68] analyzed the excited doublet
spectively) This situation is altered by thieS and ALS in- states of O  whose dominant components are
teractions, however, which works more attractively on thm )k A 2)’] .+ This splitting ener pwas shown
J. states against the spin-spin interaction. For instance, the Py2n {P1232 A Jo* 2+ _SPIting 9y
spin-spin interaction of NHC-F is weakly repulsive andg be tu.nd.ertstoo?. on tr&e .basd'stf th?hanﬂALStermsczjf |
makes). states slightly lower thad.. states, but this order pr-or?/% 2(); ':fr:eerca;ul:)jl?nsg tgfl(\:/gre_ er)c(;(r:riled eS N t'gge\,%ﬁﬁ S@rr;lo els,
's reversed by adding theS and ALS terms[60]. On the are taken into account. A new experiment at BNE929 ig
other hand, the spin-spin interactionec[)f I]\ISC89 is so repul—nOW in progress to det.ermine th‘epl s splitting in 130 by
sive that theJ_ states are kept lowd60]. Although the X - A
spin-spin interaction of NSC97f is less repulsive than that ofetecttlngtt.h?y-rayf- from @t?]/Z)A agd I(p'm)IQl sLtz;t_est. In otrder
NSC89, thel_ states are also kept lower, in spite of adding!© €xtract information on the underlying interaction
the LS and ALS ones[80]. Considering that the spin-spin [ToM the coming data, it will be necessary to perform an
interaction of NSC89 is suggested to be too repul§&@, elaborate structure calculation in which core-excited states

that of NSC97f is expected to be of reasonable strength. Tha'e fully taken into accouri2]. _ _
less repulsive one of NSC97e is maybe of lower limit. Of The spin-orbit interaction is also very interesting from the

course, there still remain ambiguities because the strengttRQint of view of the quark model. Namely, tiewave bary-

of LS and ALS interactions are not established experimen-OnS are hard to describe by the theory if one keeps the full
tally. Fermi-Breit spin-orbit interaction from gluon exchan@s].

As new experiments are planned using hypernuclea":or the Iiteraf[ur_e sipce 1980, see Valcastal. [87]. Here
y-ray spectrometers with the germanium detect8], one finds an |nc_i|cat|on that meson-exchange betwe_e.n. qqarks
there are good prospects for progress in this sector. For irk™:8:0,@, €tc) is a possible solution. Another possibility is
stance, the planned experiment of the ground-state doubl&tat the inclusion of the decay channels will be a way out of
splitting of Z\Li is very promising, because this splitting is this problem[88].
considered to be fairly free from theS and ALS interac-
tions[82]. In contrast, thd®Be(2") ® (S1/2) lsiz2+ a2+ Split-
ting in 3 Be is almost purely determined by th& andALS It is interesting to compare the scattering length differ-
interactions[82]. In view of these developments, one canences —Aas=ag(Ap)—as(An) and —Aa,=a;(Ap)

The A |-s splitting energies in hypernuclei are related
intimately to the two-body- S andALS components ofAN
interactions. It has been observed that thel-s splitting
energies are far smaller than the nucleon ones. The first in-
ication was given by thewO(K‘,qr‘)/l\GO experiment at

D. CSB interaction
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—a,(An), where a positivé\a indicates that thé\ p potential  (2.17] and, hence, &spin-dependeitone-pion-exchange
is more attractive than th&n potential. From the entries in potential. This means that the discrepancy with the hyper-
Table V we findAas=—(0.05-0.17) fm for the models nuclear results of89] on the CSB interaction is not resolved
NSC97a—-NSC97f. Similarly, for the triplet case the differ- in the NSC97 models.

ences are Aa;=+(0.04-0.09) fm. Although slightly

smaller, the presenia values have the same sign as those ACKNOWLEDGMENTS

obtained with earlier NijmegeiY N potentials[28]. This in

contrast to the findings from an analysis of the=4 hyper- Part of this work was done while the first author stayed at
nuclei[89], which givesAa;~Aa;~0.4 fm. the INS, University of Tokyo. WETh.A.R. and Y.Y) are

The result of[89] suggests that the CSB interaction is grateful to Y. Akaishi, T. Harada, and T. Motoba for many
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exchange model&he present ones, as well as other modelghanks T.-S. H. Lee and T. Kuo for their continued interest
found in the literaturegive essentially spin-dependent CSB and constructive comments. W@h.A.R. and V.G.J.S.
interactions. We note that the use of the physical baryorthank J.J. de Swart and R.G.E. Timmermans for discussions,
masses, rather than their isospin-averaged values, has almasincerning in particular the scalar meson properties. We are
no effect on the singlet scattering lengths, whereas the tripledlso grateful to K. Miyagawa for performing the three-body
scattering lengths exhibit a breakidg,~0.04 fm. There- calculations for the hypertriton with the NSC97 models. The
fore, our results foAag and the small increase ina; are  work of V.G.J.S. was supported in part by the U.S. Depart-
almost totally due to the inclusion of-3° mixing, which  ment of Energy, Nuclear Physics Division, under Contract
gives rise to a nonzerd A7° coupling constanfsee Eq. No. W-31-109-ENG-38.

APPENDIX: POTENTIAL IN CONFIGURATION SPACE

(a) Pseudoscalar-meson excharigseudovector coupling

m m\?[1 L o
Vp(r)= f13“24 m §(0'1'0'2)¢c+512¢T (A1)
(b) Vector-meson exchange:
\V} m mz 1 3 A 0 OA VfV ? i
v(r)— Y4954 S+ 2M13M24¢C_ 4M13M24( ¢ctdcd) | +| 013 244 MM, 139244MM b
m?* 2 f M3 m? 2
+ 1YY 2 V+fv—)( y +1Y5 2i=(0,- 0
16/\/12M13M24¢ 4M13M24l 9137 T1s 7y 9247F 24/\/1 be Mzd’c 3( 1°02)
i ( 4y M3 )( 4y Mas B9+ Y5 m’ $11S L | +glyfy M
AM 1M s 93 B Ooat 24 | P s 248./\/12 (¥ M Mo, 913924 914t 24/\/!
4 VMM
+1Y, + = f _— +4(gYaf Yt MasM 24
3924M d’so d’so] 16M§3M§ 913924 (913 24 13924) M
M13M24 3 0 2 (M 24~ Mi:’)
+8fYaf Y~ e £Y,
IVE ](mr)2¢TQ12 M 1M 9Ya954hS0— ¢so AM 1M 52
VM1sMas
— (915t ya F1a0y)— M ¢so (0'1 oy)-L|. (A2)
(c) Scalar-meson exchange:
2 2 4
Ve(n)=— oSl [ 62~ ¢4+ g2 S+ o y0q,
am 4M15M oy 2M13M o4 16M2,M3, (mr)?
m? (M3~ M3y
- (o~ 0y) L+ ————(Ap2+ p2A) | . A3
MM ANy, 7507 (717 72 L gy (et #cd) (A9

(d) Diffractive (Pomeron-likg exchange:
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2

m 2 2
Vp(r) = —0r05—
D 477913924\/;le

+ 3-2m?r?)+
2M M s )

m4

1 L-S+
M15M2qy 4AMI M3,

Q12

m?  (M5,—M3Z) 1
MigMo 2M My 2

1
4M 1M o4

+ (al—az)-L’em2f2+ (Ae~ ML e mrPA) |, (Ad)

The expressions for the configuration-space functigf@) can be found in Refg1,2], while S;, andQ;, are the standard
tensor and quadratic spin-orbit operators:

S1,=3(0y 1) (0oy-T)— (01 0),

1
Quz=5[(01-L)(0z: L)+ (o2 L)(or-L)]. (A5)

The terms proportional toX¢+ ¢A) are known as the nonlocal contributions, and represent the explicit momentum-
dependent term§.e., terms proportional tq?, the square of the sum of the initial and final momeinahe momentum-space
potential.

In addition to the vector-exchange potential given in &), there is a non-negligible contribution due to the second part
of the vector-meson propagaté,k,, / m?. Its structure is similar to the scalar-exchange potential given ifAR), and so we
have

(MS_Ml)(M4_M2)V

Vu(r)—Vy(r) — 2 s(r), (A6)

m

where inVg(r), obviously, now the vector-meson coupling constants have to be used. Also, it is clear that this part only
contributes when botM;# M, andM,# M,.
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