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Interactions between octet baryons in the SiJquark model
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Baryon-baryon interactions for the complete baryon oddg) @re investigated in a unified framework of the
resonating-group method, in which the spin-flavorgSjliark-model wave functions are employed. Model
parameters are determined to reproduce properties of the nucleon-nucleon system and the low-energy cross
section data for the hyperon-nucleon interaction. We then proceed to eByBgenteractions in the strange-
nessS= —2, — 3, and—4 sectors. Th&wave phase-shift behavior and total cross sections are systematically
understood by(1) the spin-flavor Si symmetry,(2) the special role of the pion exchange, d8ilthe flavor
symmetry breaking.
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I. INTRODUCTION scalar 0=S), pseudoscalafPS, and vector(V) meson-
exchange potentials acting between quarks:

In the quark model, the baryon-baryon interactions for the
complete octet baryonsBg=N, A, 3, andE) are treated 6 ) ;
entirely equivalently with the well-known nucleon-nucleon H:; mc™+ 5 -~ Te
(NN) interaction. Once the quark-model Hamiltonian is as- '
sumed in the framework of the resonating-group method

2

6

(RGM), explicit evaluation of the spin-flavor factors leads to +2 [UFHUR+ 2 U+ UR¥+ > UlP).

the stringent flavor dependence appearing in various interac- =) A A A

tion pieces. We can thus minimize the ambiguity of the (2.1
model parameters by utilizing the rich knowledge of Nhisl o .

interaction. It is important to include the momentum-dependent Bryan-

In this study we first upgrade our previous mofte] for Scott term[4] in the S- anq V-meson contributions, in order
the NN and hyperon-nucleonY(N) interactions by incorpo- {0 remedy the shortcoming of our previous model FSS;
rating more complete effective meson-exchange potential§@mely, the single-particks.p) potential in nuclear matter is
(EMEP'S such as the vector mesons and some extra interad00 attractive in the high-momentum regikr 6 fm~*. An-
tion pieces. This model is named f4&J after the pioneering ©Other important feature of the present model is the introduc-
model FSS. Fixing the model parameters in the strangene$9n of vector mesons for improving the fit to theN phase-
S=0 and— 1 sectors, we proceed to explore BgBg inter- shift parameters. Since the dominant effect of &heneson
actions inS=—2, —3, and—4 sectors. These include the repulsion and thé.S components op, , andK* mesons
AA andEN interactions, which have recently been attract-are already accounted for by the FB interaction, only the
ing much interest in the rapidly developing fields of hyper-duadraticLS component of the octet mesons is expected to
nuclear physics and strangeness nuclear matter. play an important role in partially canceling the strong one-

In the next section, we recapitulate the formulation of thePion tensor force. Further details of the model fss2 are given
(39)-(3q) Lippmann-Schwinger RGM3]. In Sec. Ill, we N [2]. The model parameters are fixed to_reproduce the most
summarize the essential features of N and Y N interac- ~ recent results of the phase-shift analysis SPSfor np
tions, in order to furnish the basic components to understangcattering with partial waves<2 and incident energies
the phase-shift behavior of th&yBg interactions in a unified Tia=350 MeV, under the constraint of the deuteron binding
way. The model predictions of thggBj interactions in the €nergy and the'S, NN scattering length, as well as the
S=-2, —3, and—4 sectors are given in Sec. IV, with re- low-energyY N total cross section data. Owing to the intro-
spect to theSwave phase shifts and the total cross sectionsduction of the vector mesons, the model fss2 in Nl
The final section is devoted to a summary. sector has attained an accuracy almost comparable to that of

one-boson-exchange potent{@BEP models. For example,

the x? values defined by?=3N ,(6°— s8*PY2/N for the
Il. FORMULATION J=<2 phase-shift parameters in the energy ranbg,

=25-300 MeV are\/;zz 0.59°, 1.10°, 1.40°, and 1.32°

The quark-model Hamiltoniahl consists of the phenom-  for fss2, OBEP, Paris, and Bonn, respectively. The existing
enological confinement potentihllﬁf, the colored version of data for theY N scattering are well reproduced and the es-
the full Fermi-Breit(FB) interactionU;;® with explicit quark-  sential feature of thetN-SN coupling is almost unchanged
mass dependence, and the EMEﬁ‘B generated from the from our previous models.

0556-2813/2001/6%)/0540016)/$20.00 64 054001-1 ©2001 The American Physical Society



Y. FUJIWARA, M. KOHNO, C. NAKAMOTO, AND Y. SUZUKI

PHYSICAL REVIEW C64 054001

TABLE I. The relationship between the isospin basis and the flavarisidis for theBgBg systems. The
flavor-SU; symmetry is given by the Elliott notation\{x). P denotes the flavor-exchange symmetry and

the isospin.
S BsBg(l) P=+1 (symmetrig P=—1 (antisymmetri¢
E or %0 %E or 'O
0 NN(I =0) - (03)
NN(I=1) (22) -
AN L anaae2 L -1+ (03
m[( )s+3(22)] ﬁ[ (11),+(03)]
-1 SN(1=1/2) 1 3 1
\/E[S(ll)s (22)] \/z[(ll)a+(03)]
SN(1=3/2) (22) (30)
AA L) (22 = -
£(11)5+ 2@(22)4- 2\/5(00)
1 1
EN(1=0) 0D V3 (22)+ (00 (11),
EN(I=1) Vian+Ee2) %[— (11),+ (30)+(03)]
—2 A — R+ \E(22) %[(30)— (03)]
Vi =@ V300
33 (1=1) - L
\/6[2(11)a+(30)+(03)]
33 (1=2) (22) -
EA L a2 L (11,4 (30
\/1—0[( )s+3(22)] \/i[ (11),+(30)]
-3 Ex (1=1/2) 1 _ 1
m[z(ll)s (22)] \/z[(ll)a+(30)]
ES (1=3/2) (22) (03)
-4 ZE (1=0) - (30)
EE (1=1) (22) -

The two-baryon systems composed of the completghe FB interactiorf®, this is a direct consequence of the
fact that the gluons do not have the flavor degree of freedom.
In the EMEP terms, the Slscalar property of the interac-

baryon octet are classified as

1/2(11) X 1/2(11) = {0, 1}{(22)+(30)+(03) + (11)s

+(11),+(00)},

whereS(\ u) stands for the spin valugand the flavor Sy
representation labeh(w). If the space-spin states are classi-

(2.2

tion is not apparent since the mesons have the flavor degree
of freedom. Nevertheless, one can easily show that the inter-
action Hamiltonian is actually Slkcalar if the masses of the
octet mesons are all equal within each of the S, PS, and V
mesons. A nice feature of the quark model is that the ap-
proximate SU-scalar property of the total Hamiltonian is

fied by the flavor-exchange symmety the correspondence gy tomatically incorporated in the model. On the other hand,
between the Si/basis and the isospin basis becomes veryn the OBEP a similar situation is only realized by assuming
transparent, as in Table I. This correspondence is essential jfe Sy, relations for the many baryon-meson coupling con-
the following discussion. The key point is that the quark-stants. If the Hamiltonian is exactly SUscalar, the Sy

model Hamiltonian, Eq(2.1), is approximately Syscalar. If

states with a common\(u) in Table | should have the same

we ignore the EMEP term@ﬁ*PS’\ﬁ, this is fairly apparent baryon-baryon interaction. For example, the sd&® sym-
since the flavor dependence appears only through the modhetry appears in severdlS, states, i.e.NN(I=1), SN(I
erate mass difference of the up-down and strange quarks. k3/2), 33(1=2), E3(1=3/2), andEE(1=1). The 1S,
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FIG. 1. 1S, phase shifts for th&gBg interactions with the pure ok
(22) state.
phase shifts of these channels have very similar behavior, as -30
is shown in Fig. 1. In reality, the SlUsymmetry is broken,
but in a very specific way. The mechanism of the flavor -60
symmetry breaking(FSB) depends on the details of the
model. In the present framework, the following three factors -90
cause FSB. 0 200 400 600 800 1000
(1) The strange to up-down quark mass ratlo P b (MeVic)
=mg/m,4q=1.551 (for fss2>1 in the kinetic-energy term
andUF® FIG. 2. 3S, phase shifts for th€03) [NN, 23 (1 =3/2)], (11),
e

[EN(I1=0)], and (30) [EN(1=3/2),EE] states. The®S phase

. g .. §’pS’\B
(2) The singlet-octet meson mixing Id_”. . PS\B shift predicted only by thé&IN central interaction is also shown by
(3) The meson and baryon mass sphttmguﬁ' and  osses

the kinetic-energy term, and the resultant difference of the

threshold energies. 1 3 ) )
the 'S, and 3S; states, and th€’S; state in this channel

involves a rather cumbersomeN-% N(I = 1/2) channel cou-

pling. Nevertheless, the repulsive character of the { $fijte

is not inconsistent with the present experimental evidence, in
The approximate SyJscalar property of the Hamiltonian the sense that FSS and fss2 reproduce the available low-

implies that accurate knowledge of tNeN and Y N interac-  €nergy cross section data of thep and X~ p scatterings

tions is crucial to understand tH&yBg interactions in thes  quite well. The strength of this repulsion depends on the

=—2,—3, and—4 sectors. The fo||owing four points con- detailed framework of the quark model. In the OBEP ap-

cerning the qualitative behavior of théN and Y N interac- ~ Proach, even the qualitative features of these interactions are

tions are essentifl,2]. First, in theNN system the!S, state ~ Sometimes not reproduced. For example, inXe(l = 3/2)

with isospin| =1 consists of the puré2?) state, and the °S; State almost all the Nijmegen soft-core modéls] pre-

phase shift shows a clear resonance behavior reaching mo#ct a broad resonance around the intermediate-energy region

than 60°(see Fig. 1L On the other hand, théS, state with  Of ps~400—600 MeV, although the low-energy behavior of

| =1 is composed of the pur@3) state, and the deuteron is the phase shifts is surely repulsive.

bound in this channel owing to the strong one-pion tensor The following two additional features of the present

force. If we switch off this strong tensor force, tR8 phase

shift rises to 20°-30° at most, indicating that the central 300

attraction of thg(03) state is not as strong as that of {22)

state (see crosses in Fig.)2Detailed analysis of th&' N

interaction has clarified that the (L13tate for thelS, state 200

and the(30) state for the®S, state are both strongly repul-

sive, reflecting that the most compactsjb configuration is

completely Pauli forbidden for the (1l)state and almost 100

forbidden for the(30) state[6]. The repulsive behavior of the

3 N(I =3/2)3S, state with the puré30) symmetry should be .

observed as a strong isospin dependence oktkep. poten- 0 200 400 600 800 1000

tial. On the other hand, the experimental evidence of the 0 b (MeV/c)

repulsion is not clear for th&N(1=1/2) 1S, state, which s

contains 90% (11)component. This is because the observ- FIG. 3. Total elastic cross sections for the pug®) state

ables are usually composed of the contributions both fronfpp,>~> ", ~"E") and for the(22)+(03) states (p,E 3 ).

IIl. CHARACTERISTICS OF THE NN AND YN
INTERACTIONS AND THE BASIC VIEWPOINT

Giot (Mb)
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60 side is obtained from then(u) state on the other side by

AA — simply interchanging tha and u. Since the(22) [and also
- ’;g::gg _ (11)s] symmetry in thelS, state returns to itself, thBN,
30 e AN, and3 N interactions withN being replaced b should
N~ T -~ be very similar to the original ones. On the other hand, in the

33, state thg(03) symmetry changes into th80) symmetry
and the attractive interaction turns to the repulsive one. For

& (deg)
[en]

-30 =-2 180 example, th&& E (1 =0) interaction with the puré30) sym-
A metry is repulsive. Figure 3 shows that tEeS total cross
-60 sections are about 1/4—1/5 of tthNN cross sections. This
0 200 400 €00 800 1000 result is different from the very large prediction of the
P 1ab (MeVic) Nijmegen soft-core potentials {10], which have strong at-
FIG. 4. 1S, phase shifts in the\A-EN-33 coupled-channel tractions in all the22) channels except for thdN and2 * p
system withl =0. ones. Among the strangene&zBg channels having the

15, (22) configuration, the most attractivéS, state is ex-
model should be kept in mind during the discussion of thepected for the=Z 3 (I =3/2) interaction. Table | shows that
BgBg interactions in thes= —2, —3, and—4 sectors. First, this interaction has a very interesting feature: the twg; SU
the flavor-singlet00) state which appears in tif&= —2 sec-  symmetries(22) and (03) in the NN interaction appear in a
tor for the first time is usually attractive in the quark model, common isospin state=3/2. Unlike the(03) state inNN,
owing to the @,- o) (AYAS)-type color-magnetic interac- the (03) state inE3(1=3/2) is only moderately attractive,
tion involved inUiF-B. Whether theH-dibaryon state with the since theE2 system does not allow the strong one-pion
pure (00) is bound or not depends on how much theexchange in the exchange Feynman diagram. Even in the
strangeness-exchange EMEP contribution cancels the stromliyect Feynman diagram, the inclusion of the strangeness re-
channel coupling effect from the FB interactictnhfjB [9]. duces the one-pion-exchange effect drastically through the
Next, the (11) configuration which appears in tig=—1 SU; relations. TheE "3~ interaction thus gives the largest
sector partially appears in thtS; state inEN(I=0) in the total cross sections in the strangeness sector, together with
pure SY form. The fss2 prediction for the phase shift of this the 2% interaction, as seen in Fig. 3. The magnitudes of
interaction, depicted in Fig. 2, implies that this interaction isthese total cross sections, however, are at most comparable
very weak, since the phase-shift rise is only 5°. Neverthewith the pp total cross sections. Th&A-E3(1=1/2)
less, the phase-shift behavior of ti8, states for theAN coupled-channel problem, on the other hand, is less interest-
and SN(1=1/2) channels in th&=—1 sector is very dif- ing, since the one-pion tensor force in tA8; +°D; state
ferent[1,2]. This is apparently due to the strong effect of thebecomes less effective due to the strong repulsion of3e
one-pion tensor force, which is present in th&l channel, component. This is in contrast with the strodgN-=N(I
while absent in the\N channel. We can therefore conclude =1/2) channel coupling, which leads to the well-known cusp
that a further important factor besides the FSB is the specifigtructure in theAN total cross sections.
effect of the Goldstone-boson pions, which is very much The baryon-baryon interactions in tie= —2 sector con-
channel dependent. As a consequence of thg ®lations,  stitute the most difficult case to analyze, involving three dif-
the role of the pion is generally reduced if the strangenesterent types of two-baryon configuration§A-EN-X2 for
involved in the system increases. I=0 and EN-3ZA-33 for I=1. In this case, the isospin
dependence of the interaction is very important, just as in the
2N(1) interactions withl = 1/2 and 3/2. Figure 4 shows the
s, phase-shift behavior of the fuh A-EN-33 coupled-

Table | shows a “reflection” symmetry with respect to the channel system with=0, in which theH-dibaryon bound
interchange betweeB=0 andS= —4 sectors and, also, be- state might exist. In the previous model FSS th& phase
tweenS= —1 andS= — 3 sectors. Just like the particle-hole shift rises to 40911], while in the present fss2 it rises only
symmetry in the nuclear shell model, the Sttate on one to ~20° at most. The situation is the same as in Hid(l

IV. RESULTS IN S=—-2, -3, AND —4 SECTORS

60 60
(a) 1 EN (1=1) — o) \ EN(=1) —
30 -2 s, TA oo 30 =28, pyh I
ﬁ 0 s b — ﬁ 0 J/\\“~ — ";
o «© '
-30 -30

60
0 200 400 600 800 1000 0 200 400 600 800 1000
P 1ab (MeV/c) p 1ab (MeV/c)

FIG. 5. (a) 'S, phase shifts in th&N-3A-33 coupled-channel system with=1. (b) The same aa) but for the 3S, state.
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FIG. 6. (a) Total cross sections fd€ ~p scattering withl =0 and 1 contributions(b) The same a) but for Z ~n scattering only with
thel=1 contribution.

=0) phase shift. It rises only to 30°—40° in fss2. Table |formalism. Since our quark model Hamiltonian is approxi-
shows that the largest contribution of tt@0) component is Mately SU scalar, it is crucial to clarify the characteristics of
realized not in the\ A channel, but in th&N(1=0) chan- the BgBg interaction for each of the S{ktates, rather than
nel. This implies that the attractive effect of tt@) configu-  for each of the two-baryon systems. An interbaryon potential
ration is smaller in fss2 than in FSS. Since FSS does nah a single-baryon channel is sometimes used for the study of
have theH-dibaryon bound statgll], fss2 does not have it hypernuclei and strangeness nuclear matter. However, such
either. As to theA A interaction, it has been claimed that a effective interactions are very much model dependent and
phase-shift rise on the order of 40° is at least necessary ighkage to the bare interactions like the ones discussed here
explain the known three events of the doulildypernuclei. i gometimes obscured by inherent ambiguities originating
HOWe"e[b the recenEIy discovered X Demacré|-Yaqag! event’srom the many-body calculations. The widespread argument
[12] for ;Be ande “Nagara evenf{13] for ,}He indicate that the hypernuclear structure reflects the hyperon-nucleon

that theA A interaction is less attractive. Arough estimate of .y \y interaction rather faithfully since théN interaction is
AB,, for } yHe in terms of theG-matrix calculation using weak should not be overemphasized.

fss2 is about 1 MeV, which is consistent with this experimen- In this study we have upgraded our previous quark model

tal observation. I [1] for the nucleon-nucleonNN) and Y N interactions by
In the isospinl=1 channel, the lowest incident baryon . : .
. - ; — . incorporating more complete effective meson-exchange po-
channel in theS=—2 sector is theEN channel. Figure 5 . . )
tentials such as the vector mesons and some extra interaction

shows the phase-shift behavior of th&, and 3S, states, : 7
lcul for the full led-ch | SA- pieces. This merI, fss[_Z], reprpduces the existing data of
calculated for the full coupled-channel systeiN-2 A-2.2 h the NN and Y N interactions quite well. We have then pro-

with [ =1. In theEN(l =1) single-channel calculation, bot ) : : :
of these phase shifts show monotonic repulsive behavioc€€ded to predict all thBgBg |nte_ract|ons in the strangeness
originating from the main contributions of the (1nd(30) =—2, -3, and—4 sectors, without adding any extra pa-
components, respectivel}@]. In the full coupled-channel fameters. We have discussed some characteristic features of
calculation, however, the channel-coupling effect betweerthe BgBg interactions, focusing on the qualitative aspect.
EN(1=1) and3 A channels is enhanced by the cooperativeAmong these features are the followingt) There is no

role of the FB contributionJ ;® and EMEP contributiotj}# ~ bound state in th&gBg systems, except for the deuterda)

in the Strangeness_exchange process. As a resulg N‘(d The EE total cross sections are far smaller than the
=1) phase shifts show very prominent cusp structure at th&/N cross sections(3) The EN interaction has a strong

S A threshold, as seen in Fig. 5. Below tBé threshold, the isospin dependence similar to theN system. (4) The
phase-shift values are almost zero. SubsequentlyZthe E "X [EX(1=3/2)] interaction is moderately attractive.
(and 2 "n) total cross sections with the pute=1 compo- The Swave phase-shift behavior yielding these qualitative
nent are predicted to be very small below tha threshold features of theBgBg interactions is systematically under-
aroundpz~600 MeV/c. This behavior of théZ " n total  stood by(1) the spin-flavor Sy symmetry,(2) the special
cross sections, illustrated in Fig(l®, is essentially the same role of pion exchange, an@) the flavor symmetry breaking.

as the Nijmegen result if.0]. On the other hand, th€ "p A more detailed analysis of tHggBg interactions consistent

total cross sections, shown in Fig(af exhibit a typical  ijth the available experimental data will be published in a
channel-coupling behavior similar to that of the p total  forthcoming paper.

cross sections. These features demonstrate that>the

channel-coupling effect is very important for the correct de-

scription of scattering observables, resulting in the strong

isospin dependence of theN interaction. ACKNOWLEDGMENTS
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