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ARTICLES

Soft-core baryon-baryon potentials for the complete baryon octet

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

Th. A. Rijken
Institute for Theoretical Physics, University of Nijmegen, Nijmegen, The Netherlands
(Received 13 January 1999

SU(3) symmetry relations on the recently constructed hyperon-nucleon potentials are used to develop po-
tential models for all possible baryon-baryon interaction channels. The main focus is on the interaction chan-
nels with total strangeness=—2, —3, and —4, for which no experimental data exist yet. The potential
models for these channels are based o3BExtensions of potential models for tBe=0 andS= —1 sectors,
which are fitted to experimental data. Although the &Y symmetry is not taken to be exact, tBe=0 and
S=—1 sectors still provide the necessary constraints to fix all free parameters. The potentials ®r the
=—2, —3, and —4 sectors, therefore, do not contain any additional free parameters, which makes them
among the first models of this kind. Various properties of the potentials are illustrated by giving results for
scattering lengths, bound states, and total cross secfi®0556-281®9)02806-X]

PACS numbds): 13.75.Ev, 12.39.Pn, 21.36x

I. INTRODUCTION ing the complete interaction. Extensions beyond the one-
meson-exchange mechanism, like the inclusion of two-

The study of strangeness-rich systems is of fundamentaheson exchanges antl and Y* isobars in intermediate
importance in understanding relativistic heavy-ion collisionsstates, are expected to be of lesser importance. The assump-
[1], some astrophysical problerf,3], and the existencr  tion of SU3) symmetry allows us to determine all coupling
nonexistenceof certain hypernuclei. Strangeness-rich sys-constants in a fit to th& N and Y N scattering data, which
tems can be exotic multiquark systems consisting ofup ( also defines all the coupling constants needed to describe the
down (d), and strange(s) quarks, like the elusiveH  multistrange interactions. However, the fit to thé&l andY N
dibaryon, a 6-quarkiuddsssystem predicted by Jaffe].  data still allows for some freedom in the parameters, and so
But they can also simply be bound states of nucledw), ( in Ref.[5] we have constructed six differevitN models. The
hyperons ¥=A,3), and cascadesX). In order to get a different models are characterized by different choices for
better handle on the latter possibility, we are in need of pothe magnetic vectoF/(F+ D) ratio, ayy, which serves to
tential models that describe all possible interactions betweeproduce different scattering lengths in thél and>N chan-
nucleons, hyperons, and cascades. nels, but at the same time allows all models to describe the

Although there is a wealth of accurdN scattering data, available YN (and NN) scattering data equally well. The
which allows us to construct accurafeN potential models, values chosen fos) range from 0.444Tmodel NSC97pato
there are only a fewy N scattering data, and there are no 0.3647(model NSC97f. Within each model, there are now
scattering data at all for the multistrange systemg =N, no free parameters left, and so each parameter set defines a
EY, andEE. This means that the potential models for thesebaryon-baryon potential that models all possible two-baryon
multistrange interactions require input from elsewhere to deinteractions.
fine them. One possibility is to use experimental information  Although most of the details on tHéN andY N interac-
on bound states of hypernuclei. Doublehypernuclei, for tions are well known and can be found elsewhere, we have
example, provide information on th& A and EN interac- here decided to include them in order to present a complete
tions. However, here one has to be careful since the extractguicture of how our baryon-baryon potentials are defined.
information is, in a sense, “contaminated” by many-body Therefore, in Sec. Il we first present the @WJsymmetric
effects. Furthermore, there are no hypernuclear experimentaiteraction Lagrangian describing the interaction vertices be-
data yet that could provide information on tB&Y or 22 tween mesons and members of fife= 3 * baryon octet, and
interactions. define their coupling constantéAs stated above, states in-

In this paper, we therefore consider a second possibilityyolving the members of tha”= 2" baryon decuplet are ex-
which is to assume that the potentials obegskightly bro-  pected to be of lesser importance, and their inclusion is left
ken SU(3) symmetry. The potentials are parametrized infor a future investigation. We then identify the various
terms of one-boson exchanges, which we believe to be a vemghannels that are possible for the baryon-baryon interaction.
good and, certainly, effective first approximation in model-In most cases, the interaction is a multichannel interaction,
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TABLE |. Baryon masses in Me\¢?.

TABLE II. Possible interaction channels on the isospin basis,
labeled according to the total strangen&sand total isospiri.

Baryon Mass
=0 =3 =1 1=3 1=2
Nucleon p 938.27231
n 939.56563 S=0 NN NN
Hyperon A 1115.684 S=-1 (AN,2N) 3N
3t 1189.37 S=-2 (AA,EN,XY) (EN,ZA,33) 33
30 1192.55 S=-3 (EAEZ) =)
3" 1197.436 S=-4 EE EE
Cascade E° 1314.90
= 1321.32 .
=) el vl
N= , B=l el ]y K=l o] Ke= 1,
characterized by transition potentials and thresholds. To- n = K —K 2.4

gether with the appendix of our previous publicatjéf it is

now straightforward to construct the potentials for all theine most general, S8) invariant, interaction Lagrangian is
possible baryon-baryon interaction channels. In Sec. Il Wenen given by[7]

present the general features of the potentials for all the sec-

tors with total strangenes$=0,...,—4. We give the

Swave scattering lengths, discuss the possibility of bound

m‘rr‘cg\(;t: - fNNﬂ'(NTN) st ifzgﬂ(ix E) AT fAEW

states in these partial waves, and give results for the total X(AS+3IAN) m—fzz (E15) 71— ANk
cross sections for all leading channels. We conclude with o

Sec. IV. X[(NK)A +A(KN)]=fz c[(EKA
Il. BARYON-BARYON CHANNELS +A(KE) T~ Fsnd Z- (KaN) + (N7K) - 3]
We consider all possible baryon-baryon interaction chan- - ngK[f- (K_CTE)+(§7KC)~2]—fNN,,8(WN)n8

nels, where the baryons are the members of IRe3 ™
baryon octet

300 A .
7 i
_ 30 A
B= S _E-’_% n . (2.1
= =0 2A
- B G

The empirical baryon masses, as quoted by the Particle Da
Group[6], are given in Table I. The meson nonets can beP

written as
P=Pgnt Poct (2.2

where the singlet matri¥P;, has elements;,/\/3 on the
diagonal, and the octet matrR,; is given by

770 78 +

—+—= T K*
V2 6
0
Po=| 7 —%+% K |, @3

- 0 27g
K KO -—
V6

and where we took the pseudoscalar mesons #ith0* as

~Fanng(AA) mg—Fux, (3-3) g
—fzg 7;8(55) Mg~ fNNnO(NN) 70~ fAAy,o(/TA) 7o

—fyx () o~ Fz2, (EE) 70, 2.5

where we again took the pseudoscalar mesons as an example,
dropped the Lorentz character of the interaction vertices
(which is ysy,0* for pseudoscalar mesopsnd introduced

the charged-pion mass to make the pseudovector coupling
constantf dimensionless. All coupling constants can be ex-
pyessed in terms of only four parameters. The explicit ex-
ressions can be found in Rd6]. The 3 hyperon is an
isovector with phase chosen such tha

Som=3Ta +3%0+3 7. (2.6

This definition forX * differs from the standard Condon and
Shortley phase conventid®] by a minus sign. This means
that, in working out the isospin multiplet for each coupling
constant in Eq(2.5), eachX* entering or leaving an inter-
action vertex has to be assigned an extra minus sign. How-
ever, if the potential is first evaluated on the isospin basis
and then, via an isospin rotation, transformed to the potential
on the physical particle basisee belowy, this extra minus
sign will be automatically accounted for.

Given the interaction Lagrangiaf2.5 and a theoretical
scheme for deriving the potential representing a particular
Feynman diagram, it is now straightforward to derive the
one-meson-exchange baryon-baryon potentials. We follow
the Thompson approad®-12], and expressions for the po-

a specific example. Introducing the following notation for thetential in momentum space can be found in R&8]. Unfor-

isodoublets:

tunately, the expressions for the potential in configuration
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TABLE lll. Possible interaction channels on the particle basis, labeled according to the total strarffjandsstal particle charg®.

Q=-2 Q=-1 Q=0 Q=+1 Q=+2
S=0 nn np pp
S=-1 3n (An,2%n,3 7 p) (Ap,2"n,3%) 3tp
S=-2 DI (ETn3 A (AA,E%N,E p,20A,3%%03757) E%,3 1A, 3057 pIRD
S=-3 A (E"AE%S 7,279 (E°A, 2305731 AN
S=-4 E B~ EE° E0E°

space in this reference contain a number of typographical
errors; the corrected expressions are given in the appendix ctﬁ

OurspreVICtJrL]JS pUblhcatlor; on tth pmeg;gs[tﬂ' h change operator. The=2 case only contributes t8=—-2 %3
Ince the nucleons have strangen » (€ nyperons scattering where the isospin factors can collectively be given by

S=—1, and the cascadeS=—2, the possible baryon- 33 |7,9',733)=2(1+P), and so they are not separately dis-
baryon interaction channels can be classified according t layed in the table.

their total strangeness, ranging fro8=0 for NN to S
=—4 for EE. Apart from the wealth of accuraféN scat- g—q =0 =1
tering data for the total strangeneSs-0 sector, there are
only a fewY N scattering data for th&=—1 sector, while  (NN|#%,7'|NN) 3(1-P) 3(1+P)
there are no data at all for tf&< —1 sectors. We therefore (NN|7|NN) -3(1-P) 3(1+P)
believe that at this stage it is not yet worthwhile to explicitly
account for the small mass differences between the specific
charge states of the baryons and mesons; i.e., we use averggen| 5, ' |AN) 1
masses, isospin is a good quantum number, and the potefEN| 5, ' |SN) 1
tials are calculated on the isospin basis. The possible chapy n| |3 N) —9
nels on the isospin basis are given in Table II. (AN|7|EN) -
However, the Lippmann-Schwinger or Sctimoger equa- (AN|K|NA) P
tion is solved for the physical particle channels, and so scat N|K|NS) _p
tering observables are calculated using the proper physic%iN“qNE) ~P\3
baryon masses. The possible channels on the physical par-
ticle basis can be classified according to the total ch@ge S=-2 =0 =1
these are given in Table Ill. The corresponding potentials are

TABLE IV. Isospin factors for the various meson exchanges in
e different total strangeness and isospin chanrels the ex-

-1 =3
=3 =2

O O pFr O

N
© 7

obtained from the potential on the isospin basis by makindAA|77"7,|AA) 2(1+P) 0
the appropriate isospin rotation. The matrix elements of thé=N[7.7'|EN) 3(1+P) 1
isospin rotation matrices are nothing else but the Clebsch22 |7, 7'|2%) 3(1+P) 3(1-P)
Gordan coefficients for the two baryon isospins making up(2A|7,7'|XA) 0 1
the total isospin(Note that this is the reason why the poten- (EN|«|EN) -3 1
tial on the particle basis, obtained from applying an isospinz3|=|23) —(1+P) -3(1-P)
rotation to the potential on the isospin basis, will have the(AA|#|33) -13(1+P) 0
correct sign for any coupling constant on a vertex, includings A |7|As) 0 P
the ones involving & ) (33| 7[3A) 0 (1-P)
We should point out that this approach does not result i A|k|=N) 1+P 0
a high-precision potential fdlN scattering in the&s=0 sec- (3 |K|EN) J3(1+P) J2(1-P)
tor. For one thing, anyN potential that is claimed to be of (ENIK|SA) 0 J2:—P\2
high precision should at least explicitly account for the fact ’
that the neutral pion and charged pion have different masseS=—3 =1 |1=3

because one-pion exchange is the longest-range and mast

important part of the interaction. Furthermore, it is well (EM 7. ’7:|EA) 1 0
known that the!'S, pp andnp partial waves show a sizable (52| 0 5%) 1 1
breaking of charge independence, which cannot be explainéd:2|”|zz) —2 1
within a simple one-boson-exchange model like the one pretEA|7EX) 3 0
sented here, but requires the inclusion of meson mixing, twot=A|K|AE) P 0
meson exchange, and/or extra phenomenological parametef&=2|K|2E) -P 2P
TheNN potential presented here is only included for reason§EA[K|2E) P\3 0

of completeness; although it certainly describes the qualitaé: _4 =0 =1
tive features of the baryon-baryon potential for tHe=3"*

baryon octet in th&s=0 sector very well, for high-accuracy (E2|7,7'|EE 1(1-P) 3(1+P)
quantitative calculations we recommend that one uses one QE= | #|ZE) -3a-p) 1(1+P)

the recently constructed high-precisibiiN models[14—16.
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TABLE V. Threshold laboratory momenta for all the allowed Finally, in constructing the potentials on the particle basis

transition potentials in th&=—1, —2, and—3 channels. by applying the appropriate isospin rotation to the potential
on the isospin basis, care must be taken that in a number of
Transition Plas(MeV/c) cases the two initial-state and/or final-state baryons belong to
Ap—3*n 633.4 different charge states _Wi_thin_ the same iso_spin _multiplet_. In
Ap—3%p 642.0 those cases, the multiplication with the |dent|ca_l—part|c_:le
An—30n 641.7 symmetry factor 12 _hfi; to be undpne. In practlc.e,.th|s
AN—3p 657.9 means tpat for eacfg initial state orilnzilostate consisting of
=03 A £89.0 Inp), [2°%7), !E__E ), [2727), or |[ETEP), the potential
Z0p 308+ 968.2 has to be multiplied by/2. _ _ N
AA =0 326.0 We should mention that t.here is nothing that pr_ohlblts us
- ' from constructing the potentials directly on the particle basis,
AA—>:0 P 361.2 explicitly accounting for all the different charged states of
AA—>20AO 611.3 the baryons and mesons. Although tlgsthe only proper
AA—’E_E . 900.8 way if one is to construct a high-precisi®fN potential for
éA_’E 2 906.6 the S=0 sector, we again note that the scattering data to
En=37A 593.1 define theS= —1 sector are very scarce, and that there are
B n—X 3P 972.8 no scattering data at all to define tBe: — 1 sectors. Hence,
ETA—E%S" 685.4 we argue that at this stage such a refinement does not yet
E A—E3° 692.9 seem to be worth the effort.
E°A—-ES° 690.4 The fact that the initial-state and final-state baryons in the
E°A-E"3Y 705.9 S=-1, —2, and—3 sectors can consist of different bary-

ons (see Table Il leads to so-called transition potentials.
Their presence turns the Lippmann-Schwinger or Schro
In order to construct the potentials on the isospin basisdinger equation into a coupled-channel matrix equation
we need the matrix elements of the various meson exchangeshere the different channels open up depending on whether
between particular isospin states. The way to calculate theshe on-shell energy exceeds a certain threshold. A discussion
matrix elements is outlined, e.g., in REL7]. The results are of how to handle the presence of open and closed channels is
given in Table 1V, where we use the pseudoscalar mesons agven, for example, in Ref.18]. The specific values for the
a specific example. The entries also include factorg21/ threshold laboratory momentaalculated using relativistic
whenever the initial or final state consists of two identicalkinematic$ are given in Table V. If one uses the nonrelativ-
particles, and the exchange operafofor the contributions istic approximation to relate the laboratory momentum and
where the final-state baryons have been interchanged. Thetal energy, the threshold momenta are found to be lower,
exchange operatdt has the valu® = + 1 for event singlet  where the difference can be as large as 75 MeV/
and oddt triplet partial waves, an®®=—1 for oddL sin-
glet and everi- triplet partial waves. For total strangeness
S=-1 and S=-3, the final-state interchanged diagram
only occurs when the exchanged meson carries strangenessThe main purpose of this paper is to present the properties
(K, K*, k, K**). An interesting subtlety is that in the entry of the six NSC97 potentials for th6=—-2, —3, and —4
for (EN|K|2A) the direct and exchange contributions carry sectors. The free parameters in each model are fitted to the
different coupling constants, which is the reason why theyNN andY N scattering data for th§=0 andS= —1 sectors,
are not added together, but are given separately. respectively. Given the expressions for the coupling con-

Ill. RESULTS

TABLE VI. Coupling constants for model NSC97a, divided ¢. M refers to the meson. The coupling constants are listed in the
order pseudoscalar, vectag @ndf), scalar, and diffractive.

Type M NNM 33M 2AM EEM M ANM AEM SNM 3EM

f ™ 0.2729 0.1937 0.2032 —-0.0791 K —0.2578 0.0633 0.0757 —-0.2612

g p 0.8369 1.6738 0.0000 0.8369 K* —1.2009 1.2009 —0.6933 —0.6933

f 3.5317 3.1409 2.2647 —0.3908 —3.1917 1.3154 0.3238 —2.9260

g =N 1.3951 3.0301 —0.1385 1.6350 K —2.3448 2.4720 —1.5006 —1.2804

g a 0.0000 0.0000 0.0000 0.0000 K** 0.0000 0.0000 0.0000 0.0000
Type M NNM AAM 23M EEM M NNM AAM 33M EEM

f 7 0.1331  —-0.1210 0.2560 —0.1654 7' 0.1441 0.2351 0.0975 0.2483
g 1) 2.9213 1.3995 2.2521 0.5499 ¢ —0.4145 —-1.0738 —1.7281 —1.7397

f 1.1834  —1.2299 1.4740 —1.5653 1.0933 —1.9109 1.4251 —2.3011

g € 4.6564 2.6380 3.1131 1.0709 fo —0.1423 —-1.8195 —2.5165 —3.5623

g P 2.2722 2.2722 2.2722 2.2722 fy —1.7435 —1.7435 —1.7435 —1.7435
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TABLE VII. Coupling constants for model NSC97f, divided hi#w. M refers to the meson. The coupling constants are listed in the
order pseudoscalar, vectag éndf), scalar, and diffractive.

Type M NNM S3M SAM EEM M ANM AEM SNM SEM

f 0.2729  0.1937 0.2032 —0.0791 K —-0.3347  0.0822 0.0983 —0.3390
g p 0.8369  1.6738 0.0000 0.8369 K*  —1.7222 17222 —0.9943 —0.9943
f 3.5317  2.5758 2.5909 —0.9559 —-41896  1.1112 1.1357 —4.1961
g a 13951  3.1758 —0.2226  1.7807 K —-2.8237  3.0619 —1.9053 —1.4928
g a, 0.0000  0.0000 0.0000 0.0000 K* 0.0000 0.0000 0.0000 0.0000
Type M NNM AAM S3M EEM M NNM AAM S3IM EEM

f 7 01331 —0.0757  0.2800 —0.2433 7' 0.1441 0.3417 0.0454 0.4491
g ® 29213  2.8782 1.7592 1.9526 b 04145 -2.2085 —1.3498 —3.9939
f 1.1834 —0.7105  2.3234 —1.9811 0.2709  —2.7207  1.9311 —4.5508
g e  4.6564  3.3827 2.5449 1.4766 fo —-0.1423 —25141 —2.4120 —5.0924
g P 22722 22722 2.2722 2.2722 f, —~1.7435 —1.7435 —1.7435 —1.7435

stants in terms of the octet and singlet parameters, and their The S=0 results of Table VIII are included so as to
values for the six different models as presented in Bdf.it  present the complete set of allowed channels. Here we also
is straightforward to evaluate all possible baryon-baryonincluded the experimental values as found in REfS~21].
meson coupling constants needed for 8v—2 potentials. e clearly see that the preseédtN models only encompass
A complete set of coupling constants for models NSC97ahe qualitative features of th&IN interaction. It is well
and NSC97f is given in Tables VI and VI, respectively. In known that the differences between the experimental singlet
almost all cases, the cogpling constants for the other m0d9|§cattering lengths and effective ranges fig, np, andnn
NSC97b—e, smoothly interpolate between these tWO €Xzannot be explained within a simple one-boson-exchange
tremes. . . - model (one needs additional contributions from meson-
In th.e following we will present the model pred_lctlons fordnixing, two-pion exchange, pion-photon exchange)etad,
scattering lengths, bound states, and cross sections. In or %eed, for the NSC97 models presented here we also find
to present a complete set of results for all the allowe hat thenp & andr is almost the same as tia ones. The
baryon-baryon channels, we will also include the results fo s '

the S=0 andS=— 1 sectors. Additional results and applica- dlfference_ with th_epp ones are due to the |nclu5|o_n of the
tions for theY N models in theS= — 1 sector can be found in Coulomb interaction, of course. However, these differences

Ref. [5]. between the experimental values are only of importance at
low energies 1.5 MeV), where the accuracy of the ex-
perimentalpp and np scattering data magnifies this charge
dependencg22], and so the description of the scattering data
In Tables VIII-XII we give the scattering lengths and above~5 MeV can still be very acceptable.
effective ranges for the singletS, and triplet 3S; partial In Table IX we repeat th&= — 1 results for the scattering
waves. The Coulomb interaction is included whenever thdengths from our previous publicatid®], but here we also
two scattering baryons are charged. We observe the generiakclude the effective ranges. We note that also the effective
trend that for a particular value of the total strangeness, theanges for the different models exhibit a very similar trend
change in scattering length from one model to the next irwith the value ofey; as do the scattering lengths.
most cases nicely follows the changedf} (which, in prin- For the S=—2 sector the results are given in Table X.
ciple, labels each NSC97 modglel The AA(1Sy) scattering lengths are found to be rather small,

A. Effective-range parameters

TABLE VIII. Singlet (*Sy) and triplet €S,) scattering lengthsas, and effective rangess,, in fm for
the different models in the total strangené&ss0 (NN) sector. The experimental values are from Refs.

[19-21.
PP(*So) np(*So) np(*Sy) nn(*Sp)

Model ag rs a re a; r ER rs
a —7.48 2.75 —15.79 2.83 5.43 1.72 —15.88 2.83
b —7.36 2.77 —15.21 2.84 5.48 1.73 —15.29 2.84
c —-7.27 2.78 —14.81 2.85 5.52 1.74 —14.88 2.85
d —7.22 2.78 —14.56 2.86 5.55 1.74 —14.63 2.86
e —7.20 2.79 —14.49 2.86 5.56 1.74 —14.56 2.86
f -7.19 2.79 —14.45 2.86 5.57 1.74 —14.52 2.86

Expt. —7.8063(26) 2.7944) —23.749(8) 2.8(5 5.4243) 17645 —18.5(4) 2.8011)
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TABLE IX. Singlet (*Sp) and triplet £S;) scattering lengthsas, and effective rangess,, in fm for
the different models in the total strangen&s—1 (Y N) sector.

3*p Ap An 37n

Model as a, as a, a a, as a,

a —4.35 -0.14 -0.71 —2.18 -0.77 -2.15 —6.06 —0.18
b -4.32 -0.17 —0.90 -2.13 —0.97 —2.09 —6.06 —0.18
c -4.28 -0.25 -1.20 —2.08 -1.28 —2.07 —-5.98 —0.28
d —-4.23 -0.29 -1.71 -1.95 -1.82 —1.94 —5.89 —0.33
e —-4.23 -0.28 -2.10 —1.86 —2.24 -1.83 -5.90 -0.32
f —-4.35 -0.25 —-251 -1.75 —2.68 -1.67 —6.16 -0.29
Model re r rs r rs re (g r

a 3.16 —59.48 5.86 2.76 6.09 271 3.27 —40.27
b 3.17 —43.24 4.92 2.84 5.09 2.80 3.28 —29.28
c 3.18 —20.26 4.11 2.92 4.22 2.86 328 —13.79
d 3.19 —16.78 3.46 3.08 3.52 3.01 329 -—11.29
e 3.18 —19.63 3.19 3.19 3.24 3.14 3.28 -—13.01
f 3.14 —25.35 3.03 3.32 3.07 3.34 324 -16.44

indicating a mildly attractiveA A interaction. Experimental jdeal mixing for the scalars aﬁ states, and so an increased
information on the ground states §fHe, }Be, and{3B attraction in theA A channel would give rise t@experimen-
[23], seems to indicate a separation energyAd,,=4 tally unobservefibound states in thd N channel. On the
—5 MeV, corresponding to a rather strong attractivé\ other hand, preliminary results from a potential model that
interaction. As a matter of fact, an estimate for thd 'S,  also includes two-meson exchanges within the present
scattering length, based on such a value 4d, , , gives  framework[26], do show the apparently required attraction
ayA(1Sp)~—2.0 fm [24,25. In the present approach, we in the AA interaction without giving rise toAN bound
can only increase the attraction in the\ channel by modi- states.

fying the scalar-exchange potential. However, if the scalar The large values for the triplet effective rangein =°p
mesons are viewed as being mainlg states, one finds that and Z~n are a simple reflection of the fact that tH&,

the (attractive scalar-exchange part of the interaction in thephase shift at small laboratory momenta is very small and

various channels satisfies only very slowly increases in magnitude. TR®, phase shift
for models NSC97a, NSC97b, and NSC97f starts off positive
IVl <IVanl<|Vnnl- (3.1)  (hence, negativea)), does not exceed 0.3° ap,

, . . =100 MeV/c, and then becomes negative at about
The NSC97 fits to ther N scattering datg5] give values for 1.5 vavic. The 3s phase shift for models NSC97c—e
the scalar-meson mixing angle which seem to point to almost ' .

TABLE X. Singlet (*S) and triplet £S,;) scattering lengths, TABLE XI. Singlet (*Sp) and triplet £S;) scattering lengths,
as¢, and effective rangesg,, in fm for the different models in the ag;, and effective ranges,, in fm for the different models in the
total strangenesS=—2 (YY andZN) sector. total strangenesS=—3 (EY) sector.

ST =% AA E™n 3737 = EOA ETA EXT
Model ag as a, ag a a; as Model as & a a, as a, as a,
a 10.32 0.46 —0.038 —0.27 0.46 —0.039 10.06 a 413 3.21-0.80 054 -083 052 0.34 0.23
b 9.96 045 —-0.045 —0.38 045 —-0.046 09.72 b 359 288 -114 215 -118 155 0.27 0.20
c 9.69 043 0.001 -053 043 0.001 946 c 3.11 296 —1.81 —-0.27 —1.86 —0.34 0.22 0.21
d 877 042 0.041 —053 042 0040 858 d 2.67 256 —2.47 0.06 —256 0.04 0.18 0.17
e 810 041 0.050-050 041 0.050 794 e 247 223 -265 017 —-275 0.17 0.16 0.14
f 6.98 040 -—-0.030 —-0.35 0.40 —0.031 6.85 f 232 171 —-2.11 0.33 —-219 033 0.15 0.10
Model g rs ry rs rs re rs Model rg 1y rs r rs re rs ry
a 160 —6.12 661 15.00-6.09 634 1.59 a 146 1.28 4.71 —-0.47 479 -0.41 2225 3295
b 159 —-6.41 497 10.24-6.37 479 1.58 b 141 124 380 —1.32 384 —1.20 2795 3850
c 157 -6.97 >10° 743 -6.92 >10° 157 c 1.35 1.28 3.11 983 3.13 6.60 3465 3720
d 154 -757 533 8.24 —7.51 546 1.53 d 1.27 121 2.88 1809 289 2721 4300 4530
e 151 -8.08 339 9.11 —-8.01 346 1.50 e 122 112 289 1515 288 1554 4770 5440
f 146 —-894 912 14.68 —8.88 870 1.46 f 1.17 096 321 279 321 266 5170 7580
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TABLE XII. Singlet (*S;) and triplet €S;) scattering lengthsas,, and effective rangesy,, in fm for
the different models in the total strangen&s—4 (EE) sector.

2°2°('s,) = E(s) =7E°Cs) ETE(s)

Model a rs as rs a, re a rs

a 17.81 1.85 17.28 1.85 0.40 345 —1.27 —609.3

b 5.60 1.62 5.56 1.62 0.36 4.64 0.62 1069

c 3.41 1.44 3.40 1.44 0.27 9.89 0.26 2686

d 2.66 1.33 2.66 1.33 0.28 10.18 0.18 3840

e 2.46 1.30 2.45 1.30 0.33 6.88 0.16 4290

f 2.38 1.29 2.38 1.29 0.48 2.80 0.16 4465
starts off negative, but is still only about1.0° at pi.p The NN, =N, 33, E3, and EE 'S, interactions all
=125 MeV/c. belong to the samé27} irrep. For these interactions this is

also the only irrep. ThNN('S,) interaction has a quasi-
cpound state, and so we also exp@gtas) bound states in the
other channels. This is indeed what we find. The effective

The sizable positive scattering lengths & 3" and
2~ 2 " are a signal for bound states, which will be discusse

in the next subsection. . o . . . . .

The effective-range parameters for tBe —3 sector are potential” W for these Interactions I shown in Fig. 1,
given in Table XI. In this case, the large values for the Sin-\gﬁoevzetrv]vee rreegﬁ{éofcierglcﬂgg &hsecdge;g"ggg &fg%gg?;snlgn ex-
glet and triplet effective ranges B~ ~ are a reflection of ; . .

eag’nple, the other models show very similar behavior. We

the fact that the presence of the Coulomb interaction caus . :
the 1S, and °S, phase shifts to start off very flatly at 180°. note that the short-range repulsion increases with t'he reduced
Removing the Coulomb interaction also removes the extrem%"leS of the system, except for tBE interaction, which has

flatness. as can be seen from the much more modest valuess repulsion than th€ > interaction. The attractive tails of
for the éffective ranges &S * eNN andX N interactions are almost identical, and so it is

Finally, the effective-range parameters for tBe- —4 not Sl{rprising that we also ﬁf‘d a quasibound staté)_f’rp
sector are given in Table XII. Also in this case, the positiveandz n; note that the scattering lengths are rather similar to

values for the singlet scattering lengths indicate bound stateg?ose ofpp andnn.

see the next subsection. TABLE XIIl. SU(3) content of the different interaction chan-
nels.Sis the total strangeness ahds the isospin. The upper half
refers to the space-spin symmetric statgg, *P,, 3D, ..., while
B. Bound states inS waves the lower half refers to the space-spin antisymmetric Stafs
5P, Dy, ...

Because theNN triplet scattering length is slightly off
(see Table VII}, it is not surprising that the NSC97 results
for the deuteron are slightly off as well. The binding energies

Space-spin symmetric states

range from —2.19 MeV for NSC97a to —2.07 MeV for S ' Channels S() irreps
NSC97f, which is to be compared to the experimental deug 0 NN (107}
teron binding energy of —2.224 5@ MeV [27]. In view of 1/2 AN, SN (10°, {8},
these results, we want to stress once more that the NSC97 3/2 SN {10}

NN potentials are here only included for reasons of com-_, 0 =N (8}
pleteness. They should not be used for any high-precision 1 ﬁl\T 22 {10} {1(Y*a} {8}
quantitative calculations, for which much more suitable po- - E’A {1’0} {1(’)*} a
tential models can be found in the literatyfet—14. _3 12 2A TS, {10}‘ 8)

It turns out that the presence or absence of bound states in - L Ja
the other interaction channels can best be understood in 312 EE {10}
terms of the SI@B) irreducible representation6rreps to 0 == {10}
which the channel belongs, and the well-known fact that the Space-spin antisymmetric states
NN interaction has a bound state in ti&,-°D; coupled g | Channels SUB) irreps
partial wave(the deuteronpand a quasibound state in the,
partial wave. If an interaction belongs to the same irrep a$ 1 NN {27}
the NN interaction, unbroken S@3) symmetry would imply -1 172 AN, =N {27}, {8}
that it also exhibits a bound state or quasibound state. How- 3/2 2N {27
ever, SU3) is not an exact symmetry: the nucleons, hyper-—2 0 AA, EN, 33 {27}, {8}, {1}
ons, and cascades have different masses. But it is possible 1 EN, SA {27}, {8}
that remnants of thegguas) bound states can still appear or 2 P {27}
that quasibound states turn into truly bound states. In order te 3 1/2 EA, BEX {27}, {8}
make this comparison, we list in Table XllII all the irreps to 3/2 E3, {27}
which the various baryon-baryon interactions belong, as de- 4 1 =h=! {27

rived from details given in Ref.7].
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FIG. 1. Effective “potential” W in MeV for
the 1S, partial wave in theNN, SN, 33, 23,
and EE channels. The results are for models
NSC97a and NSC97f; the other models show
very similar behavior.

The tail of theX, 2, interaction is almost twice as strong— This explains why here we also do not find a bound state in
strong enough to support a bound state. The presence & =°: there is no deuteron-analogue & .
bound states could already be inferred from the relatively An analysis on the presence or absence of bound states in
large positive scattering lengths for these systems; see Tabigl the other interaction channels is much more difficult. The

X. The binding energies iX "X " range from —1.53 MeV
for NSC97a to —3.07 MeV for NSC97f, while i3, ™ they

reason, of course, is that none of these remaining interactions
belongs to one single irrep. Hence, it is possible that the

range from —1.59 MeV for NSC97a to —3.17 MeV for presence of one particular irrep might provide enough attrac-

e tion to support a bound state, but that the presence of another
The attraction inZX. is even stronger and extends 10 jren reduces this attraction and prevents the existence of a

NSCO7f.

smaller inter-baryon distances. The binding energies i
205" range from —3.02 MeV for NSC97a to —16.5 MeV
for NSC97f. The presence of the Coulomb interaction in
E ™3~ causes a shift of roughly 1 MeV, resulting in binding
energies of —2.30 MeV for NSC97a to —15.6 MeV for

NSC9Tf.

Finally, the attraction inEE is also strong enough to
give almost

=-50

support a bound state. THE°Z° and =

—

identical results ranging from —0.10 MeV for NSC97a to
—15.8 MeV for NSC97f. Again, the presence of the Coulomb

]

interaction ing =2~

causes a shift of about 1 MeV, and so

'hound state. The analysis is further complicated by the fact
that these other interactior®en the particle basjsdo not
belong to pure isospin states, and so there is an additional
mixing of contributions from different irreps. Therefore, we
here do not attempt to analyze these channels and simply
suffice by stating that we do not firlwave bound states in
any of them.

C. Total cross sections

We next present the predictions for the total cross section

the NSC97a model no longer supports a bound state in thior all (S,Q) channels. Whenever a coupling to different

channels is involvedi.e., for theAN, AA, EN, andZA
TheNN andE3 3S,-®D; interactions both belong to the interaction$, we only show the result for the leading chan-

{10*} irrep, and so, in analogy with the deuteron bound stateel. For those cases where both baryons are charged, we do

channel.

in NN, we also expect bound states® . Indeed, inE°3,*

not include the purely Coulomb contribution to the total

the binding energies range from —5.64 MeV for NSC97a tocross section, but we do include the Coulomb interference to

—-36.1 MeV for NSC97f, whereas i 2~ they range from
—4.86 MeV for NSC97a to —35.3 MeV for NSC9Tf.

the nuclear amplitude. The cross section is calculated by
summing the contributions from partial waves with orbital

The fact that the nucleons and cascades both form isodangular momentum up to and includihg= 2. We find this to
oublets might suggest that théN and = & interactions are  be sufficient for all thes+0 sectors; inclusion of any higher

very similar. Although this is true for the=1 partial waves
(both interactions belong to thi27} irrep), this is not the

partial waves has no significant effect. In the casa\Ndf
scattering 6=0) we go up td_=4, which is high enough to

case for thed =0 partial waves. In Table Xl we see that the capture the general energy dependence of\tNetotal cross

I =0 NN interaction belongs to thgl0*} irrep, while thel
=0 EE interaction belongs to th¢10} irrep. The{10*}
supports a bound statthe deuteroy but apparently th¢10}

section. Inclusion of higher partial waves will shift the total
cross section to slightly higher values without changing the
overall shape. Of course, their inclusion would be necessary

does not, as can be deduced from the fact that a bound stafea detailed comparison with real experimental data were to
in the 3S,-D,; = *p or 2 n channel has never been found. be made.
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pp > pp (nuclear) |
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500 |
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300

FIG. 2. Prediction of the total cross section in
mb: (a) for nn, np, and purely nucleapp scat-
tering; and(b) for pp scattering including the
Coulomb-nuclear interference modification. The
results are for NSC97a, but the other five NSC97
models give identical results.
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In Fig. 2(@) we give thenn, np, and purely nucleapp  for the six NSC97 models are very close to each other, which
total cross sections for model NSC97a. The curves for theeflects the fact that these models all describe (uarce
other five models NSC97b—f are indistinguishable on thisY N scattering data equally wdlb]. The spread in the curves
scale, and are therefore left out. This similarity is a reflectiorat low momenta corresponds to a similar spread in the scat-
of the fact that all six models give an equally good descriptering lengths; see Table IX.
tion of theS=0 sector. The purely nucleamp andnn results In Fig. 4 we presentthA A, Z n, 2%, and> "X " total
are also almost identical, which is a consequence of the faaross sections; the latter for both the purely nuclear case and
that the NSC97NN models do not contain any explicit the case including the Coulomb-nuclear interference modifi-
charge-symmetry breaking, and so any difference is totallycation. The two correspondiry 2, ~ total cross sections are
due to the neutron-proton mass difference, which is venfeft out, since they are almost exactly the same aSthe *
small. All three cross sections look very similar, butTat,  ones. Here, for the first time, the differences between the six
=300 MeV thenp cross section of-39 mb is slightly lower models clearly manifest themselves. The value for Ahke
than thenn and pp cross sections of~51 mb. BelowT,y, total cross section at small momenta varies by almost a fac-
=200 MeV thenp cross section becomes larger, while attor of four, while at high momenta there is also a variation of
very small laboratory kinetic energig®ot visible in this at least a factor of two. It is interesting that only NSC97e
figure) the nn and pp cross sections rapidly exceed the  exhibits a smoothed-out cusp effect when the tAd\
cross section again by more than a factor of two. In Fig) 2 — EN thresholds open up, whereas the other models exhibit
we also give thep result where we include the modification no such enhancement. The six NSC97 results for the two
due to the Coulomb-nuclear interference. In order to illus-E N total cross sections are all very similar up to laboratory
trate the fact that this interference cross section vanishes asomenta close to 590 Me¥/where the thresholds &~ A
the laboratory kinetic energy approaches zero, we have iner =*A open up. All models exhibit a clear cusp effect,
cluded a subplot where we have expanded the 0—1 MeWSC97f being the most pronounced. We also observe a cusp
region. effect due to the opening up of te 3% andX°S* chan-

In Fig. 3 we give the2 "n, = "p, Ap, andAn total cross nels, but for models NSC97e and NSC97f this effect is
sections. The purely nucledr* p total cross section is very shifted to laboratory momenta lower than the actual thresh-
similar to theX ~n one, and so here we only give tRe p old value (about 970 MeVE). A possible explanation for
cross section including the Coulomb-nuclear interferencehis phenomenon is that the transition potential has enough
modification. Note that for th&= —1 sector(and all other attraction to cause a virtual bound state, which manifests
S+ 0 sectors to be presented be)pthe total cross section is itself as a multichannel resonance, rather than a cusp. The
given as a function of laboratory momentymy,,, rather than NSC97 results for th& 2, total cross sections show some
of laboratory kinetic energif,,. The reason is that experi- variation at low momenta, while fop,,,=200 MeV/c all
mental data foNN scattering are usually given at a certain six models give very similar results. The variation at low
T, Whereas fory N scattering they are usually given at a momenta could already be inferred from inspecting 31
certain p,,,. The Ap and An total cross sections show a 'S, scattering lengths in Table X: here the models show a
cusp effect when the\p—="n and An—3°n thresholds substantial variation as well.
open up. The cusp is due to the enhancement in’®Be The total cross sections f&°S " and 2%, and for
waves, which is caused by the coupling of thél andSN =~ A and=°A are shown in Fig. 5. Th&S andEA total
channels and the rather strong interaction in fiSg-wave  cross sections are found to be rather similar to X and
2N channel. For\ n we also observe a small bump when the AN total cross sections, at least as far as the general energy
threshold toX, ~p opens up. Again we note that the curvesdependence is concerned. It is also interesting to note that for
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FIG. 4. Prediction of the total cross section in
mb for (@ AA, (b) E7n, (c) E%, (d) purely
nuclears*3*, and(e) 32" scattering includ-
ing the Coulomb-nuclear interference modifica-
tion. The nuclear and Coulomb-nuclear interfer-
ence results foR, "3~ scattering are practically
identical to the corresponding ™S * cases and,
hence, are not shown explicitly.

high laboratory momenta th&A total cross sections are tum of 690 MeVk): the isospin-1/2 AN,3N) interaction
roughly of the same magnitude as thé&l ones. These simi- involves the{10*} irrep, to which the deuteron also belongs,
larities can be understood from the fact that both nucleonsvhereas the isospin-1/Z(A,=3.) interaction involves the
and cascades form isospin doublets, and saSthe-1 and {10} irrep. The small bump in the NSC97c cross section is
S= -3 interactions belong to the same set of(SlUrreps;  then probably due to the fact that the coupling to the isospin-
see Table XIlI. The only difference is an interchangd b#} ~ 3/2 £ interaction(which belongs to thé10*} irrep) in this

and {10*}. This might also be the reason why there is nocase is strong enough to cause an enhancement. A further
cusp effect in theg A cross sectioffat the threshold momen- difference is that th& A andE2, results exhibit much more
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six different models, NSC97a through NSC97f. They all de-
scribe theNN andY N data equally well, but differ on a more
detailed level. The assumption of &) symmetry then al-
lows us to extend these models to the higher strangeness
channels(i.e., YY and all interactions involving cascades

variation from one model to the next as do th&l andX N
results.

Finally, the total cross sections f&°=°, =~ =° and
E~E" are given in Fig. 6. FOE "=~ we give both the
purely nuclear cross sectiae) and the one including the
Coulomb-nuclear interference modificati@). As expected,  without the need to introduce additional free parameters. The

the results are similar_to theN results, but again the differ- NSC97 models are among the first potential models of this
ences between the six NSC97 models are much more preing.

nounced. The NSC97a result for the total cross sections is |, order to illustrate the basic properties of these poten-

foundlto be very large, as was to be expected in view of thgjy s \ve have presented results for scattering lengths, pos-
large *S, scattering length, given in Table XII. sible bound states i§ waves, and total cross sections. The
results for the six different models are rather similar for the
S=0 (NN) andS=-1 (Y N) sectors, but then each model

As already stated in our previous publicatiff], the = Was fitted such as to ensure equally good descriptions of the
NSC97 potentials presented here are an important step foélata. The predictions for thé< —2 sectors can be viewed
ward in modeling the baryon-baryon interactions for scatteras extrapolations and, indeed, those results show much more
ing and hypernuclei in the context of broken SU{3ym-  variation from one model to the next. It would, therefore, be
metry. The potentials are based on the one-boson-exchangery worthwhile to have experimental information on the
model, where the coupling constants at the baryon-baryorinteractions in thes&= —2 sectors to further constrain the
meson vertices are restricted by the brokefl@dymmetry.  potentials, and to test the $&)-symmetry assumptions that
Each type of meson exchan@aseudoscalar, vector, scglar have been made. Information from hypernuclear data as-
contains five free parameters: a singlet coupling constant, asumes knowledge of how to treat many-body effects, and so
octet coupling constant, the/(F+D) ratio @, a meson- two-body scattering data would be preferred. However, we
mixing angle, and a parameterthat effectively accounts for realize, of course, that hyperons and cascades are short lived
the fact that the strange quark is much heavier than the upnd hard to produce in large quantities, which makes it very
and down quarks. However, they are not all treated as fredifficult indeed to set up a good scattering experiment.
parameters: the pseudoscalar and ve&(f +D) param- Armed with the fact that we know that théN 'S, inter-
eters and meson-mixing angles are fixed from other sourceaction, belonging to thg¢27} irrep, is attractive enough to
[5]. The potentials are regularized with exponential cutoffform a quasibound state, and that t&l 3S,-D, interac-
parameters, which provide a few additional free parametergion, belonging to th¢10*} irrep, causes the deuteron bound
Most of these parameters are fixed in the fit to the wealth obtate, we can understand the presence of bound states in
accurateNN scattering data, while the remaining ones aresome of the other channels by virtue of the fact of whether or
fixed in the fit to the(few) Y N scattering data. Here we note not the corresponding interaction involves &} or {10* }
that, although the scattering data for tvié&\ sector are very irrep. This is an interesting observation, because our poten-
scarce, they are extremely valuable in constrainilg po-  tials do not obey a perfect 8) symmetry. First of all, we
tential models. As a matter of fact, it is not at all trivial to use the physical baryon masses that are substantially differ-
obtain a good fit to théy N data and at the same time avoid ent from the S3) average. Second, the cutoff parameters
(experimentally unobservetound states in thAN and>N  that regularize the vertices are not dictated by to what irrep a
channels. However, there is still enough freedom to construgearticular interaction belond4.3], but rather by what meson

IV. SUMMARY AND CONCLUSION
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is being exchanged; for more details, see RBf. Finally,  doubleA or even more exotic hypernucleiand to explore
for each type of meson exchange, we have introduced a patrange nuclear matter. Our initial efforts for the latter will be
rameter\ that explicitly breaks the S@@) symmetry (in  published elsewherg28].

some models up to 20p6see above and Ref]. In spite of
these modifications, our results show that the general fea-
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