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From a combined analysis of nucleon-nucleon and hyperon-nucleon scattering with a one-boson-exchange
potential model the AN and Z N results are presented. The model consists of local potentials due to exchanges
of members of the pseudoscalar and vector-meson nonets and the scalar meson € taken as a unitary singlet.
The multichannel Schrodinger equation is solved in configuration space with phenomenological hard-core
potentials at short distances. The coupling constants are calculated via SU(3) with the coupling constants of
the NN analysis as input. Charge-symnietry breaking between the Ap and An channels is included. A least-
squares fit to the low-energy Ap, =*p, and S~p data yields a very satisfactory result. Predictions up to the
pion production threshold are given, and, whenever possible, compared to the experimental data.

I. INTRODUCTION

The hyperon-nucleon (Y N) calculations of the
present paper together with the nucleon-nucleon
results of paper I' form model D in our program
of constructing potential models which can des-
cribe simultaneously all experimentally studied
baryon-baryon (BB) systems.

The purposes of a combined study of the NN and
Y N interactions are as follows:

(i) To test the assumption of SU(3) symmetry. In
particular we want to investigate in this model
whether a combined analysis of NN and YN is con-
sistent with the assumption that the isosinglet
scalar meson € (~700 MeV) is dominantly a uni-
tary singlet. Moreover, we want to determine
F/(F +D) ratios for the meson-baryon interaction.

(ii) To give a good theoretical description of the
YN interaction by using the results for the meson-
nucleon coupling constants from the NN analysis,
such that in spite of the scarce experimental in-
formation many experimental quantities like scat-
tering lengths, effective ranges, existence of res-
onances, etc., still can be extracted.

There is a large difference in the effort (both
experimental and theoretical) which has been put
in studying the NN or YN systems. The situation
is now that one-boson-exchange potential (OBEP)
models can give a good quantitative description of
the rich and accurate NN data (for references see
Ref. 2). The theoretical effort on models of YN
scattering is orders of magnitude smaller than on
NN scattering (for reviews see Refs. 3,4). In ad-
dition, most of the models describe only a limited
number of YN channels, for example only AN scat-
tering and no TN scattering. Besides they usually
do not show any results for NN scattering with the
same model. Our model A (Ref. 5) involving OBEP
from the members of the pseudoscalar- and vec-
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tor-meson nonets, and the Brueckner-Watson two-
pion-exchange potential gave a qualitative account
of NN and a good description of YN. Models B and
C (Refs. 6, 7) are pure OBEP models. These pro-
duced a reasonable quantitative fit to the NN
phase shifts and showed that also the YN channels
can be described well in an OBEP approach. In
fact these models are the precursors of the pre-
sent one. The differences are spelled out in pa-
per L.

The meson dynamics in model D are due to the
exchanges of members of the following:

(i) The pseudoscalar-meson nonet 7, n, K, X°,
with the n-X° mixing angle 6, =-10.4° from the
Gell-Mann-Okubo mass formula.

(ii) The vector-meson nonet p, ¢, K*, w with
the ¢-w ideal mixing angle tan 6, =1/2 .

(iii) The scalar-meson unitary singlet €. The
treatment of the isosinglet meson ¢ as a unitary
singlet has important consequences for YN scat-
tering, since the coupling of the € meson to all
BB currents is the same in that case. In NN an-
alyses the w and € couplings turn out to be large.
The central potentials of these mesons cancel each
other largely, whereas the spin-orbit forces re-
inforce each other to build up the strong spin-or-
bit potential necessary for the splitting of the 3P
phase shifts in NN. When the € meson is a unitary
singlet, the large cancelling of the central poten-
tials will occur in every BB channel, since the
large wNN coupling is mainly due to the large
coupling of the unitary-singlet part of the w.

Contributions of a possible octet of scalar me-
sons are neglected. These have all a rather high
mass (~1.2 GeV). The reason for neglecting the .
scalar octet here is to prevent the introduction of
one more free parameter in the YN model. In that
case there would be four SU(3) parameters for the
scalar nonet to be determined [the octet and sin-
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glet couplings, the F/(F +D) ratio, and the sin-
glet-octet mixing angle]. In the NN analysis
three coupling constants can be determined. One
more free parameter in YN can then fix, in prin-
ciple, the four SU(3) parameters for the scalar-
meson nonet. However, the scarce YN data allow
only a few free parameters in order to have a
nontrivial model. The effects of the contributions
of an octet of scalar mesons have been studied al-
ready in model C,” and will also be in the next
model E.

For very short ranges (»<0.5 fm) we assume a
strong repulsion in all BB channels, which is
described phenomenologically by using hard-core
potentials.

For YN we have five free parameters, three
short-range parameters, and two F/(F +D) ratios.
These parameters are determined in a fit to a
selected set of the 35 best YN data,* i.e., total
cross sections for Ap-Ap, Tp-Z*p, T"p-~Z7p,
>%n, and An, and 7, the =~ branching ratio at
rest. These experimental data are described
very well by the model with x2/data=0.65. The
same applies to the angular distributions.

The plan of the paper is as follows. In Sec. IT
we describe the definition of the potentials in the
Lippmann-Schwinger equation. Sections III and IV
give the OBEP’s in momentum and configuration
space. The results of the calculations for Z*p,
AN, and Z~p scattering are presented and dis-
cussed in Sec. V. Section VI contains a discus-
sion of the coupling constants and an overall dis-
cussion of the results.

II. DEFINITION OF THE POTENTIALS FOR THE
LIPPMANN-SCHWINGER EQUATION

In order to have a proper prescription for how to
handle field-theoretical potentials in the nonrela-
tivistic Lippmann-Schwinger equation, we shall
start with the Bethe-Salpeter equation, reducing
it via the Blankenbecler-Sugar approximation into
the Lippmann-Schwinger equation.

We consider the hyperon-nucleon reactions

Y+N-=-Y'+N'. (2.1)

In the following we often refer to ¥ and Y’ as par-
ticles 1 and 1’ (or 3) and to N and N’ as particles

2 and 2’ (or 4). For details of these channels see
Ref. 5. The four-momentum of particle ¢ is

b =(E(B;), i), where E®;)=®;*+M;?)'’?, and M,

is the mass. The total and relative momentum P

© and ¢ are introduced by

p1=“'|P+q’ P2=M2P"‘I; (22)

with p,+u,=1. Similarly we define the relative
momentum ¢’ for the particles 1’ and 2’. In the

center-of-mass (c.m.) frame P=(s, 0), p,
=(E1(‘(i)’ ﬁ); b, =(Ez(a)’ —ﬁ ), pl' =(E1'(ﬁ'), ﬁ'), and
Py =(Ex(@’), -q'), where s=—(p, +p,)°. Hence in
the c.m. frame ¢q and ¢’ read

q =(I~"'2E1(—q) - H]Ez(a)y q) .:

(2.3)

q, =(IJ~2E1’ (ﬁ’) - UlEg’(q,); 5') .
The relativistic two-particle states are normal-
ized as (suppressing the spin dependence)

B, 2151, B = (27 2E,(3)5°(B; ~ B.)
X(27)°2E 5(5,)5°(B; — Do) (2.4)

In looking for a definition of the potential for the
YN channels we start with the Bethe-Salpeter eq-
uation in the c.m. frame for a transition from a
state with relative four-momentum g¢; to one with
4

mfi(% q;; P) =fm}rtr (g5, as; p)
d4kn irr
+Z _[ __—«imgn (qf’ ky; P)Gn (kn; P)
m (2m)
ani(km 95 P) . (2-5)

M, is defined as the matrix which yields the trans-
ition-amplitude matrix M;; when sandwiched be-
tween the Dirac spinors, i.e.,

My ={f|M|%)
=T(Ty, S5)7,(—Ts, 8,0 4(ay, gi5 P)
X ul(ﬁi; 31)1"2("'-&” Sz)- (2-6)

The transition-amplitude matrix M, is related to
the S matrix via

Sfi=<fli>—(2ﬂ)4i64(Pf —P‘)Mfi. (2.7)

E)Tc}'; (g4, ;3 P) consists of the contributions of all
two-particle-irreducible Feynman diagrams. The
Green’s function is diagonal in channel space and
reads®

7'(H1P+kn)+iMm }

Gulky P)= 1 [(;L1P+k,,)2 +M %~ i€

7'(“’2P—kn)+iMzn ]
% I:(p,ZP—k,,)Z i—ie | (28

The summation extends to all two-particle chan-
nels that couple to the initial and final states.
Following the procedure of Logunov and Tav-

khelidze,® and Blankenbecler and Sugar'® (LTBS)

we write
angn"'(Gn—gn) ’ (2-9)

and replace (2.5) by a set of two matrix equations,
the LTBS equation, written in symbolic form

M="W +W gIn, (2.10)
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and the corresponding pseudopotential equation We choose for g,(k,, 4,2) the form

W ="+ (G - g)w. (2.11) N .
- 2775(’32 - “2E1n (qn) + I-";LEm(%))'

Two-particle unitarity is ensured when g, is &nlky, 4,°)=— 2(E, +E,,)

chosen to have the same singularity structure as

G, in the physical region between the two- and 1 . -
three-particle production threshold, i.e., when xm(‘7°Eln +¥ Ky +iM,p)
both ¥, and N, are on the mass shell (see, e.g.,

Ref. 11). Hence : :

X (=Y Egn =7 * K +iM) - (2.14)
Img,(k,, P)
This form involving the Lippmann-Schwinger

=1 R k ; PR T 2 2 N
Ly (u,P+ k) +iM,,] 216%((, P +&,) +M,,?) Green’s function has the correct imaginary part

X[y « (oP = k) +iM,,) 2Wi6* ((uy P = R, )2 +M,,2) as required by (2.12) and (2.13).. The choice is
2 . far from unique (see also Ref. 11), but the occur-
=?(—y.°E,,, +3+ Ky +iM (=Y Epn =7 * K, +iM,,) rence of the on-shell momentum in the 8 function

in (2.14) has the virtue of making the potentials and
thus the scattering matrix independent of the
(2.12) weights 1, and p, (see the end of this section).

where always E,, = (k.2 +M,,2)"”?, whenever the ar- We note that
gument has been suppressed. 0 - . o )

Generalizing the method of Partovi and Lomon!? VB () 47 + Ky +iMy, = 2iM30 A (ko)
to unequal-mass scattering, we rewrite the de- (2.15)
pendence on P in Img,(k,, P) as a function of §,2, —Y°Eon(k,) =5+ k, +iM, = 2iM2,,A‘f)(—E,,) ,
the on-energy-shell momentum, via

Xﬁ(\/?— E]n - Ezn)a(kg - “2E1n + ulEm)/(Em‘Ezn){

where A+(E,,) is the projection operator on posi-

- > 2E E tive-energy states. Therefore Eq. (2.10) can be
8(Vs=E,, = E,,) =0(§,2 -k,2)=—1=2n |
( 1n = Ean) =8(q n )El,, +E,, (2.13) rewritten as :

d*k v 2 M,y Mo T
mfl(qf: qis P) =‘“?ﬁ(qf’ dis P) +LV"_: f @’ﬂ')"a'%n(%, kn; P)Em( ")1+E:,,(§:-).‘ A(i-l) (kn)

27(kS = UoE (@) + 111 5n(G,))

E'}r‘ni(km qi; P)- (2.16)

@(_1r L
XA+( kn) aﬂZ_k"2+i€

So 9 and ‘W can be restricted to the positive-energy states only. Using

2MA D) =D ud, 9, s) , S ' (2.17)

s .

and defining the pseudopotential W analogous to (2.6) )

va((‘If, qis P)=ﬁ3(af; ss)u‘;(_q‘ﬁ 34)Wli(qf, qi; P)ul(ﬁi: sl)uz(_qi, Sz) 1) ‘ (2-18)
one gets after performing the k2 integration in (2.16) for the scattering matrix My,

Myl 85V =Wl 85 V) + 2 [ W, @, KV S) g e M (e T VS

Fi\dfr Hiy Fi\dfs Hiy ~ m) fn\4dfs Bny 2[E1,,(k)+E2,,(k)] qnz_ kn2 +ie mi\Em i
' (2.19)

In (2.19) the zeroth component of %, is'given by
k3 = quln(an.) - H-lEzn(qn) . ‘ (2-20)

Equation (2.20) can be converted into a Lippmann-Schwinger equation by introducing a nonrelativistic nor-
malization of the two-particle states

(ﬁ{; s{; ﬁé’ sélﬁv S5 527 82) = (2")653(ﬁ; - ﬁl)ﬁ"’(ﬁé - ﬁz)és'ls
and by the definition of the nonrelativistic scattering-amplitude operator T such that'?

do’t _14,] U;IMU) *_ 1%l | (Tl
m S

ae 4| |ﬁ:| 27

8sss, » (2.21)

1

2 L
MM, (2.22)
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where M,, and M,, are the reduced masses in the final and initial states. Another way of defining T via the
nonrelativistic unitarity relation leads to the same result.’® Generalizing the relation between M;; and Ty,
off the energy shell

(FIT]3)=[4M (B, + E)]"V2(3, 4 |M|1, 2[4M,,(E, + E,)] 7172, (2.23)
yields from (2.19) the Lippmann-Schwinger equation

5,41711,2)=3, 4 V1L, 2+ [ TE8 5,41V ny m) 228 (| T11, 2, (2.24)

with the potential analogously to (2.23)
(3,4| V|1, 2)=[4M,,(E, +E )72 (3, 4|W|1, 2)[4M,,(E, +E,)] /2 . (2.25)

For the following it is convenient to pass to the Pauli spinor space. We define the so-called nonrela-
tivistic amplitudes 7 and U by

Uty Tuu, :X;XZ TX1Xz2 »
(2.26)
Tty Vil =Xg X 50X 1 X 3 -
It is easy to verify from (2.24) that the amplitude 7 satisfies the Lippmann-Schwinger equation in 4 x4
Pauli spinor space with the potential U

2 M,
(3,4|7|1,2)=(3, 4]v|1, 2) +Z f Gy B 4l00m, ) *Z—f:;—ﬁz (ny, my |71, 2) . (2.27)
T
Using rotational invariance and parity c;xzservation DY = D00 = LB (@) = 1, Ey(@) — 1oE (@) + 1, B, (G,)
one can expand the 4 X4 transition matrix 7 (Refs. N o
14,4) P =E,@) - E.,&) , (2.31)
and therefore
8 > -> >
7= Z T, P, (2.28) 0 @ % V'8 ) ~{-[E,(@) = E1(G0)]?
o ‘ +@-K )2 +m? (2.32)

where 7; = 7; (%, §;%, §; - 9;). We shall choose for

the operators P, in spin-space® i.e., independent of the weights p, and u,.

In the case of nonzero contributions of [E @)

P,=1, P,=5,-5,, - E (G, (e.g., AZ transitions or strange-
=@, - E)((’rz . E), P,=(i/2)F,+5,) 71, meson exchanges) we approximate
2 2L (F = 2,2 -
Py=@,* W)@, H), Pe=(i/2)6,-5,)- B, (2.20) (y = pun)" +m7 By = Drn)” 4772 (2.33)

by absorbing (E, — E,,)? into the mass term by

P=@ -G B +@G TG - §
2= G QG K+ 6, R+ T, changing the mass to an effective mass 7. All

P=@, G, k) -G, - k)G, §), cases of interest to us are discussed extensively
where in Ref. 4.

q=(4; +95)/2, II. OBEP IN MOMENTUM SPACE

k =4, -4, (2.30) In the OBEP approximation we consider only

second-order irreducible diagrams contributing

xXq X
n=q;Xq;= kxq. to the kernel

3 similar expansion can be made for the potential We M) (3.1)
Finally, we consider the dependence of the po- Similarly to (2.28) we expand the nonrelativistic
tentials on the weights p, and y,. The zeroth potentials U as
components of the momenta occur only in the com- 6
bination p¢ -p%,, e.g., in the propagators for me- V= E U;P; (3.2)
=1

son exchanges [(p, — p,,)? +m?]™1. With our choice
of g,(k,, P), Eq. (2.14), we have in the potentials where the P, are given in (2.29). This means that
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we neglect the potential forms P, and P,. In this
paper we will make the local approximation for U;.
Terms like P, and P, would lead to nonlocal po-
tentials and hence are neglected. In deriving these
local functions ‘U,(Ez) we make the following ap-
proximations:

(i) E=(&%/4+F+ M) /2= M+k2/8M . (3.3)
(i) /M2 +1/My2=2/(MMy). (3.4)
(iii) We keep only terms up to order k2/M2.
(iv) In the meson propagators [(p, —p,)*+ m?]
~ (K% + m2) [cf. (2.33)]. When two different hyperons
are involved (AZ) the average mass is used in the
potentials.

The interaction Hamiltonian densities are
(i) pseudoscalar -meson exchange

¥p= igisaa'yszplq&' s (3.5)
(ii) scalar -meson exchange
3C3=g13l—/)—34)1¢, (3'6)
(iii) vector -meson exchange
5y = g, Tgruth 8 + T T 0, 0, (04 6 — 064
(8.7)

Similar interactions apply to the 24 vertex. The
scaling mass I jin (3.7) is chosen to be the proton
mass.

Using the approximations described above we
find, for the U; in the case of nonstrange-meson
exchange,

(i) pseudoscalar -meson exchange

VP = —g,,2,,0/ (@M M}), (3.8)
(ii) scalar -meson exchange

VS = ~g,, 2, [1+ K/ (8M, M)A,

V5 =2,38,.8/(2MyM,),

V5 = 8108248/ (16My°M )

Vs = g,sgz4A(My2,-MNZ)/(4My2MN2) ’

(3.9)

(iii) vector -meson exchange

V= {g13g24[ 1 —Ez/(sMYMN)] —g13f24E2/(4$mMN)
= 8oa 15K/ (BTMM y) + f5 K */ (1690M M )}A

vy = kY,

‘U: = {g1ag2_4 +g13f24MN/m+g24f13MY/3R
+frafaal 1 =2/ (8My M) MM o /NZYA/ (4M M ) ,

'UZ: [12g13g24+ 8(g13f24+g24f13)(MYMN)1/2/m
_f13f243E2/m2] A/(SM YMN) ’

U:= 215820+ (g13f24+g24f13)4(MyMN)1/2/3K
+f13fz48M YMN/mZ]A/(IGMYZMNZ) )

'U;’ =[ (213824 +f13f24E2/45m'2)(MY2"' MNZ)/'(‘IMYZMNz)
- (g15/24 "g24f13)/('meY1/2MN1/2)]A ’

(3.10)
where

A= &+ m?)™t. (3.11)

For the mesons carrying hypercharge (K and K*)
we find a completely symmetrical occurrence of
My and My and an additional minus sign.'® The
potentials can be obtained from (3.8)-(3.10) by
replacing both My, and M, by (MyM,)'/? and adding
a minus sign. Furthermore we get nonzero con-
tributions from the second part of the vector -me-
son propagator (k“%k”/m?). Hence we have's

“UF*=0" — (M, - M) (M, - M,)0'S/m?, (3.12)

where in V¢S the vector -meson coupling constants
813824 have to be inserted, and M, and M, have to
be replaced by (MM )2,

IV. THE POTENTIAL MODEL IN CONFIGURATION SPACE
The potentials in configuration space are obtained via Fourier transformation.!® The additional approxi-
mation of the quadratic spin-orbit terms is described in paper I.! From (3.8)—(3.10) we get

(i) pseudoscalar-meson exchange

VP = Eglen 36,590+ Sx)e, .1
(ii) scalar -meson exchange
_ 813824 1
VS(r)= —TmKl 8MYMN >¢(x)+ YMN< + —§> ()T -5+ W 2X(x)Q12
2 2
(2N (L L )owie, -50-Te (4.2)
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2 and

V)= S W L Sy pp— ]¢><x)
V)= [g13g24 + SMYMN>+g13 24m+g2¢1 13 4':mMY+ S T

m? (M M )1/2 1 1 _»
- My'M—""N [%g13g24+ (813/2a+ &2af1s) — 5" +frafoa 83“2} ~ 4 = ()T -
m MyM m? .
i, 4MyM y l}§'13g24+g13f24 mn +g24f13 ; +f13f24 Y . <1+ 8MyM y >][%(&1 +G,) 0 (x) = S,,x(x)]
i 4y M) 8M M,

m
+ 16MY2MN5 |;g13g24+(g13f24+g24f13)

' m? \ m2(M 2= M ,?
[(g13g24 ~f1af2a 43'12) Wy £

AM M 2

In these formulas x=m7, where m is the average
mass of the isomultiplet, and

ox)=e*/x, x(x)=G+1/x+1/x%e*/x, (4.4)
12= 3@ - L)E, -L)+ @, -L)GE, -1)]. (4.5)

@ =1 for hypercharge Y =0 exchanges and
P=-C.0, (4.6)

for ¥ #0 exchanges (K,K*), where ®, and @, de-
note the space and spin exchange operators. In
the latter case we have to replace both M, and

My, by (MyMy)*'? in the expressions (4.1)—(4.3) and
reverse the sign of the antisymmetric spin-orbit
term (G, =3,) -..”5 For K* exchange we have in
addition to (4.11) also the term

yrr o WMy = M)W, =My s @)
m

where in V° the vector-meson couplmgs 813824

have to be inserted.

Our treatment of the relevant baryon-baryon
channels and their SU(3) classification has been
described in detail in Ref. 5. There also the
SU(3) conventions for the coupling constants are
spelled out. We mention two differences. Firstly,
we- do not use here any SU(6) relation for the coup-
ling constants, although we keep a$ =1 for the
direct coupling of the vector mesons, thus coupling
the p meson universally to the isospin current. The
NN coupling constants having been determined in
paper I, we determine in this YN analysis a, and
ay. Secondly we have included 1 — X° mixing

| X°) = cosbp | X% + sind, | n,),
[n)= —sinfp |X2) + cosby |7y,

(4.8)

The singlet-octet mixing angle is taken from the
- Gell -Mann-Okubo mass formula 6,= -10.4°. .The
treatment of the broad mesons p and € has been

IN +f13/24 e

| exee.,

2 1 1 =
—(815f2a —g24f13)W§n‘M‘;l)_1FZ] (}"" ?) ¢>(x)%(51 -G,) 'L}@

4.3)

r

described extensively in paper I.

The hard-core scheme for the s waves in YN
reads (for more extensive discussion see Refs.
1 and 5)

%, hard core in 'S (AN; ZN, I=3,3%),
A modification parameter in 'S (EN I— 2), (4.9)
Xy hard core in 35,-*D,(AN; N, I=%,3

In order to be able to calculate in the particle
basis, we account for the difféerence which can
exist in principle between the hard “cores of
IN(=3) and TN(I=3%) in the S, wave by multiply -
ing the potentials in the I=3 state by a phenomeno-
logical function

£(r)=1 -exp[-(r —=x)/A]. (4.10)

The modification parameter X is required to be
small such that only the inner part of the potentials
is affected, and the tail is still determined by me-
son exchanges only.

The treatment of the hard cores in the p and
higher L waves is discussed in Sec. VA.

V. RESULTS OF THE CALCULATIONS

A. Determining of the free parameters

Having obtained in the NN analysis® the values
for the coupling constants of the nonstrange me-
sons with the nucleons, all meson-baryon coupling
constants can be calculated via SU(3) relations. But
we'still need to determine the short-range param-
eters and the F/(F + D) ratio of the pseudoscalar -
meson octet. Furthermore, we check the value
of oy keeping f vy fixed in view of the small sen-
sitivity of NN to fyyy." :

Tracing the dependence of the s waves on the
hard-core radii, we find that the 35,(ZN, I=%)
potential is always weak and repulsive. Therefore
the dependence of the 3S,(ZN, I=3%) scattering
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length and the total nuclear cross section on the
hard-core radius is very weak.!®* So we can take
the hard-core radius x,(ZN, I=3) the same as
%,(AN; ZN, I=%)=x,.

For the p waves in NN we found that a single
hard-core x,=0.34594 fm was sufficient for the
potentials in both the I=1 and I =0 states. The
1p;(NN) potential, which is in the 10*, isrepulsive
and hence insensitive to hard-core variations. In
the P(NN) waves, which belong to the 27, the
SP,(NN) potential and the inner part of the *P,(NN)
potential are repulsive, but the 3P,(NN) potential
is attractive at short distances. So x, in NN is
essentially determined by the P, phase shifts.
Considering the p waves in YN, we notice that in
the 'P, waves apart from the potentials in the 10*
also potentials in the 10 and 8, occur, and in the
3P waves next to potentials in the 27 also potentials
occur in the 8, representation. We have performed
a tedious investigation of the hard-core dependence
of the various p waves in YN with the following
results?’s:

(i) For =N, I=% we have

(a) strong dependence of 'P,, leading to x>0.40
fm,

(b) almost no dependence of *P,,

(c) almost no dependence of °P,,

(d) slight dependence of *P,-°F,.

(ii) For AN and =N, I=3% we have

(a) strong dependence of 'P,, leading to x>0.39
fm,

(b) almost no dependence of *P,,

(c) moderate dependence of °P,,

(d) strong dependence of *P,-°F,, leading to
%>0.34 fm.

We try to describe the p waves in YN with a
single hard-core radius x,>0.40 fm. The value
of x, can be searched by fitting to the data that
depend genuinely on the p waves: the angular dis-
tributions of * —Z* at pp. =170 MeV/c and of
Zp—~Zp and Z7p - An at py- =160 MeV/c.

The results show that indeed with a single hard-
core radius for the p waves we can get an excellent
description of the experimental angular distribu-
tions. It appears that the best fits are obtained
when x,~0.31m,. Hence we have kept

%,=0.31m,™ =0.443 14 fm, (5.1)

leading to x?= 2.9 for seven =*p differential -cross -
section data and x®>=12.4 for the six Z"p-Z"p
together with ten Z7p — An differential -cross-sec-
tion data.

For the higher L waves (L > 2) we have no clue
to determine the hard-core radius x;,, in YN. In
view of the small sensitivity of these peripheral
waves to hard-core variations, we just take over
in YN the hard-core radius needed in NN (Ref. 1)

Xp»;=0.66254 fm, (5.2)

The last step is the determihation of the five free
parameters: three s-wave short-range parameters
(x5, X, %), &p, and af (thereby keeping fyy, and
Sune fixed). This is done in a least-squares fit
to the selected set of the best 35 YN data [Table
I(dataarefrom Refs. 17-19, 26, 27)]. Thevalues
which emerge are given in Table II together with the
covariance matrix ¢~ 'and the correlation matrix
C. In Table I we compare our calculated values
with the experimental ones. The total x*=19.5
for 35 data and 5 degrees of freedom, i.e., ¥2/
data=0.65.

We shall present the results concisely. Those
who need more details can get these on request.

B. =*p scattering

The values of the five free parameters from
the overall fit lead to the scattering lengths and
effective ranges of the Z*p s waves with statistical

TABLE I. Comparison of the theoretical and experi-
mental values for the selected set of 35 best YN data
(Ref. 5). The superscripts RH and M indicate the Re-
hovoth-Heidelberg (Ref. 17) and Maryland (Ref. 18) Ap
data. The lab momenta are given in MeV/c and the cross
sections in mb.

Ap—Ap x%=3.1 Ap—Ap X*=1.9
ba Oy Oth b Oony Otp

145 180+ 22 210.2 135
185 13017 145.6 165
210 118+16 115.4 195
230 101+12 95.9 225
250 83+9 79.7 265
290 57+9 56.4 300

209+£58  229.9
177+38  175.2
15327 1327
111+18  100.4
87+13 76.1
46411 50.7

Zp—~Z'p x*=0.1 Zp—Zp x*=3.6
P Oexp Oth Pg- Oexp Otn

145 123+ 62 108.5 142.5
155 104+ 30 99.1 147.5
165 92+18 91.1 152.5 142+ 25 128.1
175 81+12 83.7 157.5 164+ 32 122.1
162.5 138+ 19 116.3
167.5 113+ 16 111.2

152+ 38 142.0
146+ 30 134.6

=p—~ 3% x?=5.5 =p— An x?=4.3
pe- Oexp Otn bz~ Oexp Oth

110 396+ 91 192.9 110
120 159+43 168.4 120
130 157+34 149.0 130
140 125+ 25 133.4 140
150 111+19 120.6 150
160 115+ 16 110.2 160

r#=0.4775 x*=0.9

174447 236.3
178+ 39 201.4
140+ 28 174.1
164+ 25 152.3
147+ 19 134.7
124+ 14 120.3

r§P=0.468+0.010
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errors

a=-3.66+0.33 fm, 7$=3.52+0.25 fm,
(5.3)
a$=0.34+0.01 fm, #¢=-7.31+0.20 fm,

where the superscript C denotes the presence of
the Coulomb potential.

For the case that the Coulomb interaction is not
present as in Z™n scattering we obtain

a,=-4.61+0.60 fm, 7,=3.69+0.27 fm,
2,=0.32+0.01 fm, 7,=-6.01+0.12 fm.

(5.4)

The Z*p “total” cross sections (for definition see
Ref. 5) are compared with the experimental values
in Table I and Fig. 1. An excellent fit is obtained,
since we have here essentially one free parameter
(r), which fixes the 'S (I= %) contribution.

In Fig. 2 we compare the calculated values with
the experimental angular distribution from the
Heidelberg group,'® showing good agreement. A
few remarks can be made about the differential
cross sections. The Coulomb interference with
the triplet waves, which is almost entirely due to
the °S, wave, is constructive. The destructive
Coulomb interference with the singlet waves, which
is almost completely due to the 'S, wave, is larger
in absolute value yielding a total destructive Cou-
lomb-interference result. The shape of the an-
gular distribution, however, is apart from the
Coulomb forward peak essentially determined by
the 'S,-'P, interference term, which is large.

We have calculated also the polarization of the
scattered =* along the normal at pp. =170 MeV/c.
The result is (P +4)= -0.001, and it agrees with

TABLE II. Values of the free parameters in the best-
fit point and the covariance matrix a™! in units of fm to-
gether with the correlation matrix C.

% (fm) x, (fm) A (fm) ap al

0.56271 0.44915 0.07545 0.46403 0.33428

~ ~

0.49 -0.16 -1.55 —0.02 —0.00
—-0.16 0.11 0.49  -0.01 0.01
al=[_1.55 0.49 9.35 0.46 0.00| x1074
-0.02  —0.01 0.46 0.58  —0.02
—0.00 0.01 0.00 —0.02 0.05

—
— -
1 -0.71 -0.73 -0.04 -0.03
-0.71 1 0.50 —-0.06 0.14
C=|-0.73 0.50 1 0.20 0.01

-0.04 -0.06 0.20 1 -0.10
-~0.03 0.14 0.01 -0.10 1

.. —

o[mb]
I'p=I*
150 |-
\
L] S e _
\+\ |
5
0 1 L 0 _ | . 1
140 150 160 170 180
pz* [MQV/C]

FIG. 1. Calculated =" p “total” cross sections com-
pared with experimental values of Ref. 19.

the measured value’ (P -#)=0.0+0.16. Note that
no singlet waves contribute to this polarization,'s
which are the only ones with slightly larger phase
shifts.

do
dcos© [mb]
=1
100 } pp+=170 Mev/c
80 |

T

T

I }ﬁ

20 F

s 1 L 1 L L A I A

-10 -06 -0.2 0.2 0.6 10
’ : : cos©

FIG. 2. Calculated =*p differential cross sections
compared with the data: of Ref. 19.
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TABLE III. Z*p and 7% p-wave effective-range pa-
rameters in units of fm. The superscript C denotes the
presence of the Coulomb interaction.

Py i) ’py ’py
a® —-2.13 -2.46 1.49 —0.244
7€ 2.39 4.29 -9.18 6.75
a —-1.82 —2.01 1.20 -0.214
v 2.24 4.91 -11.20 13.50

The p-wave Z*p low -energy parameters are
given in Table III for the expansions Eqgs. (30)
and (32) of paper I. When we compare the values
of the 3P(Z*p) effective-range parameters with
those of 3P(pp) (Table V of paper I), we see that
the sign and the order of magnitude is the same,
as we expect from the fact that both *P(pp) and
3P(Z*p) are in the 27 representation of SU(3).

In Table IV the nuclear -bar phase shifts for
%*p are given as predicted by the model. In par-
ticular we want to mention the 'P, phase shifts,
which grow to about 75° around p.=660 MeV/c.
In Fig. 3 we have depicted the total nuclear cross
section of Z*p. Very interesting is the maximum
aro 'nd pp+ =420 MeV/c, which is essentially due
to the large 'P, phase shift.

2555

a [mb]

T*p total nuclear
cross section

100 |

-

0. 02 0.4 0.6 08 0
Px*[ﬁ BV/ ‘ﬂ

FIG. 3. I"p total nuclear cross sections as predicted
by the model.

C. AN scattering

In our AN calculations we get different values for
the low-energy parameters in the charge +1 and 0
states, since we have taken into account charge-
symmetry-breaking potentials. The s-wave scat-
tering lengths and effective ranges are given in
Table V for Ap, An, and for AN, suppressing the

TABLE IV. =*p nuclear-bar phase shifts in degrees. The p; denote the mixing angles for 1J;~—=3J,.

pp+ MeV/c) 100 200 300 400 500 600 700 800 900 1000
T1ap (MeV) 4.2 16.7 37.2 65.5 100.8 142.8 190.7 244.0  302.1 364.5
15, 30.36  36.83 31.58 23.47 14.60 5.66  -3.08 —11.51 -19.59  -27.34
33, -3.06 —6.92 -11.57 -17.20 -23.48 -30.01 -36.52 -42.84 -48.91 —54.71
€ -0.38 -1.86  -3.42  -453 -514 -532 520 -4.88 444  -3.95
3p, 0.94 495 8.80 9.89 8.14 439  —055  —6.12 . —-12.00 -17.95
ip, 0.94 7.5 26.18 52.25 68.74  74.55 74.57 71.46 68.16 64.78
04 -0.00 —0.02  —0.08 -0.16 -0.20 -021  -0.22  -0.23  -0.23  -0.24
3p, -0.53 —2.62  -5.09  -7.49  -9.92 -12.54 -15.05 -17.15 -20.45 —24.36
3p, ¥ 0.12 1.10 3.21 5.83 8.05 9.32 9.52 8.82 7.44 5.59
€, -0.03 -0.35  -1.01  -172  -2.28 -2.58  -2,65 -251  -223  -1.85
3D, 0.02 0.29 0.89 1.60 2.16 2.29 1.83 070  -1.04  -3.30
ip, 0.02 0.30 0.96 2.05 3.68 5.79 8.16 10.46 12.36 13.63
Py -0.00 -0.00 -0.00  —0.01  -0.02  -0.03  —-0.05 -0.06 -0.07  —0.08
3D, -0.03 -0.42  -121  -211  -2.95 -3.75 -4.60 -5.60 -6.80  -8.24
3D, 0.00 0.06 0.33 0.94 1.92 3.12 4.30 5.23 5.75 5.77
€ ©=0.00 -0.066 —0.28 -0.61 -1.00 -1.37 -1.69 -1.93 -2.10  -2.18
3F, 0.00 0.03 0.16 0.40 0.70 1.03 1.31 1.45 1.37 1.02
iF, 0.00 0.05 0.22 0.49 0.88 1.43 2.17 3.15 4.33 5.67
P -0.00 —0.00  -0.00 -0.00 —0.00 -0.01 -0.01  —0.02  —0.03  —0.04
3R, -0.00 =0.08  —034  —0.75 -1.20 -1.62  -1.97 -2.26  -251  -2.77
3F, 0.00 0.01 0.04 0.16 0.40 0.81 1.39 2.13 2,98 3.87
€ -0.00 -0.01  -0.08  -0.23 -0.43 -0.65 -0.88 -1.10 -1.29  —1.46
3G, 0.00 0.01 0.04 0.11 0.24 0.40 0.59 0.79 0.96 1.09
1, 0.00 0.01 0.07 0.18 0.33 0.52 0.76 1.07 1.48 2.00
3G, -0.00 -0.01  —0.10  —0.28 -—0.53 -0.80 -1.06 -1.29  -1.47  —1.60
3Gs 0.00 0.00 0.1 0.04 0.10 0.22 0.40 0.67 1.03 1.48
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charge-symmetry-breaking potentials in the last
case. The correlation coefficient of Aa, and Aa,
turns out to be -0.72. The values of 7, and », are,
of course, correlated with the values of a, and a,,
since the model provides 7, and 7, as functions of
ay and a,. v, and 7, become smaller'® when |a,|

or [a,| get larger. The statistical errors in a, are
much smaller than in a; because the Ap cross
section is more sensitive to the %S, contribution
than to the contribution of the 'S, wave because of
the statistical factors & and ; for triplet and sing-
let waves.

When we compare our Ap s-wave scattering
lengths and effective ranges which are obtained
from the scattering data with the values from the
analysis of the s-shell hyperfragments,?® we find
almost agreement within the one-standard-devia-
tion bounds for Ap and An. We note that our ef-
fective ranges in the 'S, waves are larger than the
ones from the hyperfragment analysis. In a Fad-
deev-type calculation of the binding energy of 3H
(Ref. 21) it appeared that larger effective ranges
in the 'S, waves gave better agreement with the
experimental value for the binding energy of the
hypertriton. We note that the sign of the theoreti-
cal charge-symmetry-breaking potential is the
same as in the purely phenomenological treatment
in the hyperfragment analysis.2®

For the scattering lengths of the charge-sym-
metric potential (Table V) we just violate in the
best-fit point the requirement |a,|>|a,|, needed
because of the spin assignment of 3H. However,
in view of the large statistical error on a, this
poses no serious problem.

For the six Rehovoth-Heidelberg data we obtain
x?=3.1and for the six Maryland datax*=1.9, indica-
ting an excellent fit to the low-energy A ptotal cross
sections (cf.Table I and Fig.4). Inthe momentum re-
gion of these data (p, < 330 MeV/ c)the total cross sec-
tions are strongly dominated by the s waves. Evenat
pn =330 MeV/c the contributions of the higher L
waves to the total cross section are still less than &%.
Inthe calculated angular distributions we have a
slight rise in the forward directions and a slight
fall in the backward directions in agreement with
experiment.'’

TABLE V. Ap, AN, and Az scattering lengths and ef-
fective ranges in fm. The subscripts s and ¢ refer to the
s, and 35, states, respectively.

Ap AN An
ag  —1.77£0.28 . —-1.90£0.30  —2.03+0.32
s 3.78+0.35 3.7240.34 3.66+£0.32
as ~2.06£0.12 ~1.96+0.11 ~1.84+0.10
7 3.18+0.10 3.24+0.11 3.32+0.11

The Ap elastic total cross sections up to p, =1
GeV/c are drawn and compared to experiment in
Fig. 4. In the momentum region above 0.3 GeV/c
we see a reasonable agreement with the Berkeley
data.?? ?® In particular we notice that the calcula-
ted elastic total cross section in the region
0.6-0.7 GeV/c is well compatible with the experi-
mental point of Berkeley 71 (Ref. 22), but at about
two standard derivations away from the point of
Berkeley 74 (Ref. 23). We obtain y2= 14 for the
seven Berkeley 71 data and x2~ 10 for the seven
Berkeley 74 data. The large cusp of 39.0 mb at
the % threshold is an enhancement in the 38, -
3D, waves. This peak is in very good agreement
with the results of Ref. 24, where a large peak in
the Ap invariant mass is found at E.,, =2128.7
+0.2 MeV, the Z*n threshold being located at
2128.97 MeV. The large cusp is not due to a mul-
tichannel virtual-bound-state resonance, since the
eigen phase shift corresponding to the eigenvector,
which is dominantly 2S,(Ap), fails to pass through
90° In fact the maximum value 72.4° of this phase
shift is reached just above the Z% threshold.

This means that the pole in the 35,-D,(ZN, I = %)
amplitudes in the 10*, analogous to the deuteron,
is not on the second Riemann sheet in the complex
energy plane, although it is close to that.
Changing the values of the o’s in a large domain
does almost not change the position of the pole.
When we make the hard-core radius x, about five
standard deviations smaller, a multichannel vir-
tual-bound-state resonance appears at the =%
threshold. However, for this case we have also a
Ap bound state. So we conclude that a 35,-3D,(Ap)
virtual-bound-state resonance is unlikely to exist.
The situation for Az is similar.

Before we consider the higher L waves we first
mention that we have neglected in the coupled AN
and Z N channels the singlet-triplet transitions
1J;=3J; (J =1). The inclusion of these transitions
will not change the results of the fit, since the
contributions of the p waves were already small.
The contributions of the singlet-triplet transitions
are expected to be very small because of the fol-
lowing reasons. In the first place we notice that
the antisymmetric spin-orbit potentials, which
are responsible for the singlet-triplet transitions,
occur only in the scalar-meson and vector-meson
potentials [cf. (4.2), (4.3)]. Inthe scalar-meson
case and partially in the vector-meson potential
the antisymmetriec spin-orbit potential is propor-
tional to mass differences. In éxact SU(3) sym-
metry these contributions will vanish. The only
contribution, which survives in exact SU(3) sym-
metry, appears inthe vector-meson potential: the
term proportional to (g,3/,4 — &4/15) in EqQ. (4.3),
which means that also here large cancellations
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FIG. 4. Calculated Ap elastic total cross sections compared with the Rehovoth-Heidelberg (Ref. 17), Maryland (Ref.

18), and Berkeley data (Refs. 22,23).

occur. In Z*p, where the singlet-triplet transi-
tions will vanish in the limit of full SU(3) sym-
metry, we have seen that the effects of incorpora-
ting these potentials are very small. In an energy
region where the p and higher waves dominate the
scattering the inclusion of siriglet-triplet transi-
tions is more important, although the effects are
still expected to be small. Neglecting the 3J; —'J,
transitions has the consequence that we have in
general two decoupled 3 X3 Schrédinger equations
for the 'J, and ®J; wave instead of the 6x6 Schro-
' dinger equation for the coupled J; —3%J, waves.
The effective-range-expansion parameters for
the p waves are given in Table VI for Ap, An, and
the charge~symmetric state AN. The Ap and An
nuclear-bar phase shifts in the momentum region

TABLE VI. Ap, AN, and An p-wave effective-range
parameters in units of fm.

Ap AN An
a v a v a Y
lp, -0.17 -0.04 -0.20 4.88 —0.22 7.07
3Py —0.08 9.76 -0.14 26.0 —0.20 1 24.6
5Py -0.09 57.7 —0.05 64.0 —0.010 —1470
5P, —0.26 5.37 -0.26 5.26 —0.26 5.19

below the T N thresholds are given in the Tables
VII and VIII. We notice that the potentials are
overall attractive in all partial waves. The total
cross sections for Ap—~Ap, Z*n, >% above the =N
thresholds are given in Table IX. In the region up
to roughly p, =800 MeV /c there is considerable
breaking of the isospin relations between the
Ap-Zh and Ap-Z°p cross sections, mainly due to
phase-space effects. In Fig. 5 we compare the
calculated total cross sections for the experi-
mentally poorly constrained reaction Ap-%% with
the data of the Berkeley groups.?' 2% The calcula-
ted cross sections seem a little lower than the

" experimental ones, especially with respect to the
Berkeley 71 data, yielding x?=5.4 for four data
points. However, a comparison of the total-cross-
section data of Ap-Z% with =~ p-An using isospin
relations and detailed balance®® shows a clear dis-
crepancy, indicating that the Ap -~Z% experi-
mental total cross sections of Ref, 22 are perhaps
too high (see also Sec. VD).

D. Z7p scattering

(7)) Z"p-="p. The fit to the most recent “total”®
cross sections of the Heidelberg groups'® is given
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TABLE VII. Ap nuclear-bar phase shifts below the £N thresholds. The phase shifts of the
not-displayed L =4 waves are smaller than 0.20° everywhere and for L =5 smaller than 0.03°.

pa (MeV/c) 100 200 300 400 500 600 633.8

T1ap (MeV) 4.5 17.8 39.6 69.5 106.9 151.1 167.5

150 19.07 24.31 21.15 14.66 7.04 -0.64 ~2.76

351 21.97 28.48 26.54 21.70 16.57 15.35 38.15

€ 0.17 0.86 1.96 3.41 5.46 10.35 25.86

3P0 0.06 0.37 0.67 0.24 -1.39 —-4.14 -5.23

1P1 0.12 0.92 2.76 5.55 9.03 13.37 15.38

3P1 0.06 0.32 0.63 0.71 0.45 0.35 0.91

3P2 0.18 1.27 3.50 6.27 8.72 10.30 10.63

€ 0.00 -0.00 —-0.04 -0.13 -0.24 -0.25 -0.17

3D1 0.00 0.03 0.21 0.71 1.88 5.30 13.66..

1D2 0.00 0.05 0.33 1.08 2.39 4.16. 4.81

3D2 0.00 0.08 0.41 1.19 2.44 3.98 4.53

3D3 0.00 0.05 0.28 0.86 1.85 3.13 3.58

€ 0.00 0.00 0.02 0.05 0.13 0.25 0.31

3F2 0.00 0.00 0.01 0.06 0.21 0.52 0.75

1F3 -0.00 -0.00 0.00 0.03 0.10 0.24 0.30

3F, 0.00 0.00 0.02 0.06 0.16 0.30 0.37

3F4 0.00 0.00 0.02 0.08 0.25 0.56 0.71

Oyt (mb) 309.6 126.7 50.7 22.3 13.1 14.4 39.0
in Table I and Fig. 6. The data are described well The scattering is strongly dominated by the 33,
and the energy dependence seems good. In Fig. wave for py- <300 MeV /c. At the higher energies
7T we compare the calculated angular distribution the p waves dominate the nuclear total cross sec-
with the experimental one measured by the Heidel- tions. The contributions of the higher L waves are
berg group.’® A good description is reached. The always very small.
shape is essentially determined, apart from the (ii) Z-p—~Z°. The calculated total cross sec-
Coulomb forward peak, by the 3§,-3P, interfer- tions are compared with the measured values of
ence and constructive Coulomb interference. the Heidelberg group® in Table I and Fig. 8, show- -

In Table X we give the total nuclear cross sections ing good agreement. Only the datum at py-=110

for ~p elastic scattering up to py- =600 MeV/c. MeV /c is two standard deviations off.

TABLE VIII. Az nuclear-bar phase shifts in degrees below the ZN thresholds.

pa (MeV/c) 100 200 300 400 500 600 641.7
Tyap, (MeV) 4.5 17.8 39.6 69.5 106.9 151.1 171.4
1s, 21.31 26.46 22.90 16.10 8.26 0.36 —-2.51
38 20.04 26.45 24.72 19.98 14.74 11.90 21.09
3 0.12 0.70 1.73 3.13 5.03 8.86 17.68
3p, 0.13 0.68 1.22 0.90  —0.72 —3.56 —4.99
ip, 0.15 1.07 3.10 6.12 9.84 14.32 16.76
3p, 0.01 0.08 0.18 0.06 -0.37 -0.77 —-0.43
3p, 0.18 1.26 3.48 6.21 8.59 10.08 10.43
€ —0.00 -0.03 -0.11 —0.24 -0.39 -0.43 -0.36
D, 0.00 0.05 0.27 0.82 1.96 477 10.92
ip, 0.00 0.07 0.39 1.17 2.53 4.36 5.20
3D, 0.00 0.05 0.31 1.01 2.17 3.62 4.26
3D, 0.00 0.05 0.29 0.88 1.87 3.15 3.1
€5 —0.00 —0.00 —0.00 0.01 0.06 0.17 0.23
3F, 0.00 0.00 0.02 0.09 0.25 0.56 0.81
ip, 0.00 0.00 0.02 0.05 0.14 0.30 0.38
SR, —0.00 —0.00 ~0.00 0.01 0.06 0.17 0.24
3R, 0.00 0.00 0.02 0.09 0.26 0.58 0.76

Otot (Mb) 284.2 117.9 47.1 20.6 12.1 12.3 23.1
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TABLE IX. Ap—~Ap, Z*n, 2% total cross sections in mb above the TN thresholds.

" pa (MeV/c) 650 700 750 800 850 900 950 1000
Tiap MeV)  175.5  201.4  228.7  257.2  286.9  317.8  349.7  382.6
Ap—Ap 15.88  12.41  12.59  12.85  13.09  13.37  13.68  14.05
Ap—Z*n 8.53 8.89 979  10.01 9.78 9.30 8.75 8.21
Ap—3'p 3.02 4.03 4.69 4.92 4.85 4.64 4.36 4.10

The angular distribution has not been measured,
because the reaction Z~p-Z% cannot be constrained
experimentally. The calculated angulardistribution
at py-=160MeV/clooks very muchlikethe one of the
reaction Z~p—An, but systematically about 5 mblow-
er. The forward-backward asymmetry is mainly
caused by the interference of the 3S,-3P, and 'S,-'P,
waves.

In Fig. 9 we compare the calculated total cross
sections in the momentum region 150 <py- <600
MeV /c with the unpublished data of the Massa-
chusetts group,?” yielding x*> =108 for nine data
points. In the region 350-550 MeV /c the theoreti-
cal curve exceeds by several standard deviations
the experimental values.

In Table X we give the total cross sections for
Z™p~Z% up to py-=600 MeV/c. The scattering
is strongly dominated by the S, wave for py-
<250 MeV/c. At the higher momenta the p waves
dominate the total cross sections. The contri-
butions of the higher L waves are always very
small,

(iit) T°p—~An. In Table I and Fig. 10 we com-
pare the calculated total cross sections with the
measured values of the Heidelberg group. The
energy dependence seems good.

In Fig. 11 we compare the calculated angular

o [mb]

151

Ap—=Z°p

+ Berketey 71

or + Berkeley 74

Y

L L L ]

06 0.7 0.8 03 10
Pa [G eV/ c}

FIG. 5. Calculated Ap — =% total cross sections
compared with the data of Refs. 22, 23.

distribution with the experimental data of the
Heidelberg group.?® The agreement is good, which
is also expressed in the forward-backward ratio,
at py-=160 MeV /¢, F/B=1.51compared tothe
measuredvalue F/B =1.40+0.24. For the
polarization of the outgoing A the Heidelberg
group? has measured, in the region 100-170
MeV/c (P+#)=-0.6+0.4. Since most of the events
are in the higher-momentum region we compare

it with the calculated value at py- =150 MeV /c

(P -1y =-0.25.

In Fig. 12 we compare the calculated total cross
sections in the momentum region 150 <py- <600
MeV /c with the unpublished data of the Massa-
chusetts group,?” yielding x* =75 for nine data.

The theoretical cross sections are larger at most
energies than the Massachusetts data. However,

we mentioned already in the discussion of Ap-Z%
a discrepancy between those data and the ones for
Z7p—~An when using isospin relations and detailed

o [mb]
Lp—~L7p
200
10 | ~C
~~
100 | ]
50 |
130 % - 150 160 170
Ps-[Mev/c]

FIG. 6. Calculated £~p elastic “total” cross sections
compared with the experimental data (Ref. 19).
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FIG. 7. Calculated Z~p elastic differential cross
section compared with the data (Ref. 19).

balance. The dashed points in Fig. 12 have been
calculated this way. So our calculations suggest
with respect to the aforementioned discrepancy
that the Z"p—~An data of the Massachusetts group
are too small, whereas the Berkeley data on
Ap-Z% are a little high.

In Table X we give the total cross sections for
Z~p—An up to pz- =600 MeV/c. The scattering is
strongly dominated by the 3S, %S, and %S, -°D,
transitions for py- <250 MeV/c. At higher mo-
menta the p waves dominate the total cross sec-
tions. The contributions of the higher L waves
are always very small.

Since it has become feasible to do Z~p scattering
with a polarized beam, we present for the reac-
tion Z7p~An the calculated values for the mea-
surable quantities (averages or differential cross
sections and averaged polarizations), because the
A is an excellent polarization analyzer. Thereby
we have included the amplitudes of the s and p
waves and of the %S, ~—°D, and ®*P,~°F, transitions.

M. M. NAGELS, T. A. RIJKEN, AND J. J. DE SWART

15
When we want to compare our predictions (Table
XI) with the measurements of the Massachusetts
group we are hampered by the small statistics in
the experiment. The value for the forward-back-
ward asymmetry (F - B)/(F +B) in the momentum
range with by far the largest number of events
50 <py-<100 MeV/c agrees with our result. We
estimate from the experiment in this band (F - B)/
(F+B)=0.06+0,06. When we multiply our values
for the averaged left-right asymmetry € with the
experimental initial =~ polarizations P!, we get
values for the left-right asymmetry in the angular
distributions (L -R)/(L+ R)=P! € close to 0. In
the band 50-100 MeV/c our values for € together
with the experimental value for P§' leads to (L -RY
(L+R)=-0.015+0.011, whereas the experi-
mental result reads —0,05+0.06. For the polari-
zation along the normal,?” in the momentum region
with the best statistics 50-100 MeV/c, the Mas-
sachusetts group found (P - #)=-0.11£0.10 in
agreement with our values (Table XI). The ex-
perimental situation concerning the average de-
polarization D makes any comparison at all sense-
less. The average asymmetries of the component
of the final polarization in the direction perpen-
dicular to the normal and the incident momentum,
@* (such that a right-handed coordinate system is
formed by the three directions), and of the com-
ponent of the final polarization along the incident
momentum, @", both with respect to the plane
perpendicular to the initial polarization have not
been measured. This is unfortunate since these
are predicted to have reasonably large values
(Table XI).

Finally, we want to mention for tne inelastic-
capture ratio at rest that we have obtained
75 =0.4775 in good agreement with the averaged
experimental value* »=0.468 +0.010.

V1. DISCUSSION

A. Coupling constants

The values of the NN coupling constants have
been discussed in paper I. Here we shall be con-
cerned with the meson-baryon couplings involving
nonzero strangeness. These are calculated via
SU(3) with the inputs (i) the octet coupling g, (ii)
the a=F/(F +D) ratio, (iii) the singlet-octet mix-

TABLE X. Z°p—~2"p, ="n, Ax total nuclear cross sections in mb.

pp- (MeV/c) 50 100 150 200 250 300 350 400 450 500 550 600
T1ap (MeV) 1.0 4.2 9.4 16.6 25.8 37.0 50.1 65.0 81.8 100.2 120.3 141.9
ITp—~Z7p 518.7 214.4 122.5 82.0 63.8 57.0 55.3 54.4 52.9 50.7 48.2 455
=p—=% 696.8 224.3 120.7 83.3 67.5 59.9 54.3 48.2 42.0 36.4 31.8 28.0
Z"p—~An 984.4 281.4 134.8 83.6 60.8 48.7 40.9 35.2 30.5 26.6 23.3 20.5
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compared with the experimental values (Ref. 26).
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FIG. 9. Calculated »~p— =% total cross sections
compared with the data of the Massachusetts group
(Ref. 27). The datum with the black square is from the
Heidelberg group (Ref. 26).
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FIG. 11. Calculated differential cross section for
the reaction Z~p — nn compared with the experimental
angular distribution (Ref. 26).
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FIG. 12. Calculated £ ~p — An total cross sections
compared with the data of the Massachusetts group
(Ref. 27). The datum with the black square is from the
Heidelberg group (Ref. 26). The dashed data have been
calculated from the results for Ap — =% (Refs. 22,23)
using isospin relations and detailed balance.

ing angle 6, (iv) the singlet coupling constant g,.
The values for these parameters are given in
Table XII. Inserting these values in the SU(3) re-
lations and the mixing relations for the coupling
constants leads to the couplings of Table XIIL

The discussion of the coupling constants invol-
ving nonzero strangeness will deal practically only
with the pseudoscalar mesons, since there is vir-
tually no information from other sources about the
coupling constants of the vector mesons to strange
baryons. In the first place we mention that our
value (assuming pseudoscalar coupling) a ,=0.464
+0.012 is not too far from the SU(6) value o p= 0.4.
Most determinations in the literature? are based on
the comparison of some pseudoscalar-meson cou-
pling constant at a vertex involving strange bary-
ons with the 7N coupling. Often a result around
ap=0.4isreached. But itis hardto cometoa more
definite conclusionbecause of the problems concern-
ing gasn2and g, vk 2 (see below). One of the advantages

TABLE XI. Calculated measurable quantities for £7p
—An at various lab momenta in MeV/c.

F-B P-E
P.- F+B P+E €

(Pra) B at G

50 0.03 0.00 0.02 -0.08 0.27 0.13 -0.03
100 0.09 0.01 0.04 -0.18 0.24 0.08 -0.10
150 0.18 0.03 0.06 —0.25 0.18 -0.01 -0.21
200 0.29 0.06 0.08 -0.26 0.09 -0.14 -0.34
250 0.37 0.10 0.09 -0.20 0.00 -0.27 —-0.45
300 0.42 0.14 0.09 -0.12 -0.07 -0.39 -0.52
350 0.43 0.19 0.099 -0.05 -0.13 -0.49 -0.56
400 0.41 0.24 0.07 0.00 -0.17 -0.57 -0.58
450 0.38 0.28 0.06 0.03 -0.19 -0.61 -0.57
500 0.34 0.32 0.04 0.056 -0.21 -0.64 -0.55
550 0.30 0.35 0.03 0.06 -0.22 -0.66 -0.54
600 0.26 0.37 0.02 0.06 -0.23 -0.66 =0.52

we have in the determination of o, is that o, en-
ters in a simultaneous NN and YN analysis in many
coupling constauts (NNng, ZZm, ANK, ZNK, AAn,,
2 Z1g) in contrast to other analyses, where usually
one or two of the aforementioned couplings are
met. This leads perhaps to a more direct deter-
mination of ¢ 5.

We start comparing our resulting coupling con-
stants with the values from the literature with the
least controversial ones, gsy, and g, 5,. Values
of about gyy5,2/4m~ 132 are given in the compila-
tion of coupling constants,? and they agree well
with our value gy5y,2/47=11.5. Values of gy 5,2
~11+1 are obtained? for the AZ7 coupling, which
are considerably larger than our value g,5,2=5.1.
The large values in the literature for both gy5,
and gy, are sometimes considered as evidence
for the pseudovector coupling to obey SU(3) sym-
metry.?® However, this leads to a rather large
value of g, yx2/4m, which seems to contradict in
turn the determinations of this coupling constant.
From K*N forward dispersion relations it is
clear that gyyx2/47 is very small (<1).2 For the
ANK coupling the results can be grouped into two
bands, 4<g,y«%/4TST and 8 Sgy v 2/4ms14, with
statistical errors of about 2.2 It seems to us that
the latter estimates are more reliable than the
former ones because of the theoretically better

TABLE XII. Parameters to be used in the SU(3) rela-
tions for the pseudoscalar (P), direct vector (V,), de-
rivative vector (V,,), and scalar (S) meson coupling con-
stants.

g/ Var e .8 g1/ Vax

P 3.66000  0.46403 -10.4° 4.31675
A 0.594 44 1 35.26430°  3.40312
V., 4.81696  0.33428  35.26430°  2.20286

S s o soe ces 5.03208
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TABLE XIII. Coupling constants at vertices involving strange baryons.
7

apas AZr ' ANK AAn 2 AAX® z2x°
g/Var 3.40 2.27 —4.07 -1.45 2.56 4.65 3.84
2o AZp ANK* ENK* AAG £Z¢ AAw ZXw
g/ Var 1.19 0 ~1.03 —0.59 -1.96 -1.96 2.78 2.78
/e 3.22 3.70 —-4.64 -4.30 1.75 —-0.34 3.94

parametrization of the unphysical region; an ef-
fective-range parametrization for KN in contrast
to a zero-range approximation or constant scat-
tering length parametrization for KN. More re-
cent analyses using many different inputs or con-
straints for the unphysical region show for the
coupling gy2=(gnyx® +0.84 gypyx?)/47 also typically
results in two bands, gy®~14+4 or g,2~8+2.2
Perhaps thevalues for (gyyx® +gsyg’)/47=15.2£2.3
(Ref. 29) or g4,°=15.2+0.7 (Ref. 30) from K*p
phase-shift analyses are less model dependent.
These values. are compatible with ours, (gyx®
+gsyx2)/4m=16.7. The conclusion we would like
to draw from this comparison is that probably our
value for o, is a little high. A somewhat smaller
value would raise g,z, and lower gayx and gysq
leading to a better general agreement with the
values of the'literature. Perhaps the determina-
tions of the K couplings are systematically too
low, such that one should prefer pseudovector
coupling above pseudoscalar coupling in view of
the large values for both g,5, and gyy, in the lit-
erature.

Finally, we mention that the value from the YN
fit 7 =0.33410.002 is not too far from the pre-
diction of SU(8), o} =0.4 (see, e.g., the reviews
‘Refs. 31 and 32).

B. Results

Although the obtained x*/data =0.65 is low, it
does not imply that it is trivial to obtain good fits
simultaneously to Ap—-Ap, Z*p ~Z*p, Z"p-Z7p,
Z"p-Z%, and T~ p-An in spite of the rather
large statistical errors. The constraints between
Ap and Z7p scattering are strong in our model,
especially in the coupled ®S,-°D, waves. One of
the important features in the equality of the AA€
and ZZe coupling due to the assumption of the .
€ meson being a unitary singlet. This can be il-
lustrated best when contributions of an octet of
scalar mesons are also considered, as well as
singlet-octet mixing, Then it appears® that only
when the AAe and TXe couplings are nearly equal
a simultaneous fit to Ap and Z7p scattering is
possible. When this is not the case, it is not pos-
sible by changing the free parameters to bring

both the Ap and Z~p cross sections in accordance
with the experimental values.

The good fit to the Z* p “total” cross sections is
mainly caused by two facts: The 3S, contribution
is always small, and we have essentially a free

' parameter for the 'S, wave. It appears that the

! P, phase shift resonates almost at higher ener-
gies. Infact, when we make the hard-core radius

a little smaller, the fit to the low-energy differ-
ential cross sections remains almost as good as’
before, allowing at the same time as 'P, reso-
nance.

For Ap scattering we obtain a better fit to the
low-energy data than in model A,® since the s-
wave effective ranges are considerably larger in
this model D. It is unlikely in our model that
there is a resonance in the 3S,-°D, waves in the
neighborhood of the ZN thresholds, although a
large cusp appears at the Z*z threshold in the
elastic Ap channel. Above the ZN thresholds the
calculated Ap~Ap total cross sections agree rea-
sonably and the Ap—-Z% total cross sections
are a little lower than the Berkeley data.

For Z~p scattering into Z7p, =%, and An we
have good fits for the low-energy data on total
cross sections, angular distributions, and the
branching ratio at rest. The branching of £7p,
into Z7p, Z%, and An largely determined the
value of the F/(F +D) ratio for the assumed pseu-
doscalar coupling for the pseudoscalar-meson
octet, At the higher energies the calculated values
for the total cross sections in the reaction
2~p—~Z°n come out considerably larger than the
measured values of the Massachusetts group, es-
pecially in the region where the p waves dominate
the total cross sections. Also the calculated total
cross sections for Z~p —An at 'higher energies
seem higher than the Massachusetts data.
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