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A model of S-wave pseudoscalar-meson—baryon scattering is studied in which the force is due to vector-
meson exchange. The potential is approximated by a static Yukawa potential and the kinematics is sim-
plified. The actual physical masses of the particles are used so that SU (3) symmetry is broken. The resulting
problem reduces to a set of coupled-channel Schrédinger equations which are solved exactly on a computer.
The K matrix and the eigenphases are calculated. Several examples of virtual bound-state resonances are
found. The model yields a ¥¢*(1405) as a virtual bound state of KN and an Ni,*(1570) as a virtual bound

state of K=.

1. INTRODUCTION

ECENT pion-nucleon phase-shift analyses'™ have
uncovered an unexpectedly complex system of
resonant and near-resonant states. In Fig. 1, for ex-
ample, we give the Argand diagram for the Sy 7V
scattering amplitude as determined in Ref. 1 and 2. The
curves are taken from Refs. 2 and 4. As we see from this
figure the phase-shift determinations are still fraught
with considerable uncertainty. There is, however, clear
evidence for some sort of quasiresonant behavior, which
we shall call N*,,,(1570), slightly above the »IV thresh-
old at 1490 MeV. This inelastic resonance has been the
subject of several recent papers. Both Hendry and
Moorhouse® and Uchiyama-Campbell and Logan® have
carried out phenomenological analysis of the reaction
m~p— nn which indicate the presence of a resonance
just above the nV threshold. There is also some indica-
tion in Fig. 1 for a higher Sy; mV resonance at about
1700 MeV.

Turning to the hypercharge zero states in the =0
partial wave of the pseudoscalar-meson-baryon system
we have the well-known Y ¢*(1405) which, following
Dalitz and Tuan, is thought to be an S-wave KN
virtual bound state which decays through the coupled
72 channel.”:® There is also a ¥*(1670) associated with
the nA threshold in the same way as the N*,5(1570) is
associated with the nV threshold.® There may also be a
V* associated with the 2 threshold.!?
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In addition to these resonances there is an I=3
resonance, N*;,5(1670), which is clearly indicated in the
phase-shift analysis of Ref. 1. The model discussed in
this paper cannot account for this resonance.

We present in this paper a numerical study of a
simple model of S-wave pseudoscalar-meson-baryon
scattering in which the interaction is represented by a
static-vector-meson-exchange potential. This model has
been discussed extensively by Sakurai, who has shown
that it leads to a qualitative explanation of some fea-
tures of the S-wave =N, KN, and KN interactions.!!
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F16. 1. The Argand diagram of the Si;-w NV scattering amplitude.
The numbers are energies in MeV. The curves are taken from
Refs. 1, 2, and 4.
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The potential in the model is a Yukawa potential. For
such a potential it is a well-known result of elementary
scattering theory that there are no S-wave resonances
in a single-channel scattering problem. In order to
obtain an S-wave resonance in a one-channel problem
one would need a potential with a repulsive lip outside
an attractive well. On the other hand, Fonda and
Newton'? and Dalitz and Tuan? have shown that it is
possible to obtain narrow S-wave resonances in multi-
channel scattering problems. In this case the resonance
is essentially a bound state in a higher-mass closed
channel which decays through a coupled lower-mass
open channel. Such resonances have been called virtual
bound-state resonances by Dalitz. In order to obtain
such resonances we need coupled channels with different
masses. In the present calculation the coupled channels
are obtained by using an SU(3) version of Sakurai’s
vector-exchange model so that, for example, the =V,
7N, KA, and KT channels are coupled together. In
order to obtain different masses for the coupled channels
we break the SU(3) symmetry by using the actual
masses of the various particles.

The calculations in this paper are based on the
coupled-channel Schrédinger equation with a matrix
potential. They are thus similar to those of Fonda and
Newton'? although the particular examples considered
and the details of the calculation are quite different.
The calculations are very much like those of Dalitz,
Wong, and Rajasekaran,’® who concern themselves
exclusively with the Y*(1405) resonance. Because
there are relatively few examples in the literature of
detailed numerical calculations for multichannel scat-
tering problems, we have presented our results at some
length. Even if the model should turn out to be wrong,
the results of the calculation may be interesting as
examples.

In detail the model used in this paper is the following:
The force between the pseudoscalar-meson octet and
the baryon octet is provided by the exchange of the
vector-meson nonet as indicated in Fig. 2. At the BBV
vertex we assume the SU (3)-invariant interaction

i\/zgppp(’[Bjk'Yani—Bki'YnBjk] Vm'i’ (1)

F16. 2. The Feynman diagram
%;\)zing rise to the potential of Eq.

27, Fondaand R. G. Newton, Nuovo Cimento 14, 1027 (1959);
Ann. Phys. (N.VY.) 10, 490 (1960).

18R, H. Dalitz, Proc. Roy. Soc. (London) A288, 198 (1965);
R. H. Dalitz, T. C. Wong, and G. Rajasekaran, Phys. Rev. 153,
1617 (1967).
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and at the PPV vertex the SU(3) invariant interaction is
1 o .
iﬁgﬂ%ﬂ“ﬁVm‘[P #OP ¥/ dx,— PFoP,i/dx,].  (2)

Here B;* is the octet tensor of baryon fields, etc. From
the theory of nuclear forces one finds

g pppo/4r~12—18. 3)
From the width of the p meson one has
gotrtrt/4m=2.0. (4)

We evaluate the diagram in Fig. 2 in the static limit,
where it reduces to a Yukawa potential. We also assume
at this stage perfect SU(3) symmetry, so that the masses
of the exchanged vector mesons are all the same and the
fourth component of the momentum transfer vanishes.
We thus find the potential

2 g mr
V=t—
dr 7

LB1/*Bii— Bt B;* JLPt':P— PP ]

2 et

6] 1)(1[4-3]8,)(8s|
+318.)(8.] =2[27)27]1. (3)

2
G 8ppp08p0ntat

__—_’ 6
47 47 ©)

T 7

Here we have

and we take m, to be the mass of the p meson. The
states |1), |8,), etc., are normalized singlet, symmetric
octet, etc., states. We see that the potential is attractive
for the singlet state and the two octet states and
repulsive for the 27 state. Since isospin § occurs only in
the 27 state it is clear that the above potential can
never account for an .S resonance such as N*3,, (1670).

With the potential (5) and perfect SU(3) symmetry
we could for sufficiently large G produce S-wave bound
states in the singlet and octet states, but the Yukawa
potential would not produce an S-wave resonance. We
shall break the SU(3) symmetry by employing (5) in a
Schrodinger equation in which we use the real physical
masses for the pseudoscalar mesons and the baryons.
In order to do this it is convenient to rewrite the
potential (5) as a matrix in channel space,

Vi(r)=—~——Ci;. 0

For the various possible choices of isospin and hyper-
charge we have the following matrices C:

I=% V=1
N 49N KA K=
N[ 2 0 3 ——'%
[0 0 —% -3}
C=ml|3 -2 0 o ®
K2l—% —§ 0 2
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I=0,Y=0:
[0 KN nA KE
72 4 —(/6)/2 0 (6)/2
C=KN —(4/6)/2 3 3v2/2 0
7A 0 3v2/2 0 —3v2/2
Kzl (V/6)/2 o —3z2 3
©
I=1,Y=0:
A T KN nz K&
A 0 0 —(W/6)/2 0 —(£/6)/2
= 0 2 —1 0 1
C=RN|—(/6)/2 —1 1 —(£/6)/2 0 .
> 0 0 —W6)/2 0 —(/6)/2
kel—(6)/2 1 0 —(6)/2 1
(10)
I=1, V=—1:
T 75 KA K=z
= 2 0 % —‘%
75| 0 0o -3 -
C=ra| 3 -3 0 o] (1)
R=\—-% —-% 0 2

2

The matrix potential (7) is employed in a multi-
channel Schrédinger equation, which for the radial wave
function U,(r) =ry,(r) for S waves has the form

1 dZUi(f’)

Z,U.,- dr?

+2 V(N U;(r)

= (E~my—ma)Us(7). (12)
Here E is the total energy, 71, and ms; are the masses of
the two particles in channel ¢, and u; is a reduced mass.
We have attempted to take some account of relativistic
kinematics by using an energy-dependent reduced mass
defined as follows:

E= (p>4+mi) 24 (p24-ma ) 2= my+moit+ p2/ 2u:(E) ,
(13)
or equivalently

wi(E)=[E*— (m1;—ma:)* TLE+ma+me; ]/8E. (14)

This method was introduced by Rajasekaran.* The
static approximation used in order to obtain a potential
and the energy-dependent reduced mass (14) are crude
approximations. They lead to a set of coupled differ-
ential equations easily solved on a computer. A more
careful treatment of recoil and relativistic kinematics
leads to a set of coupled integral equations in momen-
tum space; these are considerably more complicated
numerically.

We can superpose the solutions of (12) so as to obtain
solutions which outside the range of the potential have
the form

Uji(r)=F i(kir)8;i+G;(kr)K'js, (15)

14 G. Rajasekaran, Nuovo Cimento 37, 1004 (1965).
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where %; is the wave number in channel 7 and F and G
are of the form

Fi(ka)= (ui/k:)'? sink;y, k#>0, open channel
=0 k#<0, closed channel

)

(16)

Gi(kw)= (ui/k:)? cosk,r, k>0, open channel
=57, Kki="+/(—k?),
k2<0, closed channel. (17)

In (15) there is a standing wave sinkg in the open
channel 7 and standing waves cosk,7 in all open channels
7. In the closed channels we have exponentially decay-
ing wave functions. From the numerical solution of
Eq. (12) we obtain the matrix K';; of (15). If some of
the channels are closed, we discard the matrix elements
referring to closed channels and are left with a square
matrix K';; referring to open channels.

This matrix, which is real and symmetric, is the
reduced K’ matrix discussed for example by Dalitz.!®
It has eigenvalues tand, and normalized eigenvectors
0. The 8, are then the eigenphases, the multichannel
generalization of phase shifts. The 7" matrix, which is
the T matrix with a kinematic factor removed is then

K’ )
T'= ( > =2 Vialjae' Sind,, (18)
1—iK'/;; ¢
and from this we obtain the S-wave cross sections
o= (4n/k2) | T, (19)

where ¢ refers to the initial and j to the final state.

For a four-channel problem it takes about 6 sec to
perform all these calculations at one energy on an IBM
7094 computer.

II. RESULTS OF CALCULATIONS

We present in this section the results of the numerical
calculations for the model discussed above. Although
the model is too crude to expect a close fit to experi-
mental data, we shall find that a very rough qualitative
agreement can be achieved for a suitable choice of the
coupling constant G?/4w, which is the only parameter
we have varied in these calculations.

We present our results in the form of several kinds of
graphs, First we have Argand diagrams such as Fig. 1
of the real versus the imaginary parts of the scattering
amplitude

2k f=2e" sind=21";; (20)

as a function of energy. Here 6=24,+1§; is the complex
phase shift in some specified channel, and we note that
2kf is twice a diagonal element of the 7" matrix (18).
We recall the geometrical significance of such a diagram
in Fig. 3. Unitarity limits 2kf to the interior of a circle
of unit radius about the point 4. If only one channel is
open so that the scattering is elastic, 2kf lies on the

15 R. H. Dalitz, Ann. Rev. Nucl. Sci. 13, 350 (1963).
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F16. 3. An example of an Argand diagram for the scattering
amé)l(itu;ie. The significance of the curve is given by Egs. (20)
and (21).

unit circle; if two or more channels are open so that the
scattering is inelastic, 2k f lies inside the unit circle. The
scattering cross section o, the reaction cross section o,
and the total cross section o; are given by

os= (/)] a|?,
o= (r/k2)(1—|b|2),
gt= (21r/k2) [C| )

with a, b, ¢ as indicated in Fig. 3.

We also note that for multichannel S-wave scattering
there is a cusp in the Argand diagrams of 2kf at the
threshold of each channel; in fact the curve of Re2kf
versus Im2kf as a fanction of energy makes a 90° left-
hand turn. This happens because near the threshold f
is a linear function (f=a--bq) of the momentum in the
opening channel. Above the threshold g is real; below
the threshold, g=1|q| is positive imaginary, so that the
outgoing wave exp(igr) becomes a decaying exponential.
These cusps are clearly indicated in the results given
below.

There are various ways of defining a resonance. Of
course for a single-channel problem we have the condi-
tion that the (real) phase shift increases through 90°.
This corresponds to the amplitude 2kf traversing the
top of the unitarity circle in Fig. 3 in a counterclockwise
direction. On the other hand, even for a multichannel
‘problem, if a resonance can be represented by a Breit-
Wigner term plus a constant complex background term,
the Argand diagram of 2kf will be semicircular in a
counterclockwise sense as indicated in the example of
Fig. 3. The energy at the top of the circle is the reso-
nance energy E,; the energies at the edges of the semi-
circle are E,=4=T'/2, where I is the width of the resonance.

21)
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Another possible condition for a resonance in a multi-
channe] system is that one of the (necessarily real)
eigenphases 8, goes through 90°. The resonance energy
E, would then be the energy at which this occurs. We
give some results for the eigenphases below, and it will
be seen that these two definitions of E, lead in general
to somewhat different results. The experimentalists gen-
erally give the resonance energy as the energy of the
peak in an appropriate mass distribution. A related,
although somewhat shifted peak would be obtained in
a scattering cross section, for which we also give some
numerical results below.

A. I=1, Y=1 State

In Fig. 4 we give the Argand diagram of the amplitude
(20) for the 7N channel in the I =1 state for the particu-
lar choice of coupling constant G*/4r=0.91. The curve
in Fig. 4 is qualitatively similar to the experimental
curve in Fig. 1, but obviously there is no quantitative
agreement. If the coupling constant G?/4r is reduced
from the value 0.91, the point at which the curve in
Fig. 5 leaves the unitarity circle (the N threshold)
moves down the side of the unitarity circle and the size
of the loop associated with the #N threshold rapidly
diminishes; at G?/4r=0.85 the loop has completely
disappeared. If the coupling constant is increased, the
point where the curve leaves the unitarity circle moves
up the side of the unitarity circle and the loop associated
with the nIV threshold rapidly expands; at G?/4r=0.93
this loop fills the whole unitarity circle. Thus for
G?/47=0.91 there is a resonance slightly above the IV
threshold, and for G?/47r=0.93 there is a resonance

Im(2kt)

/IGII(K/\)
1488(MN)
S 7

et

1689(Kx)

Re(2kf)

1077

F1c. 4. The Argand diagram for =N scattering in the I=%,
Y =41 state for the coupling constant G?/4r=0.91. The numbers
give energies in MeV. Thresholds are indicated by particle sym-
bols in parentheses.
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slightly below the 5N threshold. This latter case is
similar to the ¥,*(1405), which we consider below.
In Fig. 5 we give the cross sections for G*/4r=0.91.
In Fig. 6 the solid curves are the eigenphases for
G?/4w=0.91. It will be noted that one of the eigen-
phases goes through 90° at 1501 MeV, which corre-
sponds to the bottom of the loop in Fig. 4.

Itisrather remarkable that one obtains this resonance
associated with the »V threshold at all with the poten-
tial (7), (8) since the #N and 7N channels are not
directly coupled with each other; the only coupling
comes through the higher-mass closed channels KA and
KZ. (In fact it is easy to verify from conservation of G
parity and isospin that exchange of a vector meson
cannot transform a m meson into an 7 meson. The
simplest exchange which would achieve this is 4.
exchange.) The absence of direct coupling presumably
accounts for the extreme narrowness of the calculated
resonance of Fig. 5 compared to the experimental
resonance of Fig. 1. In order to obtain a more realistic
model we would have to include exchange of the 2+
nonet and also the BV channels.

In an attempt to understand the origin of the reso-
nance associated with the »V threshold we have carried
out some auxiliary calculations, which are recorded in
Fig. 6. The dashed curves give the eigenphases when the
wN channel is almost decoupled. To obtain the dashed
curves we made the following replacements in the
matrix (8): C13=C31——> 015, C14=C41‘—> —0.05. If

S-WAVE PSEUDOSCALAR-MESON-BARYON SCATTERING
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CROSS SECTIONS(mb)

2 o(wN-=7N) o(wrN=KA) .

olrN=—KZ)

50 Trroo 1750
KT

(o] 1 1

1350 1400 1450 11500 1550 I6001 16!
N KA

ENERGY (MeV)

Fic. 5. The cross sections for elastic-wN scattering and for
N — 9N, =N — KA, =N — KZ in the I=4% state for G*/4r
=0.91.

these elements of the matrix C are taken to be zero, the
eigenphases are essentially identical to the dashed
curves, except that the two curves now cross at 1489
MeV. The nearly horizontal sections give the decoupled

200 1 T T 1 I T ooi-- -
/”
180 ©
160 .
140 .
120 -
100 -
D 8o .
w
&
S 601 -
S -
40
!
Q
I 20 .
a
Z
o 0
© N COMPONENT
Lt 8- OF EIGENVECTOR ]
-20 6 FOR RESONANT -
4l EIGENMODE
-q0f- .2 .
| 1 | | | |
1400 1450 71500 1550 1600 | 1650 fioo 7750
™ KA K=

ENERGY (MeV)

F16. 6. Eigenphases for the /=3, ¥'=+-1 state. The solid curves give the eigenphases for G?/4w=0.91. The dashed curves give the
eigenphases for G?/4r=0.91 and the #N-KA and wN-KZ couplings in the matrix (8) reduced by a factor of 10. The dot-dash curves
give the eigenphases for G?/4w=0.91 for the two-channel problem with the coupling matrix (22). The insert at the bottom of the figure
gives the 7V component of the eigenvector corresponding to the eigenphase which goes through 90° at 1501 MeV.
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wN phase shift of about 35°. It is seen that the resonance
persists even when the IV channel is decoupled. The
broken curve in Fig. 6 gives the eigenphase when both
the 7V and KA channels are decoupled. Thus the broken
curve is for a two-channel problem with a C matrix

2N KZ

2N < 0 ——%)

K2\—% 2
We see from Fig. 6 that there is still a resonance al-
though it has now moved to somewhat higher energies.
The resonance is now a virtual bound state of K2 which
can decay through the IV channel. To the extent that
it is possible to give a simple description of the origin of
the resonance in this model involving four-coupled
channels it would seem that it is basically a bound
state of K>.16

In Fig. 7 we give some results for larger values of the

coupling constant G?/4wr. These show what happens to
the eigenphases as the resonance moves below the nV
threshold. Although these curves do not correspond to
the actual physical situation, it seems worthwhile to
record some examples of the behavior of eigenphases
under various conditions. At G?/47=0.92 the resonance

is still above the threshold. At G?/4r=0.93 it has moved
below the threshold. When the resonance energy

(22)

16 For the KX channel alone the well-depth parameter [J. M.
Blatt and V. F. Weisskopf, Theoretical Nuclear Physics (John
Wiley & Sons, Inc., New York, 1952), p. 56] is given by S =0.595
(2u/m,) (2G?/4n) =0.985 for G2/4r=0.91, so that without any
coupling to other channels the K= system just misses having a
bound state.

1
' 1550

1 I 1
lSOOt 1650 1 1700
KA K>

(defined as the energy at which the eigenphase goes
through 90°) crosses the threshold energy there is a
discontinuous jump in the eigenphases. When the
resonance is above threshold, one of the eigenphases
starts at 0°. If the resonance is below threshold, one of
the eigenphases starts from 180°. In order to “get out
of the way” the other eigenphase is pushed up above
180°. (In this region the K" matrix is a real, symmetric
2X2 matrix. If such a matrix is to have two identical
eigenvalues it must be a multiple of the unit matrix.
Ruling out such an exceptional possibility, the eigen-
phase curves cannot cross.) Note, however, that the
dashed curve below 90° for G?/4r=0.92 is essentially
identical to the solid curve above 180° for G*/4r=0.93.
Thus this section of the eigenphase curve is displaced
upward by 180° when the resonance crosses threshold.
We note that the behavior of the eigenphases when the
resonance is near threshold is different for this case from
the case of the ¥¢*(1405) discussed below. Presumably
the difference has to do with the fact that for the
present case the resonance is due to a bound state in a
higher-mass channel (KZ). In the insert at the bottom
of Fig. 6 we have plotted the N component of the
normalized eigenvector associated with the eigenphase
which goes through 90° above the 7V threshold. This
eigenvector is pure m/V below the nNV threshold; above
the threshold the 7V component drops rapidly and this
eigenvector soon becomes mostly nN. In the other
graphs of eigenphases we have simply indicated the
principal component of the eigenvectors by statements
like “mostly 9N.”

Returning to Fig. 4, we see that above the loop
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1742(53)—>

_F16. 8. The Argand diagram for
KN scattering in the I=1, ¥ =0 state
for the coupling constant G?/47=09.1.
The numbers give energies in MeV.
Thresholds are indicated by particle
symbols in parentheses.
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Im(2kf)

93|

Re(2kf)

associated with the nlV resonance there is a more or less
semicircular curve traversed in a counterclockwise
sense so that we might be tempted to say that there is
another resonance at about 1650 MeV. This is similar
to the experimental curve in Fig. 1. Referring to Fig. 6,
on the other hand, we see that there are no eigenphases
passing through 90° or 270° in this region. In Fig. 7 we
plot the eigenphases for a larger coupling constant
G?/4r=1.13. For this large coupling constant the
resonance which was near the IV threshold has moved
far below the 7V threshold to 1395 MeV. At about
1550 MeV this same resonant eigenphase goes through
270°; it goes through 270° so slowly, however, that one
would probably not call this a resonance.

Finally we note that with a coupling constant of
G?*/4r=0.91 the S-wave 7N scattering length for the
singlet state is calculated to be ¢;=0.25 F. This is close
to the experimental value of 0.24 F given by Hamilton
and Woolcock.!?

( ” ]3 Hamilton and W. S. Woolcock, Rev. Mod. Phys. 35, 737
1963).

B. I=1, Y=0 State

In Figs. 8-10 are plotted the numerical results for
the I=1, ¥=0 state for the coupling constant G*/4x
=0.91. We see from Fig. 8 that the KN scattering
amplitude is almost pure imaginary. Kim’s experimental
resultss for the I=0and 1 scattering lengths for KN are

Ay=(—1.6740.72{) F, -
A= (0+0.69:) F. (23)
With G?/4r=0.91 we find 4,=(0.3941.79:) F. If the
coupling constant is increased to G?*/4w=0.93, the
scattering length becomes pure imaginary, 4,=1.92¢ F,
but is too large by a factor of almost 3. Comparing
Figs. 5 and 9 we see that while the resonance associated
with the 7V threshold in the I=%, V=1 state gives
rise to a sharp peak in the inelastic cross section for
7N —nN, there is no corresponding effect ‘for the
reaction KN —7Z in the I=1, V=0 state. In fact
there are no bumps in the cross sections of Fig. 9 even
though one of the eigenphases in Fig. 10 does go through
90° at 1636 MeV. The eigenphase is going through 90°
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Fi1c. 11. The Argand diagram for
«% scattering in the I=3%, V=-—1
state for the coupling constant G2/4r
=0.91. The numbers give energies in
MeV. Thresholds are indicated by
particle symbols in parentheses.
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very slowly, and probably one should not call this a
resonance.

C. I=1, Y—1 State

The results for the I=3, ¥'=—1 state are given in

Figs. 11-13 for G*/4r=0.91. As we see from Egs. (8)
and (11) the SU(3) coefficients are the same for this
case and for the state /=%, ¥'=-1 with the particle
interchanges N —E, K— K. Thus the differences
between Figs. 4-6 on the one hand and Figs. 11-13
on the other hand are due to the difference between
the NV and E masses. From examination of Figs. 11-13
we see that our model predicts a 1—5* resonance at
about 1615 MeV. This resonance is essentially a bound
state of K2, just as the resonance in the I=1, ¥=+1
state was a bound state of K=. Note, however, that the
resonance appears just above the KA threshold. The
7 threshold, which is the analog of the IV threshold
for the I=3, ¥'=+1 state, is now 178 MeV above the
KZ threshold. In Fig. 14 we give the eigenphases for
some larger values of the coupling constant G2/4r. The
results here are similar to those given in Fig. 7 for the
I=3, Y=+1 state. For this case physical reality might
correspond to a larger coupling constant for which the
resonance lies below the KA threshold.
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D. I=0, Y=0 State

The dominant feature of this state is the existence of
the Y,*(1405) resonance, which is thought to be a
virtual bound state of KN which decays through the
72 channel.” In order to simplify the problem somewhat
we first consider a calculation involving only these two
channels. We use for a C matrix the first two rows and
columns of (9). The eigenphases and Argand diagrams
for this two-channel problem are given for several values
of the coupling constant in Fig. 15. We see from Fig. 15

1 |
1750 1800

that the coupling constant G*/4r=0.91 used for the
other states is too large; it leads to a true bound state
(energy below the nZ threshold). This is presumably
due to the fact that only for the /=0, V=0 state does
the strongly attractive SU(3) singlet enter [Eq. (5)].
For the two-channel problem a coupling constant of
G*/47=0.68 leads to an eigenphase which goes through
90° at 1413 MeV. The corresponding 72 cross section,
given in Fig. 16, has a peak at 1408 MeV. The singlet
scattering amplitude for the KN channel turns out to
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F16. 15. On the left are plotted the eigenphases for the =0, ¥ =0 state with just two coupled channels, 7=, KN. On the right are
plotted Argand diagrams for 72 scattering in the /=0, ¥ =0 state. The curves leave the unitarity circle at the KV threshold, 1435 MeV.

be Ao= (—1.4940.977) F, which is to be compared with
the experimental value given in Eq. (23).

In addition we give in Fig. 15 some results for smaller
values of the coupling constant such that the resonance
is in the neighborhood of the KN threshold. The be-
havior here is quite different from that discussed in
connection with I=%, V=+41 state in Sec. 2a. In
particular there seems to be no possibility of obtaining
a resonance above threshold in the two-channel
problem. If the coupling constant is decreased so as to
push the resonance above threshold, then the eigen-
phase no longer goes through 90°. To obtain a resonance
above threshold as in Sec. II.A, it seems to be necessary
to have a bound state in a higher-mass coupled channel.
Another difference between the two- and the four-
channel problems has to do with the discontinuous
jump in the eigenphases. In the four-channel problem
of Sec. IT.A this jump occurs when the resonance crosses
the threshold. For the two-channel problem (Fig. 15)
there is a cusp in one of the eigenphases at the threshold.
As the coupling constant is increased, this cusp moves
up. When it reaches 180° there is a discontinuous jump
in the eigenphases. For the problem represented in Fig.
15 this occurs for a coupling constant of about G*/4w
=0.74 (not shown in Fig. 15); for this value of the
coupling constant the eigenphase crosses 90° at 1382
MeV.

In Figs. 17-20 we give the numerical results for
the four-channel problem in the /=0, V=0 state with
the full 4X4 matrix of Eq. (9). We give results for
two values of the coupling constant, G*/4r=0.56 and
G?/47=0.91. The smaller value of the coupling constant
accounts in a reasonable way for the Y*(1405).

The eigenphase goes through 90° at 1409 MeV and
the singlet KN scattering length turns out to be
Ao=(—1.4140.517) F, which is to be compared with
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F16. 16. The cross sections for elastic 7= scattering and for the
reaction #Z — KN in the I =0 state for the problem with just two
coupled channels, ==, KN. G*/4x=0.68.
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Fic. 17. The Argand dia-
grams for 72 scattering in the
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=0.56). The numbers give
energies in MeV. Thresholds
are indicated by particle sym-
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the experimental value given in Eq. (23). For the larger
value of the coupling constant this resonance has moved
below the #2 threshold to become a bound state. Cor-
respondingly the phase shift in Fig. 20 starts from 180°
at the =2 threshold.

On the basis of qualitative considerations one would
expect to find another resonance in addition to the
Vo*(1405) in the I=0, ¥=0 state. There is a large
diagonal element in the K channel in Eq. (9) and we
would thus expect a bound state in the K= channel to
yield a resonance just as a bound state in the KZ
channel led to a resonance in the I=%, V=1 state.
For the smaller coupling constant G?/4r=0.56 this does
not happen; there are no further resonances in Fig. 20
in addition to the one identified with ¥*(1405). For the
larger coupling constant G2/4r=0.91 there is an addi-
tional resonance. One of the eigenphases goes through
270° at 1630 MeV and there are corresponding indica-
tions of resonance in the Argand diagram of Fig. 18 and
the elastic-cross-section curve in Fig. 19.

There is experimental evidence for a resonance with
these quantum numbers in the work of Berley ef al.?
These workers discovered the resonance in the reaction
KN — A, where it causes a sharp rise and fall in the
cross section (KN — nA) near threshold with a peak
value of about 1.0 mb. We do not find such a sharp rise
and fall in the cross section as calculated in the model

studied in this paper; instead there is a gradual rise to
a value of about 0.4 mb. For the coupling constant
G*/4r=0.91 the calculated resonance lies at 1630 MeV
according to Fig. 20. This is 34 MeV below the nA
threshold. By decreasing the coupling constant we can
move the resonance above the threshold. For a coupling
constant G*/4r=0.88 the eigenphase goes through 90°
at 1677 MeV, which is 13 MeV above the A threshold
and close to the value given for the resonance energy by
Berley et al.® Otherwise the eigenphase curves are very
similar to those shown in Fig. 20 for G*/4r=0.91. The
cross section o(KN — 5A) is almost the same for the
two cases G?/4r=0.88 and G?/4r=0.91. There is no
sharp rise and fall of the cross section such as is
found experimentally and in our model calculation for
a(wN — qN).

III. CONCLUSIONS

We have studied a simple model for the S-wave
scattering of the pseudoscalar-meson octet by the
baryon octet. The actual physical masses of the
particles are used, so that the SU(3) symmetry is broken
and the problem becomes one involving coupled chan-
nels. By making drastic approximations in the kine-
matics and the potential we obtain a problem which in
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a reasonably convenient way is exactly soluble, albeit
numerically.

We find that it is relatively easy to produce S-wave
resonances in this coupled-channel model with only
Yukawa potentials. These resonances are more or less
complex examples of virtual bound states of the type
discussed by Dalitz and Tuan™—a bound state in a
higher-mass channel gives rise to a resonance in a
coupled lower-mass channel. In the example discussed
in the first part of Sec. IL.D there are only two coupled
channels; the bound state in the higher-mass channel
gives rise to the resonance in the lower-mass channel.
In this example the resonance can only appear below
the threshold of the higher-mass channel. In the example
of Sec. IT.A there are four coupled channels—=N, 7V,
KA, K2 in order of increasing mass. The resonance
seems to be due to a bound state in the highest mass
channel, KZ. For the interesting choice of the coupling
constant this resonance appears near the n/V threshold
and by varying the coupling constant can be made to
appear above or below the threshold.

The model is so crude that we can hardly expect a
good fit to the experimental data. In addition to all the
kinematic simplifications, we have considered only
vector-meson exchange and have included only the
channels involving one pseudoscalar meson and one
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F16. 19. The cross sections for elastic-KN scattering and for the
reactions KN — xZ , KN — nA, KN — KE in the I=0 state for
G/4r=0.91.
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baryon. Clearly there are important corrections due to
baryon exchange, (wr) exchange, 2% octet exchange and
other coupled channels such as baryon—vector-meson
and three-body channels. Nonetheless there is a strong
qualitative similarity between the predictions of the
model and experimental fact. As we have seen in Sec.
IL.D it is quite easy to account for the ¥¢*(1405). In
Sec. II.A we seem to have produced a theory of the
N1/2*(1570) in which it is to be qualitatively understood
as a bound state in the KZ channel. We also find a
resonance in the =0, ¥ =0 state close to the A thresh-
old, although the calculated cross section o (KN — 5A)
does not have the sharply peaked character found
experimentally and associated with the Y*(1670).°

_1
1800

{ |
1900 2000

Finally the model predicts a Z* resonance at about 1615
MeV. The model does not yield a resonance in the I=1,
Y=0 state. Although one of the eigenphases goes
through 90° in this state, it goes through so slowly that
there are no bumps in the cross sections. In a model in
which the SU(3) symmetry is so badly broken we should
not be surprised if there are some missing members in
the SU(3) multiplets.
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