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Partial-wave dispersion relations are used with interaction terms arising from the exchange of a nucleon,
the 5 and the p meson to produce integral equations for the partial-wave amplitudes for pion-nucleon
scattering. The solutions of these equations depend on a single arbitrary parameter, the energy at which the
dispersion integrals are "cutoK" It is shown that when the value of the cutoff is adjusted to produce the Ã*
at the correct energy, a bound state, the nucleon, appears in the p wave, I=J=-', amplitude. Thus, the
nucleon mass, the pion-nucleon coupling constant, the width of the g*,and mass of the 1V*are all determined
by the cutoR parameter. It is shown that when the E*mass has the experimental value the other quantities
are in reasonable agreement with experiment. The effect of variations in the coupling constants controlling
the interaction terms is also studied. In each case all of the J&~ partial-wave amplitudes are calculated
and compared with experiment.

I. INTRODUCTION
" 'N a recent paper Chew' showed that the exchange of
~ ~ the Ã* /the (3—3) resonance) in pion-nucleon
scattering can give rise to a sufficiently strong attractive
force to produce the nucleon as a pion-nucleon bound
state. The residue of this pole is proportional to the
strength of the exchange force which is simply the width
of the E~. Since the residue of the nucleon pole is, by
definition, the pion-nucleon coupling constant, one finds
a relation between the pion-nucleon coupling constant
and the width of the N~. In fact, Chew showed that the
relation obtained in the static approximation is almost
identical to the well-known result of the Chew-Low
theory where the nucleon pole provides the exchange
force and the N* is produced as a resonance. Thus, it
appears that the nucleon pole and the 3—3 resonance
should be treated on an equal footing in the calculation
of pion-nucleon scattering amplitudes. Since these are
the most prominent features of pion-nucleon scattering,
a dynamical theory of the pion-nucleon interaction
should produce both the nucleon and the N* as com-
posite particle states.

In the static theory the masses of the nucleon and the
N* are each separately controlled by a cutoff parameter.
This type of calculation is therefore limited to providing
relations between the pion-nucleon coupling constant
and the N* width. The same relation is also found to
hold in the static-field theory as discussed by Low. ' On
the other hand, it is not clear, a prfors, whether the
cuto8 parameter needed to produce the nucleon pole is
at all close to the cuto8 parameter necessary to produce
the N*. The purpose of the present paper is to perform a
calculation of pion-nucleon scattering using the fully
relativistic dispersion relations and including as inter-
action the forces arising from the exchange of a single
nucleon, the N~, and the p meson. A single cutoff
parameter is introduced. It is shown that when this
parameter is adjusted to give the X~ at the observed
energy the nucleon pole appears at approximately the

*This work supported by the U. S.Atomic Energy Commission.
' G. F. Chew, Phys. Rev. Letters 9, 233 (1962).' F. E. Low, Phys. Rev. Letters 9, 279 (1962).

correct energy. This result is quite remarkable in view
of the fact that the positions of both the nucleon pole and
the N* are very sensitive to the cutoff parameter. Hence,
the relation between N and N~ is much more intimate
than one would have expected from Chew's results. Once
the cutoG has been fixed, we calculate all of the J(~3
partial-wave amplitudes. While the resulting bound
state in the (1,1) amplitude and the width of the Ã* are
of primary interest, the other phase shifts are also corn-
pared with experiment.

Sections II, III, and IV contain the kinematical
preliminaries, the definitions of the invariant ampli-
tudes, and the partial-wave expansions. In Secs. V and
VI we formulate the partial-wave dispersion relations
with a set of parameters for the exchange of the nucleon,
the (3.3) resonance, and the p resonance. All of these
parameters are taken from experimental values except
for the p-nucleon coupling parameter which is obtained
through the isovector form factors. Numerical results
are given in Sec. VII.

II. KINEMATICS

Scattering amplitudes for the process pt+gt ~ ps+ps
shown in Fig. 1 are considered as functions of the
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FIG. 1, Diagram representing the
7f —E interaction.
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familiar scalar variables'

s= —(P1+q1)' =m2+/22+ 2k,2

+2[(k 2+m2) (k 2+~2)]1/2

t = —(P1—P2)'= —2k,2 (1—z,),
u= —(p1—q2)'= 2m2+2/22 —s—t,

where p and q are the center-of-mass momentum of the
nucleon and the pion, respectively, and 2:t is the cosine
of the scattering angle in this channel.

(2.1) Again, Fig. 1 can also be interpreted as representing
the scattering of a pion (—q2) by the nucleon P1 result-
ing as (—q1) and P2. The role of s and u interchanges
here as compared with the original scattering process.
Thus,

t=4(q2+/22) =4(p'+m'),
s= —p q +2pqzg y

u=2m +2/t2 s—t|

(2.4)

(2 5)

(2 6)

where m is the nucleon mass, p is the pion mass,
k, and s, are the center-of-mass momentum and coso,
respectively.

If the diagram in Fig. 1 is considered to represent the
annihilation of a nucleon P1 with an antinucleon (—p2)
into two pions (—q1) and q2, then the same scalar
variables have diRerent meanings in the center-of-mass
system of the nucleon-antinucleon pair. Here,

u=m'+/2'+2k„'+2[(k '+m') (k„+p,')]'/', (2.7)

t= —2k.'(1—z„),
s=2m2+2p2 t u. ——

(2 8)

(2.9)

III. CROSSING SYMMETRY

The relation between the pion-nucleon scattering
amplitude and the EE—+ m-x amplitude was given by
Frazer and Fulco. ' Following their notation, we use the
A and 8 amplitudes for pion-nucleon scattering, 5++
and P~ for XE—+ n.2r amplitudes. The crossing rela-
tion reads

A 1"'2/" (s) t) = -',[(4 1)A ~""(u) t)+ (—1; 2)A (""(u t)]
2wst

= —82r (1; 1)
I

F~'+'(t, s) — F~'+'(t, &)
4m2] (t 4m2) 1/2 (1 z 2) 1/2

i 1/2 26M t
+(2 —1) —

I
~~' '(t, ) — ~ ' '(t, ), (31)

t 4m') — '
(t 4m') "'(—1 z, ')"'—

B'"'""(s, t) = —
—2,[(4) 1)B"'"(u, t)+ (—1) 2)B'""(u, t)]

[(1;1)r+ + (t,s)+(2; —1)r+ (—'(t,s)],
(t 4u2)1/2(1 z 2)1/2

(3.2)

where the 6rst variable always designates the center-of-mass energy squared in the appropriate channel and the
second variable is the corresponding momentum transfer squared.

The inversion of (3.1) and (3.2) gives four equations for the 5's in terms of A and B

1 ft —4m'i'" (t 4u' "'—
F~&+' & (t,s) = (1; 1) —

l I
A &1/2) (s, t)+mz1I B&1/2&(s, t)

24m i t

it 4m2) 1/2 — (t—4p, ) 1/ (1; —1)
+(2 —» —

I I
A'""(~t)+mz11

I
B""'(~,t) =+ (~~u}, (33)

24~

(t 4~2)1/2(1 z 2)1/2

F+ &+' &(t,s)= [(1;1)B('/21(s, t)+(2; —1)B(2/2/(s, t)]= (1; —1)[s—+ u]. (3.4)

Since A and 8 are invariant amplitudes free of
kinematical singularities, it is clear that F++ and F+
will contain kinematical singularities as explicitly shown
in Eqs. (3.3) and (3.4). These must, of course, be con-
sidered when we construct the p-meson exchange term.

IV. PARTIAL-WAVE AMPLITUDES

We relate the A and 8 amplitudes to the partial-wave
amplitudes for the s channel, i.e., x —X scattering, as
follows:

' W. R. Frazer and J. R. Fulco, Phys. Rev. 117, 1603 (1960);
119, 1420 (1960).

A (s,t) =-'2p (2t+1)A1(s)P1(z,),
l=o

(4 1)
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B(s,t) =-,' Q (2t+ 1)Bg(s)E((s,) .
L=0

(4 2)

The phase shifts are then related to A ~ and Bg as follows:

hg (W)

sJ
sinful —J 1/2(W) exp[28L=J 1/2(W)](E™~2J

Fxo. 2. The dia-
grarns representing
the exchange of a
single nucleon and
the N* in the u
channel and the ex-
change of the p in
the t channel.

Slnll= 7+1/2( W) exp[i'/=1+1/2( W))
(E+m)k 2~

(4.3)
sJ—1(2

Az i/2(s)+(W —m)BJ—1/2(~)
t 6~&II2.

"-
tE—m

+I [—A~+'/2(~)+ (W+m)B~+'/2(~))

y' 1 3
2& 2)

where W=s'/2 and E= (s+m2 —t ')/(2W). The factor
(E™)' is introduced so that h~(W) has a constant
behavior at the threshold points W= (m&t') and
W= —(m+p). The factor s~ is included so that all the
h's are bounded by O(1/W) at infinity and, in principle,
satisfies a no-subtraction dispersion relation.

The invariant amplitudes A and 8 can also be ex-
pressed in terms of partial-wave amplitudes h J as
follows:

A (s, t) = 4n- Q (k,' '/s )hg(W)
—(W+m)P'g+, /2(s, ,)

J=l(2

E+m
&

+ l
(W—m)r', „2(2,)

E mi—
+[W —+ —W], (4.4)

We shall use the following combinations of partial-
wave amplitudes when considering the interaction due
to the exchange of the p meson

r&(t) = (mE,/p'q')

&& [T~'~ ' (t)—(E~/2 "m)T '& & (t)), (4.8)

f' (t) = («/2P q )
X[—T+~&-& (t)+ (m/2'/'E, )T '&-& (t)) (4.9)

where E»=
~3'(', I ~ and F2 are the Frazer-Fulco ampli-

tudes which enter into the calculation of the charge and
the magne tic moment form factor, respectively.

V. INTERACTION TERMS

In this section we will consider the x —2V interaction
generated by the exchange of resonant- and single-
particle intermediate states in the t and I channel.

We will 6rst take the renormalized Born terms corre-
sponding to the diagrams in Fig. 2 where the resonances
have been treated as single-particle states. Unitarity
will later be enforced on the partial-wave amplitudes in
the s channel.

The nucleon pole term contributes only to the
amplitude 8,

BN'/'(I t) = 3g '/(m' —e) (5.1)

B(s,t) =4~ g (k,2~ '/s~)hg(W) E'—g„,/2(s, )
J=1(2

where g„' is the rationalized x—E coupling constant.
The contribution of the 3—3 resonance is given by

/E™
~'~-v2(s. ) +[W~ —W) (4.5)EE™

The expansion of F++ and F+- in terms of NN —+ n~
partial-wave amplitudes is given by'

&~'+' '(t,~) = (1/q)Z(J+l)T+~'+' '(t)~z(s ), (4 6)

A 222/2 (I,t) = Sary»

B222/2(e, t) = Smy22

a22 ——,
' (m„+m)s

f833 —Q

b33——,s3

8533 —Q

(5 2)

(5.3)

and

(1 s 2)1/2

e+ &+ -& (t,s) =

g22 = [(m22 —m) (E22+m)'
—

2 (m22+m) (2m22 —m' —t"—(m' —p')'/2m22')'),

b22= [—(E22+m)'
+ 2 (m2+t'2 Lm222+ (m2 t'2)2/2m 22))

+-'J 2xP J(+;—&(t)p i(& ) (4 7) and E» &s the nucleon energy at the 3—3 resonance, m32
J' [J(J+1))&/2 is the mass of the N . The coupling parameter y22 is
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normalized as follows:

Im{hs/s(W)/s) 7rvss8(W —mss) (5.4)

and can be obtained from the experimental width
of the E~.

The exchange of a p meson of mass m, gives rise to
poles in the invariant amplitudes as a function of the
t variable. In terms of the XN —+ m.7r amplitudes F++
and F+, we find

—( ] 1/2

—S~
I

e~, , l-l(1,s)
l /

—4m'

where y~, ~ are the residues which are normalized so
that Imp &,s(t) ~y~, s8(t —m, '). Furthermore, if these p's
are used to calculate the nucleon-vector form factors,
the following ratio is determined:

Gx, "(0) 0.5e

Gs, "(0) 1.83 (e/2m)

where the p subscript indicates the p contribution to the
nucleon form factors. The fact that the contributions
of the p are nearly equal to the total charge and mag-
netic moment is the result of experiment' as well as our
previous analysis of the nucleon form factors. '

S~,, l—&(1,s)
(t—4m') "'(1—sg') "'

6xy2
(2s+1—2m' —2u'),

mp

2m+2

m, '—t m, '—I

, „I~+-,, '-'(t, )j
(t—4y') ' '(1—sg') "'

= —12m

VI. DISPERSION RELATIONS

(5 5) Before writing down partial-wave dispersion relations
in the s channel, we first summarize the contribution to
A (s;1) and B(s;t) obtained when all of the interaction
terms are inserted into the crossing relations Eqs. (3.1)
and (3.2). We use the superscript I. to indicate that
these terms have singularities only outside of the
physical region in the s channel. We have

A r ' "' (s, /) = (2; —1)(6x) L2s+1—2m' —2u']+ (-;; —',) (87'„)
mp —]

(ass —m)(Ess+m)' 3(mss+m)

ass' —u 2 (ass' —u)
and

(m' —u')'-
m'+u' ——,'m, s' —s+

2m332
(6.1)

2m72
+(—l; —l)(g-v )

gr +1B"""""(s,1)=(1 —2) +(2y —1)(—12~) +
m —I mp —f mp —3

(Ess+m)' 2

m, ss —u 2

(vasss

—u)

(m' —p, ')'-
m'+u' —-,

'vasss

—s+
2m33'

(6.2)

Partial-wave projections of A~(s;t) and B~(s;t) are
given by Eqs. (4.1), (4.2), and (4.3). For the remainder
of this section, we will suppress the I-spin index.
Explicitly, we rewrite Eq. (4.3):

sJ—1/2

hei(W) =
16xk,'J '

X As i/s (s)+(W—m)Bs „, (s)+

XI:—As+~/s'(s)+(W+~)Bs+~/s'(s) l (6 3)

Since A ~(s;t) and B~(s;/) are analytic in the s-channel

physical region, hs~(W) is also analytic in the physical
region; W) (no+//) for the /=J ——,

' amplitudes and
W& —(m+/s) for the I=I+—,'amplitudes. It is easily
seen that singularities of hs~(W) appear in the center
region of the 8" plane including branch cuts on parts

of the real axis, all of the imaginary axis and the familiar
circle of radius (nP —u')'/s. By evaluating the exchange
terms directly, we have avoided considerations of cuts
on such co~plex domains.

Throughout this paper, we shall use dispersion rela-
tions only as a tool to impose the unitarity condition on
partial-wave amplitudes in the physical region while
keeping all the singularities in the exchange terms un-
changed. The elastic unitarity condition on hs(W) is

lim Imhs(W+ie)
e—+0+

(E+m'1
ilh. "h"(W) I; W&(~+.)4W'sf

~ ~

E+m)
I I

h."h, '(W) I; W& —(m+„) . (6.4)
Wss )

C. de Vries, R. Hofstadter, and R. Herman, Phys. Rev. Letters
8, 381 (1962).' J. S. Ball and D. Y. Wong, Phys. Rev. 130, 2112 (1963).
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0.8
—(m+ p, )

E(W) = Isgi(W)+ — +0—

FIG. 3. The value
of k cotb~ as a func-
tion of cu=—W —ns for
the I=L s-wave solu-
tion obtained with y33
=0.06, and y~ = —1.0.

w -r, ''(w ) 'w—s, '(w) (z-+m')
!

W —W W»+if
C)

-1,6—

x!x, !»x(w'). (6.s)

Unfortunately, the h~~(W) resulting when the ex-

-2.4—

-3.2
1

We have put the k,'~ factor inside the absolute sign to
avoid all possible confusion on the over-all sign.

If we assume that hz~(W) is suKciently convergent
for large W, the dispersion relation for hs(W) takes the
form

"100

FIG. 5. The value of
k'cotb for the I=~

p-wave solu-
tion obtained with y33
=0.06 and yI = —1.0.

-200

CO
CP

"300—

—(m+ p, )

hg(W) =kgb(W)+ —+ -400—

7r (~u)
-500

1(Z+~)!u," a, (W)!
x (6 5)

W"~(W' —W) change terms given in Eqs. (6.1) and (6.2) are sub-
stituted in Eq. (6.3) behave like W for large W. With
this asymtotic behavior one can show that no solution
exists for Eq. (6.5) in its present form. This is the well-
known divergent behavior associated with forces arising
from the exchange of particles of spin & 1.To avoid this
difficulty we modify Eq. (6.5) by introducing a cutoff
for all dispersion integrals depending on a single
parameter 8",. This consists of simply terminating the
dispersion integrals in Eqs. (6.5)-(6.8), i.e., replace ~
by S",. This will yield a solution for all partial-wave
amplitudes depending on one arbitrary parameter 8',.
Numerical solutions for Fredholm equations of the type

300

260-

220-

180—

140—

100-

60—

20
60 000

0—
-20

-60
40 000—

-100
1

I

4

(d

Fzo. 4. The value of k'cotb~~ for the I=q, J=~ P-wave solution
obtained with y~3=0.06 and y~= —1.0.

20 000—

Once hz~(W) is known, Eq. (6.5) can be solved by the
well-known XjD method:

0

lA

hz—=N/D,
-20 000where

—(en+a, )

D(W)=1—— +
I

3
-40 000

1

f Z+mq [a, ! ~X(W)
x! I, (6.7)

kW s~+il (W —W)
Fzo. 6. The value of k' cotb for the I= q, J= 2 d-wave solution

obtained with y33=0.06 and y1= —1.0.

PARTICLE MODEL FOR NUCLEON AND (3, 3) RESONANCE
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TABLE I. The results obtained by solving the m —N dispersion relations for various values of the input parameters +33 and y1. The
tabulated quantities are calculated values defined as follows: ns is the nucleon mass; g' is the pion-nucleon coupling constant; I'» is
the width of the E~; a& and a3 are the s-wave scattering lengths; the c21, 2J are the p-wave scattering lengths; the d2$, 2 J are the d-wave
scattering lengths. The value of the cutoff parameter used to produce 3f33 8.8 is O', . All quantities are given in units in
which A=c=p=1.

m g' I'33

0.05 —1.0 5.6 21.8 0.96
0.05 —0.5 5.6 18.6 0.97
0.05 0.0 6.0 16.5 0.84
0.06 —1.0 6.0 23.6 1.00
0.06 —0.5 6.1 20.7 0.98
0.06 0.0 6.9 18.5 0.98
0.07 —1.0 6.2 25.0 0.97
0.07 —0.5 6.4 22.2 0.95
0.07 0.0 7.6 24.7 1.04

—0.511—0.459—0.390—0.504—0.448—0.372—0.497—0.439—0.359

—0.137—0.176—0.196—0.153—0.184—0.197—0.165—0.191—0.198

—0.068—0.056—0.080—0.105—0.108—0.311—0.147—0.176—2.68

C31

—0.094—0.066—0.046—0.086—0.061—0.043—0.080—0.057—0.041

&33

—0.047 0.334—0.032 0.324
0.081 0.317—0.045 0.336—0.022 0.324

+0.301 0.316—0.042 0.336—0.007 0.321
+4.25 0.313

—0.0003—0.0013—0.0043—0.0005—0.0017—0.0068—0.0006
—0.0021—0.0106

d33 +'c

0.0007 16.8
0.0010 17.5
0.0013 18.3
0.0006 16.6
0.0010 17.3
0.0013 18.0
0.0006 16.4
0.0009 17.0
0.0012 17.7

(6.8) are readily obtainable by the use of a computer.
The solution for E(W) is then substituted in (6.7) and
then into (6.6).

-20

VII. NUMERICAL PROGRAM

The value of m„m33, y3~, and g„' for the exchange
terms are all taken from experimental data

-60

-80

m, =5.4,
m33 ——8.8,

0.06,

g '/4a-= 14.

(7 1)
P3 -100

-120

—140

On the basis of a calculation of the nucleon-isovector
form factors we estimate that y~ —1.0, but to illustrate
the effect of this parameter we will give solutions for
y~= —1.0, —0.5, and 0.0. Furthermore, while we expect
the uncertainty in y» is of the order 10%, we will give
solutions for 0.05&y33&0.07.

Our procedure is the following: For each set of

-160—

-180—

-200
1

FD . 8. The value of 03 cotb11 for the I=g, J=-', p-wave solution
obtained with y33 =0.06 and y1= —1.0.

—1.5

- 3.0

-4.5

- 6.0

- 7.5
1

Fzo. 7. The value of k cotb for the I=
& s-wave solution obtained

with y33=0.06 and y~= —1.0.

parameters the value of 8', is adjusted to give the 3—3
resonance at 8'=8.8, we then calculate all of the J& ~3

partial waves from Eqs. (6.6) to (6.8) using that value
of TV,. For each set of parameters used a zero appeared
in the D function for the J=2, I=-,'amplitude, thus
producing the nucleon as a bound state of the m —S
system. It should be emphasized that the nucleon pole
was included only in the I-channel exchange term and
that the s-channel pole was not included. For each set
of parameters, we calculate the resulting nucleon mass,
~—X coupling constant (—2e times and the residue of
the pole appearing in htt2), the width of the E*,and the
scattering lengths for each partial wave. These results
are given in Table I. For the parameters y33=0.06 and
y~= —1.0 we have plotted in Figs. 3—10 the k' cotb~ for
each partial wave. For co~parison, the scattering
lengths obtained from experimental data by Woolcock'

' W. S. Woolcock, Proceedirtgs of the Aire eN Prooertce Confer-ertc-e
on Elementary Particles, 1061 (Centre O'Etudes Nuclbaires de
Saclay& Seine et Disc, 1961),p. 459,
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are given: at=0.170+0.005, as ———0.089+0.004, crt
= —0.104&0.006, ci3= —0.030&0.005, cubi = —0.040
&0.004, and c33=0.215&0.004. The experimental width
of the S*is F33 0.7. It should be emphasized, however,
that we have made no attempt to adjust the parameters
y33 and y~ to produce a good 6t to scattering.

VIII. CONCLUSIONS

FIG. 10. The value
of 0' cot5 for the I=g,J=q d-wave solu-
tion obtained with y33
=0.06 and y~

———1.0.

6000

4000

2000

o 0—
lA

-2000—

FIG. 9.The value of
k'cotB for the I=q,J=

& p-wave solu-
tion obtained with y33
=0.06 and y~= —1.0.

0

The solutions we have obtained for the m —E partial
waves have the following interesting features: (a) They
are solutions of relativistic dispersion relations satisfying
the theoretical requirements of physical unitarity in the
elastic-scattering region and containing what are be-
lieved to be the most important exchange terms. Also,
the pion-nucleon partial-wave amplitudes that are not
included as interaction terms in the I channel are in
fact small when calculated in the s channel. Thus,
crossing synnnetry is approximately satisfied (failing to
the extent that the calculated F33 and g„' are not identi-
cal to those used in the interaction terms). (b) The
nucleon is produced as a bound state with approxi-
mately the correct mass. (c) The residue of the nucleon
pole and the width of the (3—3) resonance obtained
from our solutions are typically within 30% compared
with experimental values. (d) The rest of the partial-
wave amplitudes are in reasonable agreement with
experimental data except for the I=—,

' s wave which we

will discuss later.
The disagreement between the values of c33 given in

Table I and the value from experiment is due to some
extent to the curvature of k' cotb33 near threshold. If
one uses a linear extrapolation from the resonance region
to threshold (the dashed line in Fig. 9) one obtains a
scattering length consistent with the I'33 given in
Table I. In our model this curvature appears only
below 50-MeV lab kinetic energy and may, in fact, be

-4000—

-6000
1

present in the experimental data for k' cot633. For this
reason I'33 is a better measure of the agreement of our

(3,3) solution with experiment.
The only result that seems to be in clear contradiction

with the experimental analysis is the I=~ s-wave
scattering length. One may argue that the value of u&

should receive a substantial attractive contribution
from the low-energy pion production where the pion-
pair is likely to be produced in the I=0 state. In iact, if
one examines the isotopic spin of the lowest energy
inelastic Anal states, one 6nds that they are pre-
dominantly I=-,'; for example, the I=0 pion-pair plus
a nucleon, E—g, X—~, and the E—A. are pure I=-,',
while the one-pion exchange term leading to p —Ã favors
I=~ to I=~ by a ratio of 4 to 1. Thus, one would

expect inelastic effects to be more pronounced for I=—,
'

amplitudes. We have, however, made no attempt to
include any inelastic states in our present treatment of
the pion-nucleon problem. The value of a3 seems to be
in surprisingly good agreement with the observed value,
particularly in view of the fact that it requires two
orders of magnitude of "suppression" from the anoma-
lously large nucleon pole term. We should mention that
the only amplitudes that are sensitively dependent on
the p-meson exchange contribution are the I= sr, J=—,', P-
and d-wave amplitudes. Without the p-meson term, the
repulsive interaction term arising from the X and Ã*
exchange is so strong that zeroes are created in the real
part of the D functions above the threshold. These
zeroes do not correspond to normal resonances, however,
as the amplitudes have the sign opposite to that of the
usual resonance amplitude. When the p-meson term is
included these zeroes disappear, and the p- and d-wave

phase shifts are small.

1 2 3 ' J. S. Ball and W. R. Fraser, Phys. Rev. Letters 7, 204 (1961).


