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A method for calculating scattering amplitudes at low to moderate energies in terms of their bound-state
and resonant poles is presented. By comparing expressions obtained for s-wave scattering lengths with
corresponding predictions of current algebra, the widths of the p, K*, A, and w resonances are calculated in
close agreement with experiment. Furthermore, without reference to current algebra, all the detailed
features of wNV elastic scattering (such as the behavior of the Py; phase shift) up to an energy of 400 MeV
are obtained within an error of about 10 to 20%. The principal advantage of the present method over
previous pole-dominance models is that the calculation of amplitudes has been reduced to the evaluation
of a number of rapidly convergent integrals. In some cases, one or two undetermined subtraction constants
must be introduced, but in the examples of 7K and #V elastic scattering only one unknown constant arises,
and it can be evaluated by means of the Adler self-consistency condition or an M =1 O(4) assignment

for the pion.

I. INTRODUCTION

THIS paper suggests a method for representing two-

particle scattering amplitudes at low to moderate
energies in terms of their most prominent bound-state
and resonance poles. Perhaps the most novel feature
of the present approach is that it succeeds in expressing
the amplitude in terms of a number of rapidly con-
vergent integrals and a small number of subtraction
constants. Early work along these lines was done by
Frazer, Dietz, and Hohler, Chew and Mandelstam, and
Cini and Fubini.2 The present work differs from these
earlier efforts principally in the use of the Froissart-
Gribov form of the partial-wave amplitude together
with estimates of convergence based on Regge asymp-
totics. There is also a difference of emphasis inasmuch
as we make no attempt to calculate the positions and
residues of poles, but rather simply require them as
input. Reduced in this way to asking relatively modest
questions, there is still a remarkable amount that can
be learned. Furthermore, comparison of our results for
s-wave scattering lengths with those calculated from
current algebra by Weinberg?® gives relations involving
the parameters of the poles.

In Sec. II we present the method of pole dominance
by giving a detailed discussion of its application to 7
scattering. We find unique results without any un-
determined constants if only the p poles are kept.
Furthermore, the contribution of the f, although
accompanied by one subtraction constant, is estimated
to introduce a correction of about 19, near threshold.
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In Sec. III the same techniques are applied to the ex-
ample of 7K elastic scattering. Including contributions
associated with the p and K* poles only, one undeter-
mined constant arises. In Sec. IV we discuss the diffi-
culties associated with unequal-mass kinematics that
arise if one insists on basing the analysis on partial
waves in the s channel (xK — 7K) rather than the ¢
channel (rr — KK). A method is given by which one
can obtain the same results as in Sec. ITI. Sec. IV may be
omitted without loss of continuity by the reader who
is not interested in this rather technical problem. The
most critical test of the method of pole dominance is
given in Sec. V—application to wV elastic scattering.
This provides the only direct confrontation with ex-
perimental data in this paper (i.e., not relying on cur-
rent algebra as an intermediary). Close agreement is
obtained, not only with s- and p-wave scattering lengths,
but with detailed features of the phase shifts (most
notably the Pj;) through energies of several hundred
MeV. As a final example, in Sec. VI the reaction
mw— 7w and the associated decay w-— mrr are dis-
cussed. The results for the latter are exactly the same
as were obtained by Gell-Mann, Sharp, and Wagner,*
but it is suggested that the formulas may be appreciably
more accurate than one would previously have had
reason to believe. By also considering elastic mp scat-
tering, the width of the w is successfully calculated.

In both 7K and =NV elastic scattering, one constant,
undetermined by the method of pole dominance, ap-
pears. This constant, which may be taken to be the
isospin-symmetric combination of s-wave scattering
lengths, is known either from partial conservation of
axial-vector current (PCAC) and the Adler self
consistency condition® or from O(4) analysis and an
M =1 assignment for the pion® to be small in both cases.
Thus the one constant that the present analysis does

4 M. Gell-Mann, D. Sharp, and W. G. Wagner, Phys. Rev.
Letters 8, 261 (1962); W. R. Frazer, S. Patil, and H. L. Watson,
ibid. 11, 231 (1963).

5 S. Adler, Phys. Rev. 137, 1022 (1965).

6D, Z. Freedman and J. M. Wang, Phys. Rev. 160, 1560
(1967) ; S. Mandelstam, 7bid. 168, 1884 (1968).
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not determine is provided by other theoretical
considerations.

II. PION-PION SCATTERING

w elastic scattering is a particularly suitable reaction
for introducing the method of pole dominance, as it is
free from the complications of spin and unequal masses.
Also, it is of considerable interest in its own right. The
starting point is the Froissart-Gribov formula for the
partial-wave amplitude, even though we shall only
require physical values of angular momentum. Letting
s, ¢, # be the usual Mandelstam variables, ¢ the center-
of-mass three-momentum in the s channel, and I the
isotopic spin in the s channel, we have in units with
h=c=m.=1,

(I)() Led I A(I)( ) (1+ ¢ )
a s)=—] —1Im Syt —
7 r/; 2¢ 0 2¢%

! wd“xmmn( 4 )Q( 1 u) (2.1)
—— _ S, d—s—u —1——). .
11'./4 2q2 7 292

If a®(s) denotes the rightmost singularity in the J
plane, then the high-energy behavior of the integrand
in (2.1) is =P@=J-1 and the integrals converge for
T>a®(s).

Consider first the case I=1, for which the p tra-
jectory is the leading J-plane singularity, and (2.1)
is nonvanishing for odd values of J only. We shall
attempt to derive expressions that are accurate even
when the energy is comparable to the mass of the p.
Hence, even though (2.1) converges for J=1 when
s<m,2, we shall nevertheless use (2.1) only for the values
J=3,5 7, ---. The J=1 wave shall be handled
separately. For J>1, we shall suppose that (2.1) can
be accurately evaluated by including only p poles in
the ¢/ and # channels and using the narrow-width
approximation. The evaluation of the J=3 wave be-
comes inaccurate as the energy approaches the mass of
the first Regge recurrence of the p meson, believed to
be the py(1660). At a higher level of approximation
than we are presently considering, the J=3 wave
would be handled separately and the contribution of
the py(1660) in the crossed channels for J=5, 7,9, - - -
would also be included.

To evaluate the contribution from the crossed p
poles, let us first define v,, the pole residue, by re-
quiring that for s~m,?

51/2 Yo

€1 sindy~ (2.2)
q3 mp2_ s

The pole position is complex, of course, but we shall

make the approximation of taking m,? to be real. In

this approximation v, is no longer completely well

defined but a reasonable definition (since the resonance
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is elastic and not too broad) is
Yo=m;T,/q?, (2.3)
where
0= (bm2— 1)1 2.4

and T, is the experimentally observed width of the p
resonance.

Perhaps the most dubious aspect of evaluating (2.1)
by p poles alone is that there may be significant con-
tributions from an s-wave I=0 enhancement. In
close analogy with Weinberg’s current-algebra ap-
proach,® we shall proceed by assuming that this is not
the case. Recalling the s<> ¢ isospin crossing matrix

Brr= [

and using amplitudes with normalization specified by

ol ool ol

| e

B[ N ot
= olen cojer

AD (5,3)= g (2T4+1)asD(s)Ps(z), (2.6a)
sl/Z
a; P (5)=—€P7D® ging; D () | (2.6b)
q

one can evaluate the contribution of the crossed p poles.
The easiest way to get the total contribution to
J=3,5,7, -+ is to sum the contributions to all waves
and to remove the J=1 part. In this way one obtains

1
AD (5,2)=3v,(25+m— 4)( B )
M2—1t mlE—u

97,4,°

! M2 s
—_— -
2¢* Ql(l' 2q2)P1(1 ' 2qp2>z 3a®(s)s. (2.7)

The p wave has been explicitly added in (2.7), since
the first two terms have no p-wave part, but contain
the other waves accurately. The next step is to evaluate
the partial-wave amplitude a;®(s). For this purpose
we define

bs D (s)=asD(s)/q*7 (2.8)
and use the partial-wave dispersion relation
1 0 Imby;D (s’
) (s)=_/ ___L_(_)dsf
T §'—s
1 = Imd;D(s")
+—/ “,———ds’. (2.9)
TJe =5

For the case at hand (I'=J=1), the right-hand integral
is highly convergent as a consequence of the unitarity
bound. It may be evaluated by simply including a p
pole in the narrow-width approximation once again.
For the left-hand-cut integral, the natural choice is
to include the contribution due to p exchange. One
reason is that it provides a good approximation to the
upper end of the cut, and hence, if the integral is
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reasonably convergent, it should be adequate for evalu-
ating the entire integral. Another reason is that the
p-exchange left-hand cut is needed in order to cancel
the singularity in the second term of (2.7), which by
standard analyticity requirements should not be pre-
sent in AW (s,2). The contribution of the p to the im-
aginary part on the left-hand cut is

37,9, m,? s
Tmzby @ (s) = —— Pl<1+—"—)Pl<1+-—>. (2.10)
4¢* 2¢” 2q,*

For large s (2.10) goes as 1/s, so that its contribution
to the left-hand cut integral converges quite rapidly.
If one believes that the complete left-hand cut integral
also converges rapidly, then no corrections to account
for other left-hand cut contributions would appear to
be required. The expression finally obtained for the
left-hand cut contribution, when substituted into (2.7),
precisely cancels the second term. This can be demon-
strated by doing the integral. A more elegant method is
to notice that the two contributions to 5;%(s) have
cancelling cuts, vanish at infinity, and thus, by a
standard theorem of complex analysis, must cancel.
Assembling the results, we are left with

=)
mi—1t mli—u

S—u s—ti
'Yp( )
mi—t mli—u

A (s1)= 1 =)

+
e
=<2
©

Il
oofeo

+iv (2.11)

P
MmE—s

(2.11) is a formula that undoubtedly has been con-
jectured previously by many others. However, with
the proviso of no strong s-wave enhancement, the
reasoning by which it has been obtained here precludes
the possibility of substantial additions such as ¢(t—u).
By use of crossing, one readily obtains from (2.11)

24O (5,0)—54® (5,t) =6A4D (t,5)— 34D (5,)
=27~/,,/ s—u s—1

. (212)
8 \7%,,2—tj m,?—u)
Equation (2.12) implies, in particular, that the s-wave
scattering lengths satisfy

20— 5as=(27/2)y,/m,?.

Unfortunately, there is a good deal of confusion about
the experimental width of the p meson, values obtained
ranging from 90 to 150 MeV.” If we use the value
I',=120 MeV, then v,=1.53 and

2a0—5a:~0.70 (2.14)

7J. Pi%t and M. Roos, CERN Report No. TH 885, 1968
(unpublished).

(2.13)
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which is almost the same as Weinberg’s value of 0.69.
However, as both methods assume that there is no
strong s-wave scattering, it is not implied that this close
agreement proves (2.14) necessarily to be correct.
Another way of expressing the agreement with cur-
rent algebra is to equate the two expressions, obtaining

g )
Ga
where m is the nucleon mass and g2=14.6. A similar

formula has been previously deduced from current-
algebra considerations alone:

' 2<G")2 (0)
Yo=—g — ) K*(0),
g 3m2 GA

2
2m,

9Om?

Vo= (2.15)

(2.16)

where K(0) is a form factor associated with an off-
mass-shell continuation of the #V coupling constant.
Notice that (2.15) and (2.16) agree for K2(0)=2.
Using (2.3), (2.15) may be reexpressed in the form

29;13 GV 2
g2(————) =120 MeV.
9m,,2 GA

T,= (2.17)

In the case of 4 (s,f) the s wave should be treated
separately while the higher waves are evaluated by
saturating (2.1) with p-meson poles in the narrow-
width approximation. This yields, in analogy with (2.7),

1 1
A“”(s,t)=%7p(23+mp2—4)(——+ )
m2—u

my2—1t

3v,g,° my S o
— _ _ 0
. Qo(1+ 2qg)P1(1+2q92>+a0 ). (218)

The contribution of p exchange to the imaginary part

of @ (s) on the left-hand cut is

3mY,q,? s
Pl(l-l———-). (2.19)
29

Imzbo@ (s)=

2¢?

(2.19) approaches a constant for large s, thus giving a
logarithmically divergent integral. The divergence ex-
presses the fact that higher-mass exchanges are also
important for this wave. Their contribution at low
energies can be approximated by making one subtrac-
tion in the partial-wave dispersion relation, thereby
introducing one undetermined constant. Assuming that
the contribution to 5o (s) from the (subtracted) right-
hand cut is vanishingly small, we then have

AO(s,0).
=3, (25+m,?— 4)(

+

)-i-const. (2.20)

m2—1t m2—u

8 K. Kawarabayashi and M. Suzuki, Phys. Rev. Letters, 16,
%iigég%é); Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071
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It thus appears that the method of pole dominance
leaves one undetermined constant for pion-pion scatter-
ing at the present level of approximation. For other
reactions this will generally be the case, but for the
present example there is a trick that enables us to
determine the constant.

The key observation is that the combination 4 ®
+24® crosses into itself in all three channels (it
corresponds to n%z° scattering) and therefore has no p
poles. With the same approximations as above it
follows that

AO(s,1)+24®(s5,)=0. (2.21)

The most questionable point in this reasoning (aside
from the possibility of an s-wave enhancement) is
that heavy-mass exchanges may be non-negligible in
the left-hand cut part of the s-wave partial-wave
dispersion relation. If one assumes the integral to be
reasonably convergent (as some Reggeized models
would suggest), then it may be small enough for (2.21)
to be a fairly good approximation, even if not as accu-
rate as (2.11). Combining (2.11) and (2.21) gives

s—y s—1
AO(sf)=—24® (s,t)=%7,,( -+ ) (2.22)
meE—1t  mi—u
For the s-wave scattering lengths, one has
@9=0.155 and a,=—0.078. (2.23)

These results are numerically quite close to Wein-
berg’s, although their algebraic structure is somewhat
different. (He found 2a¢+7a,=0.)

With the one possible exception discussed in the
preceding paragraph, we have used highly convergent
integrals for all key evaluations, so that contributions
to the amplitude at low energy from higher-mass states
should be greatly suppressed. To demonstrate this
suppression quantitatively we include the f meson as
well as the p. As the f has spin 2, the problem of the
convergence of left-hand-cut integrals becomes more
severe. This is one of the major difficulties in generaliz-
ing the method of pole dominance in its present form.
The best we can do now is to consider

HAO()—AP (50 ]=4D 1) +A4D (1)
=AD(u,5)+A® (u,s). (2.24)
Working at fixed s, this combination has no crossed f
poles. The s and d waves are treated separately by the
same methods as before. Since there are crossed p
poles, the left-hand cut integral in the s-wave partial-

wave dispersion relation is logarithmically divergent,
and one subtraction is required, giving rise to one

undetermined constant. One finds
s—t
HAO -0 (1=t~ )
mi—t m2—u
10 v,q* Po(1+1/2¢%)
3 ¢/

S—u

+const, (2.25)

mp—s
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where vy, defined analogously to v,, is

'yf=mf"’l‘f/qf3=0.96. (2.26)

Although there is one unknown constant in (2.25), it
does mnot contribute to 24®—54®, which can be
constructed from (2.25) by use of crossing. For the
f contribution to the scattering lengths one obtains

(Zao— 5(12)/= —S’Yf/Qf2Mf2= —0.003 ) (2.27)

representing about a 0.5%, correction to (2.13). Al-
though we are unable to calculate the contributions of
the f to the two scattering lengths separately, it is
plausible that they are also of this order of magnitude.

Projecting the J=0, I=0 partial-wave from (2.22)
gives

25+m,2—4 4¢?
RO (s)=g7p[ : ln(l ; )—1]. (2.28)
4¢? m

Since this expression is real, it only has a chance of
making sense when the phase shift is small and takes
the value

q 2s+m,2—4 4q?
6o ©® (S)= %’Yp_[*—2——' ln(1+_q)_ l:l . (2.29)

si/2 4q m,?
This gives, for example, 8@ (mx?)=27° and

80® (mx?) — 8@ (mx2) ~40°, (2.30)

a number of some interest in the analysis of CP
violation.

Since 8, (s) continues to rise with increasing s,
the lack of unitarity begins to become disturbing for
5215 or so. This may be an indication of a need for
a resonance with mass of about 700-800 MeV. If there
is such a resonance, then it should be included in the
pole-dominance calculations, of course. For reasonable
parameters, such as m,?~30 and I';~1 (still in units of
pion masses), one obtains corrections to the s-wave
scattering lengths ¢o°=0.33 and a,°=0.13, to be added
to the values in (2.23). The addition of such a resonance
is consistent with the fact that §,®(m,?) is known
experimentally to be negative. The ¢ correction would
raise 8o® (m,?) from —33° to —28° only. It is also
conceivable that there is an 7=J=0 resonance with
mass 400-500 MeV. These important and interesting
questions shall not be pursued further as they are
somewhat peripheral to the central issuse of this paper.

III. PION-KAON SCATTERING

As a second application of the method of pole
dominance we consider 7K elastic scattering. The poles
that should be included in the first approximation are
the K*(893) in the s and % channels and the p in the ¢
channel. Once again we assume that there is no strong
s-wave enhancement in any of the three channels. We
shall furthermore (as a matter of convenience) assume
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universality of the p-meson coupling® to be valid. Then
a1V (¢) has the pole and residue given by

—a:® ()~ ) (CAY
q:q:’ meP—1
with v, as defined in (2.3) and
ge=(F—1"2, (3.2a)
9/ = Gt—mg?)'2. (3.2b)
The K* pole and residue are given by
1/ @Y (s)~yge/mgl—s, (3.3)
with
gt=[s— (mx+1)"][s— (mx—1)*1/4s, (3.4)
'yx*=mK*2I’K*/qK*3= 168, (35)
and
QK*2= [mK*Z— (mK—!—l)Zj
X[mge— (mg—1)2]/dmr2. (3.6)

Starting from

1 p> ds 28+t"2
arD(f)=— f — ImA® (Z,S)QJ(-—,'—)
) (mg+1)? 2q1G¢ 49.9:

1 p> du
-—-—/ ——ImA D, 2—t—u)
) g1 2¢:g¢

—2u—it+2

XQJ( ) , (3.7

4q.9/
where

S=2(mx+1), (3.8)

and using the isospin crossing relations
AO(t,5)=3(/6)[A Y (5,)+24 P (s,1)],
A0(15)=3[40P (5)— 4 ()],

we obtain, by the same reasoning as in Sec. II,

40 (5= by (dgr+20)

(3.92)
(3.9b)

)+32¢I:d1(” ®

1
X
mr¥t—s MgE—u

'YK*(4QK*2+ 215) 2mK*2+t—-2
- o= )]
4tht'

ZQtQt'
1 1 )
mK*2—s mK*Z—u

3 S
+E’YP( )'
mpt—1

Evaluation of (3.10) at threshold [i.e., s= (mx+1)?,

e (4200

(3.10)

9J. J. Sakurai, Ann. Phys. (N. Y.) 11, 1 (1960).
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u= (mg—1)?, {=0] gives the following relation for the
s-wave scattering lengths:

1 )_1(371{* | 979)
mr Mg+ ' 2m,*

1 \1
=<1+———) (0.1234-0.233)=0.28. (3.11)

mr

Q12— A3/2= (1 f

Equation (3.11) is very close to the current-algebra
prediction of 0.27. Comparing (3.11) with the expres-
sion given by current algebra, and also using (2.15)
and (3.5), gives in analogy with (2.17),

gr® (Gv\?
I‘K*=———g2(—> =47 MeV. (3.12)
6m? \Ga
Taking the ratio of (2.17) and (3.12),
Tg+/Ty=3¢x/4q,*, (3.13)

a relation that has been obtained previously from
current-algebra considerations alone by Riazuddin and
Fayyazuddin.® [Exact SU(3) gives a ratio of £.]

In similar fashion,

AO(t,5)=3(/6) (t429x*)

1 1
(s

mK*2-s mK*2— u

)—I—const. (3.14)

Equation (3.14) contains one undetermined constant
because the partial-wave dispersion relation for the
s-wave requires one subtraction. This constant cannot
be determined by the methods of this paper. (In
Feynman-diagram language, one would say that this
constant depends on the choice of a coupling scheme.)

The results of this section would be significantly
altered by a low-mass scalar resonance in either of the
channels. The correction from the 2+ mesons f(1260)
and Ky(1419) is probably of the order of 19 near
threshold, as was shown to be the case in the 7r example.

IV. PROBLEM OF UNEQUAL MASSES

In the preceding section results were obtained for
K elastic scattering by focusing attention on ¢-channel
partial waves. If the method of pole dominance is to
be generally applicable, the same results should be
obtainable from s-channel considerations as well.
Accomplishing this is not trivial, however, because
there are kinematical complications associated with
unequal masses.

Having isolated particular s-channel partial waves
for special consideration, it is necessary to properly
take account of threshold behaviors before performing
dispersion relations. We believe the following rules to
be correct: (1) as(s) vanishes at the normal threshold
proportionally to [s— (mx+1)2]7; (2) as(s) is finite
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at s=(mg—1)? for J=0, but vanishes there like
[s— (mg—1)2]42 for J>1; (3) as(s) has contributions
which at s=0 behave like s, slns, and s—©  where
2(0) is the intercept of -the leading s-channel Regge
singularity®*—this rule holding for all J.

Carrying out the calculations of Sec. ITI by use of
the above rules, or slightly modified ones, leads to
expressions having spurious poles at either s= (mg—1)2
or s=0 (or having the wrong equal-mass limit) and
consequently differing from (3.10) and (3.14). Suitable
analyticity necessarily requires admixtures of lower
partial waves to cancel off these spurious poles. This
automatically happens in writing down a Feynman
diagram for the K* pole in K scattering, for example,
with different couplings giving somewhat different
prescriptions.

A convenient method of circumventing the difficulties,
within the method of pole dominance, is to replace the
partial-wave expansion by another expansion for which
the analyticity of the individual terms is more favorable.
As a specific possibility let us consider

A(s)= é (2n4-1)6n(5) P (3), (4.1)

with
E=141/2 (4.2)

and
Z=%[s— (mr+1)7]. (4.3)

This expansion coincides with partial waves in the
limit of equal masses, while for unequal masses it mixes
the various waves. Inverting (4.1) in a Froissart-
Gribov form,

) 1 e dt Imd () (1 7 )
n = — ,t n i
ca(s r/4 27 50 +2q‘2

1 du

——/ —ImA (s, 2—s—u)
TJ (mx+1t 2G°

Z—s5—
2g*

. xen(1+

u) (4.4)

From (4.4) and standard analyticity assumptions for
A(s,0), one can easily see that these amplitudes have
the threshold behavior

ca(s)~ (). (4.5)

At s=0 and s= (mg—1)?% ca(s) is analytic, except for
possible left-hand-cut singularities which are logarithmic
at worst.

The method of pole dominance described in the
preceding sections may now be carried out using (4.4)
to replace the standard Froissart-Gribov formula. A
resonance of spin J will contribute to all the terms

0 D.Z. Freedman and J. M. Wang, Phys. Rev. 153, 1596 (1967).
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n=0, 1, - -+, J, in general, since a Jth-order polynomial
in ¢ is required. For application of this expansion to the
example of wK scattering it is convenient (but not
essential) to consider the isospin combination that is
free of crossed-channel K* poles:

3AUD(5,)H 34O (5)= A0 (u)
= (VDAO(3)+34D 5.

Then, by the same methods as before,

(4.6)

2s+m2—2
T T O )

— (=0 and #=1 projections)+ %c, V2 (s)
+3¢14 (5)+[26, 92 (5) 46,82 (5) J5.

The co’s and ¢i’s are once again given by “‘partial-
wave”’ dispersion relations (after removing the thresh-
old factor g2 from ¢;). The convergence properties of
these integrals are the same as for ordinary partial
waves in the equal-mass case. The K* resonance con-
tributes to the right-hand cut of both ¢/» and ¢;@/®,
its total contribution to (4.7) in the narrow-width
approximation being

+2gx2 1
'YK*( -—) .

mK*2—s 2

4.7)

(4.8)

For the left-hand-cut integrals there is again a cancella-
tion against the subtracted =0 and #n=1 projections,
one unknown constant remaining because the dispersion
relations for the ¢o’s require a subtraction. In this way
one finds

BAD (5,1)+-34 6 (51)

3V, s—u
=““< )"I"Y&
8 \m,2—t
By use of crossing, both (3.10) and (3.14) can be
deduced from (4.9).

Lest the reader be misled, it should be emphasized
that the prescription suggested in (4.1)-(4.4) is not
unique and, in fact, there is an ambiguity associated
with its non-uniqueness. An example of another pos-
sible expansion is

i+ 2gx

mx*z— S

f-const. (4.9)

o ‘quz 12
A6H=% <2n+1)dn<s>Pn(1+q——2:), (4.10)

r? 24

which has the convenient feature that a resonance of
mass mg and spin J will only contribute to the Jth
term. The contribution of such a resonance as it arises
from a right-hand cut integral would be of the form

Y LA

mer?—s qr® 2¢°

(4.11)
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Equation (4.11) differs from what one would get from
expanding (4.1) by a polynomial in s of degree J—1.
It is easy to show that such a polynomial carries all
the ambiguity in the choice of an expansion having
suitable analyticity of the individual terms. In the
example of 7K scattering, an unknown constant should
therefore be added to (4.8). As it happens, this constant
can be absorbed in the constant already appearing
in (4.9), leaving the final results unaffected.

V. PION-NUCLEON SCATTERING

The obvious advantage of studying #V elastic
scattering over the other reactions discussed so far is
that it allows a direct comparison of calculated and
experimental quantities. In the following we shall cal-
culate the four J=% phase shifts as well as the s- and
p-wave scattering lengths. The accuracy of the tech-
niques shall be estimated by finding the sensitivity of
the calculations to various possible modifications. Our
purpose is to determine the reliability of the approxi-
mations rather than to attempt achieving the best
possible solution. The degree of success that shall be
reached, however, does suggest that the present
formalism may be usefully incorporated in a thorough
analysis of scattering data.

Some standard formulas given by Frautschi and
Walecka,! for example, that shall be required are

fl(s,Z)=l‘é0 fz+(S)Pz+1'(Z)—é f(Pit' (), (5.1)

fz(s,z>=§ Cfi ()= fir ()IPY (), (5.1b)

where f1..(s) is the partial wave having orbital angular
momentum / and total angular momentum J=/+3.
The inverse formulas are

fre(s)= (1/q)e?1+(® sindy (s)
=3[ L[f1(52)P1(2)+ fa(s,2) Prga(3)Jdz.  (5.2)

Invariant amplitudes, free of kinematical singularities,
are defined by

+m
A(st)= SWWI:Wfl(S,l)
_mfz(s’l)_ , (5.33.)
B(s,t)= SWW[W{fl (s,8)
—fa(s,t) |, (5.3b
+(W——m)2——1f ( ’)_ (5.3b)

uS, C. Frautschi and J. D. Walecka, Phys. Rev. 120, 1486
(1960).
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where W=s'? and m is the nucleon mass. The ampli-
tude appropriate to unpolarized nucleons is

s
F(st)=A(s,))+ <——)B (s,0). (5.4)
4m
The most prominent poles to be included in a first
approximation are the p, N, and A. We continue to
assume that there is no strong 7= s-wave enhancement.
The contribution of each of these poles to F(s,t) is as
follows. Near the nucleon pole one has

3mg? t—2
Fun (g )~ —— (5.5)
m mi—s

where g?=14.6 measures the pion-nucleon coupling.
In the vicinity of the p pole

3y, 2s+m,2—2

FO(t,s)~ (5.6)

m m,2—1

Since universality? for the electric coupling of the p
has been assumed in (5.6), v, is the same as in (2.3).
Near the A pole,

8wqa’ya
FGm (s,t)~ h(t), (.7)
mA2~ N
where ma=1236 MeV is the mass of the A,
ga?=[ma?— (m~+1)*1[ma’— (m—1)*]1/4ma* (5.8)
Ya= mAgl‘A/qAaz 14.6 5 (5.9)
ma+m / t
h()=3 1+ )
(ma—+m)?— 1\ 2¢%
ma—m 2mA2+t—2r 3
-
(ma—m)?—1 am L (ma+m)2—1
( 1 i ! (5.10)
x(1+—)- ] e
292/ (ma—m)—1 ’
and
2=2(m*+1). (5.11)

The method of pole dominance can now be applied
to the calculation of F(s,t). For the isospin-symmetric
amplitude, one finds

-+

mi—s mi— u)

3mg?
Fa? (s ) 2F 6D (st) =—(— 2)(
m

-+

mpZ—Ss  mad—u

+161rqA2'YAh(t)( )+Co+€1l. (5.12)

The undetermined constants ¢o and ¢; arise as sub-
traction constants in the dispersion relation for the
J=0 {-channel partial wave. Two subtractions are
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required because the A-exchange contribution to the
left-hand cut integral is linearly divergent. Similarly,
the isospin-antisymmetric amplitude is

97r’y,,( S—u )
2m \m,2—1t

)“ 8wqa’yah(l)

+3ng(i-2)(

m mi—s mi—u

1 1
X( >+02(s—u) (5.13)
ma2—s mal—u

The constant ¢, arises as a subtraction in the J=1
t-channel partial-wave dispersion relation, which other-
wise would be logarithmically divergent. The constants
¢1 and ¢, cannot be determined by present methods
from a consideration of FI(s,f) alone. However, in
the subsequent discussion when the A’ and B’s are
treated separately, only one undetermined constant
(corresponding to ¢,) will appear. The difference is
attributable to the energy factor multiplying B(s,t) in
(5.4). A comparison of formulas allows us to deduce
that

c1=c=0. (5.14)

One combination of s-wave scattering lengths can now
be obtained. The normalization conventions are such
that

FO(s= (m+41)% t=0)=4a[14(1/m)Jazr, (5.15)

where a,; denotes the s-wave scattering length of
isospin I. From (5.13)-(5.15) and 2(0)=1/m,

1IN/ Oy, 382 29a
el (52
m 2m? 2m® mp?

=[141/mT(0.233+40.486—0.375)
=0.299,

(5.16)

This result is very close to the prediction of current
algebra. More importantly, it is quite close to the
experimental value

41— a3=0.271=0.007 (5.17)

determined by Hamilton? from data on low-energy
scattering. Equating (5.16) to the current-algebra
prediction gives, in analogy with (2.17) and (3.12),

Ta= (392%/4m*)g[1—%5(Gv/G4)*]=115 MeV, (5.18)

which is to be compared with the experimental value
of 120 MeV.

Because of the presence of ¢y in (5.12), the isospin-
symmetric combination a@;4-2a; cannot be calculated.
However, the Adler self-consistency condition® or the

2 J. Hamilton, Phys. Letters 20, 687 (1966).
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assignment of the = trajectory to an M =1 representa-
tion of 0(4)¢ predicts it to be very small.

a1+2a3=—0.0024-0.008 (5.19)

is the value found by Hamilton. The specification of
FD(s,t) can be completed by simply requiring that
this combination vanish.

Formulas for the A’s and B’s have already been
alluded to in justification of (5.14). A more important
reason to work out separate formulas for the 4’s and
B’s is that a complete specification of pion-nucleon
scattering requires them. Labeling amplitudes by
their ¢-channel isospins,

164/6mqa2y 1 1
A0 (=100 Agx(t)< + )
3 mAz—s mA2~u
+(164/6)rc, (5.20a)
O6mgaly 1 1
AD(s)=— o Agl(t)< )
3 mal—s mal—u
61r7u
i’ ( ) (5.20b)
My 2—1¢
164/ 6mqa2y,
BO(t5)=—Y T Ag”( )
Mal—s  mp’—
1
+4\/6rg< ) (5.20¢)
m2—s m2—
6mga’ya 1 1
B0 === ) ——+——)
3 mal—s ma2—u
1 1
+87rg2( + )
mr—s mi—u
1
127y, (1420 )———,  (5.20d)
m.2—
where g
ma-+m t
f()=3 (1+-—-—)
(ma+m)2—1 2¢a?
ma—m
—— (5.21a)
(mA--m)2—1
t
@)= 14 )— . (5.21b
& (mA+m)2—1\ T2qA2 (ma—m)*—1 ( )

Yqup describes the magnetic coupling of the p to the
nucleon. A prediction, based on universality, is that
#, should be the anomalous isovector magnetic moment
of the nucleon, i.e.,

p,=1.85. (5.22)
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The subtraction constant ¢ in (5.20a) can be determined
by requiring the isospin-symmetric combination of
s-wave scattering lengths to vanish, in which case

mg? 2ma—m
c= YA (5.23)
4m?—1 3ma?
To obtain the J=3 partial waves, we use (5.20a)-
(5.20d) and
(W+m)*—1
fiD ()= LA (P =m0
s
W—m)—1
LA~ (Wm)Bo®], (5.24)
16ws
where .
(5.25a)

4,0= %j AD (5,2)Pi(2)dz,
-1

1
BiO—} ] BO(Pi(a)ds.  (5.25b)
—1
f1—(W) equals g~'¢* siné for the p wave when W>m-1,
while for W< —m—1 it describes the s wave (in
accordance with the MacDowell symmetry).

Since the formulas (5.20a)-(5.20d) are written in a
purely real form, the partial waves projected from them
obviously cannot be unitary. In evaluating phase shifts
we shall simply replace ¢ siné by 8, an approximation
that should make sense as long as phase shifts are less
than 30° or so. In the vicinity of a resonance pole,
unitarity can be restored, at least approximately, by

(WAm)*—1 7 3voutp
s \16mq
(W+m)—1
+________

N

fl__(1/2) (W) =

+(W—m)2 1/ 3akty  3Voko

s \ 8m  16m
(W—m)y—1 g2 g
Wy

s 4 mP—s 8¢

Similarly, for the I =3, J=3 partial waves,
(W+m)*—1 [ 3Yokto
s \32mq

f1 6D (W)= (2s+m,2— E)Q1(Zp)+—

+ (W+m)*—1 3y, (14 ﬂp)

(W—m) <—g—Q1 (8w)—
s 4¢?
(W m)2—1 / 3Vokte  3VoMo

(2 +m2 E)QO(ZP)__
s \16m 32mg

T
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taking the pole position to be complex. Otherwise,
taking complex positions for the resonance poles would
generally introduce only a small correction. Thus we
can now calculate the J=% waves, which are nonres-
onant at low energy, using (5.20a)-(5.20d), and (5.24).
Defining

2,=1+4m,2/2¢?, (5.26a)
gy =14 E—s—m?)/2¢%, (5.26b)
za=14+C—s—ma?)/2¢, (5.26¢)
and
mA—i—m
=3 (5.27a)
(ma+m)2—1
3
Q= (5.27b)
(ma-t-m)2—
ﬂ1=3(%2 1\ ma—+m
¢ /(mA+m)2__
QA2 ma—m
f , (5.27¢)
@ (ma—m)?—
2 1
),
¢ / (ma+m)2—1
2 1
_ (5.27d)
¢ (ma—m)'—

the I=%, J=1 partial waves are given by

(E— 25— m,2)Q1(2,) — $va[ 22102 (22)+ 38101 (ZA)‘*‘OZIQO(ZA)])

370 g2
(W—m) (—;(H' Z#p)Ql(Zp)*8—Q2Q1(ZN)+%'YA[20£2Q2 (22)+3B201(2a) + Q0 (ZA)])
(E 25— m,2)Qo(25)+3val1Q1(2a)+B81Q0(2a) ]— C)

-"‘QO (ZN)+—"(1+ 215)Q0(%,) +Fval 001 (ZA)+32Q0(ZA)]> (5.28)

1 Praen _Z_gtzal@(zA)HmQI(zA)+alQo(zA)])

2

MA“— S

1 q YAQ2

YA ) 3
+§6{ a2Q2(zA)+\,82Q1(ZA)+042Q0(2A):I)

6 maZ—s

+157alB81Q0 (22) + 101 (22) ]~ )

wW— 2—1 2 p( + p) 1 B
(———’f’L—(Wer)(iQo(zN)——V#iQo(zp) o +rvAEe2Qo(zA>+a2@1(zA>]) (5.29)
s 4¢* 16¢% 2 mp2—s
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Fi16. 1. The s-wave =V phase shifts of solutions 1 and 2 com-
pared with the phenomenological analysis of Roper, Wright, and
Feld (RWF) (see Ref. 13).

The phase shifts deduced from (5.28) and (5.29)
are referred to as “solution 1.” They are plotted in
Figs. 1 and 2 together with the results of the phase-
shift analysis of Roper, Wright, and Feld.®® In particular,
the upturning of the P;; phase shift is encouraging.
Approximately equal contributions to this behavior
are made by the p and A poles. It should be emphasized,
however, that as we are not performing dynamical
calculations in the conventional sense it does not
necessarily follow that the p and A forces should be
responsible for this behavior in a one-channel N/D
calculation. Indeed, the suggestion has been made that
the Py; phase shift should not come out positive in a
one-channel N/D calculation without the explicit
inclusion of a Castillejo-Dalitz-Dyson (CDD) pole.!
In Ref. 14 it was also suggested that the turning positive
of the Py; phase shift at low energy and the presence of
a resonance in this wave at high energy are probably
independent phenomena, a point of view that is sup-
ported by solution 1 inasmuch as it does not have a
resonance pole in it. Other remarks to be made about
solution 1 are that it gives excellent agreement for
Ss1 and Ps; waves, but only fair agreement for the
S11 phase shift.

In solution 2 the sensitivity of the phase shifts to
the magnetic coupling of the p is tested by taking u,=0,
with all other quantities as in solution 1. As can be
seen in Figs. 1 and 2, this change causes the p-wave
phase shifts to deviate significantly from their experi-
mental values, while it has very little effect for the s
waves. This reinforces the belief that (5.22) is a good
approximation.

Solution 3 is the same as solution 1 except for the
explicit addition of the Roper resonance with nucleon
quantum numbers, mass my;=1470 MeV, width

1B L. D. Roper, R. M. Wright, and B. T. Feld, Phys. Rev. 138,
B190 (1965).

14 J. H. Schwarz, Phys. Rev. 152, 1325 (1966); J. S. Ball, G. L.
Shaw, and D. Y. Wong, ¢bid. 155, 1725 (1967).
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I'1=210 MeV, and elasticity factor x;;=0.65. Thus,
defining the residue

muTuxn
yu=—-—=3.,
9113

(5.30)

the contributions to be added to the A’s and B’s in
(5.202)-(5.20d) are

_(W6) 8r(mu—m)

An®= gy
1 3 (mu—my—1 11711
1 1
X( + )+611, (5.31&)
mi’—s  miP—u
2 8w (mi—m)
Ap®=—- —————qu’y11
3 (M11—'m)2—1
1 1
x( - ) (5.31b)
miP—s mi—u
A/ 6 8mq1?
By ©=— — ./
3 (M11—m)2—1
1 1
x( - ) (5.31c)
muP—s  mu’—u
2 87rq112
By®W=-——————y
3 (mn-m)"'—l

1
x( o+

mit—s  Mmiui—u

). (5.31d)

The phase shifts corresponding to solution 3 are shown
in Figs. 3 and 4. One change is that the s-wave scattering
lengths have been increased by about 109,. Other
changes are generally of this same order or less, except
for the Py phase shift which becomes much more
strongly positive for energies above 200 MeV, in close
agreement with experiment. Fortunately, the change
in this phase shift below 200 MeV is not very large.

-20° |
20 0 100

| 1 |
200 300 400
T, (MeV)

500

F16. 2. The J=% p-wave phase shifts of solutions
1 and 2 compared with RWF.,
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F16. 3. The s-wave phase shifts of solutions 3
and 4 compared with RWF.

In solution 3 the s-wave scattering lengths are about
209, larger than the experimental values. Furthermore,
inclusion of the Dy; resonance would increase them by
another 109, or so. A likely cause for this discrepancy
involves the narrow-width approximation for the
A(1236) resonance. Its width is of magnitude compar-
able to its distance from threshold. Since we have taken
this resonance to be concentrated at 1236 MeV inside
integrals in which it multiplies rapidly decreasing
functions, finite-width effects may be estimated by
taking its “effective mass” to be somewhat lower than
1236 MeV. The principal effect of reducing the mass
by 10 MeV, say, is a decrease in ga and hence an increase
in ya to 16.6 from the value of 14.6 given in (5.9).
Solution 4 shows the effect of making this change in
solution 3. The agreement of the phase shifts, especially
the S, is generally improved by this modification.

In Table I we compare the s- and p-wave scattering
lengths for each of the four solutions with the experi-
mental values.*!® The J=3% scattering lengths are
determined from (5.28) and (5.29), with the modifica-
tions indicated for solutions 2, 3, and 4. For the J=%
p-wave scattering lengths (in the notation asr,27),
we use

1 1
Qo1 3=—09r+asr,;———B® (threshold). (5.32)
4m? 8rm

To summarize the discussion of wN scattering, we
find it proper to conclude that using N, p, and A
poles, as well as the isospin-symmetric s-wave scattering
length, we have succeeded in representing =V scattering
up to about 400-MeV pion lab energy within an error
of 10 to 209%,. To achieve better accuracy would require
including additional resonances, determining couplings
more accurately, and correcting for finite-width effects.
Furthermore, at an improved level of accuracy it may
be necessary to include corrections for mr scattering
in the s wave.

15 J, Hamilton and W. S. Woolcock, Rev. Mod. Phys. 35, 737
(1963).
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VI. © DECAY

The techniques developed in the preceding sections
may be used to calculate the amplitude for the process
mw —> mr in terms of p-meson poles. This amplitude also
describes the decay of the w into three pions, providing,
in particular, an accurate expression for the distribu-
tion over the Dalitz plot. The formula to be obtained
for the integrated partial width is exactly the same as
was suggested by Gell-Mann, Sharp, and Wagner*
some time ago. Nevertheless the derivation is given in
some detail, as the method of pole dominance provides
reason for believing the amplitude to be accurately
represented in a larger region than just in the immediate
vicinity of the poles.

Invoking parity conservation, the process mw— 7w
has just one independent helicity amplitude

J(s,2)= sz (2J+1)fs(s)do1r"(0). (6.1)
All kinematical singularities are removed from (6.1) by
constructing

J(s,8)= f(s,8)[stu— (m2—1)*]~2, (6.2)
The following kinematical relations are required:
sinf=[stu— (m.2—1)2]"%/k(s), 6.3)

k(s)=3{(s—H[s— (mot1)7][s— (ma—1)* J}112

=2¢q's'?, (6.4)

g=(s—1"", (6.52)
¢'={ls— (mo+1)*]

X [s— (m,—1)2]}112/2s12  (6.5b)

do_17(0)=—[J (J4+1)T1/2 sin6P ;' (cosb) . (6.6)

From (6.1)-(6.6) and the orthogonality of the d
functions one obtains

fr(s)=—3[J (T+1) T "%(s)
X / F(s,5)(1—22)Py (3)dz. (6.7)

30°F

20°

10°+
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F16. 4. The J =% p-wave phase shifts of solutions
3 and 4 compared with RWF.
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TABLE I. 7N s- and p-wave scattering lengths.

Solution
Experiment® 1 2 3 4
o 0.180 0.200 0.200 0.220 0.185
as —0.091 —0.100 -0.100 —0.110 —0.093
an —0.101 —-0.091 -—0.120 -—0.083 —0.071
as —0.039 —0.040 —0.025 —0.042 —0.034
a3 —0.027 -0.053 —0.039 —0.036 —0.018
as3 0.216 0.239 0.233 0.240 0.265

& See Refs. 12 and 15.

The remaining procedure is now the same as before.
Substituting a fixed-s dispersion relation for f(s,z) in
(6.7) and performing the z integration yields an ex-
pression of the Froissart-Gribov form. The remaining
integrals are highly convergent for J>1 (only odd J
occurs) and can be evaluated by the substitution of p
poles. The J=1 wave is considered separately. To
calculate it, one first removes threshold factors by

forming B
J1(8)=f1(s)/k(s). (6.8)

The partial-wave dispersion relation for f;(s) then has
a highly convergent right-hand cut, which is once
again evaluated by substitution of a p pole in the
narrow-width approximation. The contribution of p
exchange to the left-hand discontinuity of f;(s) vanishes
at large s like 1/s% so that the cancellation discussed
in the previous sections occurs without a need for any
unknown subtraction constants.

From the above discussion, it may be concluded that
to high accuracy,

. 1 1 1
J(s,0)=constX ( i f ) . (6.9)
mi—s mz2—t m2—u

The coupling constant v,,, is defined by!®

s%(s)/ (99')**~ (Yourvp)*/ (m;*—s),  (6.10)

where (6.10) refers only to the immediate vicinity of
the pole and #(s) denotes the off-diagonal matrix
element of (§—1)/2: for J=1. (ww— = is not an
elastic process.) By combining (6.9), (6.10), employing
standard rules for three-body decays, and including a
finite-width correction for the p poles, we obtain

YoYowurm

Pw—»31r= -
64w m,2m.’

/ 8 —s—t—u)[stu— (m,2—1)%]

1 1

]
T
mpi—im,Lp)—s  ml2—im, T,/ —1

2

1
| dsdidu, (6.11)
my2—im,I','—u
16 The relationship between our constants v, and v,,~ and the
couplings v,=» and fyur used in Ref. 4 is v,rr?/47=2%7, and fyu2/47
= % ('Ynmr/ mpz)-
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where 2=m,*+3 and R is the region for which the
second factor in the integrand is positive. The integral
in (6.11) is increased by about 109, if the imaginary
parts of the pole positions are omitted. The effect is
not greater because the boundary of the Dalitz region
is kinematically suppressed, and therefore regions close
to the poles do not contribute strongly to the integral.
It should be emphasized that previously there was no
good reason to believe (6.11) to be an accurate formula
for the contributions near the center of the Dalitz
plot, the region from which the bulk of the integral
arises.

Evaluating (6.11) numerically, we find that for
v,=1.53, T'y.3,=11 MeV, and m,=5.68 (correspond-
ing to an w mass of 783 MeV and a 7 mass of 138
MeV), we have '

Your= 10.5 . (6.12)

This result is extremely sensitive to phase space.
Repeating the calculation with m,,=5.60 (corresponding
to an w mass of 783 MeV and a = mass of 140 MeV),
one obtains v,,r=12.6. The value m,=138 MeV is
preferred because that is the average for the three
pion charges (each of which always occurs in the decay).
This serves as a warning, however, that electromagnetic
corrections could alter (6.12) by as much as 109%,.

In order to obtain a “theoretical value” for the decay
width T'4.3,, an independent calculation of 7,,r is
required. For this purpose we consider p elastic scatter-
ing, with the inclusion of only the = and w poles in the
s and # channels and the p pole in the ¢ channel. The
A» meson (or mesons) probably represents a small
correction near threshold. An 4; meson, having J?=1+
and hence contributing to the mp s wave, might not
be negligible. However, for purposes of comparison
with the current-algebra formulas for the s-wave
scattering lengths, the 4, contribution should probably
be omitted. The reason for this is that the current-
algebra calculations assume the absence of strong
s-wave scattering. This reasoning has been successfully
applied in other contexts by von Hipple and Kim.?”

Once again assuming universality of the p electric
couplings (this time to the p), the method of pole
dominance gives for the unpolarized isospin-anti-
symmetric amplitude (the only one not requiring a
subtraction constant)

S—u 1 1
PO )= 1t (=123 -—)
mpz'— i 1—s 1—u
+%7m(t+2qw2)( - ) 6.13)
ME—S MP2—u

where
got=[ma*— (m,+1)I[mst— (m,—1)*]/4m2. (6.14)

7 F. von Hippel and J. K. Kim, Phys. Rev. Letters 20, 1303
(1968).
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Evaluation of (6.13) at the s-channel threshold gives a
relation among the s-wave scattering lengths:

1\~!
3a0t301—§a.= (1+—-—)

"y

[37;’ @Cm24+1)v,  Yoor
X !

+
m,2 2m2(mri—4) m,?

] s

Equating (6.15) with the current-algebra prediction for
the scattering lengths,

me [Gy\?
’Ypm=1.60~;g2(———) =11.6. (6.16)
m

Ga
Substitution of (6.16) into (6.11) gives the theoretical

value
Tyo3,=12.1 MeV, 6.17)

in satisfactory agreement with the experimental value
of 11 MeV, especially in view of the sensitivity of the
calculation to small corrections.

VII. CONCLUSION

In summary, the basic steps in the method of pole
dominance are the following. The first step is to express
the scattering amplitude in the form

1 0
AD(t,s)=— / ds' ImA D (z,s")

TJ 8o

1 5 2s'+t—2
x[ —3 (2]+1)QJ(———)
s'—s 2q4q, J=0 4q.q¢'

2s+1—2
XP J(—————):I-[— (u integral)

4(IzQz'
Jo 25s+1—2

+> (2]+1)aJ(I)(t)PJ<——————>. (7.1)
J=0 49,9

For a specified range of ¢, there is then a value of J,
such that the integrals are highly convergent and may
be evaluated by substituting for Imd@(ss’) pole
contributions in the narrow-resonance approximation.
It is convenient to include only low-mass resonances.
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The second step is to calculate a;(f) for J=0, 1,
-++, Jo by means of a dispersion relation for &7 (1)
=a;D(t)/(g:g/)’. The right-hand cut integrals are
convergent (except possibly for J=0) and may also
be evaluated by substitution of pole contributions. The
left-hand cut integral is evaluated by substituting the
contributions from the same poles as were used in the
evaluation of the s- and #-cut integrals in step one.
These are the most important contributions whenever
the left-hand cut integrals converge. In examples having
no external spins, a spin-S contribution to the left-hand
cut of the Jth partial wave converges for S<J. If
S>J, higher-mass exchanges are necessary to cancel
the divergence. They may be represented by making
S—J subtractions. The third step is to observe that
except for terms corresponding to the previous sub-
tractions, there is an exact cancellation between the
left-hand cut integrals and the portion of the ¢~ and
u-cut integrals involving the sum of Q functions.

Of the various approximations involved in the method
of pole dominance, the most difficult to justify
quantitatively is the neglect of other contributions to
the left-hand cut integrals. The procedure given seems
plausible to us, but perhaps further justification should
rest on comparison with experiment.

As a final (and somewhat gratuitous) remark, we
suggest that if a Reggeized version of the method of
pole dominance should be found, it would quite likely
be free from the need for subtraction constants. Further-
more, it might provide a suitable formalism for im-
plementing the bootstrap conditions. At that stage
one would be performing true dynamical calculations,
representing a substantial advance over what has been
accomplished in this paper.

Note added in proof. It has been pointed out to me
by Dr. H. Harari that a more careful calculation of the
A finite-width effects increases the discrepancy in the
wN s-wave scattering lengths, rather than decreasing it
as claimed in the text. We have also noticed that a
subtraction constant in B® [see (5.20d)] cannot be
excluded. This constant can be chosen to fix up the
isospin-antisymmetric scattering length. Thus, the suc-
cess of Egs. (5.16) and (5.18) is due, at least in part,
to the cancellation of errors. The phase shifts would be
only very slightly altered by reducing the A term by
309% and adding an appropriate constant to B®.



