
HARVEY SPIVACK AND S. P. ROSEN

factory than the larger one, for which I'(ti -u' tt mo)

= 630 eV.
It is important to note that if we were to set the

(3, 3*) mass term to zero (i.e., As = Bs = 0), then
the parameters 4, and B, would be completely de-
termined from the mass relations of Eq. (19) [B,
= 0 for the (8, 8)]. The values of It', a, , a, would
then be fixed, and moreover they would all be
highly unsatisfactory (h'= -4, a,= —1.5m, ', and

a, = —0.'lrrt, '). We may therefore summarize
what we have learned from the m'p p' mode of g-
decay by saying that the kinetic Lagrangian must
brealt SU(3) xSU(3) [but not SU(3)], and that the
mass Lagrangian must contain the (3, 3*)g (3*, 3)
representation and one other representation such
as the (8, 8). To find out more about this other rep-
resentation we shall need accurate data on g-g,
E-w, and K-K scattering.
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We have obtained a fit to most of the available data on pion-nucleon charge-exchange scattering using
a model with Regge-Regge cuts. This shows quantitatively the importance of the double-Regge cuts, as
opposed to the Regge-Pomeron cuts. We make comments on a recent work by Worden claiming that,
in certain idealized limits, the Regge-Regge cuts in this process cancel. It is suggested that because of
the strong assumptions in that work, many of which are probably not valid, the conclusions are not
necessary. Comparisons are also made with severa1 other works on this process.

I. INTRODUCTION

For a long time pion-nucleon charge-exchange
scattering has been a favorite reaction for testing
models of Regge poles and cuts. Recent polariza-
tion data' have, however, shown strong disagree-
ment with the original predictions of two of the

currently popular Regge-cut models, namely, the
weak-cut' and the strong-cut models. ' Both of
these models in their unmodified form basically
include the contributions of the Regge cut due to
the simultaneous exchange of the p and the Pom-
eron trajectories and predict large negative po-
larization in the vicinity of [t[ = 0.4 (GeV/c)'.
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There is a disagreement between the Argonne and
the CERN experimental data mentioned in Ref. 1.
But both of these clearly rule out large negative
values of polarization in this region. Some time
ago, one of us (K.V.) suggested that the non-Pom-
exon cuts could also play an important role in
high-energy scattering. ~' The importance of dou-
ble-particle (Regge) exchange was also suggested
by a number of authors with somewhat different
points of view. ' In the present work, we have sud-
successfully fitted most of the available data in
this reaction for the pion lab energy region from
4.8 GeV to 60 GeV and up to a very large momen-
tum transfer [-4 (GeV/c)'] using that model. The
fits establish quantitatively the importance of the
non-Pomeron cut contributions.

In a recent work%orden' has claimed that, in a
model with SU(3) symmetry, strong exchange de-
generacy, duality, etc., the Regge cuts due to
p-I" and v-A, exchange cancel, and hence the
pion-nucleon charge-exchange process cannot be
explained in terms of these cuts. %'e will point
out in the following that in the real world with
broken symmetries there will be nonvanishing ef-
fects of double-Regge cuts due to the exchange of
a whole set of vector-tensor meson trajectories.

To calculate Regge-cut contributions from first
principles has been found to be extremely involved
and intractable from a practical point of view.
Several absorption models based on the eikonal-
convolution method, ' box diagrams, etc., have
been used from time to time. Many of these do
not have complete theoretical justification. In
particular, doubts have been expressed about the
validity of the absorption model. It may be that
the absorption model is not valid to calculate both
real and imaginary parts. In order to avoid these
ambiguities, we have simply replaced the cuts by
effective poles at the branch points, having the
same signature and the nonsense-choosing mech-
anisms at the negative integers. The residues are
to be regarded as some effective average quan-
tities. It is true that this procedure introduces
more parameters than the various phenomenologi-
cal prescriptions to calculate the cuts from the
pole parameters. Qn the other hand, we will be
able to take the residue structure as extremely
simple (just one exponentially decreasing function
for each relevant contribution). This is to be con-
trasted with a number of previous works on the
subject where quite complicated residue functions
have to be chosen in order to fit the data. Thus
the total number ofparameters used is comparable
to the other existing models which attempt to fit
the data quantitatively. In addition, we fit most of
the available world data for a wide range of energy
and momentum transfer. Many of the existing

works just consider a limited momentum transfer
region. Thus our fits will be relatively free from
ambiguities of various models and prescriptions
to calculate the cut contributions and cover an ex-
tensive range of data. In Sec. II we discuss the
model and present the results. In Sec. III compari-
son is made with other works on the subject and
comments are made on Worden's work.

II. DETAILS OF THE MODEL AND RESULTS

n~(t) =1 + nest .
The non-Pomeron branch points [pP', ppP' (or
pP'P'), etc.] are given by

n, (t) =2n, —1+n't/2,

ns(t) = 3 no —2 + n t/3,

etc.

(2)

We simulate possible absorptive or diffractive
corrections by considering the pP branch point

The last one is just one of the several possibili-
ties that can be considered and our model is not
particularly dependent on this way of representing
absorption effects. The Pomeron trajectory also
could be given a v -t form, so that multi-Pomerons
give rise to the same trajectory. The main idea
in the present model is that the p&' cut makes sig-
nificant contribution for low values of t and the
various non-Pomeron cuts dominate different t
regions. In addition the Pomeron-absorptive cor-
rection could be expected to fall rapidly as a func-
tion of t.

We use the standard A' and B amplitudes defined
by Singh. ' The differential cross section for the
charge-exchange reaction, the polarization of the
recoil nucleon, and the difference of the m p and
m+p total cross sections are given by

do m' ' t
dt 16gsq'. 4m'

In this section we will consider explicitly only
the p, P', and P trajectories and the cuts gener-
ated by them. ~A, and K*K**cuts will be consid-
ered later on. We assume weak exchange degen-
eracy (n = n~, ) for the sake of simplicity and take
the p, P' trajectories as

n, (t) =n, +n't, n'=(1 —n, )/m '.
The Pomeron trajectory is taken to be
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sine Im[A'B *]
I6mvs do/dt' (7)

v2 ImA'(s, t=0)Qo=-
p

(8)

where ~ and p are the pion lab energy and momen-
tum, q is the pion c.m. momentum, and s and t
are ke usual kinematic variables. 8 is the c.m.
sca';tering angle, and m is the proton mass.

Various contributions to the amplitudes are given
by

B,(s, t) =P,e'~'(I -e ""&"')

(10)

where v = (s -u)/4m. Here the index i runs over
various terms under consideration and A'
=-v2 Q&AI. y, , P& are constants. We take the
nonsense-choosing mechanisms for both A' and B.
The usual logarithmic terms associated with the
cuts are omitted for the following reason. Various
theoretical models give different constants in the
denominator along with the ln(v/v, ) term and are
such that the logarithmic dependence may become
noticeable only at asymptotic energies.

The scale factors v, can be all taken to be the
same or preferably related to v, (scale factor for
the p pole) by some theoretical relations. Then
the dependence on I; can be absorbed in the expo-
nentials. A Veneziano type of ansatz" for the ef-
fective cut contributions, for example, gives
v, = I/2mn', v, =2v„v, =3v„v =[(o."+o.~)/o. ~]v„
etc. During the course of fitting we varied +0,
but found that in all cases it settled to a value
close to 0.48. Similarly, v, was kept as a variable
parameter initially but, amazingly enough, the
fitted value came extremely close to the value
given above.

The experimental data are taken from the
sources mentioned in Refs. 1 and 11. Some of the
fits are shown in Figs. 1, 2, 3(a), 3(b), and 3(c).
Altogether, we have used 86 data points for differ-
ential cross sections (including 12 points from the
Case-Western-Reserve data at large ~t~), 15 points
for polarization (Argonne data), 16 points for po-
larization (CERN data), and 17 points for the dif-
ference of v p and v'p total cross sections (b, o).
There is an obvious disagreement between the Ar-
gonne and the CERN polarization data at 5 GeV.
The Argonne data have been claimed to have higher
precision. However, we have included both sets

in our fits.
First of all we excluded the Case-V?estern-Re-

serve {CWR) data at large ~t~. Then with the terms
p{yx &i Pi &x), pP'{y2 &2, p2 q, ), a d

pP(y, p, p, q), we get a good fit with }t'(do/dt) =156,
}t'(pol) =14.6, and }t'(n,o) =13.4. For polarization
we consider the 8-Gev CERN data with either 5-
GeV Argonne data or 5-GeV CERN data. It turns
out that polarization is extremely sensitive to the
values of the parameters and either set can be
fitted. However, the fit to the CERN data gives
slightly lower value of y'(do/dt) =144. In general,
both the pP' cut and the pP cut terms are neces-
sary for a good fit. However, the pP' term
[a,(0) =0] is seen to be very important for charge-
exchange scattering. For example, it was possible
to get a fit with y'(dc/dt) = 337 without the pP cut.
If we kept only the pP cut term instead of the pP'
term, X'(dc'/dt) exceeded 800. These results es-
tablish the importance of the double-Regge term
and verify within the context of our model the fact
that both the weak- and the strong-cut models fare
poorly in the explanation of the complete set of
data. Our results are in agreement with the qual-
itative discussion given in Ref. 4. Since the cut
parameters are left free here, it turns out that ef-
forts to prevent a negative spike in polarization
resulting from the usua1 p-Pomeron cut term re-
sult in an enormously large value of X' for the dif-
ferential cross sections. Alternately, if we de-
mand good fit to the differential cross sections, a
negative spike in the polarization becomes in-
evitable with only the p-Pomeron term.

With the above terms only, the CVfR data cannot
be fitted we11.. There are some normalization
problems since these data do not go smoothly into
the low-energy data. In addition, from the dis-
cussion in Ref. 4 we realize that we may be ap-
proaching the t region, where the triple-Regge cut
{pP'P' or ppP') can be expected to make signifi-
cant contribution. %'e add such a term with two
additional parameters (y„p,) and find a fit with
additional value of X'(do'/dt) of about 20. This
case is shown in Figs. 1-3." For very large value
of ~t), it may be necessary to include u-channel
exchanges also.

We do not plot our amplitudes here, but just
mention that ImA'(s, t) passes through zero around
[t~ =0.2 (GeV/c)'. As is well known, this behavior
produces the weQ-established crossover effect
when the pion-nucleon elastic scattering is con-
sidered. This zero comes out in an interesting
way in our model. Both the coefficient of the p-
pole term (y, ) and the pP' cut term (y, ) are posi-
tive. But since o., (t) is negative, the imaginary
part of the cut term becomes negative and cancels
the pole term in the crossover region. This fact
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FIG. 1. Fit to the charge-exchange differential cross sections.

could have deeper significance for the question of
relative sign of the pole and the cut term. It should
also be mentioned that, in the present model, the
crossover point moves very slowly to slightly
larger value of ~t) as the energy increases.

It is clear that some improvements in our X'
values are possible if we introduce more com-
plicated residue functions, e.g., those with linear
and higher terms in t Alarge p.art of X'(de/dt)
does come from the low-t region. Another pos-
sibQity is to introduce an extra phase difference
between the pole and the cut term. Eikonal models,
for example, give this phase difference to be pro-
portional to s/I2 In(v/vo)]. In Sec. III we make

brief comparisons with other models and discuss
Worden's work.

III. COMPARISON VfITH OTHER MODELS

Now we make brief comparisons with some of
the recent works on this subject. Barger and
Phillips" introduce a zero in the residue function
for the p to produce the crossover effect and also
assume existence of a p' trajectory with zero in-
tercept and slope equal to that of the p. unless
both of these are considered as effective poles rep-
resenting the combined effects of poles and cuts,
the former fact leads to the factorization difficulty,
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FIG. 2. Fit to the cross section difference (40 =0
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and the latter to the problem of identification of a
particle lying on the p' trajectory. We prefer to
parameterize the pole and cut terms separately so
that at least in some approximation, we can make
contact with theory. Furthermore, the Barger and
Phillips model requires p as sense-choosing,
whereas we have the nonsense-choosing mech-
anisrn. Finally their model would predict a rapid
and t-independent decrease of polarization with
energy, whereas the present model would predict
a slow decrease with energy which is dependent on
the momentum transfer. Future experiments could
test this.

Recently Leader and Nicolescu '~ have proposed
a model with the p' having an intercept close to
zero and slope less than half of that of p. They
identify a recently discovered resonance of mass
1968 MeV as a particle lying on this trajectory.
Since the intercept and the slope of this p' are
quite close to the corresponding parameters of our
p-I" cut, evidently the two models give very simi-
lar results. The points of view are different how-
ever. Note that, if these authors take the p' slope
as similar to that of the p, the t =0 intercept will
lie too low to fit the data. Regardless of the fact
whether such a p' trajectory with correct quantum
numbers is established in the future or not, the
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FIG. 3. Fit to the charge-exchange polarization.
(a) 5-GeV/c Argonne data, (b) 8-GeV/c CERN data,
(c) 5-GeV/c CERN data.

question of a pP'-cut contribution will still re-
main. In Regge theory, once the existence of the
pole trajectory is granted, one has to accept the
existence of the cuts. In addition we find the no-
tion of trajectories having universal slope (except
for the Pomeron which is special anyway) as too
attractive to give up, unless one has to. Finally,
in the Leader-Nicolescu model the I =1 amplitude
does not vanish for very low values of t. Thus un-
less the I=0 amplitude has a subtle structure,
their model would have difficulty in explaining the
elastic -scattering crossover phenomenon. In our
case, the crossover zero was not imposed but was
the natural result of fitting other data.

Another recent model including a background
term representing a fixed pole has been proposed
by Kogitz and Logan. " They use a complicated
residue function chosen precisely to peak at the
correct position to produce dip-bump structure.
Their work does show that the background term is
indeed necessary to produce such a structure.
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But it seems to be preferable to parametrize the
background directly in terms of effective-cut con-
tributions, in order to make greater connection
with theory.

In a recent paper, Tuan et al."consider various
convolution models for double-Regge cuts and find
that the pP' cuts are important. Most of their fits
were made before the polarization data of Ref. I
became available and show a first zero of polariza-
tion near ~t~

= 0.35 GeV' in disagreement with ex-
periments. By changing the cut parameters they
can move the zero to about 0.55 QeV', but the po-
larization values thereafter seem to be in dis-
agreement with the experiments. This may indi-
cate a failure of convolution models for larger
values of t. An important question is the presence
of cuts in the helicity-flip amplitude, which is ne-
glected by Tuan et al. The polarization data of
Ref. I show a zero at somewhat larger value of (t~

and also possibly moving with energy. Our model
has Regge-Regge cuts in the helicity-flip ampli-
tude and is in agreement with these data.

Somewhat similar results are found in a model
by Hartley and Kane, "namely, the large positive
value of polarization after the zeros around ~t~

=0.5 QeV'. These authors also use the absorption
model.

In a recent paper, Girardi et al."introduce a
diagram with Regge-Pomeron-Regge cut. This
may well exist, but from the phenomenological
point of view, there is not much difference between
it and the Regge-Regge cut. These authors use
the absorption model which, as mentioned above,
may have troubles.

Now we consider Worden's recent work' men-
tioned earlier. Assuming resonance saturation,
Regge-resonance duality, strong exchange degen-
eracy, SU(3) symmetry, etc., he claims to show
that for small values of t, the contributions of the
p-P' and the A, -~ cuts cancel each other exactly
in the helicity-nonf lip amplitude of the pion-nu-
cleon charge-exchange scattering. For the helici-
ty-flip part the cancellation is believed to be only
approximate. We believe that the assumptions are
quite strong and hence in the real world with
broken symmetries, there will be some nonvan-
ishing effects from the Regge-Regge cuts due to
the simultaneous exchange of vector-tensor meson
trajectories, especially away from the forward
direction. Note that in oiler case the Regge-Regge
cut terms become vanishingly small at t =0 any-
way because of the factor (I -e ""2'")and
o.,(0)= 0.

More specifically, our arguments are as foDows.
It is well known that in nN scattering, the helicity-
nonf lip amplitude made out of resonances just does
not have a zero at the place where the p-trajectory

contribution becomes zero. Thus strong-cut cor-
rections are required, which break the strict
Hegge-resonance duality. Since Regge cuts are
corrections to pole contributions, it may be dan-
gerous to throw away contributions which might
seem to be canceled in some idealized limits. An
important question is the breaking of strong ex-
change degeneracy which seems to be the case.
Furthermore Regge-cuts naturally arise in a non-
linear relation (the unitarity condition), which
gives corrections to the strict Regge-resonance
duality results. Strict duality may be only a linear
constraint.

In addition, if one wants to talk about SU(3) lim-
its, one should take into account the cut due to
K*K**exchange also. This does not cancel even
in the idealized limit. The only reason for not
taking this cut into account may be that simple
quark-duality diagrams cannot be drawn. Again
the pitfalls of the latter approach in the strict
form are well known. We suggest that applying
these ideas to Regge-cut corrections might result
in throwing away important contributions. Since
even in the idealized limits, the cancellations are
not exact for the helicity-flip amplitudes, one has
to be cautious in the present case where the helici-
ty-flip amplitude plays an important role in po-
larization phenomena producing nonzero polariza-
tion. As we have already mentioned above, the
movement of the zero of polarization away from
~t~ =0.6 suggests an important role for the double-
Regge cuts in the flip amplitudes.

Thus we conclude that there will be nonvanishing
effects from double-Regge cuts especially away
from the forward direction. %'e have parameter-
ized the contributions of the p-P cut in our fits.
We could include ~-A, and K*-K**cuts in the same
way. However, in the case when the strong ex-
change degeneracy and the SU(3) symmetry are
broken, this will introduce many more parameters.
We already got good results with the present num-
ber of parameters. Hence inclusion of such addi-
tional terms may not be meaningful. Thus we find
it appropriate to regard the parameterized p-P'
contribution as an effective contribution from the
cuts due to exchanges of various vector-tensor
meson trajectories. Only when more stringent
data like A and R parameters for a range of energy
and momentum transfer are available, such a sep-
aration of p-P', ~-A„and K*-K**terms may be
meaningful.

In summary, we have described the world data
on m-N charge-exchange scattering in terms of
Regge poles and effective poles representing vari-
ous cuts. We have retained the power behavior,
signature factors, etc., given by the usually ac-
cepted theoretical considerat~~ns, but have not
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chosen any particular model to represent Regge-
cut effects. The fits have strong implications for
the relative contributions of various terms. It will
be interesting to extend such an analysis to nN

elastic, KN elastic, and charge-exchange scatter-
ing. In these processes data extending to large
momentum transfers are available and interesting
structures have been already seen. 4
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