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We analyze the x p charge-exchange reaction above 5 GeV in a Regge-pole-plus-cut model.
The absorption generating the cut is parametrized according to a geometrical picture in terms
of a strength, radius, and diffuseness, and dispersion is introduced by a phase proportional
to the absorption. The input Regge pole has no: nonsense-wrong-signature zeros. We find
the rescattering to be strongly energy-dependent and quite different in shape from elastic
scattering near 6 GeV. However, as the energy increases to 18 GeV we find it approaching
elastic scattering in shape and magnitude. The phase of the rescattering amplitude is cru-
cial to understanding the structure of the polarization. At 6 GeV our scattering amplitudes,
and, in particular, their pattern of zeros, agree with recent model-independent analyses,
and differ from the results of most previous absorptive-model calculations. In the geomet-
rical picture which emerges, the imaginary parts of the partial-wave amplitudes are peri-
pheral, in accord with ideas proposed by Harari and others, Moreover, the real part of the
helicity-flip amplitude is also peripheral, but the real part of the helicity-nonflip amplitude
is not.

I. INTRODUCTION

We investigate the strength, energy dependence,
and impact-parameter dependence of absorptive
Regge cuts in a model in which the input Regge
poles have no nonsense -wrong-signature zeros.
Our results are based on a detailed analysis of the
mp charge-exchange (CEX) reaction w p- w'n.

Absorptive Regge cuts may be viewed as rescat-
tering corrections. Their dominant effect is to re-
duce partial-wave amplitudes with small impact
parameter, b, so that the resultant scattering is
mainly peripheral. Several features of high-energy
reactions find a convincing explanation in such a
geometric picture, namely, the crossover of par-
ticle and antiparticle differential cross sections at
f = -0.2 (GeV/c)' in mp, Kp, and pp elastic scatter-
ing, sharp forward peaks in reactions in which the
m may be exchanged, and diffractive-like struc-
tures in various two-body reactions, both elastic
and inelastic. " Additional support for this kind of
description has been given by Harari who has used
arguments based on duality to infer that quantum-
number exchange occurs peripherally, at least in
the imaginary parts of the scattering amplitudes. '

Elastic rescattering corrections alone do not
provide strong enough absorption to account quan-
titatively for the data. Henyey, Kane, Pumplin,
and Ross' included the contribution of inelastic dif-
fractively produced intermediate states by using
an effective rescattering amplitude

+«& +el ++' l ~+el y

where X is a constant enhancement factor adjusted
to fit the data. The resulting fits are in fair agree-

ment with the data. However, as has been empha-
sized by Fox, ' in general the model predicts too
slow a shrinkage of the differential cross section
in the region of the secondary maximum, .where
the Regge cut dominates. Stated another way, the
effective Regge trajectory predicted, o. ,«, is too
flat. Another failing is that in w p CEX scattering
the position of the dip is predicted to move to
smaller

~ t~ as the energy increases whereas the
data seem to show it moving to larger

~ t~ . In ad-
dition, recent measurements show that the polar-
ization in m p- n n remains positive out to t=I-
(GeV/c)', in disagreement with most fits of this
type. It is a general feature of this prescription
that the polarization changes sign around -t= 0.2
to 0.4 (GeV/c)' and is large and negative near
-t= 0.6 (GeV/c)'.

There is in fact no reason to believe that X should
be independent of t or s, 4 and the difficulties de-
tailed above indicate that it is not. In this paper
we study the effective rescattering in the process
m P- m n. We use an optical model for the rescat-
tering which is characterized by the radius of the
interaction, the dimension (diffuseness) of the scat-
tering boundary, and an effective strength (opac-
ity) for the interaction. Dispersion is introduced
through a phase proportional to the absorption. As
we will show, the existence of a real part of the
rescattering amplitude is essential to understand-
ing the structure of the spin amplitudes. However,
the data at high energies are insufficient to deter-
mine its detailed shape.

We find, by making quantitative fits to the m p
CEX differential cross section, polarization, and
ImE(t=0) data above 5 GeV/c, that this model can
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account for all these data, and that the parameters
are well determined. The amplitudes we find are
in agreement with the recent amplitude analysis of
Halzen and Michael, ' and, in particular, with the
pattern of zeros they find. The data require a def-
inite energy dependence for the rescattering pa-
rameters, namely, the radius decreases, the dif-
fuseness increases, and the opacity is roughly con-
stant as the energy increases. Moreover, this en-
ergy dependence is such that at 18 GeV we find
E ff E„implying that E. „ is vanishing %itb in-
creasing energy. This puts in question the hypothe-
sis that the rescattering is enhanced predominantly
through diffractively produced intermediate states.

We formulate the model in Sec. II and present the
results of our fits in Sec. III. We discuss the re-
sulting amplitudes and compare them to the predic-
tions of other models, as well as to the results of
model-independent amplitude analysis in Sec. IV.

x, 6 ~, 5a

vrhere we take the trajectory a to be linear and
constrained te pass through the p,

n (t) = 1+ n '(t - mp') . (5b)

The factor I'(—,'(n + 1)) removes the nonsense-wrong-
signature zeros. The angular-momentum-conserv-
ing factor has been taken out explicitly. Equating
the residues of these amplitudes to the usual Born
term gives the coefficients G». in terms of the pen
and pNN coupling constants,

(5)
where the Vp, and V~~, the conventional pm7t and

pNN couplings, are given by

II. ABSORPTIVE REGGE CUTS

(I', )"=gp, (e+e')' (7)

We work with s-channel helicity amplitudes
F».(s, t), where t(, and (U.

' are the helicities of the
initial and final nucleons, respectively, and s and
t are the usual' Mandelstam variables. The mea-
sured quantities, differential cross section and
polarization, are given by

2Im(F F," )
IE„I'+IE, I' '

where I is the nucleon mass, and k the center-of-
mass momentum. In addition, isotopic-spin invari-
anee combined with the optical theorem relates the
imaginary part of the helieity nonf lip amplitude,
E„, at zero momentum transfer to the total cross
sections for z'p and n p scattering as follows:

ImF„(s, t= 0) = ~ [or())'P) —or(w P)]. (4)

Our input Regge amplitude for the exchange of
the p is constructed to have the following proper-
ties:

(i) Regge asymptotic behavior, i.e.,
F~ (s —up~'), with signature factor (1-e " ),

(ii) no nonsense-wrong-signature zeros',
(iii) poles at the recurrences of the p, and

(iv) the residues at the p mass characterized by

the well-known vector and tensor couplings.
The particular form we choose is

e-$ 7t'n(t)

FP st=» ' sin(wn(t))I'(-, '(n + 1))

()', )" =u((', v ')((G, +G,)v" —
2M (p+p')")u(A u)

(8)

The q and q' are, respectively, the momenta of the
initial and final pion, and u(P, p) and u(P', p, ') are
the helicity spinors for the initial and final nucleon.
We fix (gp„)'/4)) = 2.1 in our calculations, corre-
sponding to a p width of 110 MeV. On the basis of
p-meson dominance of the nucleon isovector form
factor, ' we expect Gr/G» = 3.7 and G»'/4m= 1.05.
The input Regge-pole amplitude which we use has
four adjustable parameters: n ', s„G», and Gr/G».

The Sopkovich prescription for applying elastic
rescattering corrections to Regge-pole amplitudes
consists of making the partial-wave expansion of
the Regge-pole amplitude and then multiplying the
partial-wave amplitudes by the square root of the
S matrix for elastic scattering in the initial and in
the final states. ' If the elastic scattering is as-
sumed the same for the initial and final states and
if it is taken to be helicity nonf lip, the total scat-
tering amplitude can be written as

F„„.(s, t) = —Q(J'+-,')f~( ((u, p, ')e" e(d„,„(g), (9)

= -ifp()„(g, P')f„. , (10)

where 8 is the s-channel center-of-mass scattering
angle, the 5~) are the elastic phase shifts, and f~„,
are the partial-wave projections of the Regge-pole
amp1itude. If we write F». as the sum of a Regge-
pole and a Regge-cut term, the Regge-eut partial-
wave amplitudes are

f.'.((I, P ') =fp.(.(u, t ')(-1+8'"")
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Since elastic scattering, f~„ is predominantly
imaginary, this cut amplitude interferes destruc-
tively with the Regge-pole amplitude.

In addition, a eut generated by rescattering
through inelastic states should also be present,
and different procedures have been used to take it
into account. Henyey et al. ' assumed that this in-
elastic contribution is proportional to the elastic
amplitude so that in their model the cut is given by

where the )).(p, , p, ') are constants, independent of s,
which are determined by fitting the data. The X

represents a phenomenological way of accounting
for the enhanced absorption. Their assumption that
A. ean be taken constant, independent of s and 4, is
based in part on the conjectured dominance of in-
elastic states which can be reached by Pomeran-
chukon exchange fxom either the' initial or final
state. Qn the other hand, Roth and Renninger' used
an energy-independent rescattering with phase,
which corresponds roughly to using only a p-Po-
meranchukon cut. Despite differences in their
treatment of the rescattering, these and similar
models suffer from the same difficulties. Typical-
ly, they find that the data require A. = 1.5-3,' imply-
ing the diffraction-dissociation amplitude is in
many cases equal to or greater than the elastic
amplitude. The data on diffraction dissociation
suggest that its contribution should be approxi-
mately 10-30/~ of the elastic rescattering, so use
of X's greater than 1.3 is perhaps not justified. ~'"

Another difficulty in the model is that it predicts
the wrong energy dependence. This becomes clear
when one computes the effective trajectory assum-
ing a single Regge-pole exchange so that

P(t)smne(((t)- 2
do'

dt

The experimental jeff ls approx1mately linear ln
the entire measured range of negative t and has no
structure. It is, in fait, similar to the trajectory
one assumes for a simple p Regge pole." The e,ff
obtained from strong-absorption models agrees
roughly with the data. at small [ t) but has a bump in
the region of the dip, t= -0.6 (GeV/c}', and is too
flat at larger I tl .' The bump is a conse(luence of
the prediction, in these models, that the dip should
move to smaller values of [ t(), but this is not ob-
served.

A third difficulty with these strong-absorption
models is that they predict a zero in the polariza-
tion between t= -0.2 and -0.4 (GeV/c}' with a large
negative polarization near t = -0.5 (GeV/c)'. The
new CERN polarization data" at 5 and 8 GeV/c in-
dicate that the pp CEX polarization has no zero out
to t = -1 (GeV/c}' at 5 GeV/c and is large and posi-

tive near t= -0.5 (GeV/c)' at both energies. These
various difficulties suggest that rescattering cor-
rections other than those given by- elastic scatter-
ing or their simple multiplicative enhancement are
present and are important at the energies at which
these analyses have been done, namely, energies
corresponding to laboratory momenta of 5-20
GeV/c.

In order to study the nature of the additional re-
scattering correction necessary, we introduce a
simple optical model for the effective rescattering
amplitude. %e write

frigg(tl )P ) bfpale (("t (" )fcff Ii

where we have chosen f~« to have the eikonal
fol m

fZ (] e(X(b))/b (14)

where () = (J+-,')/k is the impact parameter. We
take the eikonal )((b) to give absorption of the form

, „(b) 1 —c(1+e "'~)

y+ e(n-r)a (15)

This function is the familiar Fermi function which
appears in nuclear physics" and has been used in
high-energy physics by Dar, Watts, and Weiss-
kopf. " This expression effectively parametrizes
the absorption as that due to a distribution of ab-
sorbing material of radius r, edge dimension (dif-
fuseness) d, and strength (opacity) c. The param-
eter c is normalized in such a way that f~„,= -cf~~„,
at b = 0 when the rescattering is purely absorptive.
It is clear that unitarity requires c to be less than
one ~

We introduce dispersion through a phase propor-
tional to the absorption,

He)((b) = a Im)((b)
Imp 0

%'e expect the rescattering to be predominantly ab-
sorptive in nature, as in elastic scattering. The
dispersive part is, however, important in explain-
ing the CEX polarization, as we discuss later.
Since the polarization is not well known we do not
expect the dispersive part to be well determined in
detail. It turns out that a knowledge of the average
phase of the rescattering is sufficient to understand
the qualitative features of the polarization. Our
model for generating phase is motivated mainly by
the simplicity of the physical picture it gives.

We have made the simplifying assumption that
f,«does not flip helicity and that it is, in fact, in-
dependent of helicity. Thus f~«depends on four
parameters, r, d, c, and g, which may be energy-
dependent. %'e have no model for the energy depen-
dence of these parameters and assume no relation
of these parameters to elastic scattering but rather
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determine them by fitting only the nP CEX data. As
we discuss in Sec. III the mp CEX data are suffi-
cient to determine quite well these paxameters and
their energy dependence. %'e remark that this type
of optical potential can also give good fits to the
elastic scattering, the differential cross section,
the imaginary part of the forward amplitude, and
the ratio of real to imaginary parts at k= 0. In this
way we ean compare the absorption needed to ex-
plain the CEX reaction to the imaginary part of the
elastic optical potential.

Using the form for the input Regge pole described
in See. II, we fit the pp CEX data to determine the
effective x'eseattering. As argued above, we expect
the reseattering to have a different energy depen-
dence from elastic scattering in order to remedy
the failings of previous strong-cut absorption mod-
els. It is instructive to first look at the case where
the absorption is energy-independent (our solution
A). As we will show, this case has the qualitative
features of previous strong-cut absorption-model
calculations, ' even though it is a different formula-
tion. Here we find that the difficulty with the large
negative polarization near t = -0.5 (GeV/c)' pre-.
dicted in previous calculations is resolved by our
treatment of the phase. %e then show that allowing
the rescattering amplitude to vary smoothly with
energy in strength and shape, our solution B, elimi-
nates the remaining difficulties with previous
strong-cut models. The absorption needed is dif-
ferent from what has been tried heretofore and we
will discuss its probable source.

Before presenting oux results we briefly describe
the techniques we used in our data analysis. All
partial-wave projections used to calculate the
Regge-cut amplitudes were done numerically, with
15 terms kept in the expansion (the corrections due
to the remaining terms were negligible even at 18
GeV/c). The exact partial-wave expansions in
terms of the d functions were used. Best fits were
found by using a modified quadratic-search
method" to minimize y'.

The data on the reaction g p- g'n that we ana-
lyzed consisted of differential cross-section mea-
surements at laboratory momenta of 6, 10, 13, an
18 GeV/c, "polarization measurements at 5, 6, 8,
and 11 GeV/c, "'"and the imaginary part of the
forward amplitude at these energies as determined
from the total cross sections for w'p scattering. "
In minimizing the X', we normalized the data taking
into account the quoted systematic errors. '0

The fit to the differential cross section and polar-
ization for solution A, energy-independent rescat-
tering, is presented in Figs. 1 and 2. The quality
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FIG. 1. Fit to the vr p 7I n differential cross-sec-
tion data at 5.85, 10, 13, and 18 GeV using energy-in-
dependent rescattering (solution A). The data are from
Ref. 17 and the parameters are listed in Table I.

of the fit is fair, corresponding to a g' per degree
of freedom of 3. The parameters of the fit are
listed in Table I.

These results for the differential cross section
are very similar to the fits of Henyey et al. ' and
also of Both and Renninger ' The dip at t= -0 6
(GeV/c)' is reproduced, as well as the turnover in
forward direction which is characteristic of the
dominance of the helicity-flip amplitude. The
imaginary part of the helicity-nonf lip amplitude
has a zero at t=-0.2 (GeV/c)' which correctly
gives the crossover of z'p elastic differential cx'oss
sections. The failures of the fit occur systemati-
cally for values of

~
t~& 0.4 (GeV/c)' and arise prin-

cipally from having too slow an energy dependence
there. The dip moves to smaller

~ t~ at high energy
and is sharper than indicated by the data.

The similarity of the differential cross sections
in these three calculations is somewhat surprising
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FIG. 2. Fit to the polarization data for solution A at
5—6 and 8 GeV. The data are from Befs. 11 and 18 and

the parameters are given in Table I.

since the calculations differ in various details.
Both and Renninger used an energy-independent re-
scattering amplitude with constant phase and Gaus-
sian shape whereas our solution has constant phase
but corresponds to scattering off an absorbing disk
of radius 0.65 F with very sharp edge. Henyey
et al. ' used a multiple of elastic scattering, with
the energy dependence determined from thy elastic
scattering data and a constant phase determined
from the elastic scattering phase at t=0,

Our fit to the polarization has the qualitative fea-
tures found in the new CERN measurements, " i.e.,
it is positive out to t = -1 (GeV/c)' with a maximum
around t= -0.5 (GeV/c)'. This contrasts with the
large negative polarization near t = -0.5 (GeV/c)'
predicted in the previous calculations, which were
made before the new CERN measurements were
available. The markedly different polarization can
be traced to the value of the phase of the rescatter-
ing amplitude used in the different calculations.
We find a constant phase of 30 (from the imaginary
axis) for our rescattering amplitude compared with
the 10' that Henyey et al. ' use based on the forward
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and

r = r, +r, ln(s/20),

d= do+ d, ln(s/20),

c = co+ c, ln(s/20) .

(17a)

(17b)

For the range of energies considered here the con-
stant term represents the central value, and the
coefficient of the ln term the range, for each-of
these parameters. The phase parameter a is not
well determined by the available data so we mrite
for it

elastic scattering data and the 10 that Roth and
Renninger find in their fit. However, the phase of
elastic scattering may vary with t and so, if a con-
stant phase is used, this phase should be some av-
erage phase of elastic scattering, say for

~
tI& 0.6

(GeV/c)'. Barger and Phillips, "for example,
found the phase ori the nonf lip elastic scattering
amplitude to vary from 10 at t=0 to approximately
20' at t=-0.2 (GeV/c)', 25 at t=-0.45 (GeV/c)',
and then decreasing again, giving an average phase
over the range of -t=0 to 0.6 (GeV/c) of approxi-
mately 20 .

Note that for energy-independent rescattering the
polarization is only weakly energy-dependent. We
will discuss the polarization in greater detail in
Sec. IV, where we will discuss the mechanism for
removing the negative spike in the polarization and
the possible energy dependence of the polarization
in the region of the dip in the differential cross
section.

The remaining difficulties of the strong-cut-mod-
el calculations have to do with the energy depen-
dence of the rescattering. To determine what ener-
gy dependence is required by the data we allow the
four parameters characterizing the rescattering to
vary with energy. We parametrize the energy de-
pendence of the radius, diffuseness, and opacity
logarithmically, as follows:

7T P = 77-'n

6l

O .I

CD

C9

E

.ol

the different types of data equally well fit.
The rescattering partial-wave amplitude f,« that

we find has the following behavior as the energy in-
creases:

(i) Its diffuseness increases,
(ii) its radius decreases, and
(iii) its opacity (strength at 5= 0) remains con-

stant.
The absorptive part of f~« is responsible for the
dip in differential cross section and is therefore
well determined by the data. It is plotted in Fig. 5
as a function of impact parameter 5 = (J+2)/k. The
dots indicate the discrete J values which enter into
the calculation. The dispersive part of the rescat-
tering amplitude, Ref,ff, is determined mainly by
the polarization in the vicinity of t= -0.5 (GeV/c),
as discussed in connection with solution A, and is
therefore much less well determined. In our model

a= a,/vs, a, const, (17d)

as we might expect if the real part of the rescatter-
ing is dominated by the P' trajectory.

The parameters found in the energy-dependent
search are listed in Table I as solution B." The
fit to the differential cross section and polarization
is shown in Figs. 3 and 4. It can be seen that the
problems with the previous strong-cut-model fits
have been dealt with: The differential cross section
is well fit to t= -2.25 (GeV/c)' at all energies, the
polarization remains positive to t= -1 (GeV/c)',
and the dip no longer moves to smaller

~
tI with in-

creasing energy. The over-311 y' is 177 for 155
pieces of data and 11 search parameters (corre-
sponding to a y' per degree of freedom of 1.2), with

.OOI

.OOOI—

ir

—5 -I 0 —I.5

t (GeV/C) 2

FIG. 3. Our best over-all fit to the 7I- p 7I yg dif-
ferential cross section using energy-dependent rescat-
tering (solution 8). The parameters for the solution
are listed in Table I.
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J J J'
fs« fel +fine» (18)

IOO

Tr-P ~V'rl

plab
= 5.85 GeV/c

CERN 5 GeV

Bonaey et ol. 5.9 GeV

Ref,« is similar in shape to Imf «and much small-
er in size. We find the phase of the rescattering
amplitude I'(s, I) to be 27 at t = 0, 23 at f = -0.3
(GeV/c)', and 18' at f=-0.6 (GeV/c)' which corre-
sponds to an average phase of approximately 23'
from the imaginary axis, which is quite similar to
the 20 found for elastic scattering by Barger and
Phillips" in the same range of t, at P.„=6 GeV/c.
However, as we show below, the shape of f~z at this
energy is very different from elastic scattering.

ln order to compare f~q with f~~, we used our pa-
rametrization to fit elastic scattering. The data
used were differential cross sections out to t= -I
(GeV/c)', the total cross sections, and the ratio of
the real to the imaginary part of the forward ampli-
tude. " The P, I" exchanges were thus lumped into
our optical potential and the helicity-flip amplitudes
neglected. In Fig. 6 we compare the resulting f„
with f~«at 5.85 and 18.2 GeV/c. We recall that ac-
cording to the conjecture of Henyey, Kane, Pump-
lin, and Ross"" rescattering is the sum of elastic
and inelastic contributions,

-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2

-0. I

0
I.O

b f fermi)

I I I

l.5

FIG. 5. The imaginary part of the eftective rescatter-
ing aIDplltude~ f ~I-f ~ colrespon(4ng to solution 8 at 5 85~
10, 13, and 18 QeV/g. The dots represent the discrete
values of J [b = (J+~)jk j which enter into the partial-
wa, ve sum.

with ff„„pro porti onal to f~~. In our result it can be
seen that f(„does not have the same shape as ff„
and furthermore disappears at higher energy. In
fact, a simultaneous fit to elastic and CEX data at
18 GeV/c, with f~«set equal to f~„gave a y' per
degree of freedom of =1. We do not regard this
simultaneous fit at one energy as conclusive since
the errors in do/dt for vp CEX reactions are large
(and possibly overestimated) and since there are no
polarization measurements for pp CEX reactions
at that energy. However, the trends established by
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FIQ. 4. Fit to the polarization data corresponding to
solution 8 at 5-6 and 8 QeV. Parameters for the fit
are given in Table I.

FIQ. 6. The effective rescattering amplitude, f,&,
corresponding to solution 8 compared at 5.85 and 18.2
QeV/c vrith the elastic scattering amplitude f e~ found
by fitting elastic scattering with the same parametri-
zatlon as used for feg
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the four-energy fit do suggest that at high energy
"strong" cuts become "weak, " in the sense that the
corrections to elastic rescattering fall with energy
so that only elastic rescattering remains. This
conclusion has experimentally verifiable conse-
quences, which we return to in Sec. IV after we

have discussed the structure of the amplitudes
that we find.

IV. DISCUSSION

In this section we first discuss the shape and en-
ergy dependence of the partial-wave projections of
our scattering amplitudes. We compare our results
with traditional absorption models and with the
speculations concerning the structure of these par-
tial-wave amplitudes put forth by Harari, ' Dary"
Ross," Chu and Hendry, "and their collaborators.
We then discuss the structure of our scattering am-
plitudes as a function of momentum transfer and
compare our results with the model-independent
amplitude analysis at 6 GeV of Halzen and Mi-
chael. '

The real and imaginary parts of the partial-wave
projections, f~„, are shown in Fig. 7 as a function
of the impact parameter b. Vfe point out the follow-
ing features:

(a) The imaginary parts of both flip and nonf lip
amplitudes are dominated by partial waves in a
band centered about 0.8 F. The low partial waves
are suppressed and it is essentially the most pe-
ripheral partial waves which contribute.

(b) The real part of the flip amplitude is also pe-
ripheral, in the sense described above, while the
real part of the nonf lip amplitude is not.

(c) The width of the band of b values from which
the scattering amplitude gets significant contribu-
tions increases with energy.

In the various strong-cut or absorption models
both the real and imaginary parts of the amplitudes
are peripheral. In these models the rescattering
is taken to be predominantly imaginary, and nega-
tive in our convention, so that the cut, given by

Ref~„, =Ref~„, lmf~ +Imf~~~, Ref~ (20a)

(19)

is 180 out of phase with the pole. Since f~ is large
only for b = (J+-,')/k less than some radius ~, de-
termined by the slope of elastic scattering, the cut
cancels the pole for b& r leaving the total, pole-
plus-cut amplitude peripheral. If, however, fI, has
a non-negligible real part, the phase of the cut will
change. Explicitly, we have
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FIG. 7. The real and imaginary parts of the partial-wave projections of the scattering amplitudes F,(s, t) and F (g, t)
corresponding to solution B. The dots represent the discrete values of J [b=(J+y)/k] which enter into the partial-wave
sum.
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fmf~, =fmf~, .lmf f, —Ref~~ Ref.', . (20b)

The real Rnd imaginary parts of the p Regge-pole
partial-wave amplitudes have the same sign. Then,
if Ref~I/Imf~I is negative, the term proportional to
Ref,I enhances Imf, „t and reduces Ref,„,. The sign
of the ratio of the real to the imaginary parts of
the effective rescattering amplitude is in fact neg-
ative, and, Rs we have seen, the effect of this is to
stl'engtllell tile cut ill the 1111RglllR1'y pR1't Rlld weRk-
en it in the real part of the scattering amplitude.
This explains why the imaginary parts are more
peripheral than the real parts.

Note that the pole-plus-cut amplitude can have a
sign opposite to the primitive pole amplitude, as
occurs here in the imaginary part of the nonf lip
amplitude at 5.85 GeV/c. This is what Ross, Hen-

yey, and Kane eall "overRbsorption, " Rnd this
would be unphysical for a purely absorptive reseat-
ter1ng. In oux case t e overabsorpt1on is ~ust a xe-
flection of the slgnlficRnt x'eRl pRX't of the x'escRttex'-
ing amplitude. Our amplitude, in fact, satisfies
the unitarity bounds, so that the overabsorption is
in no way unphysical.

Harari' has studied partial-wave structure from
the standpoint of duabty. He finds that duality
leads to the prediction that the imaginaxy pax'ts of
the scattering amplitudes should be peripheral.
Less firmly he finds that the real part of the flip
amplitude is peripheral, while the real part of the
nonQip amplitude need not be. Our results agree
with all these px'edictions.

Dar and his co-workers" have considered an ex-

tension of the absorption model which Resumes that
the modulus of the paxtial-wave Rmpbtudes is peri-
pheral and that the phase of the partial-wave am-
plitudes can be determined using theorems relating
the phase of an amplitude to its asymptotic energy
dependence. Our results are in apparent contra-
dlctioII with sllch R Blodel. At, 5.85 GeV/c tile fAlase
of the rescattering amplitude is well determined
and we find that the real part of the nonf lip partial-
wave amplitudes is definitely not peripheral. How-
ever, at higher momenta, say above 13 GeV/c,
sufficient polarization data do not exist to deter-
mine well the phase of the rescattex'ing, and so in
this region we cannot rule out that both the real
and imaginary parts of the nonf lip amplitude are
peripheral.

Property (c) of the partial-wave amplitudes dif-
fers from the result of Dar, %'atts, and Weiss-
kopf" who found R radius which increases with en-
ergy. The difference arises from their use of ele-
mentary-particle exchange as input, while we use
R Regge-pole amplitude, which has increasing ra-
dius.

in this work we have assumed gp CEX scattex'ing
is dominated by the exchange of a single trajectory,
the p, together with reecattering corrections, and
therefore oux' model ls Rppropllate only Rt hlghex'

energies. There is evidence, however, that this
geometrical picture continues to hold at lower en-
ergies. Chu and Hendxy" have described mp elas-
tic and CEX scattering between 2.7 and 5 GeV/c
by parametrizing the partial-wave amplitudes Rs
smooth funct1ons of the impact parameter. The
functional forms were chosen to account for speci-

Ir-p~II'n pi b
=6 GeV/c JHALZEN and MiCHAEL

FIG. 8. The real and im-
aginary parts (Ref. 27) of
the scattering amplitudes
I++(s,t) andE+ (s,g) at 6
GeV/c compared vnth these
Quantities as determined by
Halzen and Michael (Ref. 1)
using a model-independent
analysis based. on differen-
tial cross-section and po-
larlzatlon data in x p elas-
tic scattering and & p CEX
scattering and on a recent
measurement of R in ~-p
elastic scattering.
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fic physical effects expected to be present. In par-
ticular, they included a term of the Breit-signer
form centered about impact parameter b, . They
show that this term is responsible for the dips in
the CEX differential cross section at t=0 and -0.6
(GeV/c)' and also the one at u= 0.2-(GeV/c)'.
They find b, =0.8 to 0.9 F and energy-independent
in the range of energies considered, in agreement
with our results based solely on high-energy data.

Recent measurements of the R parameter in m P
elastic scattering at p„~ = 6 GeV/c have made it
possible to reconstruct the helicity amplitudes in
a model-independent way. In Fig. 8 we compare
the amplitudes arrived at by our fit with the results
of the analysis of Michael and Halzen. " The,

agreement is;emarkably good, with the possible
exception of I.nE„ for

~
t~& 0.1 (GeV/c)' where our

analysis gives this amplitude smaller in magnitude
and varying more slowly with t than apparently re-
quired by th~ data. The position of the zeros is of
special importance. For example, the zero of the
imaginary part of the nonf lip amplitude near
f= -0.2 (GeV/c)' is responsible for the crossover
of the p p and p'p elastic differential cross sec-
tions. If both real and imaginary parts of the non-
flip amplitude were peripheral, they would both
have a zero at t= -0.2 (GeV/c)', with the result
that the polarization would go through zero at this
point. In fact the zero of the real part of the non-

flip amplitude occurs at t = -0.35 (GeV/c)' and the
polarization stays positive. The predictions of a
strong negative polarization at t = -0.5 (GeV/c)' in
previous calculations can thus be traced to insuffi-
cient separation of the position of the zeros. The
mechanism which separates the zeros in our treat-
ment is the presence of a substantial real part to the
rescattering amplitude, opposite in sign to the imag-
inary part. As discussed above, this enhances the
cut in the imaginary part, weakening it in the real
part ~ In Sec. III we pointed out that the amount of
real part we need is not inconsistent with the phase
of elastic scattering, since it is some average
phase which is important. In previous strong-cut
or absorption models where the phase of the re-
scattering is ignored, or else its t dependence is
not taken into account, the real and imaginary
parts of the cut are comparable and the zeros of
the real and imaginary parts are close together.

The energy dependence of our amplitudes also
differs from that found in previous strong-cut cal-
culations. As mentioned in our discussion in Sec.
III our results suggest that the "strong" cut be-
comes "weak. " In the region where the reseatter-
ing decreases rapidly with energy we expect the
crossover zero to move to larger values of

~
t~. In

fact, we find the zero in Img„moving from t= -0.2
(GeV/c)' at 5.85 GeV/c to t= -0.325 (GeV/c)' at 18

GeV/c. Similarly, the zero of ReF„moves from
t=-0.35 (GeV/c)' to t=-0.4 (GeV/c)' in the same
energy interval. Ultimately, elastic rescattering
dominates and the rescattering ceases to be strong-
ly energy-dependent. Our results suggest that this
occurs at approximately 20 GeV. Above that en-
ergy the zero must move to smaller

~ t~ as the en-
ergy increases further, since the p exchange am-
plitude and the p-Pomeranchukon-cut amplitude
with which it interferes destructively to produce
the zero both shrink, with the pole shrinking more
rapidly. The energy dependence of the phase of the
rescattering amplitude is not well determined at
present because there is little polarization data
above 6 GeV/c. Our result that the rescattering
approaches elastic rescattering, however, leads
to the interesting prediction that as elastic scat-
tering becomes more nearly imaginary at high en-
ergies, we expect mP CEX polarization to develop
a zero near the crossover zero and to become
large and negative around f = -0.5 (GeV/c)'.

The amplitudes we have obtained are in accord
with all experimental data, elastic and CEX, for

~
t~ s 0.6 (GeV/c). It has been argued by Ringland

and Phillips" that the strong-cut prescription must
fail beyond that region. Their argument is that the
strong-cut prescription leads to a simple zero in
the real part of the I, = 1 flip amplitude. Thus the
Henyey et al. ' strong-cut calculation, taken togeth-
er with the Barger and Phillips" result for the I,
= 0 amplitudes Iwhich include information on the
phase of the amplitudes from finite-energy sum
rules (FESR)] fails to reproduce the double zeros
observed in the p'p elastic polarizations at t= -0.6
(GeV/c)'. The situation is only slightly better for
the I, = 1 amplitudes which we obtain here, the polari-
zations being of the right sign but remaining too
small beyond

~
t~= 0.8 (GeV/c)'. However, we

found that with our p-exchange amplitudes only a
minor change in the phase of the Barger and Phil-
lips amplitude, e.g. , requiring the real part of the
nonf lip amplitude to go through zero at t = -0.85
(GeV/c)', is sufficient to give excellent agreement
with experiment. " As Ringland and Phillips them-
selves point out, this sort of behavior is supported
by their reevaluation of FESR integrals to higher
energies.

V. CONCLUSIONS

Starting from the assumption that the structure
of wP CEX reactions is due to rescattering (strong-
cut model), we have determined the properties of
the rescattering needed. Using an optical-potential
form for the rescattering we have obtained a very
good fit (y' per degree of freedom of 1.2) to the
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CEX data in a range of laboratory energies from
6 to 18 GeV. The amplitudes obtained are in ex-
cellent agreement with model-independent analysis
at 6 GeV using the recent determination of the R
parameter in m p elastic scattering.

In previous strong-cut-model calculations the re-
scattering amplitude was assumed to have the same
shape as elastic scattering. Our investigation
shows that the rescattering is strongly energy-
dependent and quite different in shape from elastic
scattering near 6 GeV, However, as the energy in-
creases to 18 GeV we find it approaching elastic
scattering in shape and magnitude.

It would be interesting to understand the dynamics
of the rescattering at lower energies. The fact that
at high energy the rescattering approaches elastic

scattering suggests that diffractive rescattering is
not enhanced significantly. The existence of energy
dependence suggests that Regge-Regge cuts play a
dominant role in the enhancement of the rescatter-
ing at lower energies. The importance of these at
intermediate energies has recently been pointed out
by Harari and by Henyey, Kane, and Scanio in an-
other context.
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