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mate that r = 0.5 unless the mass of the unexcited
particle is very small. Figure 5 shows the angu-
lar distribution for r =0.5.

On the basis of the comparison between Figs. 2

and 5 we conclude therefore that the phenomenon
observed at 11.8 GeV/c should not persist at in-
finite energy within the framework of the diffrac-
tive excitation model conceived at present.
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We have changed the continuous integration over M
&

into a discrete sum over n&. It is difficult to assess the
reliability of either procedure since the theory is not
on firm ground at low multiplicity. The procedure
chosen yields better agreement with experiment, which
is the only justification for its usage.
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A possible new absorption effect in Harari's dual absorptive model is suggested and cal-
culated in order to study the amplitude structure of pion-nucleon scattering. It is predicted
that the imaginary part of the I~ = 1, s-channel helicity-nonflip amplitude does not have the
second zero near ]t~ = 0.8 (Gev/c)t, although the same amplitude in the original dual absorp-
tive model has such a zero due to the second zero of the Bessel function of the zeroth order
in addition to the crossover zero at ~t) ~ 0.15 (Gev/c)t. This result is consistent with those
of the recent analytic amplitude analysis by Kelly and of the model-independent amplitude
analysis by the Saclay group.

I. INTRODUCTION

Harari's dual absorptive model based on the
two-component duality has been quite successful
in describing the gross structure of the differen-
tial cross sections of many two-body processes. '
Particularly, this model has been claimed to cor-
rectly predict the crossover phenomena and dip
structures of various differential cross sections.
Since the concept of duality holds for the imagi-
nary part of the amplitude, ' it can safely be said
that the gross structure of the imaginary part of
the amplitude can be predicted by the dual ab-
sorptive model.

The dual absorptive model predicts that the
imaginary parts of the s-channel hei. icity-nonf lip
and -flip amplitudes in the I, =1 state of pion-
nucleon scattering should be proportional to the
Bessel functions of the zeroth and first orders,

respectively, as

imG!! ='(s, t) ~Z, (r 4-t)
and

ImG"='(s, t) cc J,(rd-f ), (2)

where r is an interaction radius. With r =5.01
(GeV/c) ' (i.e., 1 F) Harari predicted the cross-
over zero of ImG, ~ '(s, t) at

~
t) =0.23 (GeV/c)'

and a zero of ImG, ' '(s, f) at ) f
~

= 0.6 (GeV/c)',
which corresponds to the dip structure of the dif-
ferential cross section.

However, the recent phenomenological analyses'4
of the mN amplitude have shown that the crossover
zero of ImG" '(s, t) is located at

~
t~ =0.13-0.15

(GeV/c)' rather than at
~
t

~

= 0.23 (GeV/c)' as pre-
dicted by Harari. Therefore, if we use the inter-
action radius r = 6.21 (GeV/c), which is deter-
mined in such a way as to produce a crossover
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zero at j tj = 0.15 (GeV/c)', we obtain the second
zero of ImG,", '(s, t) at j i j

= 0.8 (GeV/c)' due to
the second zero of the Bessel functions of the
zeroth order. And the dip zero of ImG", '(s, i} is
located at jtj=0.38 (GeV/c)'.

On the other hand, the recent measurement of
m p charge-exchange polarization" and n'p spin
rotation parameters7 have made it possible to
study the amplitude structure of pion-nucleon scat-
tering in the relatively large j tj regions very ac-
curately. In particular, Kelly' has shown by using
the method of analytic data analysis that the imagi-
nary part of the I, = 1, s-channel helicity nonf lip
amplitude does not have the second zero near j ij
=0.8 (GeV/c)2. A similar result has also been
obtained with the model-independent amplitude
analysis by the Saclay group. ' Although these
amplitude analyses beyond j f j

~ 0.5 (GeV/c)' are
less reliable because of lack of the experimental
data on the spin rotation parameters, the results
suggest the possible deviation of the amplitude
structure from the prediction of Harari's model.

The direct comparison of

dg
ImG,",='(s, i) - —(n P) —

d
(v'P)

with experimental data shows the possible exis-
tence of the second zero at j tj = 1.2-1.5 (GeV/c}'
but not at j tj = 0.8 (GeV/c)'.

The location of the dip zero at j ij =0.38 (GeV/c)'
in ImG~'='(s, t) with r=6.21 (GeV/c) ' is, of
course, inconsistent with the experimental data
which show a dip at j tj =0.5-0.6 (GeV/c)'.

From the above discussions we may conclude
that although Eqs. (1) and (2) are conjectured to
be the result of the complete absorption of p-
Regge-pole exchange, further absorption to Eqs.
(1) and (2) is necessary to produce the consistent
results with the current amplitude analyses. It
is, therefore, worthwhile to study the possible
new absorption effect in order to resolve the dis-
crepancy between Harari's dual absorptive mod-
el and the results of the amplitude analyses.

In this paper we show that the above inconsis-
tency can be resolved by including the Regge-cut-
like new absorption effect in the dual absorptive
model. It is shown that in the dual absorptive
model with the Regge-cut-like new absorption ef-
fect added the location of the second zero of
ImG„", '(s, t) would be shifted to the larger jij
value than that of the prediction of Eq. (1). In
fact, in our numerical calculations of mX ampli-
tude the second zero is either located at j ij& 1.5
(GeV/c)' or does not exist in the region j ij& 2.0
(GeV/c)'.

Since our result is consistent with those of the
phenomenological amplitude analyses, this may

indicate the existence of the new absorption ef-
fect in Harari's dual absorptive model.

In Sec. II, the formulation for the new absorp-
tion effect proposed here is given and in Sec. III
the results of the numerical fit to the data and
detailed amplitude structure are presented. Some
concluding remarks are also given.

II. FORMALISM

In order to resolve the difficulty of Harari's
dual absorptive model, we propose here a new
Regge-cut-like absorption effect which should be
included in Harari's model.

First of all, it should be noted that in the t-
channel description of the dual absorptive models,
Eqs. (1}and (2) are the results of the sums of the
conventional Regge poles and their associated
Regge cuts.

In order to distinguish the dual absorptive model
description from the conventional Regge-pole
description, we use the notations p, p', p, and
so on for the physical quantities represented by
the sum of a Regge pole and its associated Regge
cut in the dual absorptive model as opposed to
P, P', p and so on in the Regge-pole model.

We employ Glauber's formalism in order to
generate the new absorption. ' The s-channel
helicity-nonf lip amplitude G„(s, t) and heliciiy-
flip amplitude G, (s, t) in pion-nucleon scattering
are given by

G „(s,t) = ikWcos( e)

and

x bdb Jo(by t)[l —e'"o '~-cosltz(s, b)],
0

(3)

G, (s, t) = kW bdb J,(b ~t
0

x e'"o"' sing, (s, b},
where the eikonals )(0(s, b) and g&(s, b) are as-
sumed to be obtained by Fourier-Bessel trans-
formations of "Born" terms G~~~(s, i) and
GP'(s, t) in the dual absorptive model, respec-
tively. G&e'(s, t) and Gp'(s, t) are given by the
sums of P, P', and p exchanges as

G'„'(s, t) = G'„'(s, t) +G'„~ '(s, t) +G'„'(s, t)

and

(4)

(5)

GP'(s, t) =G', '(s, t)+ G', '(s, t)+ GP'(s, t), (6)

where + correspond to the n'p scattering pro-
cesses, respectively.

'The individual eikonals can be obtained in the
following way:
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and

a(')&s S

cosy 8
(7)

)(~("(s, b) = ~t d(l-t )
0

xJ,(b v t}G(-') (s, t), (8)

x 7,.(t)(s/s, ) '("cos(-,'())

where i stands for P, P', or P "Born" terms in
the dual absorptive model.

Since the s-channel helicity in I, =0 state is ap-
proximately conserved, ""we neglect G(~'(s, t}
and G(~ '(s, t) in Eq. (6).

In the dual absorptive model, P' and p terms
in Eqs. (5}and (6) should be expressed according
to the Harari's idea. ' However, since we are
concerned with only the structure of I, =1 ampli-
tude and since P term dominates over P' term
in I, =0 amplitude, we assume the conventional
Regge-pole expression for G(,f '(s, t) as well as
for G '(s, t) " Only G(+~+ (s, t) and G+ '(s, t) are
expressed according to Harari's prescription. '

With the above assumptions, we now write

G",,'(s, t) =-C,' exp(Cf t)

concerning the real parts of the p-exchange am-
plitudes. The contributions of the s-channel
resonances to the real part are not as localized
in energy as the contribution to the imaginary
part. However, the detailed structure of the real
parts of the amplitudes is not vital to the present
problem; we, therefore, use one of the models
at the high-energy limit suggested by Harari for
the finite-energy region in this paper. ' That is,
we assume that the full amplitudes are obtained
by multiplying the signature factor r~(t) to Eqs.
(11) and (12). In order to remove the poles at
integer a~(t) in the signature factor, we approx-
imate r~(t) as

-s &u p(t)
r (t) =-

sinso ~(t)

&e-~ If' p(t)t 2

With Eq. (1$), we obtain the p-pole-exchange
amplitudes in the dual absorptive model as

G((')(s, t) = C(' r-(t) exp(C't)

x J (ra -t)(s/s ) "& ' cos(-,'e) (14)

and

G',)'(s, t) = Df r~(t )-exp(Df' t)'
for i=P and P', (9) x J,(~ ~t)(s/s, ) (15)

where the signature factor T, (t) is given in an
approximate form as Introducing Eq. (9) into Eq. (7), we obtain the

eikonals for i =P or P' as
7.(t) = exp[-t-,'vo. ,(t)], (10)

and we note here that we are using the conventional
Regge trajectories.

Following Harari's idea, ' the imaginary parts
of the p-exchange amplitudes are assumed to be

C(')e~~ ( ) g b'(j)
)(o (s~ b} 2bgr (I) p 4 (td '

7Jp gp

where

(16)

and

ImG~~)(s, t) -C~ exp(C~ t)

x J'0(r ~t)(s/s~} p(')

and

o,.(t) = n,.(0)+ o, '(0)t,

t'= In(s/s, ) —i ,'((, -
(17}

(18)

ImG+~ (s, t) Do(' exp(Df t-) )lo' =(r,. '(0)$+C,' . (19}

x J,(rl-t )(s/s, )"(('). (12)

It is difficult to make any specific statements

Introducing Eq. (14) into Eq. (7) and Eq. (15)
into Eq. (8), respectively, we obtain the eikonals
for p pole in the dual absorptive model as

and

(P ) C e &("'- r'+5' zb2bPa(P)P 4, '(P') 0 2 ((()'
gp

(20)
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(P) . ape p(')' r'+S''
2kWqg) 4qP) ' 2q/(')

where

(21)

q((() —a (())(+G P (22)

and

Z«) =a, (0)~+Df'.f (22)

I,(Z) and I,(Z) are the modified Bessel functions of the first kind.
In order to calculate G„(s, t} and G, (s, t) we expand the right-hand sides of E(ls. (3) and (4) in terms of

eikonals and retain only the terms of the first and second powers in eikonals.
Thus, we obtain

G (s, t) =G(„)(s, t) G+(„')(s, t)+G~~)( st) G+(, (s, t)+G„(s, t)+G, , (s, t)+G, "(s, t)+ G„( st)

(24}

and

G, (s, t) = M,~'(s, t) +G, '(s, t) aG, "(s,t). (25)

Each Regge-cut-like absorption term in E(ls. (24) and (25) has the following expression after integration
over the impact parameter:

( G)2t2u((0) t
G(t, )(s, t) = i 6„(q) exp(~2,"'t) cos(2()), (26a)

(ip) 0 oeg &gp efPC '(0)+ap(0) J g „(&)„(p)0 0G„(~,&)=-,„.„, (() rp|, ~~ —
4 gi ~m 1,) rpl ~2 foal

+& &. r| f)~&)~o (l &
kw('gp + 7jp j gp &0 + &0 I &0 ~P +&0

(26b}

gPcj 'gxP(0)+a@ (0)) ( (j ) (P')(PP) ~ 0 0 00 00 1
(&) (S') (S) (I')) t

W(gp + gp ) 'gp + 7)p
(26c)

and

elw(0)+&$0)) t ~2 qf()qg() y 2 - qt()rG('~)(s t) = — ' e — — e +t J, 4 t2k+))0(t) + qP)) 4q(P) qo(() + qg() 2qP) ' (t(t) + ))P ) (26d)

In E(ls. (26a}, (26b), and (26d) i stands for P or P'
It is interesting to note that the Regge-cut-like

new absorption term (26b} due to P and p double
exchange is again proportional to the zeroth-order
Bessel function but with different argument.

The real part of the coefficient of v'-g in the
argument of Bessel function is generally smaller
than —,

' of the interaction radius r. In fact, as is
shown later, the above real part is so small that
the first zero of the real part of the zeroth-order
Bessel function in E(I. (26b) does not occur in the
region (t[&1.5 (GeV/c)'.

HI. NUMERICAL RESULTS AND DISCUSSION

Since we are concerned with only the gross
structure of ImG,", '(s, t}, we may safely use the
fixed interaction range r and the fixed Regge tra-
jectory parameters. We present here two sets
of solutions. In solution 1, the following values
for r and Regge parameters are used: r = 5.11
(GeV/c) ', a~(0) = 1.Q, a~'(0) = Q.5 (GeV/c) ',
ap. (0) =0.5, api'(0) =1.0 (GeV/c) ', az(0) =0.5,
and a~'(0}= 1.0 (GeV/c) *. In solution 2, we use
x=5.52 (GeV/c) ', a~(0)=1, and a~'(0) =0.6
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(GeV/c) ', while p' and p Regge trajectory param-
eters remain the same as in solution 1.

In order to determine eight residue parameters,

solution, we apply the least-g' fit to the experi-
mental data" with our model.

The determined parameter values are given
in Ref. 16 and the details of result of fit are given
in Ref. 17.

It has been known that with models such as the
dual absorption model and the nonsense-wrong-
signature-zero model for the p Regge pole, we
cannot reproduce the large positive polarization
of the n p charge-exchange reaction in the re-
gion 0.2&

~
t)& 0.5 (GeV/c) .~'8 The problem to

fit n p charge-exchange polarization seems close-
ly associated with the structure of the real parts
of the helicity amplitudes. '9 Since the real part
of the amplitude is not our central problem in
this paper and it does not affect our conclusion,
we do not attempt to improve the fit to n p
charge-exchange polarization.

With the residue parameters determined as
above, we compute the imaginary part of the he-
licity-nonflip amplitude in I, =1 state. The re-
sults are shown in Figs. 1(a} and 1(b) for solu-
tions 1 and 2, respectively, along with the con-
tributions from the p term, Pp and P p Regge-
cut-like new absorption terms.

ImGp'(s, f) has, of course, two zeros in both
solutions between

~
t}=0.0 and 2.0 (GeV/c)' cor-

responding to the zeros of the Bessel function.
The first zero is the well-known crossover zero.
However, both the results of the phenomenolog-
ical amplitude analyses by Kelly' and the Saclay
group' do not show any sign of the existence of
the second zero near

~
t ~= 0.8 (GeV/c)'. In our

calculations, the ImG'„'(s, f) which is the sum
of a p pole and Pp and P'p absorption terms does
not have a second zero near

~
t( = 0.8 (GeV/c)'

in agreement with the results of the amplitude
analyses. The physical reason for this is easily
understood because the Pp absorption term Eq.
(26b) is proportional to the Bessel function of
zero order with a different argument from that of
Eq. (14). With our parameters in solution 1, the
real part of the Bessel function in Eq. (26b} does

not have any zero in the region
~
t)&2.0 (GeV/c}2.

Furthermore, the magnitude of the Pp absorption
term in the dual absorptive model is already larg-
er than that of the p pole term at jr~=0.3 (GeV/c)',
and for this reason, the monotonic behavior for

~
t )

& 0.3 (GeV/c)' without change of sign of
ImG, ', '(s, t) is obtained. The crossover zero of
ImG~~='(s, t) is located at

~ t) =0.13 (GeV/c)2 rath-
er than at ) t~ =0.22 (GeV/c)' of ImG„'(s, f) in
accordance with the experimental data.

With parameters in solution 2, the real part
of the coefficients of ~t in the argument of the
Bessel function in Eq. (26b) is larger than that
of solution 1 and smaller than —,'~. The first
zero of ImG„~'(s, t) in this case is located at

~
t~= 1.7 (GeV/c)'. By adding ImGiP'(s, t) to

ImGP'(s, t), we obtain the rough structure of
ImG, ", =' (s, t). It is seen that the first zero of
ImG ~ (s, t) approximately coincides with the
second zero of lmG~, & '&(s, t) since the contribu-
tions from p and P'p terms are negligible in this

~
t~ region. The crossover zero of ImGi", '~(s, t)

is again shifted to ( t~ =0.13 (GeV/c)' from
~
f [

=0.19 (GeV/c)' of ImG„~'(s, t) as in solution 1.
Although it is not certain whether the second

zero of ImG",,='(s, t) exists or not at this stage
of amplitude analysis, the prediction of the sec-
ond zero at (t~=0.8 (QeV/c)' in ImG" '(s, t) by
Harari's model with the crossover zero at

~
t

~

=0.15 (GeV/c)' seems inconsistent with the re-
sults of the current amplitude analyses. On the
other hand, our result shows that the second zero
should be located at a larger

~
t~ region or does

not exist at all.
Finally it is interesting to study the similar

absorption effects discussed here in other colli-
sion processes. Particularly, in pp and pp scat-
tering, it seems that there is no second zero at
all while the crossover zero is located at ( t }=0.13
(Gev/c)* *'
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