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and phase-modified absorptive cuts*
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A model is presented which incoxporates economically all of the modifications to simple
SU(3)-symmetric dual Regge-pole theory which are requixed by existing data on 0 @+-0 2+

processes. The basic assumptions are no-exotics duality, minimally broken SU(3) symmetry,
and absorptive Regge cuts phase-modified by the Bingland prescription. We first describe
qualitatively how these assumptions suffice for the description of all measured reactions,
and then present the results of a detailed fit to 1987 data points for 18 different reactions.

I. INTRODUCTION

The general class of reactions 0 ~"-0 —,",where
0 is a pseudosealar meson and &' is a spin- —,

'

baryon, has been studied quite extensively experi-
mentally. ' 4' For lab beam momenta between 3.0
and 65.0 GVe/ ,cone can describe the main fea-
tures of this class of reactions near the forward
direction in terms of amplitudes dominated by
meson Hegge trajectories accompanied by the
first-order corrections [the Reggeon-Pomeron
(ItI') cuts], and, in the case of elastic scatterings,
a Pomeron contribution. Normally, one calculates
the AP cut according to some convolution~ " for-
mula.

In contrast with early attempts to fit the high-
energy data with Regge poles, " recent analyses
of the high-energy data have used Regge ampli-
tudes constrained by duality and SU(3), thus avoid-
ing an undesirable (and unnecessary) freedom of
parametrization of the amplitudes. "" Even using
highly constrained Regge amplitudes does not, of
course, solve the problem of calculating the AP
cuts accurately.

In order to resolve this problem, we have found

it useful to analyze simultaneously a large eollee-
tion of data for the reaction type 0 —,"-0 —,".This
amounts to 18 different reactions, with 1987 total
data points at lab beam momenta above 3.0 GeV/c.
Thus, for the inelastic reactions SU(3) and duality
relate the hypercharge- and non-hypercharge-ex-
change amplitudes, and the Pomeron amplitude
used to calculate the AP cuts is highly constrained
by the large amount of elastic scattering data. In
this way our amplitudes are about as constrained
as they can be. Qualitatively, one ean see that
the data are consistent with a scheme in which the
helicity-flip amplitude is not absorbed, the vec-
tor-exchange helicity-nonf lip amplitude receives
a correction which is less destructive in the real
part than the absorption model predicts, and the

tensor-exchange nonf lip amplitude is only slightly
a,bsorbed. This picture is consistent not only
with the sign of line-reversal breaking in differ-
ential cross sections, but with the signs of inelas-
tic polarizations, nearly all of which are entirely
eut-induced in our model. For example, in re-
actions which are exotic according to duality di-
agrams, the helicity-flip amplitude is purely real
and the polarization arises from the imaginary
part of the cut. The data are all consistent with a
featureless destructive cut in the imaginary part
of the vector-exchange amplitude. A destructive
cut in the tensor-exchange amplitude contributes
to the pola, rization with the opposite sign.
(Throughout this paper we shall use the word
"destructive" to imply that an AP cut interferes
destructively with the corresPonding Regge-Pole
tenn. )

Recently, a modification of the absorption pre-
scription has been suggested by Hingland et al."
which has the effects just described: Cuts in
tensor-exchange amplitudes are suppressed, and
corrections to real parts of vector-exchange am-
plitudes are small or constructive. Although we
use Hingland's prescription in the work to be de-
scribed, we obtain equally good fits by suppress-
ing tensor-exchange cuts with a strength param-
eter and rotating (in a crossing-symmetric way)
the vector-exchange cut toward the imaginary
axis. Evidently, the details of the modifications
of absorption-model cuts are not of critical im-
portance so long as (a) cuts in tensor-exchange
amplitudes are suppressed, and (b) real parts in
vector-exchange cuts are less destructive than in
the absorption model.

Section II contains a description of the model
used in our analysis. Section IG presents some
implications that can be drawn from the inelastic
polarization data. This discussion does not depend
on the specific numerical results of our fit. Sec-
tion IV explains how the Ringland phase modifiea-



1366 S. E. EGLI, D. %'. DUKE, AND N. %. DEAN

tion resolves the conflict between the experimental
data and the traditional absorption model. Section
V then contains the specific results of our fit to
the complete set of data, detailing the mechanisms
responsible for the generally good agreement and
the disagreement, whenever it exists. Our final
amplitudes are presented there, and we compare
our model with the recently proposed classical
ebsorption model. '9 Section VI lists our conclu-
sions.

II. DESCRIPTION OF THE MODEL

We have attempted in this analysis to use the
constraints of SU(3) and duality to the fullest ex-
tent permitted by the data. The Begge-pole part of
the amplitude is constructed with SU(3)-symmetric
residues satisfying all the constraints of FESR
(finite-energy sum rules) duality, including,
through factorization, those obtained from the
consideration of pseudoscalar-pseudoscalar scat-
tering. Two meson trajectories are used: one
for the nonstrange mesons and one for the ex-
change-degenerate K*-K**pair. The Pomeron is
treated as an ordinary Begge pole with a trajectory
of nonzero slope, and is assumed to be a mixture
of singlet and octet components. SU(3) is broken
only by the inequality of the strange and nonstrange
trajectories and by the octet part of the Pomeron.
Absorptive corrections to the helicity-nonf lip am-
plitudes are calculated by performing the usual
convolution" of Begge poles with the Pomeron after
the phase modification suggested by Ringland has
been applied. Corrections to the Pomeron ampli-
tude are made by including the first two terms in
the eikonal expansion. "

A. SU(3) details

Work with SU(3)-symmetric residues can be
greatly simplified by using a representation of
Clebsch-Gordan coefficients in terms of quark
Save functions for the particle states. %e use the
notation (8, i) (i=1,2, . .. , 8) for single-particle
octet states and

~ 8„i) and
~ 8, , i) for symmetric

and antisymmetric tmo-particle octet states. De-
fining eight 3 x 3 matrices according to )8,i)
= (Af, )» ~ @~ A, one can derive the following repre-
sentation fear the Clebsch-Gordan coefficients:

&Sa ab(a c&=(~)"&M (M, M j&

&Sa;Sb~a. c&=- '
&M. [M. , M, ]& .

(Sa; ab~ l& = — &(M„M,]&. (3)

(4)

g (Sa; av( S,i&&ac; Sd) S, i& =~((M„M,j fM„M,})
i=y

-~&{M.,M,}&((M„M,]&,

g (aa; Sb ) 8, i&(ac; Sd~ S,i) = —([M. ,M, ](M„M,]&.

(8)

For mesons, these traces have direct interpre-
tations as quark diagrams. ' For example, the
term

&M/MIM/Mg& (My) fg (Me)yg (Mg)y$ (Mjg) gf

may be diagrammed as in Fig. 1. For baryons,
me write the quark wave functions as

ls, i&= (A)pa~ I vied ei&

and make the replacement

1
+~)&a= ~(A)p. e~.

in the traces. For calculational purposes, it is
convenient to use the 3 x 3 matrices, even for
baryons. A simple trace calculation is given in
the Appendix.

Analogous results may readily be derived for
couplings involving 10 and 10*as mell.

B. The Regge-pole amplitude

The constraints imposed by duality upon the
factorizable residues have been worked out pre-
viously and we do not repeat them here. " The
process of obtaining a genexal expression for the
amplitude given the residue contraints is quite
easy using the trace methods, since the sum over

One also derives the following useful results:

g &Sa; Sb
~
8, i& &Sc; ad

~
S.i& = --', ([M„M,][M„M,]&,

On the right-hand side, angular brackets ( & imply
taking the trace and a tilde implies transposition;
$ j and [ ] imply anticommutator and commutator,
respectively. Coupling of bvo octets to the singlet
states is given by

FIG. 1. Quark diagram far four mesons, correspond-
ing to the trace (M~M, M, M„).
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t-channel exchanges for a general set of external particles can be done with E(ls. (4)-(6). Using the
s-channel helicity amplitudes of Cohen-Tannoudji et al. ,

"we obtain

(cd( T(ab) =(-f)~ ~& "()~/' ([(dacb)(D+E) z z +((Zbad) —(db)(ca))(D —E) z q ]
a

+ [(d 6 ah) (D + E) q, ),,+ ((Zb 6a) —(db) (6a) ) (D —F) ~, ),,] e ' ""j—
0

D(t) and E(t) are independent residues correspond-
ing to symmetric and antisymmetric coupling,
respectively, at the baryon vertex. 8, for ex-:

ample, refers to the transpose of M„, the 3x3
matrix previously defined. In terms of duality
diagrams, the traces may be expressed as shown
in Fig. 2.

The same methods can be used to derive duality
diagrams for other reactions, including some in-
volving decuplets, such as PB-PD.

C. The vacuum exchange amplitude

Since the wN and KN total cross sections differ
substantially over the momentum range considered,
the Pomeron cannot be regarded as an SU(3) sin-
glet in our model. We take account of this by
giving the Pomeron an explicit I= Y=O octet com-
ponent. Our amplitude is

(at( a' (ah) =
(

'(db) (aa) t, —

([d, b] M8) ( (6, s)M~) &St

a~((d, a)M, )((a, )M,)P)„

AcctBebtcect 1. q

ABC abc
X expah+bc+ac ab+ bc+ac

(10)
The Pomeron helicity-flip amplitudes have been

omitted from the cuts.

D. The Regge-Pomeron cut amplitude

In the high-energy limit, the absorption pre-
scription for RP cuts gives, for two exponentials,
just the result of E(l. (9). Effectively, the Ringland
modification amounts to multiplication of the non-
rotating part of the pole by i before convolution
with the Pomeron. In crossing-symmetric form,
one makes the substitution

)&(e- /4e +~e-')(/4) s
So

x e t eNP/2 s P
(8)

At At At
«dbac» —&db»&c 0»—

M, is the matrix corresponding to the I= ~=O octet
state, P, is the residue for the singlet part of the
Pomeron, and P„and P„are residues for the
octet part with symmetric and antisymmetric cou-
pling, respectively, to BB. In the fit we present
in Sec. V, P„has been omitted entirely; fits in-
cluding it as a free parameter take it to a very
small and unimportant contribution, so we believe
that only P, and P„are necessary in this ampli-
tude. We have included a small helicity-flip term,
also of the structure given in E(l. (8).

For the vacuum cut, we have kept the first two
terms in the eikonal expansion, thus getting a
contribution of either sign, and we have fitted
an over-all multiplicative cut strength. Since
each of the Pomeron terms can be written as Ae",
the cut can be evaluated according to"

&dac b»=

At At At At
&d b c o»-&d b»&co»—

&d™cab» =

b O

b

Ae" Be '= —,
'

4 b
exp

b
t

(9)

O:~ d

FIG. 2. Quark diagrams for the four traces in Eq. (7).
The circles represent antisymmetrized quarks.
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We choose s, to give the multiplicative factor phase
—,'w at a central energy. For even signature, this
change can be written as

A. w p~m'n

In this reaction, only the p is exchanged, and the
the sign of the polarization is given by

-& so.&21I' c/2 COS ]n
2 kg

x cos —(o. +-,') e ""~' . (12)

For odd signature,

xi sin —(o. +-2) e ""~'. (13)

We discuss the implications of this modification
in a later section.

E. SU(3) breaking

III. QUALITATIVE IMPLICATIONS OF

POLARIZATION DATA

Before discussing the model further, we attempt
to draw from the inelastic polarization data some
inferences which are more general than the results
of an explicit fit. This analysis involves the fol-
lowing assumptions:

(1) The phase of the cut varies slowly with f, so
neither the real nor imaginary part changes sign
in the region of interest.

(2) The helicity-flip amplitude satisfies strong
exchange degeneracy.

(3) (F/D)„& —1 and (F/D), = - for all ( t( &1,
where the subscripts refer to s-channel helicities.

These conditions are all satisfied in our model.
We now examine several reactions individually.

We allow SU(3) breaking only by the octet com-
ponent of the Pomeron and by trajectory splitting
between K*-K**and the nonstrange mesons. Both
of these mechanisms seem to be required by con-
siderations other than detailed fitting of the data,
i.e., inequality of the asymptotic wN and KN total
cross sections and the positions of mesons on the
Chew-Frautschi plot. We have chosen standard
values for the trajectory parameters: n =0.55
+0.9t for the nonstrange mesons and n =0.35+0.8t
for K*-K**. Our residues all satisfy perfect SU(3).

Of course, the octet part of the Pomeron also
contributes to SU(3) breaking in inelastic ampli-
tudes through its appearance in the RP cut. How-
ever, the octet part is about 30%%ua of the Pomeron,
and the AP cut is typically 25%%uz of the pole, so the
effect is not large.

. , wa Re maP -sin' I- cot—
2 Im, 2

where (Re/Im), is the real-to-imaginary ratio
for the pP cut, and we have assumed that the
imaginary part is destructive of the pole. If the
polarization is not to change sign in the region
t & —0.6, the condition (Re/Im), & tan(sa/2) must
be satisfied. Since (Re/Im), is assumed to vary
slowly with t while tan(wu/2) decreases rapidly
away from t = 0, we conclude that (Re/Im), must
be small, even at t=0. The absorption model
can accomplish this only with a Pomeron trajec-
tory of large slope which is difficult to reconcile
with the elastic differential cross-section data.
We conclude that th6 charge-exchange polariza-
tion data is one bit of evidence for a pP cut which
is destructive and more imaginary than in the
absorption model.

&. E p~m Z'

Reactions such as this one, being exotic accord-
ing to duality diagrams, are useful to consider
because the helicity-flip amplitude is purely real,
and the polarization therefore isolates the imag-
inary part of the cut.

Giventhe assumed values for the F/Dratios, the
polarization in this reaction takes the sign P
-im(K4'*SP) —Im(K*8 P), where the terms are in-
trinsically positive if destructive of the pole. The
measured polarization is negative, which indicates
that the imaginary part of K*receives a greater de-
structive correction than doesK**. Infact, since a
destructive K**cut gives a positive contribution
to the K P - m Z' polarization, the rather large
magnitude of the polarization in this reaction may
be taken as evidence for a very small destructive,
or even constructive, correction to the imaginary
part of K**.

These conclusions also apply to the exotic re-
actions K n- n A and K p —m A. In both cases,
the polarization is large and its sign indicates a
more destructive cut in K* than in K**.

C. m p~qn

From the polarization in this reaction, we can
probably conclude that the systematics of the
A, SP cut are different from those of pP. A
destructive, predominantly imaginary cut in the
A, helicity-nonf lip amplitude gives negative polar-
ization, while the measured values are nearly all
positive.
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IV. QUALITATIVE FEATURES OF THE MODEL

Having obtained from the data some fairly direct
information on certain features of the cuts, we
now discuss the qualitative nature of absorption
as given by our model. In particular, we show
how the Ringland phase modification makes the
absorption model consistent with the conclusions
reached in Sec. III.

For the purpose of drawing qualitative conclu-
sions, we replace the logarithmic factor [ln(s/
is,)] ' in Eqs. (12) and (13) with e™l4,which is
approximately justified over a wide energy range.
The statements we make below are all verified
by exact calculations.

When the above approximation is made, the cut
in the vector-exchange amplitude is obtained by
convoluting

e'"' - csin-" (a+-,') e-'""' (14)

with the Pomeron. If the Pomeron slope is small
(aJ, = 0.3), we can neglect the real part of the
Porneron for our present purposes. The major
contribution to the convolution integral comes
from the small-t region because of the exponential
decrease of the amplitudes, so the phase of the
cut is given roughly by

V(3P-ie '" (15)

For the nonstrange exchanges (a0=0.55), the cut
is destructive and almost purely imaginary.

For K* (a, =0.35) the situation is not quite as
simple. The lower intercept causes a constructive
real part to arise in addition to the destructive
imaginary part. Were we '" ~ultiply the nonro-
tating part of the pole by e" 0 rather than i,
greater symmetry between the cases of strange-
ness exchange and nonstrangeness exchange would

result; the K* cut would also be nearly purely

D. KN charge exchange

Although experimental data on these reactions
are not yet available, they are of particular in-
terest here because theyprovide rather stringent
tests of our basic hypotheses. Our assumptions
lead to a strong prediction in the case of K'n
charge exchange. The helicity-flip amplitude
should be purely real, and a destructive pI' cut
gives positive polarization over the entire region
t & —1 (GeV/c)'.

For K P charge exchange, we expect the polar-
ization to arise primarily from the destructive
imaginary part of the p P cut, in which case the
polarization has the sign P --

cosmic.

Thus, we
predict negative polarization, at least for t & —0.1
(GeV/c)'.

imaginary. To investigate the importance of the
constructive real part in the K* cut, consider

--2Re [K'«(K«SP)«
dt NR dt R

+K* (K*«SP)«],

where an asterisk on the cut terms implies com-
plex conjugation. The K* and K**pole terms
have imaginary parts of the same sign and real
parts of opposite signs. Thus, we see that for
both cuts, positive contributions to the difference
come from destructive imaginary parts and con-
structive real parts. (In the absorption model,
the large, destructive real parts of the cuts give
the wrong sign for line-reversal breaking; the
real parts are overabsorbed. ) Qualitatively,
therefore, the polarizations we have considered
and the signs of line-reversal breaking do not
distinguish a vanishing real part in the K* cut
from a constructive one. We find on the basis of
)(' that the earlier prescription (i rather than
e'""0}is somewhat preferred. The constructive
real part plays a role in "fine-tuning" the fit to
differential cross-section magnitudes, but has
no strong qualitative effect. The important point
is that the destructive real part, as given by the
absorption model, has been modified. Whether it
goes to zero or becomes constructive is more a
matter of detail and is probably not well decided
by our parametrization-dependent fit.

For tensor exchange, we convolute:

~«(a-x/2 2 cosl ~(a+ )
0

In the case of K**, cos-,'v(a+ —,') is not zero near
t =0 so our previous arguments give the phase

K++P — g
'

&&&0+&~2&/ 2 (17)

However, cos-,'m(a+ —,) is sufficiently smaller than
sin-, w (a+ —,) at small t, even for the K*-K**tra-
jectory, that the K**cut is suppressed relative
to K*. We see from Eq. (17) that K*«SP has a
constructive imaginary part and destructive real
part However. , just as is the case for Re(K*SP),
the K**cut plays no essential role in the fit. Its

- ~[K««+(K««SP}]+[K«+(K«SP)] ~',
R

(
-

i [K««+(K««SP)]-[K«+(K«SP)]is .
NR

Here NR refers to a reaction with a purely real
("nonrotating") pole amplitude and R refers to its
line-reversed ("rotating") counterpart, with phase
e " . If we ignore terms quadratic in the cuts,
we have
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effect is to increase somewhat the polarization in
exotic reactions and to decrease slightly the
amount of line-reversal breaking. This is the
effect one gets by increasing the imaginary part
of (K*SP) at the expense of the real part, which

may indicate the possibility of a vanishing K**
cut, with the K* cut similar to that of the p.

For the A, amplitude, cos-,'v(u+-,') goes through
zero at small t, and our simple arguments cannot
be used. Actual calculation shows that the A, cut
has a very small constructive imaginary part
which gives the positive sign for the polarization
in m P -q'n and plays no other role.

Thus, we conclude from this section and Sec. III
that the cut terms of dominant importance are the
destructive imaginary parts in vector exchange.
In a qualitative description of a large amount of
0 —,
"data no other cuts at all are necessary, and

in our explicit model fit they are by far of the
greatest importance. Hingland's prescription is
successful because it modifies the destructive
real part in vector exchange as given by the ab-
sorption model and decreases the magnitude of
tensor-exchange cuts.

Our results are in disagreement with the dual
absorption model, since we do not find peripheral
imaginary parts for tensor-exchange amplitudes. "

V. DETAILS OF THE FIT

%e turn now to a more detailed examination of
the model. First we give the explicit paramet-
rization and then discuss the comparison with the
data.

A. Parametrization of the model

Using the notation of Eg. (7), we have for the
helicity-nonf lip Regge residues

D+ P = (A, +A, t +At') e",
bt

For the helicity-flip residues,

D+F = I'(1 —o.) Ce",
D —P = r (\ —n) De" .

The Pomeron parameters are defined in the
notation of Eq. (8):

P.(t) =P, exp(p, t) +P, exp(P, t),
P„(f)=P, exp(P, f)

for the nonf lip residues, and

P, (t) = P, exp(At),

P„(t)= ' ' exp(P, t)
x+

TABLE I. Parameters determined by the fit presented
in Sec. V.

Ag = -0.537

A2 = -2.031

A.3
= -2.330

g = 1.154

B =1,096

5 =2.220

C = 1.342

D =0.653

c =0.941

C„=0.325 '

P) = -9.589

P2 = -3.181

P3 = —2.480

P4 =-1.078

p( =2.625

p, =-0.314

ps =3.306

p4 2 877

0.' = 0.294

C~=1.439

' Due to our normalization convention and our method
of implementing SU(3) breaking by the Pomeron [Eq. (8)],
one should multiply C„by approximately 4 to facilitate
comparison arith other storks (e.g. , Refs. 55-57).

or = ImA„(t=0);
2 w'(0. 3893)

q s

differential cross section

(IA„I'+ IA, I');

polarization

P= 21m(A„A,* )/(I A, .I'+ IA, I'),

-cos8(IA„I -IA., I )+2 sin8Re(A„A,* )

I
A„l'+ IA, I

'

sin8(IA„I'-IA, I')+ 2 cos8Re(A„A,* )A=
IA, -, I'+IA, I'

where q is the magnitude of the initial center-of-
mass momentum, s is the square of the center-of-
mass energy, and 8 is the laboratory recoil angle
of the final-state baryon.

8. Comparison with the data

Total cross sections (TCS)

The & p TCS is well reproduced at all momenta
between 5 and 65 QeV/c, never straying further

for the flip residues.
The Pomeron trajectory function is written as

Q~ = 1 + Qpf Two multiplicative cut strengths were
varied in the fit: C~ for the vacuum cut and C„ for
the AP cut. Parameter values are given in Table
I.

Observable quantities are related to our ampli-
tudes as follows: total cross section
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FIG.3. Experimental measurements (Refs. 1-3, 13, 14, and 19-21) and model results for the total cross sections.
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than one third of a millibarn from the data. The
m'P TCS is, however, consistently about half a
millibarn higher than the data between 20 and 40
GeV/c. Similarly, the K P TCS is fitted very well
at all momenta, while the K'P TCS is somewhat
higher than our results at the high momenta. It is
actually the TCS differences that are poorly fitted.
Since the Pomeron and vacuum cut amplitudes can-
not contribute to either TCS difference, the dif-
ficulty may be in the energy dependence of the BP-
eut contribution. Since the inelastic scattering
data are available only over a relatively small
energy range, the energy dependence of the Rp cut
is not mell determined in the rest of the fit. We
have cheeked that the discrepancy betmen the model
and the data is of the same order of magnitude as
the BP-eut contribution, and me conclude that the
energy dependence of BP-cut models deserves
further study when high-energy inelastic data be-

come available. The total cross sections are
shown in Fig. 3.

2. Elastic differential cross sections (DCS)

All the. elastic differential cross sections, with
the possible exception of K'P at the lowest ener-
gies, are fitted very mell at lab momenta above
3.0 GeV/c. In particular, the new high-energy
DCS for v p and K P at 25 and 40 GeV/c are well
described in both normalization and

independence.

The model gives a slightly steeper slope to the
K'P DCS than is indicated by the data, but the fit
is, in any case, quite satisfactory. The elastic
differential cross sections are shown in Figs. 4
and 5.

The new Argonne data at 3.0, 3.65, 5.0, and
6.0 GeV/c provide precise determinations of the
DCS differences. Under certain assumptions, "one
can obtain from these differences the approximate
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FIG. 5. Experimental measurements and model results for differential cross sections and polarizations. (a) E+p
elastic (Refs. 5, 10, 3.6, 18, and 22); (b) E p elastic gtefs. 5, 10, and 15-18). Not all data fitted are sho~.
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FIG. 6. Experimental (Ref. 5) and model results for elastic differential cross-section differences at 6 GeV/c. (a)
(do/dt do+/dt)-/is(dt's+/dt +do /dt)l ~t for wN; (b) the same quantity as in (a) for ECN

imaginary parts of the p- and &u- exchange helicity-
nonf lip amplitudes. In our model, the correct de-
scription of the crossover points in KN is due en-
tirely to a very strong RI' eut moving the u- signa-
ture zero tomard t =0. This is direct evidence in
favor of the Ringland phase modification for vector
I =0 exchange. We also note at, this point that the

primary purpose of the quadratic factor in the
helicity nonf lip (D+ E) is apparently to adjust the
relative strength of the AP eut in hypereharge and

nonhypercharge exchange reactions. In fact, omit-
ting the quadratic residue I esults in a ~N DCS
crossover point closer to t =0 than is required by
the data, at the expense of a deterioration in the
fit to hypercharge-exchange data. The DCS dif-
ferences are shown in Pig. 6. We have shown in
Fig. 7 the effective trajectories determined by our
fit compared with the input Pomeron trajectory
e~ =1+0.2941. The trajectories agree well with
the experimentally determined effective trajec-
tories" for t & —1.0 (GeV/c)' (which is the range
we fitted), but our model does not reproduce the
strong shrinkage exhibited by the larger-t data. s'

3. 8/asti c polarizations

While the K'p and K p polarizations are mell
fitted at all energies, there is some disagreement
in m'P at the lower energies for values of t beyond
the p- signature zexo. In particular, the model ex-

I.O

O.O
I

0.5 I.O

FIG. 7. Model results for the effective x'p and K p
trajectories. The straight line is o.z= 1+0.294 t.

hibits less energy dependence than is present in
the data, and prefers the gentler behavior seen at
the higher momenta.

Conventionally, the ~p polarizations are explained
in terms of a flat Pomeron and a p-dominated flip
amplitude, giving a strong quadratic zero at the
wrong-signature point. Although we find complete
p dominance of the helicity-flip amplitude, the
nonzero Pomeron slope causes a splitting of the



13V4 S. E. EGLI, D. W. DUKE, AND N. W. DEAN

quadratic zero into two linear zeros. The vacuum
cut only makes matters worse, since it gives a
subtractive contribution with more closely spaced
linear zeros, causing an even greater separation
in the net polarization. The energy dependence of
the vacuum-cut phase would require some modifi-
cation to reproduce the marked double-zero be-
havior seen at 6 GeV/c. The polarizations are
shown in Figs. 4 and 5.

.2-

R —.2
—4-
—.6-

.2 .4 .6

(GeV/c)

71+P ~7K+ p

(a)

I I I

8 IO l.2

4. Real-to-imaginary ratios, R and A Parameters

The real-to-imaginary ratio at t =0 for m'P is
fitted very well; however, the corresponding re-
sult for ~ P is about a factor 2 too small in mag-
nitude. This result is very sensitive to the t de-
pendence of our residues at small t, and thus is
not a major concern.

We have also included R and A for m p and 8 for
&'P in our model fit. Owing to the relative scarcity
and uncertainty in these data, they do not influence
our amplitudes much in the y' fit. The main con-
clusion to be drawn from these data is that each of
our amplitudes is correct in sign and qualitatively
correct in t dependence for

~
t

~
&0.6 GeV/c)'.

These data are the main reason for including a
helicity-flip term in the Pomeron amplitude.
These data are shown in Figs. 8 and 9.
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I I

I.O 1.2
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(c)

I 6.0

—.IO-

—I4-
7T+P FIG. 9. Experimental measurements and model re-

sults for the R parameter (Ref. 12). (a) r+P elastic at
6.0 GeV/c; (b) ~ p elastic at 6.0 GeV/c; (c) x p elastic
at 16.0 GeV/c.
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FIG. 8. Experimental measurements (Ref. 4) and model
results for the ratio of the real and imaginary parts of
the elastic amplitudes at t = 0. (a) 7r+p elastic; (b) w p
elastic.
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FIG. 10. Model results for the inelastic cross sections
o(K+s ~), o(K P - K),Ioo(K P -o Z+), o(ii'P -K+Z~).
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5. K p, K+p charge exchange (CEX)

At lab momenta above 5 GeV/c, these reactions
show little line-reversal breaking. In terms of
our model, this is explained by the dominance of
the helicity-flip amplitude in which there is no cut.
The energy dependence of the cross sections for
these reactions is given in Fig. 10. The line-re-
versal breaking is less than 5% above 10 GeV/c
lab momentum. The KN CEX differential cross
sections are shown in Fig. 11.

6. ~-P-~on
The one remaining major discrepancy between

our fit and the data is in the charge-exchange dif-
ferential cross section beyond the dip, where the
model is systematically low. We find that if agree-
ment is forced by alteration of the residues or
strengthening of the RP cut, then agreement with
the hypercharge-exchange data deteriorates. The
source of this problem might be anything from a
simple inadequacy of the parametrization to a
necessity for more extensive breaking of SU(3)
than we have allowed. Note, however, that agree-
ment is good for ~t~ s 0.6 (GeV/c)'.

As previously discussed, the polarization is ex-
plained in terms of a destructive, predominantly
imaginary cut in the helicity-nonflip amplitude to-
gether with an unabsorbed flip amplitude. The
DCS and polarization data are shown in Fig. 12.

The energy dependences in our model of
a(w p —w'n), b o „,(wp), and do/dt (t =0) for w p
-m n are s '", s '", and s '", respectively.
These are to be compared with the experimentally
determined values" q '~, g '", and s ', re-
spectively. The forward turnover near t =0 seen
in Fig. 12 continues to be seen clearly in our
model well past 100 GeV/c lab momentum, al-
though the position of the turnover is about -t
=0.01 (GeV/c)'.

The effective trajectory for this reaction is com-
pared with the data" in Fig. 13. Note that the
shrinkage continues well into the region past the
signature zero. This is simply explained by the
fact that the unabsorbed flip amplitude dominates
the pP cut completely in this region. The change
in shape near -t =0.7 (GeV/c)' is due to the slower
shrinkage given by the pP cut in a region where
the pole amplitude is zero.

K+n-K p

.5 =

(b)
I I I

K p~ K4n

.5 =-

.5 =

C40 .I

E
~ 2

CU

0)
C5

F

.5-

.2-

b 2b

0 .2 I I I I

.6 .8 I 0 L2 .2 .4 .6 .8 I.O I.2

(GeV/c) ~ (GeV/c) ~

FIG. 11. Experimental measurements and Model results of differential cross sections. (a) K+n charge exchange
(Refs. 31, 32, 34); (b) K p charge exchange (Refs. 29, 30, 33).
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(o) & p~Tr n

.5 =-
I

(b) ~- p ~q4n

'~

1

.5=
~ ~+ 1

.5

~2

~.2
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OJ
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'~

.05 =-

.05 =-
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.01

FIG. 12. Experimental
measurements and model
results for differential
cross sections and polar-
izations. (a) ~ P charge
exchange (Refs. 24-28);
(b) & P - g n (Refs. 23-26).
Not all the polarization
data fitted are shown.
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We find that mixing of the g must be taken into
account in order to fit the magnitude of the dif-
ferential cross sections. The theory is too large
by several standard deviations when the g is
treated as pure octet. After fitting the rest of the
data, we used the singlet coupling strength given
by duality" (and the quark model) and adjusted
the mixing angle by inspection. The value we re-
quire is 8=5, which is opposite in sign from the
result of Martin and Michael. " These data are
shown in Fig. 12.

-5-

0.5 I.O I.5
[(Gev/c)2]

FIG. 13. Experimental measurements +ef. 67) and
model results for the effective trajectory for 7r p ~e.

8. nP KA, Kn-rA, K p-mA

The polarizations and differential cross sections
are reasonably well fitted down to 3 GeV/c. The
slopes of the differential cross sections are some-
what smaller for the two exotic reactions, and our
model also reproduces this feature.

Interpretation of the m P -K A polarization is
rather complicated, since the flip amplitude is not
purely real. The data for this reaction and m'P
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cussed in Sec. VB 8, and the polarization for the
exotic reaction K p- m Z' has also been discussed
at some length in Sec. III. Both are well repro-
duced by the model. In both reactions, however,
we are unable to fit the differential cross-section
magnitudes below 5.0 GeV/c. We do fit w p-K'Z',
which is related by t-channel isospin to m'p-K'Z'
down to 3.0 GeV/c. For both reactions, the model
results are too large at the lower energies. These
data are presented in Fig. 14. The expected be-
havior of the cross sections for the line-reversed
pair m'p-K'Z' and K p- m Z' is given in Fig. 10.
The line-reversal breaking remains substantial
(-20%%uo) even at 100 GeV/c.

For K p- qA, the data indicate a pronounced dip
at ~t

~

=0.4 (GeV/c)'. In the absence of mixing, the
pole part of the amplitude is given by A-K**+3K*,
so the dip can be attributed to the signature zero
in the dominant K*-exchange amplitude. As shown
in Fig. 16, our model agrees only roughly with
the data. Contributions from the cut and the K**

amplitude are sufficient to fill in the dip and give
instead a very sharp break in slope. Agreement
with the featureless shape of K p- g'A is reason-
able.

It should be noted that the q-q' mixing angle,
which affects the differential cross-section magni-
tudes for these reactions, was determined solely
from the m p-yon data.

C. Amplitudes

Since considerable polarization is observed in
several reactions which are exotic according to
duality diagrams, one obviously cannot say that
the amplitudes corresponding to nonplanar duality
diagrams are purely real. However, if our model
results are taken seriously, one can make the fol-
lowing statements:

(1) The flip amplitude corresponding to a non-
planar diagram is purely real, while the amplitude
for a planar diagram has phase e~f'™.

(2) The nonflip amplitude corresponding to a
planar diagram has a peripheral imaginary part

(a) vr- p ~K'X' (b) vr-p ~K h/X

M

(3

E

43
(3

E

b .I =

.6 .8

{Gev/c)

I.O I.2
I

0
I I I I I

.2 4 .6 .8 I 0

(GeV/c) 2

FIG. 15. Experimental measurements and model results for differential cross sections. (a) 7I' p K Z (Refs. 35 and
36); (h) & P X A/Zo(Ref. 37).
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~ K p ~7)A

~ K p~7) A

OJ

a)
C9

.5=

4.25

l
I I

ll 4.25

l.O l.2
4- t (GeV/c)

FIG. 16. Experimental measurements and model
results for differential cross sections and polarizations
in the reactions E p gA and K p q'A (Hefs. 29 and

48).

with the same zeros as given by the dual absorp-
tion model. For a nonplanar diagram, the nonflip
amplitude has a structureless, nonperipheral imag-
inary part which does not change sign for ~t~s1.5
(GeV/c)', and the real to imaginary ratio 'at f =0
is a factor of 3-5 larger than is the case for pla-
nar amplitudes.

The structure of our exotic helicity-nonflip am-
plitudes is considerably different from that ob-
tained in a recent amplitude analysis" based on
the dual absorption model. " In that analysis, both
vector- and tensor-exchange amplitudes were tak-
en to be peripheral. While the K'n charge-ex-

change amplitude (which is quark-model exotic)
was found to have a small imaginary part, ampli-
tudes for processes which are exotic only by dual-
ity diagrams were found to be similar in structure
to their line-reversed counterparts, with large,
peripheral imaginary parts. Since both models x e-
produce the polarization data, measurements of
the spin rotation parameters will be required to
determine which, if either, picture is correct.
Some of the amplitudes are shown in Figs. 1V and
18.

D. Comparison saith the classical absorption model

Just as the present work was nearing completion,
a new version of the strong absoxption model ap-
peared in a paper by Hartley and Kane. " This
model, called the classical absorption model
(CAM) by its authors has been applied to a large
amount of 0 —,

'' data in a fashion similar to the
present paper.

At intermediate energies (3-15 GeV) both mod-
els reproduce the known mN amplitudes, and thexe-
fore both models give good descriptions [via SU(3)]
of all 0 ~-+ reactions in the intermediate-energy
range. The main differences between the two mod-
els in this energy region are the signs of many in-
elastic polarizations in the region -1.5&t&-0.4
(GeV/c)', unfortunately, the existing data are not
of sufficient quality to decide the true behavior of
the polarizations.

These sign differences in the polarizations are
pxesumably due to absorption effects in tensor am-
plitudes in the CAM which the authors claim are
highly sensitive to the details of absorption in the
model. By contrast, our tensor amplitudes are
hardly absorbed at all and depend only on the ex-
change degeneracy which follows from duality fox

pole amplitudes.
At moderately high momenta (20-60 GeV/c), in-

elastic cross-section data should provide rather
clear distinctions between the two models. For
example, the CAM predicts o(K'n-K'P)/
g(K P-K~@)-1.5 over a. wide range of momenta
above 20 GeV/c. If such is indeed the case, our
model would require the appearance in the helicity-
Qip amplitude of some absorption which was not
pxesent at intermediate energies. Line-reversal
breaking in hypex"charge exchange reactions will
presumably not provide a clear distinction between
the two models, since we predict v(K P-v Z')/
a(v'P-K'Z')-l. 4 and -1.23 at the momenta 25 and
60 GeV/c, respectively. Generally we expect no
dxastic changes in the structure of the inelastic
polarizations in the range 20-60 GeV/c; the CAM
apparently predicts a return to the structures pre-
viously associated with the old stxong-absorption
model.
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Our model, based on duality and SU(3) symme-
try, stresses simplicity, both physically and con-
ceptually. Exchange degeneracy for pole amplitudes
is a theorem following directly from duality and
the absence of exotic particles. %'e stress that in

any general overview of 0 -', + reactions based on
EXD amplitudes, the only deviation from the basic
input physics occurs when the imaginary part of
the vector amplitude is absorbed. We consider
this deviation, admittedly not fundamentally under-
stood, a minor price to pay for the highly quanti-
tative description of 0 ~' data obtained in the pre-
sent work.

The classical absorption model, on the other
hand, emphasizes a proposed complexity, suppos-
ed1y due to a very strong role being played by uni-

tarity. This complexity is formulated in terms of
ideas based on the collective effects of many terms
in the s-channel unitarity sum, and is paramet-
rized by a vacuum amplitude which apparently has
no simple connection with Hegge poles. Absorp-
tion with this vacuum amplitude is the major
force in the CAM, so the output amplitudes bear
no resemblance whatsoever to the input poles. In
the CAM duality is just an intermediate-energy
accident. No evidence is offered by the CAM as
to why such an accident should occur.

Both the present model and the CAM achieve
quantitative success, but only at the price of in-
troducing gd Roc ingredients in both cases. In our

' model, the ad hoc factor is the Ringland phase
modification, which we showed was equivalent



to the assumption that only imaginary parts in
vector amplitudes are absorbed if the input poles
are exchange degenerate. Thus if we count real
and imaginary parts of vector and tensor ampli-

,tudes, both Qip and nonQiy, as eight basic ingredients
of the input physics, only one of these ingredients
is significRntly ehRnged, Rnd it is ehRnged Rbout

25%. In the CAN, the ad hoc factor is the pro-
posed vacuum amplitude. Since the absorption is
strong, none of the output amplitudes is similar
to its input pole. Thus even the qualitative suc-
cess of the CAM depends crucially on the strong
effects of an ad hoc ingredient in the model.

E. Some technical aspects of the fit

In this section we wish to discuss briefly the
statistical quality of our analysis. The X3 per
data point for the fitted result presented is 2.6
for 198'7 data points. %'e remark that this X' re-
flects not only the deviation of our model from the
parent distribution function, but also the deviation
of the data from the parent distribution. When one
analyzes 148 different experiments simultaneously,
the total effect of systematic errors can become
comparable to the statistical errors. By varying
the normalization of each experiment within the
systematic errors quoted by the authors, we de-
termined that Rbout one third of the X' may come
from systematic errors. However, since the aver-
age of all renormalizations was very nearly zero,
and since none of the parameters was seriously
affected, we chose to ignore these errors during
our finR1 Rnalysis. We hope that experimentalists
mill soon consider it morthmhile to refine our knowl-
edge by repeating-many important experiments in
the intermediate-energy range (3-30 GeV/c) with
higher statistics and smaller systematic errors.

VI. CONCLUSION AND SUMMARY

We have presented a model that describes nearly
all high-energy data for reactions of the type 0 —,

'+
-0 —,".The description obtained is qualitatively
and, in most eases, quantitatively excellent. B
has been knomn for some time that each of the ma-
jor hypotheses of the model cooperates in an un-
usually elegant fashion to provide a description of
these data that is both simple and complete. These
hypotheses are SU(3) symmetry for all amplitudes,
except as broken by inequality of the strange and
nonstrange trajectories and the octet part of the
Pomeron, Regge dominance of amplitudes above
3.0 GeV/c, and duality and ahsence of exotics in
the reations 0 0 -0 0 and 0 ~" 0 —,'+, implying
strong exchange degeneracy for the Regge-pole am-
plitudes p-~-A, -f and X~ -IC**.Theft P cuts then
provide imaginary parts that break exchange degener-

aey for the amplitudes. %'e have seen no indica-
tion from this analysis that any of these hypotheses
is not consistent with the present experimental
knowledge of the reactions being considered.

In addition, we made some teehni. cal assumptions
in the interest of simplicity and facility. For ex-
ample, these include absence of RP cuts in the he-
licity-flip amplitude, absence of BR cuts and sec-
ondary meson trajectories, and absence of effects
such as BPP and BPPP cuts. These assumptions
can of course be relaxed at the expense of intro-
ducing more freedom into the model.

It is apparent that the one other important factor
in our model is the Ringland phase modification.
As discussed in detail in Secs. III and IV, this
phase modification is directly responsible for cor-
relating inelastic polarizations and DCS line-re-
versal breaking. We have implemented the modifi-
cation in crossing-symmetric form, and have
shown that it is equivalent to other methods of
modifying the absorptive cut; in particular, one
ean think of absorbing vector exchanges more
strongly than tensor exchanges, or one can think
of absorbing the e '" term more strongly than the
1 term in the Hegge signature factor. Our results
are not consistent with the dual absorptive model
assumption that tensor exchanges are peripheral.
Even though the Ringland modification is somewhat
ad Aoe, it apparently is an unavoidable conse-
quence of a large amount of data, when'these data
are viewed from a simple theoretical framework
(see, however, Ref. 59). Unfortunately, there is
still a major gap in our fundamental understanding
of the modification.

This work should be regarded as a highly model-
dependent high-energy amplitude analysis. %'e
note that except for the Pomeron trajectory slope
n~ every parameter is in a t -dependent residue,
and me have no g priori knowledge about these
residue functions. Each of the parameters is in-
fluencing many reactions. For example, only one
parameter is responsible for all deviations from
SU(3) and duality for all vN and ZN elastic scat-
terings. The same Pomeron that dominates these
elastic scatterings is used to calculate the RP cut
in each of 12 different inelastic reactions, both hy-
percharge and nonhypercharge exchange. SU(3)
gives the relative amount of RP eut in each reac-
tion, implying that SU(3) works as well for cuts as
for poles.

The classical absorption model provides an in-
teresting Rnd serious alternative to the points of
viem that we have presented here. Ideally, good
experimental evidence will help decide which {if
either) approach is correct. Unfortunately, a re-
view of the past history of this subject does not
encourage such an idealistic hope in our opinion~
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APPENDIX

If we number the states of the octet as shown in
Fig. 19, the matrices appropriate to Eqs. (1)-(3)
are

2

0-1 0 00-1
M,= 0 00, M,=00 0

0 00 00 0

00 0 000
M = 00-1, M = 100

00 0 000

5 6

000 0 00
M,= 000, M,= 0 00

100 0-10

FIG. 19. Numbering of the octet states.

According to Eq. (1), the SU(3) Clebsch-Gordan
coefficient for the symmetric coupling of P Z* to
Z' is given by

1 00
M,=(—')'i' 0-10

0 00

1 0 0
M=(~}'' 01 0

0 0 -2
(P, Z+'~Z+) =(~}"(M,™„M,j)

(~)1/2

*Based in part on work submitted to Iowa State Univer-
sity by S. E. Egli in partial fulfillment of the require-
ments for the Ph. D. degree.
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An analysis of Pp interactions is made assuming that hadrons are composed of totally absorb-
ing subparticles. If quarks are assumed to be the basic constituents, their mass and radius
are in reasonable agreement with the Drell-Johnson model. If the subparticles are assumed
to be Schwarzschild spheres, the resulting mass and radius agree with Planck's character-
istic mass and length, respectively. Furthermore, the resulting mass density of partons
is of the correct order of magnitude to be gravitationally bound into nucleons.

In recent years composite models of hadrons
have been constructed to explain high-energy phe-
nomena. Such entities as quarks, partons, and
droplets have been proposed as the basic constit-
uents of hadrons. For convenience we shall refer
to partons as any basic subunits of hadronic mat-
ter.

In this paper pp interactions are analyzed, as-
suming such a composite picture in terms of the
impact representation of the optical model. PP in-
teractions are particularly amenable to such a
study because of the apparent pure imaginary scat-
tering amplitude at finite energies' and the absence
of discrete pP resonances. Within this framework
a number of authors have considered pp elastic
scattering in the asymptotic energy limit where
the real part of the amplitude is expected to be
zero. ' Measured differential cross sections ap-
pear to approach this limit with increasing energy.

The partial-wave expansion of the imaginary
part of the scattering amplitude, neglecting spin,
ls given by

oo

f(0) = . g (2l+1)(exp[-o.(k)g((k)]-1j2ik ,

xP, ( co8s),

where the absorption coefficient has been written

as a, product of two factors. Expressions for cross
sections are given by

0, = —
2 21+1 1-exp -0, kg, k (2)

o, =—, (2l+1)(l-exp[-a(k)g, (k)]),
2m

"
p2

(4)

Using (5) one can transform g, (k) -g(b), where
g(b) takes into account the density distribution of
two hadrons which are passing through each other
at impact parameter b and is given by

(~)

ps (pr) is the beam (target) particle hadronic mat-
ter distribution normalized to one parton. The u
and s coordinate axes are in the direction of the
beam particle.

The transformation to the impact-parameter rep-
resentation is usually given by


