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We present an analysis of the six charge-exchange vector-meson production reactions
w p pox, w+n pop, w p &roe, ~+e &u$, Ic p jr* n, andK+e —E*p osiugnHe eg-gpoleplus
absorption models and SU(3). Our aim is to understand what existing data imply about these
models and to predict and discuss the behavior of as-yet-unmeasured observables. We dis-
cuss in detail, the amounts of 8-channel helicity-nonflip, -flip, and -double-flip absorption
required to fit the data. Such topics as the line-reversal. breaking in K*o and Z~ produc-
tion, the status of the p wrong-signature nonsense zero in ~ production, and the nature of
A& exchange are discussed. The e1ectromagnetic mixing of the p and co meson provides a
powerful tool for probing the nature of strong-interaction production amplitudes, and examin-
ations of the effects of p 0~ 0 mixing on the x+~ mass spectra and on isospin violations in
~0 productions are included. We find that some of the new absorption models are capable of
explaining many features in p 0 and c '~ production and that one is able to predict correctly
fusing SU(3)] the observables for E* andE~ production inc1uding the 1ine-reversa1 break-
ing. The mode1s have problems in predicting the correct energy dependences of p~&&da/dt

and pe da/dt for p~ production, and have some difficulties in exp1aining the recent p~ inter-
ference data at 4.0 GeV/&, which show a spike at the ~0 mass of the observable
p» d&r/gf gm(r p (w+r )n}.

I. INTRODUCTION

In recent years our knowledge of the behavior
of two-body production amplitudes has increased
primarily because of the measurement of addition-
al observables (&, A, R, p„„. , etc. ) which allows
for model-independent amplitude analyses. ' For
example, from the Michael and Halzen' amplitude
analysis of ~+- wN we have learned that there are
large absorptive corrections to the s -channel.
helicity-nonflip amplitude. ' The situation as to

absorption of the helicity-flip amplitude is not
clear, however. Some authors' believe that the
s -channel helicity-flip absorption is small or
zero and that these amplitudes are described by
pure poles with WSNZ (wrong-signature nonsense
zeros}, while others exclude %SNZ and absorb
all amplitudes similarly. '

In cases where a model-independent analysis is
not possible, it is necessary to resort to model
fitting. One can then examine the resulting am-
plitude structure. This is somewhat inferior to a
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model-independent analysis since the model-
determined amplitudes are not unique. Never-
theless one can, by studying a set of reactions
simultaneously, place great restrictions on such
models. One such set of reactions is the six
charge-exchange vector-meson production re-
actions'

—p —(~'n)+p —(p'n) = p —(Z*'n)a dv o „do o

2 oodt oodt - oodt

—p —((d' s)+ p —(p &) = p —(&* ")1 8 do'
o @do'

2 dt 'dt 'dt

(1.7a)

(1.7b)

P~P ?l

TT 8~PP~
7T P~M S~

lT S ~ (d P ~

K p g*on

K'n -K*'P .

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

The reactions m&- ~o& and tT+- p'+ are related
to the reactions &N-+*'N by SU(3). Given the
amplitudes for ~' and p' production one can pre-
dict the amplitudes for K~ production. In fact if
one is willing to neglect absorption and assume
exchange-degenerate (EXD) trajectories for the
w and 8, and for the p and A, [i.e., a(t) =as(f),
a„,(t) = a p(f)], then one can use SU(3) to relate
directly the observables for ~', po, and K*' pro-
duction as follows:

SU{~).EXD
IO

oo dt oo dt:t—'(p H —{~n}+p "—(pn)):

—{K~on)
dl

IO =

TEST
f I

—
(p —(sun)+p —(pn))-

I der da

~+ dt
dQ (K+o )

2
IO =

10=

0.0
I

0.4

&p

0.8 0.0
-t ((;ev/c)

I

0.4 0.8

ada - 0 ada - 0 ada - 0
~ p~ —(m"p —~ n)+ p~ —(n' p p n) = p~ —(E p K*n),

where p~= p~~~ ~ pq~, .

FIG. l. SU(3) plus EXD test. Assuming no absorption
and weak EXD [0'„2(t) = ~p(t), n„(t}=0'~(t)l, SU(3) im-
plies

dtP00 (mP ~n)+P00 —(x P P n) =P00 —PC P -E*n)ada - 0 0 do - 0 ada — —*0
dt dt

where p, = pyy + py y Such a comparison is shown
in Fig. 1.' We see that the agreement is quite good
for prado/dt and not so good for p",do/dt. We will
examine in detail how absorption effects modify
these naive predictions.

In this paper we present an analysis of the above
six charge-exchange vector-meson production re-
actions using Hegge-pole plus absorption models
and SU(3). We do not intend to confront the reader
with a mammoth X'-fitting exercise. We fit only
the w p- vn& data at 4.5 GeV/c and the w p —pnn

data at 4.42 GeV/c. The observables at other
energies and for other reactions are then pre-
dicted. Our aim is to understand what the data
imply about Begge-pole plus absorption models
and to see how well SU(3) works in relating &o'

and p production to K* production. In addition
to knowledge gained by studying the vector-meson
density-matrix elements, the electromagnetic
mixing of the p' and (d' mesons places great re-
strictions on the relative p' and &' production
amplitudes. p-(d mixing effects are, for this
reason, studied in great detail.

The paper is divided into three sections. In
Sec. II we confront the models with the data. This
section is arranged as follows:

II. The models versus the data
A. Reaction n P- p'~

1. Models 1 and 2: Fitting procedure
2. Behavior of p»do/dt(w p- p'n) and

& =0 (nonf lip) absorption
3. Behavior of Hep"„(w P —p'n) and n =0

absorption
4. Behavior of p~d&r/dt(w p - p n) and

n = 1 absorption
5. Alternative explanation of the behavior

of p«do/dt(w P -p's) (model 3): Tests
for A. , exchange

6. Behavior of p", (w P- pnn): A, pole
versus n cut

'7. Energy dependences: Possible trouble
spot

B. Reactions TT p-ro n and n'n-co p
1. Models 1a, 11, and 2: Fitting proce-

dure
2. Behavior of p,"(wN - (d'N): p pole versus

J3 cut
3. Behavior of pnndo/dt(wN - (dnN): Where

do helicity-zero wo's come fromm
4. Isospin violations due to p-& mixing
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5. Unmeasured observables
C. ~-n mass spectra: p-~ interference
D. Reactions & P -E:*'n and K'n-K*'P

1. SU(2) predictions
2, I.ine-reversal behavior

Unmeasured observables: A, exchange' ?
We reserve Sec. III for summary and conclusions.

1.0

0.5

& e~~(S3 6.0 6eV/c

II. THE MODELS VERSUS THE DATA

A. Reaction n p pon

l. Models I and 2: Ilitting Procedure

We fit the differential cross section and vector-
meson density-matrix elements for the reaction
w P -p'n at 4.42 GeV/c using the following Regge-
pole plus absorption models:

(a) Mode/ 1. For this model we use the pre-
scriptions of Hartley and Kane. ' This model in-
cludes non-EXD input Regge poles with a„,(f)
=0.2+1 Ot and a. ,(t) =0.5(t-m, '), which are ab-
sorbed with an effective scattering amplitude (see
Fig. 2) given by

0.0

-0.4

1.0

0.5

0.0

(b3

T,ft (s, f) = P(s, t) +Do(s, t), (2.1)

I2

2
I 2 I

FIG. 2. Qlustrates that the total scattering amplitude
for PB —VB' is given by the sum of t -eh~Fly el Regge ex-
changes (R) plus absorptive corrections. The quantities
T,'g are the initial- (final-) state effective scattering
amplitudes.

where P(s, t) is the s-channel helicity-conserving
"Pomeron" amplitude and D,(s, t) is the helicity-
nonf lip contribution from diffractive dissociation.
The parametrizations of P(s, t) and D, (s,f) used are
identical to those used by Hartley and Kane' to de-
scribe pseudoscalar production except for the
strength of D, (s, t), which was increased by a factor
of =1.5.' This increased absorption was necessary
to explain the large absorption effects seen in vec-
tor-meson production. Figure 3 shows thy effec-
tive partial-wave absorbing function f~n (s) result-
ing from this model. e

Model 1 contains no A, contribution. In addition
all fits resulted in y"'=0." This is no doubt an
approximation since evidence from pseudoscalar
production gives a ratio y 2/y"2 of from 2 to 10.
Including a small A, -nucleon helicity-nonflip cou-
pling does not alter any of the conclusions except
those concerning polarizations resulting from

-0.4

J= I/2
I

b= 0

9/2
I

2.0

17/2 2 5/2 33/2
I I I I

4.0 6.0 8.0 I 0.0

41/2

(GeV 3

FIG. 3. The effective partial-wave absorption fa,ctor
f~& {s) at 6.0 GeV/c for {a}model 1 absorption {fancy
Pomeron absorption model); {b) curve 1 is the absorp-
tion factor for complete S-wave absorption; curve 2 is
square-cut absorption, curve 3 is the same as curve 2
but with an arbitrary & factor multiplying the strength
P. =1.5),

natural-parity exchange.
Figure 4 shows the resulting fit to the differen-

tial cross section and Fig. 5 the fit to the density-
matrix elements for the reaction m P -p'n at
4.42 GeV/c. Having determined the Regge resi-
dues and absorption parameters by fitting the
4.42-GeV/c r P -p's data, we then predict ob-
servables at other energies. In Fig. 4 we show
the predicted differential cross section for m P-p'n at 6.0 and 15.0 GeV/c, and in Fig. 5 show
the predicted vector-meson density-matrix ele-
ments at 6.0 GeV/c.

We are particularly interested in the detailed
behavior of the s -channel helicity amplitudes re-
sulting from this model. The magnitudes and
phases of these amplitudes for the reaction m P
—pan at 6.0 GeV/c are shown in Fig. 6 as a func-
tion of I for 0 ~I fI ~ 1.0 (GeV/c)'. In Fig. 7 we

present Argand diagrams of the contributions to
the s-channel helicity amplitudes for r P- p'n
at 4.0 GeV/c and with t t, = -0.1 (GeV/c)'. -
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IO

d 0"—( 7r p p'n)
dt

I.O
4.42 Gev/c

P p I)

6.0 Gev/c

0.5

0.0

~o
a. 0.0

io
-03—

OJ

)
(3

0.0

IO

x + OS—

0.0 '

0.0 I.O 0.0

(GeV/c)

0.5 1.0

FIG. 5. Shows a comparison of model 1 (fancy Pomer-
on absorption) and model 2 (square-cut absorption) with
the data on the vector-meson density-matrix elements
for x"p -p n at 4.42 (Ref. 30) and 6.0 GeV/c (Ref. 31).

IO
0.0

!
0.5

-t [(Gev/c) ]

(b) Model Z. For this model we use the
"square-cut" type of absorption introduced by
%orden" in fitting photoproduction. %e generalize
this model a bit to allow for different absorption
for each net helicity-flip amplitude. This model
has very large (square-cut) type of absorption for
the n =0 (helicity-nonf lip) amplitudes [curve 2,
Fig. 3(b)]. It has less absorption for n = 1 (single
flip) amplitudes; however, the absorption is still
quite large and is strong enough to completely
absorb the s wave [curve 1, Fig. 3(b)]. This
model does not absorb n = 2 (double flip) ampli-
tudes, The n' and A, trajectories are taken to be
n, (t) =0.5(t-ni„') and a„(f)=0.5+I, respectively.

%'e tried using the same "square-cut" absorp-

FIG. 4. Shows a comparison of model 1 (fancy Pomer-
on absorption) and model 2 (square-cut absorption) with
the data on the differential cross section for 7t p pon

at 4.42 (Ref. 30), 6.0 (Ref. 31), and 15.0 GeV/c (Ref. 32).

tion [curve 2, Fig. 3(b)] for each helicity ampli-
tude, but this large absorption mhen applied to
the '~ 1 amplitude 8'o ~ caused the observable
pooda/dt(ii P- p'n) to have a dramatic dip at
small I tI values similar to that shown in Fig. 8
(X =1.25). We concluded that the very strong
"square-cut" absorption should apply only to & =0
amplitudes and reduced the e =1 absorption to the
size shown by curve 1 in Fig. 3(b). Assuming no
A. , exchange, it is necessary to absorb n = 1 am-
plitudes in order to fit the large- I t

~
behavior of

poodo/dt(ii P- p'n) (see Sec IIA 4). .We fit only
the 4.42-GeV/c ii P- p'n data and predict the
observables at other energies. In Fig. 4 me com-
pare this model with the differential cross sections
for w P - p'n at 4.42, 6.0, and 15.0 GeV/c and in
Fig. 5 with the vector-meson density-matrix el-
ements at 4.42 and 6.0 GeV/c.

2. Behavior of p»do/dt(ii P p'n) and -n=0

(«~fl'iP) abso~Ption

It is a mell-known result that the Regge-pole
contributions to the observable
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7T' P P 6.0 GeV/c p~ p'n (4.0 GeV/c )

200 I—

I50 I—

Hn=O
-I- '+

1

MODEL I

0=2
MODFL I

H
A=2

I -;+

I

I

C

t = -O. I (GeV/c)

«A
2

IOO

50

n=0
-I- +t ~A

2

0,
I80

90'—

00

-90

-I80' —-—

0.0 0.5 0.0 0.5 0.0 0.5

/ 21
~(Gev/c) ~

1.0
n =I

H

FIG. 6. Magnitudes (upper curves) and phases (lower
curves) of the s-channel helicity amplitudes for model 1
(fancy Pomeron absorption) at 6.0 GeV/c. The solid,
dotted, and dashed curves correspond to the total, Regge-
pole, and Hegge-cut contributions, respectively. The
A2-cut contribution to the evasive n = 0 amplitude H"~ .
is also shorn.

FIG. 7. Argand diagram of the various contributions
to the s-channel helicity amplitudes at t' =—t —t 0

= -0.1
(GeV/c)2 from model 1 (fancy Pomeron absorption). The
labels I' and C correspond to the total pole (7I+A2) and
total cut (~~+A 2 ) contributions, respectively. The
resulting total amplitude fpole+ cut) is labeled T. The
amplitudes H+~ and Hg are defined in (2.8).

+
I
a"=„'.,I'+ I

H",='. ,I') (2.2)

produce a dip in the forward direction even though
this is not required by angular momentum conser-
vation. " This is because the (evasive) Regge-pole
contributions to 0",'., vanishes at t =0. The
Begge-cut contribution to this & = 0 amplitude need
not vanish at t = 0 (or t = t,} (see Fig. 6), and thus
with large n = 0 absorption the quantity p»do/dt
is no longer expected to dip in the forward direc-
tion. " This observable is thus an excellent mea-
sure of the strength of the n =0 absorption: A

dip at small ItI implies smaB absorption; a
spike implies large absorption.

In Fig. 9 we compare the experimentally deter-
mined small-( tI behavior of p»do/dt(v 0- p'n}
with models 1 and 2 at 4.42, 6.0, and 15.0 GeV/c.
The data at 6.0 and 15.0 GeV/c show a definite
spike in the forward direction, indicating large

n =0 absorption. Figure 10 shows various con-
tributions to p»do/dt(w P -p'n) from model 1 at
6.0 GeV/c. The w and A, pole contributions show
a marked dip in the forward direction. The for-
ward spike is produced by the sum of the n and
A, cuts. From Fig. 6 it can be seen that the A,
cut makes up =34% of the amplitude H",' , in the.
forward direction. The remaining 76% is the w cut.
In order to produce the observed peaking in p»do/
dt it is necessary that the n and A, cuts interfere
constructively in 8",', This requires that the
relative ~-A, pole phase be such that the real parts
of the m andA, poles have the same sign in H",'.,
(see Fig. 7). Since the rr-pole (and thus also v-cut)
contribution changes sign in going from 0",'.,
to H", '.„the ~ and A, cuts interfere destructively
in the n = 2 amplitude (see Fig. 7) resulting in
small n = 2 absorption.
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IO

IO

H dc'—(m p-Z n)
II

IO

Io
6.0

Al

)
4) p

IO

IO —-

IO

——MODEL 2
MODEl

I

0.0 0.5

.
—f (GeV/G )

I.O

plG. 8. pits to p&+& do/dt (~ p -poe) at 4.42 GeV/c
using a model with varying degrees of n = 1 (single flip)
absorption, where A„~= 0.0 (no absorption), 0.5, 0.75,
1.0, 1.25, 1.5.

Rep"„d—= -& Re(H tHo~ .,)

where

=+XI H
& I I H", I+I cosy, (2.3)

p =argHO '. +-argH g,

and where

Hg=H~ .+ —H",0.

(2.4)

In the absence of absorption. .the r Hegge-pole
contributions to Hf and Ho '., have the same phase
given by the Regge signature factor and thus He p„is
structureless (dotted curve in Fig. 11). In the
presence of absorption, however, the small-( tI

phase of H:",'., is drastically changed. Very near

3. Behaoior of Rep"„(s P- p'n) and n =0
absorPtion

The large n =0 (nonflip) absorption necessary to
fit the experimental data on p» do/dt(v P -p'n)
produces an interesting effect on the small- I t I

behavior of Rep, o. In the absence of A. , exchange

0.0 O. I

—t (GeV/c)

0.2

FIG. 9. A comparison of model 1 (fancy Pomeron
absorption) and model 2 (square-cut absorption) with
the data on the small-( t I behavior of pisi do/dt (v p -pos)
at 4.42 (Ref. 30), 6.0 (Ref. 33), and 15.0 (Ref. 32).

the forward direction H",'., is given completely
by Regge-cut contributions which are roughly 180'
out of phase with the w pole (see Fig. 6). Then as
I tI increases the relative amount of v pole in-
creases markedly causing the phase to change and
become more like that of the ~ pole. The result
of this is that the phase of 0",'., changes from
=-160' in the forward direction to =-45 at
t' = -0.2 (GeV/c)'. At the same time the phase of
the amplitude 8'", '. , is smooth and roughly that of
the s pole (=-180 ). Because of the rapid change
of phase of H:",'., and the smooth behavior of
Ho '., the relative phase y changes rapidly for
small I tl and goes through +90' for I tI=0.01-0.03
(GeV/c)'. This causes Rep„ to change sign at
small tI (see Fig. 11)." It is interesting that
this I t behavior of Rep"„ is a direct result of the
peaking of p"„do/dt.

4. Behavior of prado/dt(s p- p'n) and n = 1

absorPtion

The question of the amount of n = 1 (helicity-flip)
absorption has provided much controversy over
the past years. For example, in the reaction ~ P
—n'+ the p couples predominantly to the n = 1 am-
plitude H, , and the data show a dip in the differ-
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FIG. 10. Contributions to small- ~t I behavior of

pf f do/dt (7I "p pon) at 6.0 GeV/c from model 1 (fancy
Pomeron absorption).

ential cross section at t =-0.6 (GeV/c)'. Propo-
nents of the weak-cut model believe that n = 1
absorption is small or zero and attribute the dip
to a wrong-signature nonsense zero (WSNZ) of
the p exchange amplitude. Proponents of the
strong-cut model (SCRAM) or the new "fancy
Pomeron absorption model" believe in large n = 1

absorption and produce dips via pole-cut inter-
ferences (no WSNZ). Both models predict dips
in the n = 1 dominated differential cross section for
~ P- m'&, and one has to resort to other more
complicated ways of discriminating between the
two models. "

Assuming no A, contribution (we will discuss the
validity of this assumption later) the observable
poodo/dt(n P —p'n) is the square of the n = 1 am-
plitude 8", ., and receives contributions from n

exchange and possibly an +=1 m cut. The m Hegge
trajectory does not have a %SNZ at t =-0.6
(GeV/c)', and hence the two models mentioned
above have different predictions for this observ-

FIG. 11. Behavior of Bep&& and phase angle y for
& P —pon at 6.0 GeV/c from model 1 (fancy Pomeron
absorption) and model 2 (square-cut absorption). The
dotted curve is model 2 before absorption effects
are included. The phase z is defined by p = arg(H()" =. +)
—arg(HP), where HP= H" , H"&. -

able. A model with sizable n = 1 absorption will
predict a dip in prado/dt(s p- p'n), whereas a
model with little or no n = 1 absorption will pre-
dict no dip. This is illustrated in Fig. 8, where
we fit prado/dt(v P —p'n') at 4.42 GeV/c with a
model consisting of a n pole plus varying amounts
of n =1 absorption. Pure m exchange produces a
smooth structureless large-t behavior of poodo/dt.
As the absorption increases a dip appears and
moves inward and the size of the rather flat large-

~
tI bump depends on the amount of absorption. The

larger the absorption the larger the bump after
the dip.

In Fig. 12 we compare models 1 and 2 with
p«do/dt(s P-pon) at 4.42, 6.0, 7.0, and 17.2
GeV/c. The data are somewhat inconclusive.
The 4.42-, 6.0-, and 7.0-GeV/c bubble-chamber
data show indications of a dip, whereas the high-
statistics spark-chamber data at 6.0 and 17.2
GeV/c show a change in slope but no dip. Both
models 1 and 2 have n = 1 absorption and thus pre-
dict dips. It is not possible (with no A, exchange)
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IO=

IO
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FIG. 12. Comparison of model 1 (fancy Pomeron ablsorption) and model 2 (square-cut absorption) with the data for
p~~~dcr/dt(~ p p n) at 4.42 (Ref. 30), 6.0 (solid dots, Hef. 33; crosses, Ref. 31), 7.0 (Bef. 34), and 17.2 GeV/c {Ref. 35).
The normalization of the 17.2-GeV/c data shown in this figure should not be trusted (see Ref. 36).

to fit the flat large-I tI behavior of p»do/dt with-
out also producing a dip. The dip for model 1 is
not very deep owing to the fact that the real and
imaginary parts of H",='., vanish at different values
of I tI (see Fig. 6).

Since in the absence of A, exchange peda/dt is
given by the square of an & =1 amplitude and since
angular momentum requires this amplitude to
vanish in the forward direction, poodo/dt is pre-
dicted to vanish in the forward direction. The data
clearly show a dipping of prado/dt in the forward
direction (Fig. 12), in agreement with this pre-

ction. "
5. Alternative exPlanation of the behavior of

"„pdo/d( tvP -p'n) (model 3): Tests for A,
exchange

There is much phenomenological evidence that
n =1 (flip) amplitudes can be described by pure
Regge poles whereas n =0 (nonf lip) amplitudes
must be greatly absorbed. ' This evidence comes
from pseudoscalar production where only natural-
parity exchanges are allowed (no s exchange}.
Suppose one wants to generalize and hypothesize
that also for vector-meson production only n =0
amplitudes should be absorbed and & = 1 and 2 am-
plitudes should be described by pure Begge poles.
Can one fit the vector-meson production with such
a scheme, and, in particular, how does one ex-
plain the dip or change in slope of p" d ~/dto

(v P-p'n)?
One can fit the data on m P -p'& including the

A =A~+A„'+Ao, (2.5)

and that the recoi1.-nucleon polarization is given by

P„=A„' —A„' —A„,

where

(2.6}

A„' —=Elm(H" 8",«}, (2. 'ta}

(2.7b)

change in slope of pldo/dt with only n =0 (non-
flip) absorption if one is willing to include A,
exchange. Model 3 consists of m, A„and A,
Hegge exchanges with only & =0 absorption. This
n =0 absorption is calculated using the same meth-
od and parameters as model 2 (square-cut ab-
sorption, curve 2, Fig. &). The quantity prado/
dt(v P- p'n) now receives contributions from the
amplitude H",=!, (w exchange} and the helicity-non-
flip amplitude H~.', (A. , plus A„cut). The change
in slope of prado/dt is due to the emergence of
the Ay cut arising from the large e =0 absorption.
This is shown in Fig. 13. It should be noted that
this mechanism produces a change in slope with-
out also producing a dip.

The question now arises as to how a model with

A, exchange (like model 2) can be distinguished
experimentally from models with no A, exchange
(like models 1 and 2}." It is an easy matter to
show that the polarized-target asymmetry A is
made of three terms
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4
IO

p —(~ p~p n)H der
00 dt

(to order 1/s}. Figure 14 shows the quantities
&z, &„', 4„, A. , and P„predicted for m P p n

from model 3. It canbe seen that 4„' and4„' are
not zero and 44P„. In fact, since 4„' is small,
model 3 has A = -P„. Models 1 and 2 have A. „' =0.
This is because we set ye=0, resulting in H"„f 0.
This is undoubtedly an approximation, and we do
not expect A~ to be zero experimentally. " In any
case experimental measurement of 4„' and 4„' for
p' production will answer the question as to the
amount of 4, exchange present.

6, behavior of p", (s P-p'n): A, pole versus
v cut

I

0.0
l

0.5

(Gev/c)

The large n =0 absorption necessary to predict
correctly the observed forward spike in p»do/dt
results in p, receiving a large contribution from
the ~ cut. Figure 15 shows p", before and after
absorption is applied. Before absorption p", is
given entirely by the A, pole, whereas with ab-
sorption present it receives an additional contri-
bution from the v cut (and A, cut). The quantity
p",da/dt is given by the sum of the squares of the
amplitudes H f and H"„f. These amplitudes pro-
ject out (to order 1/s) natural parity in the t chan-
nel (with no absorption they project out A, ex-
change). Figure 7 shows how in the presence of
absorption H f receives a large r-cut contribution.
The a=2 amplitude H", '. , has a small m cut, while
the n =0 amplitude H",'., has a large one. Thus,
when forming the sum the n cut does not cancel
out as does the n pole. Another way of saying

FIG. 13. Contributions to poHodo/dt (~ p -p n) at 6.o
GeV/c from model 3 (square-cut absorption; only n = 0

absorption; includes A& contribution). In this model the
change in slope of this observable is due to the A& cut.

0.5

025 MODEL 3 MODEL Ib MODEL lb

0.0
-0.25—

~ p p'n{6,0) ~ p (d'n(4. 5) K p K n(4.6) K p K t){4.6)

1

LMODEL 5

where

(2.7c) 0.25

0.0
-0.25—

H", (s, t) = H", ', (s, t)+H=."=,'.,(s, t),
H"„,(s, t) =H"„=.', (s, t)+H"=„' ,(s, t), .

H f(s, t}=H",='.,(s, t) —H"=,'.,(s, t),

H„', (s, t)=H"„=.', (s, t)-H"=„'.,(s, t).

(2.8a)

(2.8b)

(2.8c)

(2.8d)

To order 1/s A„'do/dt measures the interference
between amplitudes with natural parity in the t
channel and A„' (A„') measures the interference be-
tween amplitudes with unnatural-parity coupling
to vector-meson heliciiy +1 (0) states. For the
reaction n P -p'~ H ~ and H„., couple to order
1/s to A, exchange. Thus A„' and A„' measure
interferences between m and &, exchanges. " In
the absence of A, exchange A„'=A„'=0 and P, =A

0.25I-

00~-0.25—

0.25

00
-0.25

J L'
00 0.5 0,0 0.5 00 0.5 0.0 0.5 I.O

(GeV/(:)

FIG. 14. Predicted polarized target observables
AN, A„, A„[A =Az+A~+A„; see (2.5)] and the recoil-
nucleon polarization P„ tP„=A~ -A„-A„; see (2.6)]
from model 3 (includes A& contribution) and model lb (no

A& contribution).
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w p «p» n ( 4.42)

MODEL I

Yr p ~ ~o n (4.5)

t

MODEL Ib
IO-

7r p —p'n

0.5
6.0 GeV/c

I7.2 GeV/c

H oo-
~

MODEL 2 MODEL 2

0.5

O. o
0.0 0.5

~(GeV/c) ]
I 2]

0.5 I.O

FIG. 1&. The observable p+ (p+= pff+p$ $) for p' pro-
duction at 4.42 GeV/c and ~0 production at 4.5 GeV/c
for model 1 (fancy Pomeron absorption), model 1b
(fancy Pomeron absorption, no WSNZ for p trajectory),
model 2 (square-cut absorption; includes WSNZ for p
trajectory). The solid (dashed) curves are the values
after (before) absorption corrections are applied.

I

0
0 —'o d cr

P00 dt

-I
IO

I ~ I I

IO

H
P dt

this is that the n cut has a large natural-parity
component that contributes to 8 f and hence to
P+.

7. Energy dePendences: Possible trouble spot

Figure 4 shows that the two models give the
correct energy dependence for the total p' pro-
duction differential cross section. However, both
models predict shrinkage of the observable
p«dc/dt, and the 17.2-GeV/c data in Fig. 12 show
little or no shrinkage. We originally chose a pion
trajectory slope of e„'=1.0 GeV ', but the pre-
dicted shrinkage was in such disagreement with
the 17.2-GeV/c data that we reduced it to 0.5

GeV '. We feel that further reduction of the pion-
pole slope spoils the notion that the pion is a
Regge trajectory (it approaches a fixed pole).
This observed lack of shrinkage of pood«/dt is
seen more clearly in Fig. 16, where we compare
the recent data on p' production at 6.0 GeV/c
with the 17.2-GeV/c data. We normalized the
data shown in this figure by requiring pood«/dt
to agree at 6.0 and 17.2 GeV/c in the forward
direction. One can see that the 6,0- and 17.2-
GeV/c data for p«do/dt nearly lie on top of one
another. There is very little if any shrinkage.
This is quite disturbing since any model where
the v is considered a Regge pole (with a', &0} will
predict shrinkage similar to that seen in Fig. 12.

Also show'n in Fig. 16 is a large relative in-
crease of p",dc/dt(v P- p'n) in going from 6.0 to

IO
0.0 0.5

2-&
,

'(GeV/c)

I.O

FIG. 16. Comparison of the 6.0-(Ref. 33) and 17.2-
GeV/c (Ref. 35) 7I p yon data. The data are normalized
so that pp~~ do/dt is the same in the forward direction at
the two energies. The figure shows the lack of shrinkage
of po+0 da/dt and the relative increase of the natural-
parity projection p+do/dt (p+ ——p~~+ p~ ~).

17.2 GeV/c. One can determine from this figure
that for 0.3%I tl& 0.6 GeV/c &n,« =0.4-0.5, where
+jeff is the difference between the effective e for
p, do!dt and p«do/dt (remember a,« for p«do/dt
is almost flat and =0). This large relative in-
crease of p",der/dt is not predicted by model 1 or
model 2 [model 1 (2) has an a,« for p",do/dt of
=-0.5 (=-0.2) at t = -0.6 (GeV/c}']. Figure 17
shows the + ff for the n'-cut contributions to
p",d«/dt, which is seen to lie much lower than the

ff resulting from the A, pole. The models have
large absorption and therefore most of
p", («p- pon) is due to the «cut (see Fig. 15),
which results in an energy dependence of p,"dc/dt
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~ X
A

g FOR p —(71 p~p f))
H do

MODEL 2 l MODEL I

P
x g~A2

10

MODEL lb
--- MODEL lo—MODEL 2

-0.5
10

—1.0
0.0 0.5 0.0

2-t' L(GeV/c)

0.5 1.0

N
O

C9
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FIG. 17. Shows the effective 0.'s (n,fq) between 4.0
and 16.0 GeV/c of the various contributions to p~+dv/dt

(~ P pan) from model 1 (fancy Pomeron absorption)
and model 2 (square-cut absorption). For comparison
we also show the O,ff of the input ~ pole (7tz) and the
input A2 pole {A(2 ). The A2 contribution to p+do/dt lies
slightly lower than the input A2 pole because of nonasymp-
totic angular factors. The two models differ markedly
in the energy dependence of the 71' cut (tjf.-).

10—

7y p-~'n (4.5 GeV/c)

$ w n-~'p (6.95 GsV/c)

which is closer to that of the m cut rather than

the &, pole.
Figure 9 shows that model 1 is better able to

fit the energy dependence of the small-( fI be-
havior of p"„do/dt(v p- p'n). This is because
the small- I tI values of p"„dv/dt are given pri-
marily by the n' cut, and model 1 has a m cut which

decreases faster with energy than model 2 (see
Fig. 17).

8. Reactions x p~u n ands'n~~ p

Models la, 2b, and 2: Ei tting Procedure

%e adopt the philosophy that the absorption for
the reactions mN- co'N is the same as that required
for the reactions mN- p ¹ Vfe apply models to u
production that have the same amount of absorption
that we found necessary in fitting p' production.

%e found that for p' production it was necessary
to have the real parts of the p and A, Regge ex-
changes contribute with the same sign to the am-
plitude H"=, ', , (see Sec. IIA2). This fixed the

phase between the m and A, Regge exchanges. For
(d production we must decide whether the p and B
Regge exchanges contribute in phase or out of
phase to the amplitude H", ', The two possibili-
ties are illustrated in Fig. 19. Case 1 has the p
and B pole contributing destructively, which re-
sults in a relative &u'/p' production phase Pf"= 90'.
In case 1 the p and A, Regge poles have the rela-
tive phase predicted from EXD arguments for the

I

0.0
I

0.5
-t (GeV/c)

I

I.O

FIG. 18. Comparison of model la (fancy Pomeron
absorption; uses opposite of EXD p-A2 phase prediction),
model lb (fancy Pomeron absorption; uses EXD-pre-
di«ed p-A, phase), and model 2 (square-cut absorption;
uses EXD-predicted p-A2 phase) with the differential
cross section for ~ P -~ n at 4.5 GeV/c {Ref.37) and
71+n ( p at 6.95 GeV/c (Ref. 38). Models la and lb do
not use a WSNZ for the p trajectory, whereas model 2

does.

reaction K P -K*'n (see Table I). Case 2 has the

p and B poles contribution in phase to H", '.„
which results in P~"= —90'. Here the p and A,
have relative phase in K p-E~'n opposite to that

predicted by EXD arguments. Since model 1 aban-
dons the notion of EXD for the Regge poles, we

divide model 1 into two cases for the reactions
~N- co'N. Model la has case-2-type phases and

model 1b has case-1-type phases.
(a) Model la. This model is identical to model

1 of Sec. III A1 and has the relative p-B phase of
case 2 in Fig. 19 (opposite to the EXD predicted
phase). We fit the differential cross section and

vector -meson density-matrix elements at 4.5

GeV/c using p and B exchange with trajectories
ap(f) =0.5+1.0f and os(t) = a, (t) =0.5(t-m '). We

fit only the 4.5-GeV/c w p- uPn data. The observ-
ables for mN- (d N at other energies are predicted.
In Fig. 18 we compare the model with the differ-
ential cross sections for v p- ru'n at 4.5 GeV/c
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Kp~K n

7f p~p

0 O
w p~( p, ~)n

CASE I

'I( B
I

I

I

I

I

I

I

I

CASE 2

p Az

90'

II 8
I

II 8

I

I

I

I

I

A

and for ~'n-~'P at 6.95 GeV/c. In Fig. 20 we
compare the model with the vector-meson density-
matrix elements for m P - co'n at 4.5 and 5.5
GeV/c, and in Fig. 21 for m'n- ~ P at 6.0 and
6.95 GeV/c. The Regge-pole and cut contributions
to the s-channel helicity amplitudes for m P- ~ n

at 4.0 GeV/c at tp f 0 1 GeV/c are shown in
the Argand diagrams of Fig. 22.

g) Mode/ lb. This model is identical to model
1 of Sec. IIA1 and has the relative p-8 phase of
case 1 in Fig. 19 (EXD predicted phase). The tra-
jectory functions are the same as model la. Fig-
ure 18 shows a comparison of this model with the
differential cross sections for m P- e'en at 4.5

GeV/c and s'n- uPP at 6.75 GeV/c. In Fig. 20 the
model is compared with the vector-meson density-
matrix elements for m P- u'n at 4.5 and 5.5 GeV/c
and in Fig. 21 with the density-matrix elements
for w'n- ru'p at 6.0 and 6.95 GeV/c. The Regge-
pole and cut contributions to the s-channel helicity
amplitudes for m P - x'n at 4.0 GeV/c and with
t —t, = —0.1 GeV/c are shown in the Argand dia-
grams of Fig. 22. In Fig. 23 we show various con-
tributions to the m P- co'n differential cross sec-

B I

I

It

Ap I8Na -90
I

-90
I.O-

05—
I

4.5 GeV/c

——MODEL ib
— ---- MODEL la—.—MODEL 2

5.5 GeV/c

FIG. 19. Argand diagram of the Regge-pole phases at
t =0.0 (GeV/c) for the amplitude H"

&
.+ and the reactions

K p g*on, 7I p pon, and 7r p -~on. In eaae 1 the p
and A2 have the relative phase predicted by EXD argu-
ments, whereas in case 2 the p and A& have the opposite
phase. In both cases the ~-B relative phase is as pre-
dicted by EXD and the predicted 1m~~tural-parity relative
~ /p phase is P„= 90'. The relative ~0/po phase for
the natural parity p and A2 poles in P~= 90 for case 1
and pz= -90' for case 2.

O.o

TABLE I. SU(3} factors used to relate the six charge-
exchange vector-meson production reactions under
study. Entries in the table are dy", vrhere d is the
SU(3) factor and y+ =y& & .z (t) is the residue of the
Regge pole R.

0,5

0.0 I-

Reaction

K p-K+'n
K'n —K*'p

71 p-p'n
n'n —p'p

'II' p~(d n

'tI' n ~4l p

0

0

0 W2q' W2q~ 0

0 -VY y~ -VY y~ 0

~2~A(

0,0
0.0

,J ~' ,
', , ' I

0.5 I.O 0.0 0.5 I.O

—t {GeV/c)

FIG. 20. Comparison of the three models in Fig. 18
with the data on the vector-meson density-matrix
elements (p, = p&&+ p& &) for the reaction ~ p —~~n at
4,5 and 5.5 GeV/c (Ref. 37).
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FIG. 21. Comparison of the three models in Fig. 18
with the data on the vector-meson density-matrix ele-
ments (pf=

pP& + pf &), for the reaction w'n -~p at S.D
(Ref. 39) and 6.95 GeV/c {Ref.38}. The first two bins
of the 6.0-GeV/c data should not be trusted (see Ref. 40).

n=l
Q-;t

B

I

I

Bc
I

I

I

tion at 4.5 GeV/c resulting from model lb.
(c) Model 2. This model is identical to model 2

of Sec. II A 1 and has the relative p-B phase of case
1 in Fig. 19 (EXD predicted phase). We again fit
the 4.5-QeV/c m p - & n data using a p and 8 Regge
pole with trajectories n~(t) = n„,(t) = 0.5+ 1.0t and

ns(t) = n, (t) =0.5(t —m, '). This model includes a
WSNZ for the p trajectory. In Fig. 18 we compare
the model with the differential cross sections for
m P- uPn at 4.5 GeV/c and m'n &'P at 6.95 GeV/c.
In Fig. 20 the model is confronted with the vector-
meson density-matrix elements for m p - ~'n at
4.5 and 5.5 GeV/c and in Fig. 21 with those for
w'n uPP at 6.0-and 6.95 GeV/c.

2. Behavior of p", (wN- &u'N): p pole versus B cut

Just as p", (w N- p'N) receives a contribution
from the w cut (see Sec. II A6), so does p", (wN- &uoN) receive a contribution from the B cut. The
mechanism by which the ~' production amplitude
Hf receives B-cut contributions (see Fig. 22) is
identical to the mechanism (explained in Sec. II A6)

FIG. 22. Argand diagram of the various contributions
to the 8-channel helicity amplitudes at 4.0 GeV/c and

t 0
= 0 1 (GeV/c}2 for model la (fancy Pomeron

absorption; uses opposite of EXD p-A& relative phase
prediction) and model lb (fancy Fomeron absorption;
uses EXD p-A2 relative phase prediction). The labels I'
and C correspond to the total pole {p+ B) and total
cut (pc+ Bz) contributions, respectively. The resulting
total amplitude (pole+ cut) is labeled T.

by which the p' production amplitude Hf" receives
w-cut contributions (Fig. 7). It has been argued
that since p", (w P- +on) projects out the p-exchange
contribution, the lack of a dip at t= —0.6 (GeV/c)'
in this observable (Figs. 20 and 21) implies that
the p pole does not have aWSNZ. This is obvious-
ly fallacious since both model 1 (no WSNZ for p)
and model 2 (with WSNZ for p) are able to fit
p", (wN- &oN). The point is that even if the p-pole
contribution to p", vanishes at t= -0.6 (GeV/c)'
the B-cut contribution will fill in this dip. This is
shown in Fig. 15, where the contributions to p,
are shown before and after absorption (also see
Fig. 23).
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IO—

MODEL Ib
I
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I
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IO
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FIG. 23. Contributions to the differential cross section
for ~ P ~on at 4.5 GeV/c from model 1b (fancy Pomer-
on absorption; no WSNZ for p} and model 2 (square-cut
absorption; uses %SNZ for p).

3. Behavior of peeda/dt(wN- eeN): Where do
heticity zero co"-s come fromm"

The observable peedo/dt(nt!t- uPtt) is proportion-
al to the square of the m=1 amplitude H", .'„which
receives contributions from 8 exchange. This
amplitude vanishes in the forward direction by an-
gular momentum conservation, and thus one ex-
pects very few small- It I uP's to be produced in
vN &d't!t. F-igure 24 shows that the data on p,",do/
dt(vt!t- &hei!t) are consistently larger for small It I
than the model predictions, particularly for the
reaction ~'n- v p. Where do these extra helicity-
zero v 's come from?

It is obvious that p-~ mixing allows m exchange
to contribute to p+o/dt(wt!t- ~'tt) [see Fig. 25(a)].
Given the amplitudes for p' and ~' production from
our model fits, we predict the s-channel helicity

CU

8

IO-
+

'

I + om n —~'p tl A Cu P
6.0 GeV/c .

: 695 GeV/c

+
-I

I,O

f I

77 p 4) A

4,5 GeV/c

IO

0.0 0.5 IQ 0 0.5 I.O 0

-t (GeV/cI

FIG. 24. Comparison of model 1b (solid curves} and
model la (dashed curves) with the data on p&+Pc/dt for
& P a~n at 4.5 GeV/c {Hef. 37) and for ~+n —+op at6.0
(Ref. 39) and 6.95 GeV/c Puef. 38). The dotted curve
shows the effect on model 1a of including p-~ mixing with
5= 4.0 MeV.

amplitudes for production of the electromagneti-
cally mixed p and v mesons using

i"i (» t)

+H ~"~ . x"~ (s, t),

(2.9a)

(2.9b)

where c is a reasonably well-known quantity de-
termined from e'e —m'm experiments. ""

p —{mN-tzt N) 6.0 GeV/c
H do 0

Qo dt

2
IO

/
!!
!

!
!
I

+ 0mn tzt P

IO

I

0.0 0.5
zl-& L{GeV/c) J

I.O

FIG. 26. The predicted amount of isospin violation in
the observable p&+&da/dt (shan t N} at 6.0 GeV/c using
model 1b with p-~ mixing parameter 6 = 4.0 MeU.

FIG. 25. Illustration of two p-cu mixing effects: (a)
shows how p-~ mixing allows ~ exchange to contribute to
the reaction ~ p ~on; (b) shows how p-~ mixing affects
the &'7) mass spectra for the reaction ~ p -~ ~ n.
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Figure 24 shows the effect of p-(d mixing on
posodo/dt(wN- ~'N) using a value of the p-1d mixing
parameter 5 =4.0 MeV. %e see that the reaction
r'n- (d'p has substantially more helicity-zero
uP's than the unmixed reaction w'n- ~'P [a factor
of about 3-4 at P» = 6.0 GeV/c and t = -0.05
(GeV/c)'], whereas the reaction w p- u7n has less
helicity-zero (d 's than the unmixed case. It re-
mains for future experiments with higher statistics
to verify these predictions.

4. Isospin violations due to p-e mixing

In the absence of p-e mixing isospin conserva-
tion predicts the amplitudes and hence the observ-
ables for m p- ~'n to be identical to those for m'n- v'P at a given energy. It is well known that p-e
mixing will cause violations of this prediction. "
The effect is greatest in the observable p,",dc/
dt(wN- 1d'N), which owing to the p-1d mixing can
receive a contribution from w exchange [Fig.
25(a)]. In Fig. 26 we use the amplitudes from
model 1b with 5 = 4.0 Mev to predict the isospin
violations of the observable p,",do/dt(wN- rd'N) at
6.0 GeV/c. At t =-0.05 (GeV/c)' the two reactions
~ p- e'n and ~'n- +'p are seen to differ by about
a factor of 10. The effect depends on the size of
the electromagnetic mixing parameter 5, and a
value of 4.0 MeV is probably an upper limit (theo-
ry predicts 2.5 MeV)."" Thus the curves in Fig.
26 probably illustrate the upper limit of this ef-
fect.

5. Unmeasured observables

Figure 14 shows the predicted values for the as-
yet-unmeasured polarized-target asymmetry and
recoil-nucleon polarization observables r esulting
from model 1b for w p- codon at 4.5 GeV/c. Since
we have not included the EXD partner of the A,
(~=-I, C =-1, q=-1) the observables A„' and A'„

are zero (to order 1/s) and P„=A. The nonzero
values of P„(and A) are produced by the p and p-
cut which contribute to A„'.

C. m -n' mass spectra: p -~g interference

Given the model determinations of the s-channel
helicity amplitudes for p' production (Sec. IIA) and
&d' production (Sec. II 8) the w'w mass spectra for
wN- (w'w )N can now be predicted (including p-1d

mixing). The s-channel helicity amplitudes result-
ing from these models are used to calculate the
p' ju&' amplitude ratios

II'„,". ...(s, t) =H","...."(s, t)/H', ", ',"(s,t).
= l&x x;x (s t}lexp[tPx x;x (s t)]

(2.10)

from which the m'm production amplitudes can be
determined as follows":

P" ~(w, J3 exchange} =--,'w. (2.14)

This is illustrated in Fig. 19. Similarly, one has

"1,1l
t«1-', «.1&11,

("A2 exc4 "e) yA2
(2.15)

where 1w„(t) =o.„,(t) =n&(t) Assuming t.hat the resi-
dues y„, and y~ have the same sign (strong EXD
predicts y„=y~) and noting that n„(t))0 for t
&-0.5 (GeV/c)', one arrives at

P
'

~(p, A, exchange) =-,'w. (2.16)

%e illustrate this in Fig. 19, case 1.
Equation (2.14) predicts that observables that

project out unnatural-parity exchange (i.e.,
p«dc/dtdm) have a spike at m=m for w p- w'w n
and a dip for w'n- w'w P, while (2.16) predicts
that observables that project out natural-parity
exchange (i.e., p,"do/dtdm) have a dip at m=m
for m P- n'n n and a spike for m'n w'm P. Until
recently data were available only on d a/d t dm
and showed a spike at m=m for m p- m'm n and
a dip for n'n- m' m P in accordance with the above

=If g,"g,~g,"(s, t)T(p- w'w )

„[1+5R g,"g,, g, (s, t)/(m -m- —,'I I'„)]
m -m ——zI'1 ~

P 2 p

(2.11}
There is a modification of the m'm mass spectrum
due to the quantity in the square brackets in (2.11).
At the & mass this quantity becomes

1+2t(5/I' }lR',"...(s, t) l exp[ tP;,", ,(s, t)],
(2.12)

which causes a spike (dip) for P =--,'w (-,'w). Also,
since RK3:4:x2 and Rx3x4:x2 have opposite signs
a spike (dip) in w p- (w'w )n becomes a dip (spike)
in w'n- (w'w )p. In general the ratio II~",„,. 1„(s,t)
can be different for each helicity amplitude.

Following Goldhaber, Fox, and Quigg" the rela-
tive production phase P~,"„,. ~,(s, t) can be estimated
from SU(3) and EXD. Using SU(3} (Table I) one ar-
rives at

ff(~,'„,"1~~) (2)'"y, (t)(i+tan[-,'wo. s(t)]]
If(', ,'„,~'„~) -(2)'"y, (t){I —cot[-,'wa. (t)]}

tan[-,'w~„(t)], (2.13)
y, t

where it is assumed that a, (t}=ns(t) =o.„(t}. If
one further assumes that the residues y~ and y,
have the same sign (strong EXD predicts them to
be equal), then since o.„(t)& 0
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estimate since these reactions are predominantly
unnatural-parity exchange. Recently, excellent
data have become available with good enough
statistics to form the projections p",~ do/df dm.
Figure 27 shows the quantities prado/dfdm,
p", do/dtdm, p" do/dtdm, and do/dtdm for the
difference between m P-w'w n and m'n-w'w p for
p» =4.0 GeV/c at 0.08& I& 0.-2 (GeV/c)'. The
data show peaking at m=m for alE projections
both natural and unnatural. The peaking of
p", do/d tdm is in disagreement with the naive
pole predictions (2.15). There are two ways in
which this incorrect prediction can be changed.

(1). It may be true that EXD is broken so badly
at small

~
I

~
that (y~/y„, ) in (2.15) have opposite

signs, in which case (2.16) becomes P" (p, A,
exchange) = --, w. This is illustrated in Fig. 2,
case 2.

(2). The other obvious point is that the pre-
diction (2.16) was made neglecting absorption.
The quantity p", da/dt receives large contributions
from the m Regge cut in p' production and from
the 8 Regge cut in ~' production. As we shall see,
all Regge absorption models predict the cut to be

approximately 180' out of phase with the corre-
sponding pole (destructive cuts).

Thus

P' ~
(w cut, 8 cut) = --,' w, (2.17)

which we compare with the data at 4.0 GeV/c.
Figure 28 shows a comparison of the data with
models la, 1b, and 2, where we used 5=4.0MeV
in (2.9). It is seen that all models adequately
describe the p-e interference effects for do/d tdm
and

pra�do/d

t dm, but differ greatly in their ability
to describe the p-~ interference effects seen in
p", «r/dt dm. It is of interest to look in detail into
the behavior of the amplitudes that give rise to
the predictions shown in Fig. 27 for p", do/dtdm.

Neglecting, for simplicity, the amplitudes
H"„f and H~.', we have

S'„""'"'"(s, t, m)=a", (wN- p'N)r(p-w'w )-
X[I+ 5A„'"(s, I)/d (m)]/dp(m),

(2.19a)

S'," '"" '"(s, t, m) =a", (wN-poN)T(p-w'w )-
&&[I+6R„'"(s,t)/d (m)]/dp(m),

(2.19b)

So" ~' ' '"(s, f, m)=H", = ', (wN-p'N)T. (p-w'w )

x[1+6A',"(s, t)/d (m)]/d (m),

(2.19c)

and if ps do/d tdm(w p-w w' m) is predominantly
m cut, it will peak at the ~ mass even if the
natural-parity Regge poles obey (2.16).

In order to avoid normalization problems and to
concentrate on p-~ interference effects, we cal-
culate the quantity

dobP„d d (st, m}

dg H dVp„„(wp)-p„—„„(wn)

dg H dQ
P„d d (w P)+P„d d (w s)

(2.18)

-2 l

0.65
l l

0.75 0.80
M (GeV)

l I

0.85 0.90 It„"(s,I) =Ifsf(wN- ~'N}/ff", (wN- p'N)

& e}tN (2.20a)

where dz (m) =m~ m ,'fI'~-, an-d where the
amplitude ratios are given by

FIG. 27. The p-~ interference data from Ref. 29 on
the w+~ mass spectra for the reaction mN ~+m N at
4.0 GeV/c and with 0.08 ~ -t ~ 0.20 GeV/c. The observ-
ables pro do/'dtdm, p~Hdo/dtdm, and der/dtdm for the
difference between the reactions ~ p n+~ n and
~+n ~+~ p are plotted versus the ~+& mass, where
pH pHgpH

II,""(s, I ) =H", (wN- ~'N)/If ', (wN p'N)-
(2.20b)

N)/a =
(wN p'N)-

~II
wN

~

el 80++ (2.20c)
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(2.21a)

The amplitudes HNf'U are defined by (2.8). The
observables are then given by

p", d, d (s, t, m) =mr S„'"(s,t, m)r',

p" „,„(s,t, m)=Z(S;"(s, t, m))',

ffN

p"
d d (s, t, m}=H/S,'"(s, t, m}f'.

(2.2 lb)

(2.21c )

Xb p
x 0
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Each observable must be considered individually;
if the corresponding t} is = -90' (90'} there will
be a peak (dip) in that observable at the ~' mass.

One can understand the predictions shown in

Fig. 28 by studying the relative p'/&u' amplitude
phases (ti) resulting from these models. Figure
29 shows the relative phases p'N, pU ~, and

Po
~ for models 1a and 1b at 4.0 GeV//c for t-t,

= -0.1 (GeV/c}'. Both models have the same p'
production amplitudes, which are also shown in

Fig. 7. The e' production amplitudes are quite
different. Model 1a has the p and B poles con-
tributing in phase to the amplitude H", ,', (w p-&u'n)
(case 2, Fig. 19), which results in the negative
and approximately real amplitude shown in Fig. 22.
This results in the value of ISN of approximately
-67, shown in Fig. 29. By the use of (2.20a),
(2.19a), and (2.21a) this results in a peaking at the

mass of the observable p,"de/d tdm [w p
-(w'w )n]. Model lb, on the other hand, has the

p and 8 pole out of phase in H" =, 0., (w p- &u n)
(ease 1, Fig. 19), which results in the amplitude

Ht (w p- ~'n) being in the first quadrant (Fig. 22)
and P„= 135' (Fig. 29). This model then predicts
a dip at the (d mass for the observable
p+ de/dtdm[w P-(w'w )n] as seen in Fig. 28.

04 H
N

f

0.2—

0 0 —y-&--- &-

-0,2——MODEL lb
—-- MODEL lo

—0.4 ———MODE l 2

-0.6 l l l i
i

0.65 0.70 0.75 0$0 0.85 0.90 0.95
M {GeV)

H
f

FIG. 2S. Comparison of p-~ interference effects
(5 = 4.0 MeV) predicted from model la (fancy Pomeron
absorption; uses opposite EXD-predicted p-A2 relative
phase), model 1b (fancy Pomeron absorption; uses EXD-
predicted p-A2 relative phase), and model 2 (square-cut
model; uses EXD-predicted p-A2 relative phase) with
the data on poodcr/dtdm, p~ do/dtdm, and do/dt dm for
xW mmN at. 4.0 GeV/c and 0.08 ~ -t ~0.20 (GeV/c)2
(Ref. 29) and where we have formed the difference of
x p ~+~ n and x+n —7f'~"p divided by the sum.

n I

H 0-;4

FIG. 29. Argand diagram showing the relative p {solid
arrows) and ~ (dotted arrows) production phases at
4.0 GeV/c and t —to = -0.1 {GeV/c) for models 1a and
1b. The po {~ ) production amplitudes were taken from
Fig. 7 (Fig. 22).
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CONTRIBUTIONS TO H (4.0 GeV/c )

MODFL 2
2

t = —O. l (oeV/c}
2

g r

@c

2

(b) Bc. c

FIG. 30. (a) Argand diagram of the contributions to the
amplitude H~+(H~+= H~".=. ++ K",&=0+) for p (solid arrows)
and ~ (dashed arrows) production at 4.0 GeV/c and
t' =—t —to-—-0.1 (GeV/c) for model 2, where p&= p+ pz
and A2~= A2+A&~. The total amplitude (pole+ cut) for
p' (~ ) production is labeled E~ (E2). (b) Shows how the
A2 contribution (A.2) rotates the ~-cut contributions (~~)
counterclockwise to a total value for po production (T&)
and how the p contribution rotates the B-cut contribution
(Bz) clockwise to a total value for ~ production P'2).
The resulting ~ /p relative phase is Pz.

The reason for the predicted behavior of
p" do/d tdm seen in Fig. 28 can be traced through
in a similar manner. Models 1b and 2 predict
peaks in this observable for m p-w'n n, whereas
model la predicts a dip. All mode1s predict
peaks at the u mass for the observable
p"„do/dtdm( p (v'v )n-)

The predicted behavior of p", d o/dt dm from
models 1b and 2 is somewhat disturbing since
these models are more successful in fitting the
co' production data than is model la. They are
also more successful at predicting the behavior
17*0 and %80 production (discussed in Sec. IID}.
It is, therefore, important to understand precisely
how the predicted behavior of p+" do/dt dm arises
in order to ascertain how firm this prediction is.
Figure 30 shows the contributions to the p and
tu0 production amplitude Hf at 4.0 GeV/c and
t t, =-0.1 (GeV/-c}' resulting from model 2. We
notice that if there were no p or A, pole contribu-
tions (only v cut and 8 cut), then P=P, would be
approximately -90'. The m and B poles are
= -90' out of phase (Fig. 3) and, since the cuts

+(«-«) /( «+«) 4.0 GeV/c

Or4 H der
+ dtdM

I0.8c I tIc2.0 I GeV/c I

0.0 I-

t

1

I

/
/

rI'

MODEL 2

-0.. '

700 750

I

I

I

I

II
V j

800 850

M (MsV}

FEG. 31. The predicted p-~ interference behavior of
the observable p+ do/dtdm(xN —mxV) at 4.0 GeV/c and
0rS —It ) —2.0 (GeV/c)2, where we have formed the
difference between ~ p -~'~ n and r+n -w+x p and
divided by the sum. The dashed curve corresponds to
the contributions arising from ~ and B cut alone in Fig.
30 (no p and A2 pole P = Pd. The dot-dashed curve is
the contribution arising from the p and A2 poles alone in

Fig. 30 (no absorption; p =pz) and the solid curve is the
total contribution in Fig. 30 |pole+cut; P =P&).

are approximately 180' out of phase with the
respective poles, the cuts are also approximately
-90 out of phase. Figure 31 shows that the m-

and B-cut contributions to H„' do produce a spike
in the observable p", do/dtdm at the ru' mass.
The p and A, pole contributions for model 2

(and model lb) have the EXD predicted phase
(case 2, Fig. 19) and thus produce a P = P„=90'
resulting in a dip at the cu' mass for
p,"do/d tdm(v p-v'v n) (Fig. 31).'4 Figure 30(b)
shows how the A, contribution to p' production
rotates the m-cut contribution counterclockwise to
from the total amplitude T,. Similarly, this
figure shows how the p contribution to (do produc-
tion rotates the B-cut contribution clockwise to
total amplitude T, . The resulting p ~ is = 180'
and produces the behavior seen in Fig. 31 for the
observable n, p+ dc/dt dm defined by (2.18}.

It is clear that if the p and A, pole contributions
to p+ for +o and po respectively, are small
enough and the absorption very large, then the
total P for the amplitude H", will be close to that
for the v and B cuts (pI= p, ), and the observable
predicted p+ do/dtdm(v p-v'w n) would peak at
the co' mass. It is not an easy matter, however,
to reduce the amount of A, exchange in po produc-
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FIG. 32. Comparison of the data on the differential cross section forE p K n (Ref. 41) and for K+n —K*p ( e . )
at 4.6 GeV/c with the predictions of (a) model 1a, {b) model 1b, and (c) model 2 . The solid (dashed) curves are the pre-
dicted values for F* (X~0) production.
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FIG. 33. Comparison of the data on the vector-meson density-matrix elements for E p E*on Qef. 41) and g+n
ff ~$ Qef. 42) at ~G/ec with the predictions of (a)model la, (b) model lb, and (c) model 2 . The solid (dashed) curriesare the predicted values fort~c (X* ) production.
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tion for the following reasons:
(i) The A, cut helps in producing the desired

small-
~
t

~
spike in p» do/d f (v P p-'n) (see Sec.

IIA 2).
(ii) A substantial amount of A, exchange is

needed to fit the observed energy dependence of
p", dc/dt(v P- p's) (see Sec. IIA7). Even with no

A, contribution to p production the p contribution
to u production will change P to a value quite a
bit larger than -90 [see Fig. 30(b)], and p ex-
change is needed to fit the small-

~
f

~
behavior of

do/df(vN- &u'H) (see Fig. 23).
The situation is similar for model 1b except

that this model has less absorption than model 2
and a larger amount of p-pole contribution to v'
production (Fig. 23). This results in a Pr for the
amplitudes H~ which is even closer to the pole
prediction of = 90' (see Fig. 24 and Fig. 29}.

It is very important to learn the energy de-
pendences of the p-e interference effects shown
in Fig. 27 at 4.0 GeV/c. Model la predicts that
the spike at the co' mass seen in

p,"do/d tdm(v p-w' n n) at 4.0 GeV/c will remain
at all energies. If the spike changes to a dip at
high energy (8 10 GeV/c) as predicted by models
1b and 2, then the discrepancies seen in Fig. 28
between the predictions of these two models and

p, dc/d t dm can be attributed to lower-lying
effects (i.e., Regge-Regge cuts, daughters, etc.)."

D. Reactions E p~X~ n and E'n~E~ p

2. SU(3) Predictions

From Table I it can be seen that given the
strengths of the Regge exchanges for n 1-p'n

(v, A„and possibly A, ) and the Regge exchanges
for v P- v'n(p, B), one can predict using SU(3) the

strengths of the Regge exchanges for K P-K*'n
and K'n-K"P(v, B, p, A„and possibly A, ). If
one further assumes that the s-channel helicity
amplitudes for K* and K~0 production are ab-
sorbed in the same manner as corresponding am-

plitudes for p' and aP production, then the total
amplitudes for K~o and K~' production can be pre-
dicted from the Regge amplitudes determined in
Sec. II A and Sec. IIB. In Figs. 32(a), 32(b), and

32(c) we compare the data on the differential cross
sections for K P-K*'n and K'n-K*OP at 4.6 GeV/c
with the predictions of models la, 1b, and 2, re-
spectively. In Figs. 33(a), 33(b), and 33(c) the
vector-meson density-matrix elements for K~' and
K" production are compared with the predictions
of models 1a, 1b, and 2, respectively. We see that
models 1b and 2 are able to give a good description
of the K~' and K*0 data, whereas model 1a is not.

2. Line-reversal behavior

In the absence of absorption and with EXD tra-
jectories [n~(t)= a„(t), a,(f) as(=t)] the differ-
ential cross sections for K P-K~ n and its line-
reversal partner K'n-K*'P are predicted to be
equal. The data (Fig. 32} show that the two cross
sections agree roughly in the forward direction,
but away from the forward direction the cross sec-
tion for K~' production is steeper and lies below
the one for K~' production. " As can be seen, this
behavior is predicted from models 1b and 2. It is
of interest to examine in detail how this line-re-
versal breaking is produced in these models. "

The line-reversal breaking predicted in the dif-
ferential cross sections for K" and K~o from mod-
els 1b and 2 comes primarily from the amplitude
Hf [(2.8a)J . In Fig. 34 we present an Argand dia-
gram of the contributions to this amplitude for
K*' and K*' production at 4.6 GeV/c and t —t,
= —0.2 (GeV/c)' resulting from model lb. The
amplitude 0f for K~' and K*' receives contribu-
tions from the m cut by the same mechanism as in
p' production (see Sec. IIA6). This amplitude thus
receives contributions from the p, p cut, A» A,
cut, and the w cut (also small contributions from
the B cut). The p and p-cut contributions change
sign under line reversal, while the A„A, -cut,
and v-cut contributions do not (see Table I). Thus
symbolically we have

~Hf(K~')~' ~Hf(K*')~'o-2Re(pAf)+2Re(pA, *}+2Re(ps')+2Re(pcAf)+2Re(pcA, ')+2Re(pcvg). (2.22)

From Fig. 34 it can be seen that the main contri-
bution to (2.22) comes from the term Re(pvc*), but
there are also important contributions from
Re(pA, *). Figure 34 shows that, although the
pole contributions to K*0 and K*0 production are
about equal under line reversal (actually model lb
has the pole contribution to K~' slightly larger than
that for K*0 production), the cut corrections are
larger for K~' production, producing a smaller to-

tal amplitude for this reaction. "
It should also be pointed out that, although model

1b abandons EXD of the Regge poles, Fig. 34 shows
that the resulting total amplitude (pole+cut) Hf for
K*' is almost purely real (for small

~
f

~ ), whereas
the total amplitude for K~o production has a large
imaginary part. This is precisely what one would

expect from a model with EXD Regge poles and no

absorption.
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CONTRI8UTIONS TQ Hf (4.6 GeY/c)

MODEL I b

K p~K n

I =-0.2 t, GeY/c)
/ 2

FIG. 34. Argand diagram of the contributions to the
s-channel. helicity amplitude H& (H&+=8&" .2++H "& pQ for
E* andK* production at 4.6 GeV/c and t' —=t f p 0.2
(Oe&/c) from model 11. The labels P and C correspond
to the total pole (42+p) and total cut (~& +A& +pz) contri-
butions, respectively. The total amplitude ~le+ cut) is
labeled by T.

3.

Unmeasured

obseruables: A, exchange?

The polarized target asymmetry observables
A„', A„', A„', and A [(2.5) and (2.7)] and the recoil
nucleon polarization P„[(2. )6] can be used just as
in p' production to test for the presence of A, ex-
change in K*o and K~0 production. Figure 14 shows
the predicted values of these observables for K*
production at 4.6 GeV/c using model 1b (no A, ex-
change) and model 3 (A, exchange). It can be seen
that for model 1b A„' =A„=0 and P„=A, but for
model 2 A„' and A„' are not zero and P„4A.

III. SUMMARY AND CONCLUSIONS

%e have applied several Regge-pole absorption
models and SU(3) to the six charge-exchange vec-
tor -meson production reactions ( l.1)-(1.6). We
have placed particular emphasis on the behavior

of the production amplitudes resulting from these
models. %'e summarize the models, their suc-
cesses, and possible trouble spots as follows:

Mode/ 1. This model, introduced by Hartley and
Kane' in their work on pseudoscalar production,
uses a fancy Pomeron type of absorption and non-
EXD-type Regge signature factors (with no WSNZ
for the p trajectory). The model absorbs all pro-
duction amplitudes in a similar manner. Model 1b
uses the EXD predicted phase relationship for the
p and A„whereas model 1a has the opposite p-A,
relative phase. Model 1b does an excellent job of
describing the low-energy observables (differential
cross section and vector -meson density-matrix
elements) for p' and uP production and successfully
predicts the observables for K~' and K~' produc-
tion including the proper line-reversal breaking.
This model correctly predicts the energy depen-
dence of do/dt(w P p'n-), but has troubles with
the energy dependence of p«do/dt (predicts more
shrinkage than observed) and p", do/dt (predicts
too much of a decrease with energy). Model 1b
also has problems predicting the observed p-ru
interference effects at 4.0 GeV/c in the observ-
able p", dv/dtdm(wN- wwN}. Model la, on the
other hand, predicts the correct behavior of
p", do/dtdm(wN-wwN) at 4.0 GeV/c but has trouble
in fitting the behavior of Repyg for {Ap production
and does not give good predictions for K*' and K*'
production. %e feel that model 1b has the correct
p-A, pole phase relation and that its inability to
predict correctly the p-co interference effects in
p". do/dtdm(wN- wwN) at 4.0 GeV/c lies elsewhere
(lower-lying exchanges, Regge-Regge cuts, etc. ).
We feel that higher-energy experiments (a 6 GeV/c)
will exhibit p-u interference effects similar to
those predicted by model 1b [dip rather than peak
in mass spectra p", do/dtdm(w P-w'w m) at the
uP mass"].

Model Z. This model is a generalization of the
square-cut absorption model used by %orden in
his work on photoproduction. " In this model each
net helicity-flip amplitude is absorbed differently;
large square-cut absorption for n =0 amplitudes,
less absorption (still large) for n = 1 amplitudes,
and no absorption for n=2 amplitudes. This mod-
el uses EXD-type Regge signature factors (with a
WSNZ for the p trajectory). The predictions of
this model are very similar to those of model 1b.
It does mell in explaining the behavior of the low-
energy observables (differential cross sections
and vector-meson density-matrix elements) for
p and cu' production and successfully predicts the
behavior of K*' and K~' production. It has difficul-
ties with the energy dependences of p»d&x/dr and

p, doldt for p' production and does not correct-
ly predict the p-& interference effects seen at
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4.0 GeV/c in the ww mass spectra projection
p", do/dtdm(vN- vvN).

It is difficult to distinguish experimentally be-
tween models 1b and 2. One possible area of dis-
tinction is in the small-~ t

~ energy dependence of
p»do/dt for p' production. The small-~ f

~
be-

havior of p«do/dt is given primarily by the v cut,
and the two models predict quite different energy
dependences for the cuts (see Fig. 17). Model lb
appears to do a better job at fitting the experi-
mentally observed energy dependence (see Fig. 9).

Model 3. This model is identical to model 2 ex-
cept that it has only n = 0 absorption and includes a
large A, contribution. This model can be tested
experimentally by measuring the polarized target
a.symmetry observables [A„', A„', and A; see (2.5)]
and the recoil-nucleon polarization P„(2.6). Mod-
els without A, exchange predict A„'=A„'=0 and
A =P„, whereas models with A, exchange have
A„'e0 and/or A„' x0 and A xP„

Throughout this paper we have made many pre-
dictions using various Regge-pole absorption mod-
els, and we feel that the following are useful areas
of experimental investigation.

1. The statistics for e' production should be
greatly improved, allowing for the observation of
p-~ mixing effects. In particular it would be nice
to verify the predicted isospin viola. tion occurring
in p«do/dt(wN- &uN) (see Fig. 26).

2. The statistics for K~0 and K*' production
should be improved to allow for a better test of the
line-reversal breaking predicted in Fig. 32. Also,
it is of great interest to study the energy depen-
dence of the line-reversal breaking.

3. Another high-energy (& 17 GeV/c) p' produc-
tion experiment should be performed to check the
apparent la,ck of shrinkage of p~dg, !dt. This lack
of shrinkage is disastrous for models that consider

the m as a Regge pole.
4. As we have seen p-~ mixing effects provide

valuable information about the nature of the p' and
co' strong-interaction production amplitudes. Fur-
ther experimental studies of the observables
poodo/dtdm and p", do/dtdm for vN-vvN would be
very useful especially at higher energies (~ 6
GeV/c). It would be extremely interesting to know
the energy dependence of the p-~ interference
effects shown in Fig. 27. Does the peaking observ-
ed at 4.0 GeV/c in the quantity p", do/dtdm(v p
—~'~ n) become a dip at higher energies as pre-
dicted by models 1b and 2?"

5. The experiments with the most impact would
be measurements of the as yet unobserved polar-
ized target a.symmetries A'„, A'„, A„', and A [see
(2.5) and (2.6)] and the measurements of the re-
coil-nucleon polarization P„ for p', u', K~',
and K~' production. These types of experiments
would settle the question of how important is A,
exchange in p', K*', and K*' production (see Fig.
14).
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