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We present cross sections and density-matrix elements from a high-statistics study of
the reactions 7t. p p n, E' p K*0(890)n, and K'n K* (890)p, at 3, 4, and 6 GeV/c and
four-momentum transfer squared to the recoil nucleon —t ~ 0.9 GeV . The experiment was
carried out at the Argonne Zero Gradient Synchrotron using the effective-mass spectrom-
eter. In the same experiment, we have measured the p-cu interference cross sections by
comparison of the two reactions 7t- p 7l. 7t-+n and 7t+n 7t' 7t. p, to which the interference
terms contribute with opposite signs. We examine the systematics of p production: . In the
s channel we find little shrinkage with energy of the helicity-0 cross sections, which are
presumably dominated by 7t exchange; the helicity-1 cross sections exhibit considerable
shrinkage for unnatural-parity exchange, and antishrinkage for natural-parity exchange.
The K*o and K* production observables exhibit significant differences, especially in the
helicity-1 states. These differences are due to interference between even and odd-G-
parity exchange amplitudes and they are related by SU(3) symmetry to p-co interference
effects'and to the p and co production observables. It is shown that exchange-degeneracy-
breaking effects satisfy SU(3) symmetry and can be explained qualitatively in the frame-
work of SU(3)-symmetric, strongly absorbed Regge-pole models. The results of our am-
plitude analysis are compared with previous phenomenological analyses and model predic-
tions.

I. INTRODUCTION

This paper describes a high-statistics compre-
hensive study of vector-meson production observed
in the reactions
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Differential cross sections and decay angular dis-
tributions were measured for all four reactions at
incident momenta of 3, 4, and 6 GeV/c in a single
experiment with the Argonne effective-mass spec-
trometer (EMS). The combined data sample in-
cluded 500000 mw events from reactions (1.1) and

(1.2) and 45000 K' events from reactions (1.3) and
(1.4).

Since the same apparatus was used for all
four reactions, it was possible to minimize
the systematic uncertainties involved in the
comparison of the different processes. Charge
symmetry constrains the observables for reactions
(1.1) and (1.2) to be equal, except for p-~ interfer-
ence effects associated with the electromagnetic
decay ~- ~+m, which contribute with opposite
signs in the two reactions. Thus, comparison of
the experimentally measured observables for re-
actions (1.1) and (1.2) provides a direct calibration

of relative systematic errors both for these chan-
nels and for the topologically similar processes
(1.3) and (1.4). With this calibration we can make
an accurate comparison of the K*'(890) and
K*'(890) production channels and thereby study ex-
change-degeneracy (EXD)-violating mechanisms
with good sensitivity. In addition, comparison of
reactions (1.1) and (1.2) near the v mass allows
us to isolate the p-~ interference effects reliably.
Some results from our p-~ interference study have
been reported previously. '

High-statistics studies of dipiori production in
reaction (1.1) at 15 GeV/c (Ref. '

2) and 17 GeV/c
(Ref. 3) have led to a better understanding of the
~m interaction and of dipion production mecha-
nisms, in particular absorbed one-pion exchange.
The p-~ interference effects have also been ex-
tracted from the 17-GeV/c data by careful study of
the dipion mass spectrum. ' The data from the
present experiment, together with the 15- and 17-
GeV/c results, allow for the first time a detailed
study of the energy dependence of dlplon ploductlon
and p-~ interference effects.

Although high-statistics data on K~0 production
in reaction (1.3) have been reported at 13 GeV/c, '
the available data do not isolate the EXD-violating
differences between K*' and K*' production with
any great precision. This is because most of the
data on reactions (1.3) and (1.4) have come from
different bubble-chamber experiments' performed
at different energies and subject to different sys-
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tematic biases. Indeed there. .appear to be serious
normalization inconsistencies between some of
these experiments. '

Our basic physics objective in this paper is to
obtain a global picture of the I =1, S=0 exchange
mechanisms responsible for vector-meson produc-
tion. For completeness, such an analysis requires
additional data on the reactions

m P -
m m' n'n ((u —p),

m'n- m' v m'P (~+p),
P-K -K'n (-y) .

(1.5)

(1.6)

(1.7)

v p-p'n (m+4, exchange),

v P —~n (B+p exchange),

K 'P -K*'n (m+A, —B —p exchange),

K+n -K*'p (z+A, + B+p exchange)

(1 8)

(1 9)

(1.10)

are related by SU(3) symmetry. " Therefore, a
major goal of our analysis is to test SU(3) symme-
try for these reactions and in particular to investi-
gate the relationship between EXD violation in the
K*', K*' channels and the interference phases
measured in p' and u production. For example, i.f
the 6 =+1 trajectories satisfied exact exchange de-
generacy, then the cross sections for reactions

Fortunately adequate data are available on these
channels in the 3- to 6-GeV/c momentum range.
The Q- production observables in reaction (1.7)
were measured in other EMS experiments as re-
ported, previously. ' Consistent with the. Okubo-
Zweig-Iizuka rule, the Q-production amplitudes
are so small that timey can be safely neglected in
the present analysis. High-quality ~-production
data have been reported for reaction (1.5) at 6
GeV/c (Ref. 9) and for reaction (1.6) at 4 GeV/c. "
Thus, with the inclusion of the data from the pres-
ent experiment, a reasonably complete set of data
on all of the reactions (1.1) to (1.7) is available in
our energy region. Although precise data at high
energies is essentially confined to the dipion and
K*' production channels, these data provide strong
constraints on the energy dependence of the pro-
duction amplitudes. We will explore this 'energy
dependence in detail in the following analysis.

In principle the pion-induced reactions (1.1),
(1.2), (1.5), and (1.6) determine not only the mag-
nitude but also, via p-~ interference, the relative
phases of the p and ~ production amplitudes.
These amplitudes can be most economically des-
cribed using t-channel exchanges having definite G

parity, for example 7t-and A, or p and & exchanges.
These same exchanges occur in the production of
K*' and K*'. Moreover, their relative couplings in
all four processes

(1.10) and (1.11) would be equal, and the p' and &u

production amplitudes would be 90 out of phase
with one another. By investigating the deviations
from this simple situation, we can gain insight into
the mechanisms by which EXD is broken, including
evidence as to whether these mechanisms them-
selves satisfy SU(3). In order to carry out this in-
vestigation efficiently and to better explore the
features of the vector-meson production ampli-
tudes, we must rely heavily on model-dependent
amplitude analysis.

Thus the aims of this paper are (1) to present
new data on K*', K*', . and p' production from 3 to
6 GeV/c, (2) to present a final analysis of p-~ in-
terference effects in the same energy range, (3) to
explore the SU(3) relations between K*', K*', and

p and ~ production, in particular to compare EXD
breaking in K*'-K*' production wj.th p-cu interfer-
ence cross sections, and (4) to examine energy de-
pendence in p' and K*' production. These topics
are organized as follows: In Sec. II we summarize
the experimental techniques and analysis methods
used to obtain these data. The analysis of the mm

and Kn mass spectra, needed to separate vector-
meson production from nonresonant backgrounds,
is described in Sec. III, together with a brief sum-
mary of the phenomenology of pion-exchange pro-
cesses. In Sec. IV we examine the main features
of the process z P -p'n from 3 to 17 GeV/c, and
in Sec. 7 we present the results of our analysis of
p-&o interference effects between 3 and 6 GeV/c.
The features of ~, K*', and K*' production are ex-
plored in Sec. VI, where the relationships between
the vector-meson production reactions are exam-
ined in a phenomenological framework. Conclu-
sions and summary are given in Sec. VII.

II. EXPERIMENTAL METHOD

The Argonne effective-mass spectrometer (EMS)
has been described in previous publications. ""
For the sake of completeness we review here the-
aspects of data, taking and analysis relevant to this
experiment. The EMS was located in Beam 21 at
the Argonne zero gradient synchrotron (ZGS); Fig.
1 shows a plan view of the apparatus with a two-
prong event schematically superposed. Beam par-
ticles interacted in a 2-in. ,diameter, 20-in. -long
liquid-hydrogen- or deuterium-filled. target. , Sec-
ondary charged particles traversed the spectro-
meter magnet; their trajectories were recorded by
magnetostrictive-readout wire spark chambers
surrounding the magnet volume. Recoil-particle
trajectories were not measured, although some
information was provided by a system of veto
counters around the target and along the magnet
pole faces. Event information was recorded on
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FIG. 1. Plan view of the effective-mass spectro-
meter. The SCM-105 spectrometer magnet provided
11.4 kGm of bending. KO through K5 were sets of mag-
netostrictive-readout wire spark chambers; K3 had
only vertical wires, which were read out outside the
magnetic field, K1 and K2 had vertical and + 30' dia-
gonal wires, while other chamber sets had horizontal
and vertical wires.

magnetic tape, and included coordinates from the
40 wire-spark-chamber readouts, the beam-par-
tj.cle momentum measured by the momentum hodo-
scope, Cerenkov-counter incident-particle identi-
fication, arid tagging data from 60 scintillation
counters used in the trigger logic. Identification
of final states of interest depended on kinematic
constraints, and no direct identification of the pro-
duced particles was made. Data with m and K beam
particles were taken simultaneously; hydrogen and
deuterium targets were used for bo'th positive and
negative beams. We now discuss more detailed
aspects of the experiment and the analysis.

A. Beam

Particles in the unseparated beam were tagged
by four threshold Cerenkov counters which pro-
vided a clean separation of n's, K's, P's, and P's;.
the "TT" signature contained typically a 2 /o contam-
ination of e's and p 's, which was measured sepa-
rately. The momentum of each incident particle
was measured to +0.2% with a counter hodoscope
at the first focus, and beam track directions were
measured to +1 mrad with magnetostrictive-read™
out wire spark chambers. Typically 35 /o of the in-
cident beam was rejected as "halo" by a series of
begm-defining counters. Spark-chamber memory
time limited the maximum total beam intensity to
3&& 10' particles in a 750-msec ZGS spill. Com-
puter capability limited the data rate to 45 triggers
per spill. Events with random beam tracks pres-
ent during the spark-chamber sensitive time were
tagged by the scintillation counter logic and reject-

ed in subsequent analysis ( 5 to 20% of the trig-
gers). The beam flux was counted for each inci-
dent beam type, along with appropriate rate-de-
pendent accidental coincidences ( 2%); flux uncer-
tainties were +2% for each particle type.

B. Trigger logic and veto biases

The basic event trigger required the following:
(I) two or more counts in the 40-element scintil-

lator hodoscope located immediately downstream
of the spectrometer magnet;

(2) no signal from the 3"X3" beam veto counter
located just downstream of the hodoscope; this
eliminated triggers from noninteracting beam par-
ticles.

(3) a signal from the "hole" counter immediately
following the target, signifying a large-angle scat-
ter in the target, Or a twice-minimum-ionizing
signal from the "d&/dx" counter that covered the
2-in. square hole in the "hole" counter; this re-
duced unwanted triggers from beam particles in-
teracting downstream of the target.

A system of veto counters was used to improve
the trigger efficiency for the recoil-neutron reac-
tions. Eight scintillation counters lining the up-
stream half of the magnet interior were used to
veto forward (%45' production angle) charged
tracks which struck the magnet poles or yoke. In
addition, a box of scintillators interleaved with
lead converter and Lucite 5-ray absorber sur-
rounded the hydrogen target on four sides and ve-
toed wide-angle y rays and charged particles. Al-
together these "magnet" and "target" veto counters
reduced the trigger rates by factor of about 6;
they also introduced a bias in the good event rate
by vetoing recoil neutrons that happened to interact
in the veto counters (-8%) or by detecting 5 rays
( 7%).

For reactions with recoil protons, these veto
counters introduced significant biases for four-
momentum transfers to the recoil of -t&0.2 GeV',
less energetic recoil protons generally ranged out
before reaching any veto counters. For both re-
coil-proton and recoil-neutron reactions these bi-
ases were calibrated by taking substantial amounts
of data with no magnet or target veto requirement
iri the trigger, but with the counters tagged for
subsequent study. The target' veto counters were
used in hardware anticoincidence only for m inci-
dent; for K'-induced reactions the target veto
counters were employed only in the analysis to se-
lect a clean data sample. The effects of each com-
ponent of the veto system were studied with actual
events and the results were used to construct a
model that described the vetoing probability asso-
ciated with recoil protons, neutrons, and 6 rays.
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This model was used to make appropriate correc-
tions to the geometric efficiency for each sample
of data; the corrections averaged 15/0 for recoil-
neutron reactions and 10 to 15% for K'n-K'm P.
The vetoing corrections for m'n- m'm P at large
-t (-f)0.3 GeV') were as large as 50%, but the
corrected cross sections and density-matrix ele-
ments agreed with those from the charge-symme-
tric reaction (1.1) within 5 /o. For the K"-induced
reactions, the relative uncertainties at large -t
due to veto corrections mere conservatively taken
to be ~7 /0.

Deuterium. spectator protons ranged out before
reaching any veto counters. This was established
by the absence (&1%) of any signal from the reac-
tion ~'d m'm PP, in the vetoed event sample for
-t& 0.02 GeV' (small -f was chosen for this test
to avoid confusion with recoil-proton vetoes).

With all vetoes in the trigger, the lowest trigger
rate for n' incident corresponded to an effective
production cross section of 1.2 mb, of which about
7% were genuine m p -

m v'n. Since n' triggers
were abundant and since K' constituted only 1% of
the pncide'nt beam, we were able to electronically
enhance the K' flux by randomly suppressing 90%
of the incident m' triggers. This resulted in an ef-
fective ratio of K to m flux of =1:10 while still giv-
ing the maximum data-taking rate allowed by the
spark-chamber dead time and the computer sys-
tem.

C. Event reconstruction and resolution

c(8„)=0.4+ 1.5/P,

o(8,) = 0.1+1.5/P. ,

c (p)/p = 0.004+ 0.001P,

o(m„) =0.004 GeV,

(2.1a)

(2.1b)

(2.1c)

(2.1d)

Event reconstruction was straightforward. Of
the 40 spark-chamber planes, 38 were outside the
magnetic-field volume where particle trajectories
were straight lines. Because of high chamber ef-
ficiency and the redundancy of position information,
losses due to spark chamber inefficiency were
small; overall reconstruction losses mere esti-
mated by Monte Carlo and by beam-track measure-
ments to be 3/0 per track. Precise momentum
analysis was made possible by detailed measure, -
ments of the spectrometer magnetic field. " The
momentum calibration of both the spectrometer
and beam-line dipole magnets was kept constant to
+0.1% through the use of nuclear magnetic reson-
ance probes mounted on the magnet pole faces.

The relevant rms kinematic resolutions were es-
sentially the same for m'- and K'-induced reac-
tions and ean be summarized as folloms:

o[M (H,)]= [(0.002P )'+c'(P )'+o(P, )']'~', (2.1e)

o[M (D,)]=(o[M (H,)]'+ 0.0016) t (Gev') |]'/' .
(2.1f)

Here 8„(8,) are production angles in mrad mea-
sured in the spectrometer, in the horizontal (ver-
tical) plane, P, P„P are secondary charged-par-
ticle momenta in GeV/c, p~ is the incident beam
momentum in GeV/c, m„denotes the unfitted ef-
fective mass of a m'm pair at m„, =~&, M~ de-
notes the missing mass for ~ P- ~ m'X, where M&
=nucleon mass. Typically c'[M„(H,)]=0.020, 0.028,
and 0.040 GeV at 3, 4, and 6 GeV/c, respectively.
The resolution on Mx was slightly worse with the
deuterium target because of the unobserved spec-
tator momentum, but the effect was not serious for
momentum transfers accessible to this experiment
(-t & 1 GeV'). The vz and Kn effective-mass cali-
bration was checked by measuring the K& mass in
the reaction K P -K~(-v'v )n. Extrapolating to
larger-opening-angle pairs, we estimate the mass
calibration uncertainty to be +1.5 MeV in the
p'(770) and K*0(690) mass regions.

A one-constraint fit was applied to events having
missing mass close to the nucleon mass. This im-
proved the resolution on secondary momenta and
angles and in particular improved the effective-
mass resolution .somewhat. The fit also allowed
an accurate reconstructiori of the momentum and
direction of the recoil nucleon which was essential
for understanding, the veto counter biases dis-
cussed above.

D. Event identification and backgrounds

The final states mmN and KwÃ were selected on
the basis of the missing mass recoiling against the
m7I and Km systems. Figure 2 shows distributions
for the quantity Mx' -M„' (Mx ——missing mass, Mz
= nucleon mass) for K P and K+n reactions for each
beam momentum. As expected the Mx' resolutions
are similar for K and K' incident at small mo-
mentum transfers [Figs. 2(a)-2(f)]. For larger
momentum transfers (0.2& -t&0.5 GeV') the K &

missing-mass distribution is somewhat broader
than the K P because of the deuterium spectator
motion [Figs. 2(g) and 2(h)]. Nevertheless, even
at 6 GeV/c the missing-mass resolution (-+0.04
GeV) is good enough to separate nucleon-recoil
events from the inelastic recoil reactions such as
KN Km&.

This is not to say that the M&'-selected events
are free of background. Close to Km threshold
(mr, &0.74 GeV) there is a substantial tail of
events having Mx'&M~' which appears to violate
energy conservation. These events occur only in
K P -K m'X [Fig. 2(i)] and not in K'n-K'm X [Fig.
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FIG. 2. Typical missing-mass distributions, Mx
—M~2, for K p —K ~'X (left-hand figures) and K'n
-K ~ X (right-hand figures), where M~ is the appro-
priate nucleon mass. Parts (a) through (f) are for —t-
& 0.2 GeV' and 0.84, 0.94 Gev at 3 Gev/c
[parts (a) and (b)], 4 GeV/c tparts (c) and (d)], and
6 GeV/c tparts (e) and (f)], Parts (g) and {h) are for
0.2 &-t & 0.5 GeV2 and 0.84 &m~, ~0.94 GeV. Parts (i)
and (j)are for —t&0.2 GeV at 4 GeV/c, with f0~ &0.74
QeV (close to Km threshold).

2(j)]. Moreover, if we select events with &VI»'

& 0.64 GeV', there is no K*(890) signal in the K m'

mass spectrum; the low-M&' tail is produced with
roughly the same cross section in the K*(890) re-
gion [Fig. 2(c)] as near Km threshold [Fig. 2(i)].
The most likely explanation for these events is that
the positive track seen in the spectrometer was a
slow proton rather than a r', and that the events
come from the reaction K P-K P(X'), where X'
denotes a neutral meson system not seen by the
target and magnet veto counters. This reaction can
proceed by, among other mechanisms, the diffrac-
tive process K P-K N*, where a slow proton
from the ¹ breakup is observed in the spectrome-
ter. For K' incident the analogous background
would come from K'n -Pm (X'), which cannot pro-

ceed diffractively. Thus the diffractive contribu-
tion may account for 'the bulk of th'e K P -K P(X')
background, Rnd the lack of a diffractive contribu-
tion may account for the absence of background of
the type K'n —Pm (X").

Similar backgrounds with M&'&M&' are seen in
dipion production with m' incident, again because
slow protons that traverse the spectrometer are
misidentified Rs 't7 s. The 1 esult1ng contRminRtlon
in the selected events clearly depends on the decay
angles of the mm Rnd Km systems; contamination is
largest for asymmetric decays that result in a slow
positive m' or K' track in the spectrometer. To
correct for this contamination we have measured
the mm and Km angular distribution coefficients as
functions of not only momentum transfer Rnd effec-
tive mass, but also M&'. From the M&' depen-
dence (presence or absence of low-I»' tails), we
have estimated the be,ckground correction for each
density-inatrix element as a function of I„,(mz, )
Rnd ~.

Specifically, we have fitted the 3IX ' distributions
with three components: (1) a Gaussian signal to
describe the missing nucleon, (2) phase space to
describe final states of the type mmn. , Ken. , and (3) lin-
ear or quadratic functions of M~' to describe mis-
identified proton events. Near mm and Em thresh-
olds the latter contamination is substantial as
shown above. In the mass regions of interest (m,„
&0.65 GeV, m», &0.80 GeV) the corrections were
found to be small, however, and the missing-mass
cuts resulted in 2% contamination from arm and
Kv& final states, with -2 /o loss of mviV and KmN

events. The corrections for misidentified protons
were significant only for the (s-channel) helicity-0
cross sections, where they averaged 5% for m P,
1o /o for m d, 2% for 7j'd, 3% for K P, 6% for K d,
and 0/o for K'd.

Production of K 's 3nd A's constituted another-
kind of background which was trivially removed by
kinematic cuts. Events were rejected if the two
tracks measured in the spectrometer could have
come from a Ko~ (+12 MeV) or a A (+6 MeV) decay.
The same cuts were applied in the acceptance cal-
culation.

One remaining source of background is the re-
action m'N-K'K Ã, which postulates the region
M~'&I„'+ &; the separation & = 0.3 GeV' for 4-
GeV/c incident and e =0.15 GeV' for 6-GeV/c inci-
dent. For incident K, the analogous background
reaction K N-K "K (A, Z. . . ) lies well above our
M~' cuts and can be ignored. The K K Ã final
state is important only for symmetric decay con-
figurations. Figure 3 shows th.e &ax distributions
for the reaction m p m m'X, where we have pro-
jected out the helicity-1 density-matrix element
p»-p, , Close to mn threshold [Figs. 3(a) and



1202 A. 8. %lCKLUXO et al.

(o)

0.75—

4 GeV/c

0. 5& m &0.4
I8.0—

4 GeV/c

0 7& m &085
I+

0.50— I2.0—

c4 X

I

~b

0,25, —

0.375 —
( )

0.250—

m'w+ K K

6 GeV/c
'

((I)
]-- .3cm «4

5.0—

6 GeV/c
0.7 & m &0.85

O. I 25— 2.5—

~ I I
I+ I I

-0.24

KK

0 0,24 0.48 - 0.24

( e )
X n

l

0 0.24 0.48

PEG. 3. Missing- mass distributions, Mx —M„', for
the p&&-p& &

projected cross section for 7t p —7t. '7r X.
The incident momenta and 7|7r effective-mass ranges
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3(c)] there is clear evidence for a K'K N signal;
in the p' region [Figs. 3(b) and 3(d)] the K'K N
signal appears to be negligible. We have not added
an explicit K K N contamination to the M~' fits
described above. Instead we have lumped the
K K N contamination in with the misidentified pro-
ton contribution in the M~ fits, allowing a qua-'

dratic parametrization for the combined effect.
This procedure is certainly adequate for the re-
gion of interest in this paper, m, „&0.64 GeV,
where the possible K'K N contamination is known
to be small. "

E. Spectrometer-acceptance corrections

The central problem in the analysis is to correct
the data for spectrometer acceptance in order to
extract physical cross sections and density-matrix
elements. The following factors determine the ac-
ceptance:

(1) Geometric acceptance: The secondary par-
ticles were required to pass through geometric
apertures which were defined in software to be
slightly smaller than the physical apertures pres-
ent in the spectrometer. In addition, a momentum
cutoff, P &0.28 GeV/c, was imposed and track an-
gles with respect to the beam line were required
to be less-than 45', both upstream and downstream
of the spectrometer magnet. .

(2) The two tracks had to strike different hodo-
scope counters in order to satisfy the trigger. The

resulting overall inefficiency was around 3 /o, but
depended rather critically on the kinematic vari-
ables.

(3) Both tracks had to miss the beam veto, count-
er. This gave an overall inefficiency of about 3 /g,

which again depended critically on the two-particle
decay configuration.

The inefficiencies associated with items (1) to (3)
above are "geometrical" in the following sense.
With an unpolarized target the physical cross sec-
tions are independent of the production azimuth
(azimuthal orientation of the production plane about
the beam direction). Once we have specified the
kinematic variables for the @AN or KmN final state
(the effective mass m„or nz«, the four-momen-
tum transfer t to the recoil nucleon, and the decay
angles, 8 and Q, referred to the s- or t-channel
reference frames") and also the production vertex
coordinates, the efficiency is either 0 or 100/o de-
pending on the production azimuth. In other
words, the efficiency can be defined by specify-
ing a discrete set of production azimuths

4 2 4 2 4p 4 p such that each interval
&4 &+; defines an allowed region, where all events
can be accepted by the apparatus. In the data anal-
ysis, each event was required to be within the re-
gions of azimuth allowed for its m, t, 8, and P
values; the same regions were used to calculate
analytically the geometric acceptance for any
choice of kinematic variables.

Additional factors reduced the efficiency within
each geometrically allowed g interval. These

~ were:
(4) Attenuation of the incident beam and second-

ary particles due to interactions in the target ( 7 /g

in H„-15% in D, ) and in the spectrometer materi-
als (-5 lo).

"

(5) Decays in flight of the incident beam kaons
( 3 /~) and of secondary m's and K's. The latter
losses depended on beam momentum and vn (Kv)
decay angles; typical decay-in-flight corrections
averaged 3 /o for v' incident and 20/q for K' in-
cident at 4 GeV/c.
"(6) Vetoing of recoil nucleons by the target and

magnet veto counters, as discussed above in Sec.
IIB. These corrections depended strongly on the
production azimuth P because of the geometry of
the veto counters. In turn, because the geometri-
cally allowed ( regions depended on the vw and Kv
kinematics, the veto corrections were quite dif-
ferent for the different density-matrix elements.

The acceptance at each point in phase space was
defined analytically by integrating the corrections
(4) through (6) over the allowed t)I intervals; an ad-
ditional integration was required over the vertex
location in the 20-in. -long hydrogen target. A
maximum-likelihood technique" was then used to

/
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deduce acceptance-corrected angular distribution
coefficients from the data, after binning the data
in the variables m„(m~, ), t, and M&'. The fits
were done separately in both s- and t-channel
frames. The equations needed can be summarized
as follows. We express the physical angular dis-
tribution in a single mass and t bin by the expan-
sion in terms of spherical harmonics,

t,„Re[Yp(8, p)j (2.2)

The coefficients t, are to be determined. We de-
fine starting values t,

' that give a good approxima-
tion to the angular distributions (i.e. , by. previous
trial and error); these t,„define a first-guess an-
gular distribution:

o(m, f, 8, y) = — g t,.Re[Y", (8, y)] .1

l, ~
(2.3)

We sum over the N events in the bin to obtain the
arrays

I g Re[YP(8, , Q;)]
$4w, , o(m, , t;, 8;, Q;)

(2.4)

(2.5)

I

We integrate numerically over the efficiency
E(m, t, 8, Q) to form the following arrays:

e,„=-— E(m, t, 8, Q)Re[Y',"(8, Q)]dcos8dg

E(m, t, 8, p)Re[Yp(8, p)]Re[Yp. (8, &p)]dcos8dg
(om, t, 8, y)

(2.8)

Then we can solve for the desired angular coef-
ficients

0.40—
6' (oo} 4 Gev/c

0.40 i—
6 GeV/c

Z [V ']I (R& ~ -f&i ), (2 7)
I 'm'

0.20 0.20—

where f is the incident beam flux (expressed in
events/mb) and V is understood to be a two-dimen-
sional matrix with indices specified by the list
(l, m). The matrix V /f is now the error 'matrix
for the t, 's.

This procedure differs from the conventional
maximum-likelihood technique in that the, matrix
"V" has been determined by numerical integration
rather than by a summation over events (only the
array 8, is obtained from events). Monte Carlo
studies showed that this numerical evaluation of V
in fact leads to far more satisfactory results in
terms of convergence and reliability. Of course,
there are a variety of fitting procedures which are
equivalent to our maximum-likelihood technique in
the sense that they give unbiased estimates of
the parameters. For example, a least-squares. fit,
binning the data, in 8 and Q, leads to the same
equations as our technique in the limitof infinitely
small bins. As another example, the "method of
moments, " employed in Ref. 3, is equivalent to our
technique with the substitution of an isotropic dis-
tribution for o(m, t, 8, Q) (i.e. , t«=l; t, =0 other-
wise). If the physical distributions deviate from
isotropy, then this method in principle gives larger
statistical errors because the events are. not opti-
mally weighted; however, the incorrect choice of
0 does not bias the answers. Our procedure was
tested with Monte Carlo events and was shown to
converge in one or two iterations (i.e. , further

0 I I } I { I 0
I
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FIG. 4. Spectrometer efficiency e& [defined by Eq.
(2.5)] for g*(890) production as a function of momen-
tum transfer t, integrated over the decay angles g and

P in the s-channel helicity frame. The acceptance for
4 GeV/c is shown in the left-hand figures, and for
6 Geg/c in the right-hand figures. The efficiencies
e(o.o), c(o., ), and e(o. ) give the acceptance for the final-
state configurations described by the pure density-
matrix elements poo, p&&+ p& &, and p&&

—
p& &, res-

pectively. The solid curves show the efficiency for the
Ã p reaction and the dashed curves for the K'n reac-
tion, where target and magnet veto counter biases can
be important.
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FIG. 5. Spectrometer efficiencies for the reactions,
incident momenta, and I' values shown, as functions of
the decay angles 0 and g in s-channel helicity frame.
The efficiencies shown are for ~ = 0.770 GeV and mz„
= 0.890 GeV. The acceptance for Q= 0' is shown by the
dashed curves, for Q = 90 by the dotted curves, and for
Q =180 by the solid curves.

iterations with refined estimates of & did not
change the answers significantly). In our fits, 6
was always parametrized in such a way as to en-
sure positive cross sections for all & and P.

For illustration Fig. 4 shows some of the effi-
ciency integrals defined by Eq. (2..5) for K*(890)
production; these are for the linear combinations
of the spherical harmonics Y,', Y» and ReY,'which
give the density-matrix elements p»("&,"), p„
+p, ,("o,"), and p„-p, ,("& "). The efficiencies
are rather similar for the three density-matrix
elements, and there are only modest differences
between efficiencies for initial states K'n and K P.
The breaks in the K'n efficiency at -t=0.2 Ge&'
arise because of the use of the target veto count-
ers; these were employed in 'software veto for
small -t to simplify the event selection, whereas
for -t&0.2 GeV' only the magnet vetoes were used
for K'n events. For K P the target and magnet
veto requirements were imposed in software for
all t. Note that at larger -t the efficiencies im-
prove dramatically in going from 4 to 6 GeV/c.

Acceptance integrals as illustrated in Fig. 4 are
the relevant quantities for unfolding the physical
distributions. Figure 5 offers a more detailed look
at efficiencies for m~ and K~ final states plotted as
functions of the helicity-frame decay angles 00 and

The efficiencies vanish near cos8„=+I (mz and

Kw) and cos8„=-I {vm) because of the 280 MeV/c
lower momentum cutoff. Most of the wiggles seen
in Fig. 5 are caused by the beam veto counter and
the trigger hodoscope constraints. Despite their

complexity, the efficiency curves do not vanish
over large angular domains, and it is straightfor-
ward to unfold the angular distributions which are
encountered in vector-meson production.

F. Deuterium corrections

In addition to correcting for the experimental
differences between hydrogen and deuterium target
reactions, we must also take into account the re-
duction of the deuterium cross sections both by
Glauber screening and by the Pauli exclusion prin-
ciple at small -t." We found the screening effect
to be consistent with zero empirically, although
5% might have been expected; we have therefore
made no correction for screening. The exclusion
principle relates deuteron (d) to free-nucleon (IV)

cross sections by

dt dt 3
(d)= (X) I— (2.8)

We have parametrized the deuteron form factor
from electron scattering data" as

S( $) /43&+110&
( $(0 2 GeV2) (2.9)

The correction in Eq. (2.8), with the factor of —,', is
valid for nucleon spin-flip amplitudes. Fortunately
this is the only relevant correction for mm and Kn
production because (I) all unnatural-parity-ex-
change amplitudes are spin flip" due to parity con-
servation, and (2) the natural-parity-exchange
density matrix projection, p„+p, „ is pure spin
flip near /=0 because of angular momentum con-
servation.

The corrections that are in principle different
for hydrogen and deuterium data include (I)
screening and exclusion principle effects, (2) at-
tenuation in the target, (3) background subtrac-
tions, and (4) veto biases which depend on the
charge of the recoil nucleon. We have measured
the effects (l), (2), and (8) by comparing the neg-
ative-incident-beam reactions, K P -K ~+n with
K d-K m'nn, and ~ P-m n'n with m d-m m'nn, .
The corrected angular distributions were consis-
tent and the normalizations agreed to better than
+5% in the K" and p regions. We have combined
K P and K d events for the physics analysis but
have made no further use of the m d data. In ad-.

dition, comparison of the charge-symmetric re-
actions m P -v w'n and n'd- m'v PP, (away from
the p-&u interference region, 775 to 795 MeV)
checks all four deuterium corrections and serves
a,s a calibration'for the K P and K'd reactions
(which are not related by charge symmetry). Fig-
ure 6 shows the ratio of differential cross sections
in the p region plotted against t at 4 GeV/c. Inte-
grated over the p mass (excluding the p-&u inter-
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FIG. 6. The ratio of m'n and m "p differential cross
sections for 7r'x N production as a function of t after
correction for deuterium effects, at 4 GeV/c. The p-cu
interference region, 0.775&m«& 0.795 GeV, has been
excluded from this comparison.
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FIG. 7. Comparison of the six density-matrix ele-
ments in the s-channel helicity frame for m p ~'7t ri

(solid points) and 7t'g x ~'p (open points), after
correction for deuterium effects. The mass range

,
used was 0.70 ~ m~, ~ 0.85 GeV, excluding the p-cu in-
terference region.

ference region), the cross sections for reactions
(1.1) and (1.2) at 4 GeV/e agree to within +2% for
-t& 0.4 GeV'. In Fig. 7 the six density-matrix
elements for the S- and P-wave contributions are
compared for the initial states w P and n'd. From a
comparison of integrated projections, p;, dv/dt, we
find empirically that systematic differences be-
tween hydrogen- and deuterium-target observables
in reactions (1.1) and (1.2) are less than +6 /0 for
-t&0.4 Geg .

G. Systematic uncertainties

We expect the following systematic uncertainties
in the differences between K P and K'd reaction
cross sections in the K*(890) region: (1) relative
flux errors are +2 /o, (2) uncertainties in back-
ground corrections are +3 /0, (3) recoil veto biases
are +3 to +"t%%uo, depending on t, and (4) deuterium
corrections are +3%. From these we would expect
relative uncertainties of +6% for -t & 0.25 GeV' and

+9%%uo at larger -t. Since many of the systematic
uncertainties are independent of whether a Km or
~m system is produced, an alternate method of es-
timating the relative Kn errors would be to use the

agreement found for the mm results for the two
beam polarities. The level of confidence from this
method is about the same as given above. The
physics differences between K P and K'n reactions
turn out to be generally larger than these uncer-
tainties, as we shall show below.

The uncertainty in absolute normalization con-
tains additional contributions from spectrometer
aceeptanee (x2%), reconstruction program inef-
ficiency (a4 /o), and incident-beam-kaon decays
(+3%). Thus the total systematic uncertainty in
our tluoted cross sections is +6 /o for ~ p -p'n,
+8%%uo for K p -K*n, and +8% for K'n-K*p with

t& 0.25 GeV'-(+11%with -t & 0.25 GeV'). No cor-
rections have been made for radiative effects. "
Such systematic-effects will be, to first order,
common to the K P and K'd reactions.

III. MASS-SPECTRUM FITS

Our data consist of corrected angular distribu-
tion coefficients for reactions (1.1), (1.2), (1.3),
and (1.4) which have been determined as functions
of mm and Km mass in coarse t bins, and as func-
tions of t in coarse mass bins. Our mairi objective
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is to obtain pure P-wave vector-meson-production
observables as functions of t. However, the mass
dependence of the observables gives important in-
formation on (1) the nature of the S wave, D wave,
or other "backgrounds" that accompany the P
wave, (2) explicit mass dependence associated
with absorptive or off-shell effects, and (3) p-&u

interference parameters. In this section we ex-
amine the first tmo issues and give para. metriza-

tions for the mass spectra in terms of the elastic
mm and Km phase shifts; p-~ interference is dis-
cussed in Sec. V. The phase-shift parametrization
of this section will be used in conjunction with the
t-dependent fits of Sec. IV. to perform the separa-
tion of the S-, P -, and D -wave contributions.

We start by expressing the angular distribution
in the p and K* regions in terms of the usual den-
sity- matrix expansion:

(3.1)
m=o

p... — —= —p„, p„+ 3cos 8+ p, + 3sin 8cos Q+ p + 3sin 8sin Q
2 d o - 1 2 d g Pgg a PSS ~ 2 2 PSS ~ 2 ~ 2

—(Rep„)6 v 2 sin8 cos8 cosQ + (Rep,~)2 v 3 cos8 —(Rep,~)2 v 6 sin8 cosQ
2

+ P t, v'4m ReY, (8, Q)

P+ = Pl] + Pl-'l P (3.2a)

The decay angles 8 and P are given in either the
s- or t-channel helicity frames; m and t denote
the 7)m or Km effective mass and the four-momen-
tum transfer to the recoil nucleon, respectively.
The density-matrix elements (dme's) P„, P„P,
and Plo describe P -wave Production; Pos and Pls
measure S-P interference and p» gives the S-
wave intensity. The D waves are expected to be
very small in the mass regions of interest and so
we have truncated the expansion of Eq. (3.1) with

3 terms which measure P -D interf erene e. For
convenience we have defined the helicity-1 combin-
ations

describes the background as well as would a poly-
nomial and that it allows us to determine the t de-
pendence of p» from the measured quanta. ty p,s.

In the remainder of this section we attack the
problem of separating S, P, and D waves as fol-
lows: (1) We establish a general formalism to de-
scribe the observables, which we will then use
throughout this article. (2) We summarize the
essential predictions of absorption models for w-

exchange amplitudes. (3) From these models we
abstract assumptions which are sufficient to ac-
complish the desired partial-wave separation. (4)
We summarize the results of the fits to the data,
extracting at the same time some physics conclu-
sions on vector-meson production from the mass
dependence of the observables.

Pll - Pl-1 ' (3.2b)
A. Partial-wave-amplitude expansion

Asymptotically p, and p project out natural- and
unnatural-parity exchanges, respectively. We have
scaled the cross sections by the flux factor Pi..b to
better expose the energy dependence of the dyna-
mical amplitudes. "

Our principal objective is to extract the pure P-
wave dme's Ppp P„P and HePlo by subtracting
the S-wave background, pss, together with D-
wave interference contributions. The simplest
technique mould be to fit the 7trr and Kw mass spec-
tra to sums of P-wave Breit-Wigner forms and
background polynomials. This procedure suffers
from the inherent arbitrariness involved in defin-
ing background polynomials and also from the dif-
ficulty of determining subsequently the t depen-
dence of p» mith limited statistics. A more highly
constrained, but model-dependent approach is to
obtain independent information on the S wave from
the S-P interference terms pps and pls in order
to predict pss. We will show that this procedure +-', W5 Re(D*,S), (3.4a)

In order to parametrize the exchange-model de-
scription of vector-meson production, we first ex-
pand the observables in Eq. (3.1) in terms of pro-
duction amplitudes which correspond to states of
definite wm or Km orbital angular momentum L and
helicity M. We use linear combinations of the M
=+1 amplitudes L„:

L, = (L„+ L)/W2, (3.3)

where L, and L asymptotically project out nat-
ural- and unnatural-parity exchanges, respective-
ly. For simplicity, the notation S=-S, is used
throughout. Dropping small terms which contain
M=2 D wave or are quadratic in M&1 D-wave
amplitudes, we obtain the expansions

d'
p

2
p + p

'
- P 2 y i S 2
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d2
p pf +

ping

Pf + 3 S

—,v 5 Re(D*,S), (3.4b)

+ ( 5)'i'(D—*P + D+*P,)

(3.4d)

p», 'Rep„= Re(P*P, + (~~)' 'D*S]," d~dt v'2

(3.4c)
d g

L,(m, t) =L„(m, t)f, (m)/N. (3.6)

The "decay" amplitudes f~(m) are defined explic-
itly in Table I; they contain the mv (Kw) elastic
amplitudes (2L+ I)'~' sin5e and also isospin and

phase-space (m/v q ) factors. Possible off-shell
corrections to the mm (Km) scattering amplitudes,
which depend on both m and t, ' can be lumped in-
to the "production" amplitudes L„(m, t). Addition-
al m dependence in L„(m, t) can also arise from
absorptive corrections.

The factor N in Eg. (3.6) is introduced to simp-
lify the normalization of the production ampli-
tudes; we choose

g 1 — - 1 - ™~

N =ft I f~(m)l'dm Iwhere f, (vv) = I,

y (3)~~2D+P (3.4e)
f, (Zm) =-',], (3.7)'

d2
"' " d~dt q35

(3.4f)

thus fixing the vector-meson production cross sec-
tions to be

p»„' —(p, A*, A*) = IP, I'+IP, I'+IP I'. (3.8)
Eked

2" dmdt

(3 4g)

(3.4h)

ILul'= IL" I'+IL" I'

R (L„*L„)= Re(L",*, L"„,+L"„L", ) .

(3.5a)

(3.5b)

In practice, it should be a good first approxima-
tion to ignore nucleon helicities, since the m-ex-
change contributions to Lr p and L are expected to
be highly spin coherent. In the following discus-
sion we will exhibit the nucleon-helicity structure
only when necessary for clarity.

In principle the amplitudes L,„can be arbitrary
functions of m and t. In practice it is useful to
factorize each L„ into a product of a "production"
amplitude which depends mainly on t and a "decay"
amplitude which depends mainly on mass. It was
first pointed out by Schlein" that this factoriza-
bility property holds for conventional particle-ex-
change models even in the presence of absorption.
Thus we can write

For simplicity the sums over nucleon-flip and
nucleon-nonf lip amplitudes are not shown explicitly
in Eq. (3.4). Instead, the amplitudes L~ are used
to represent the full helicity amplitudes L~z,
where A. and A.

' refer to the recoil- and target-nu-
cleon helicities, respectively. The notation of Eq.
(3.4) thus implies incoherent sums over the flip
and nonf lip contributions:

With this normalization the production amplitudes,
P~, are corrected for the K~ decay branching ra-
tio, while the amplitudes P„give the cross sec-
tions for the observed final states K' m'. Equation
(3.8) is a good approximation because experiment-
ally P„(m, t) varies much ignore slowly with m than
does f~(m).

It will be useful for subsequent discussion to
clarify the relationships between s- and t-channel
production amplitudes. The crossing is accomp-
lished by two independent orthogonal transforma-
tions, one acting on the meson and the other on the
nucleon-helicity indices; these transformations
are different for the natural- and unnatural-parity
exchange amplitudes. Consider first the unnat-
ural-parity S- and P-wave production amplitudes.
At the meson vertex we obtain

S(s chan) =S(t chan) (3.9a)

siny = 2m(-t')'~'/(m' —t'),

cos y = (m'+ t')/(m' —t'),

(3.10a)

(3.1Ob)

where t' = t —t;„. For example, at —t= 0.1 GeV',
X=45'; at 0.5 GeV' this becomes 90'.

The crossing relations at the nucleon vertex
are"

/P, ) /cosX —siny) (P, 'i

(P f, ,„,„(siny cosy j (P
The crossing angle X, which is the angle between
the z axes in the s-channel and t-channel frames,
is approximately given by
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TABLE I. Parametrization of the m7t and K7t' elastic scattering amplitudes. Notation: m = ~~
or K~ effective mass, mz ——resonance m'ass, q=center-of-mass momentum of the ~ in the
x~(Km) rest frame, qz ——value of q at m= mz, I'(m) = I'z(q/qz)3[1+ (qzRI, ) ]/[1+ (qRp) ]. The
quantities mz, I'g, Rs, R~, and as are parameters in the fits; the D-wave phase shit 6D
and the I= ~ and I=2 phase-shift parameters are fixed (see Ref. 40).

(a) The elastic L-wave decay amplitudes fL, (m)

fz(m)= (
—', sin6~zeN~+ —,

' sin6z e' ~ )mls
i6fr, (x~) = &3(sin6~ e' & )m/vq

fD(7rvr) = v5 (3 sin6De D)m/vq

f (K7)) ( sin/ I/2e$6s + sin/ 3/2ei6s )m/~q
2 . i/2 1 . . 3/2

f,(K.) = ~3(-,'si», e )m/~q

f~(K~) = 0

(b) The phase shifts &I. (L= orbital angular momentum, I=isospin)

6s and. (5s =tan [q/(1/as+Rsq /2)]

and 5s =tan ~(qas )

and 6&~ ——tan ~[mzI (m)/(m& —m ]

6z)= sin [0.0629m /(1.6 —m )], e.g. , 6&-—6' at m = 1 GeV

as ——-0.85 GeV, as ——-0.60 GeV

(Lo+'+ ) t'cos8 -sin8) t'Lo', ')

),L", ],„.„,„(,sin cos8) ) L",

where
(3.11)

when t,„;„/t is not small, as will be shown in Sec.
IV.

The natural-parity-exchange amplitude P, is in-
variant at the meson vertex:

and

cos8= (t,„/t)'i'

sin8= (t'/t)'~'.

(3.12a)

(3.12b)

Note that at high energies t;„/t is small, and
sin6) = 1; thus, the crossing at the nucleon vertex
is essentially antidiagonal for unnatural-parity-
exchange amplitudes. CP invariance requires that !
the unnatural-parity Regge poles couple to definite
t-channel NN helicity states. For example m and
B (CP= -1) exchanges must be nucleon-helicity
nonf lip in the t channel, while A, -type exchanges
(CP =+1) must be helicity flip. Because of the
antidiagonal nature of the crossing relations, m and
B exchanges are mainly helicity flip in the s chan-
nel, while A. , exchange is nonf lip. This fact has
important consequences for absorption models
since absorptive corrections are expected to de-
pend strongly on s-channel helicity, structure.
The transformation given by Eq. (3.11) also affects
the interpretation of P,P interference terms

P, (s chan) =P, (t chan) . (3.13)
4

Thus the spin-averaged observable ~P, ~' is the
same in both s and t channels. Since there are no
interference terms between P, and P, , there is
no need to specify in detail the crossing relations
for P, at the nucleon vertex. It is sufficient to
note that the transformations are essentially dia-
gonal in the nucleon-helicity indices at small -t.

I

B. Lessons from absorption models

In order to obtain useful constraints on the sep-
aration of S, P, and D waves, it is convenient to
review the basic features of the production ampli-
tudes, L„(m; t), in the framework of absorbed m-

exchange descriptions. In Born approximation, m

exchange couples only to the t-channel amplitude
L', +." The crossing relations given by Eqs. (3.9)
to (3.13) imply the following structure for the s-
channel Born amplitudes at high energies, in the
limit t;„=0:
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S, (m, t) = F~ (m, t) (3.14a)

P', (m, , t) = Fp(m, t), cosX(m, t), (3.14b)
(

P', (m, t) = E(t), cos X(t = p'),

E(—t) p'+ tP; m, t=
m I( —t

(3.17b)

(3.17c)

P, (m, t) =F~(m, t), sinX(m, t), (3.14c)
p

P', (m, t)=O,

L"„(m,t) =O,

(3.14(i)

(3.14e)

n=fm-X Z'+[

for amplitudes L zz . From the definition, Eq.
(3.3), P,', are superpositions of n=0 and n= 2

double-flip amplitudes:

(3.15)

P, (m, t) = [P,,"(ri=o) — P'( n2)]/W2,

(3.16a)

P'„(m, t) = [P,"(n = 0) +P '
(n = 2)j/v 2 . (3.16b)

The Born amplitude P+ vanishes because the n
= 0 and n = 2 m-exchange contributions cancel in
E(I. (3.16b). However, in the Williams model
(WM) these contributions have different t depen-
dences, and do not cancel. At high energies the
WM s-channel amplitudes take the form

S, (m, t)=E(t) (3.17a.)

where t(=the pion mass and the FI(m, t) include
form factors and off-shell corrections to the mm or
Km scattering amplitudes. Note that all of the
Born terms vanish at t=0. This is a general con-
sequence of factorizability of residues in both ele-
mentary and Reggeized m exchange. " The dipion
production data at 15 GeV/c' and 17 GeV/c' are in-
compatible with the above structure in three re-
spects: (1) P, does not vanish; (2) P does not
appear to vanish as t-0; and (3) the ratio ~s(/~P, (,
as derived from the ratio Rep~/poo, appears to be
nearly constant in t, whereas in Born approxima-
tion this ratio should increase with t due to the
rapidly varying cosy factor in Eq. (3.14b).

The simplest absorption recipe that remedies
these defects and gives a reasonable description
of the high-energy data at small -t is the Williams

' model. "' In this model three physical-mech'an-
isms completely determine the t dependence,
namely the pion propagator, angular momentum
conservation, and absorption. Absorption is in-
corporated with two corrections to the Born a.m-
plitudes: (1) A common exponential collimating
factor is applied to all amplitudes L~; (2) all
functions of t are evaluated at t = p, except for
the propagator and those factors (-t)" that are re-
quired by angular momentum conservation. Here
n is the net s-channel helicity flip given by

P,' (m, t)=
—F t)

L„(m, t) =0,

(3.17(i)

(3.17e)

where F(t) includes the exponential collimation
due to absorption and where we have used Eq.
(3.10a) to approximate sinX =2& —t /m.

In order to better„expose the effects of absorp-
tion, we can decompose the WM amplitudes into
contributions from the Born terms and. absorptive
cuts. The most dramatic effects occur in the am-
plitudes I",. at small —t, which have the form

P, (m, t)=, —C(m, t),
—2tF(t)

rn p. ' —t

P; (m, t) = —C(m, t),

(3.18a)

(3.18b)

where C(m, t) = E(t)lm The Bo.rn term contributes
only to P, , while the cut C(m, t) in the n = 0 am-
plitude contributes equally to I' ' and P,„, and
does not have to vanish at t= 0.

Thus the effects of absorption in the WM are (1)
the presence of a large nonfactorizing cut, C(m, t),
in the n = 0 amplitude, and (2) additional exponen-
tial collimation of equal strength in the n= 0, 1,
and. 2 amplitudes The .cut C(m, t) induces a zero
i.n P, (m, t) at t= —p, ', as shown in E(l. (3.17c). It
is a general feature of absorption models that the
z= 0 amplitudes are more strongly absorbed than
the n=1, 2 amplitudes. This is because the n=0
terms are more. central in impact-parameter,
space; the helicity amplitudes behave like b" for
small impact distances b.

For subsequent applications, it is convenient to
note that the WM amplitudes take on a particularly
simple form in the t-channel frame:

S„(m, t) =F(t)& tl(p, '-t), -
P', .(m, t}=F(t}4 t/(t(' t),

P ..(m, t) = —C(m, t),

C(m, t),

where

C(m, t) = E(t)lm.

(3.19a)

(3.19b)

(3.19c)

(3.19d)

(3.19e)

Although the WM appears to describe the high-
energy dipion data fairly well, a number of modi-
fications suggested by more sophisticated absorp-
tion models may be necessary. First, there is no
provision for zeros at larger —t in the n = 1,2
amplitudes; these could be introduced by means of a
more complicated F(t) factor. In general, as dis-
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cussed by Kimel and Reya, "the small —t collima-
tion can vary With n, requiring different factors
E„(t) in Eq. (3.17). Second, there is evidence that
the cut contribution, C(m, t) in Eq. (3.18), falls
off faster than 1/I with increasing dipion mass. "
Third, nontrivial phases should be present both in
the Born terms due to the Regge signature factor
and in the absorptive cuts as emphasized by Kane
and Seidl. " The analysis of p' production by Esta-
brooks and Martin" indicates a high degree of
phase coherence, but phase differences of - 15' be-
tween P, and P are not ruled out. '~ Finally, other
exchanges besides the m are likely to play some
role, especially those exchanges that can inter-
fere with the m -exchange WM amplitudes in p and
K* production; these include p and A, in P', and
B in P", . The neglect of A, -type exchanges in
.I„is only a simplifying assumption based on the
fact that these contributions cannot interfere with
the WM amplitudes, Recent polarization measure-
ments on reaction (1.1) at 17 GeV/c (Ref. 36) sug-
gest that IP", , I' accounts for at least-3/o of the
p' production cross section.

We have discussed the WM in some detail be-
cause many authors, including Estabrooks and
Martin, "Froggatt and Morgan, "Kimel and Reya, "
and Irving and Michael" have used modified ver-
sions of the WM description for phenomenological
amplitude analyses. We will use the WM param-
etrization throughout this article in the same
spirit, not as a theory to be tested, but as a first-
order phenomenological description and as a
basis for discussion. The refinements listed above
can be incorporated as the data require.

C. Model-dependent separation of the partial-wave amplitudes

One method of obtaining pure P-wave production
observables is to first solve Eqs. (3.4) directly for
the amplitudes I-~ as functions of I and t. The
vector-meson cross sections and dme's can then
be reconstructed and averaged over mass using
the amplitudes P~. In addition, the phase-shift
parameters can be extracted from the L„by using
the factorization assumption, Eq. (3.6), in con-
junction with a model that specifies the production
amplitudes I.~. This is in essence the procedure
pioneered by Estabrooks and Martin. " In order
to solve Eqs. (3.4) it is first necessary to reduce
the number of independent amplitudes. Estabrooks
and Martin accomplished this for reaction (1.1) by
specifying the nucleon-helicity structure of the
L», , to be dominantly s-channel helicity flipas sug-
gested by absorbed m exchange; A, -type exchange
contributions were assumed to be small and hence
ignorable in the observables of Eq. (3.4), where
they appear quadratically.

One difficulty with the Estabrooks-Martin tech-
nique is that the cfata must be binned very finely
in both m and t since the amplitudes L~(m, t), un-
like I~(m, t) or f~(m) in Eq. (3.6), depend strongly
on both kinematic variables; this requires very
high statistics. A second problem, which is not
unique to their approach, is the existence of dis-
crete ambiguities in the solutions for.S and P.
These can be resolved with further physical re-
quirements, namely that S(m, f) be continuous and
that, for reaction (1.1), the resulting vm S-wave
phase shifts correspond to the broad & solution
favored by Protopopescu et al."from their analy-
sis of the S*(980) effect.

For our purposes, we can regard the Estabrooks-
Martin analysis as having established the fact that
a fairly simple amplitude structure is consistent
with the main features of the 17-GeV/c dipion pro-
duction data. In particular, the amplitudes I-~ are
compatible with the factorization assumption, Eq.
(3.6); the f~(m) are consistent with broad S-wave
and resonant P-wave 7tm phase shifts, provided
that the production amplitudes L„(m, t) vary only
slowly with m and exhibit the structures, anticipated
by absorbed m -exchange models.

Accordingly, we adopt an iterative procedure
which examines the m and t dependence separately.
From the beginning we impose the constraint that
the mm and Km phase shifts should be continuous and
allow no narrow S-wave resonances under the p
or &*; this is implicit in our parametrization of
f~(m) (see Table I). We first determine the pa-
rameters that describe f~(m) using some simpli-
fying assumptions about the structure of the pro-
duction amplitudes L~(m, f). Subsequently in Sec.
IV, we fix f~(m) using the parametrization of this
section, and extract the t dependence of L„(m, t)
from the data.

The simplifying assumptions which we apply to
the production amplitudes are based largely on the
apparent success of the WM in describing small
—t data and on the conclusions from the Esta-
brooks-Martin analysis. They are as follows:

(1) S and P, are spin coherent and have the same
production phase, resulting in the constraint

Re(PS) = ( I
P

I

'
I
S

I
') (3.20)

(2) S and P, have no explicit mass dependence,
so that the helicity-0 amplitudes take the simple
form

(3.21a)

(3.21b)

Thus the mass dependence of the helicity-0 obser-
vables determines the S- and P-wave phase shifts.

(3) P, are allowed some explicit mass depen. —



COMPARATIVE STUDY OF p, u, Ee (890), AND. . .

(3.23b)

Thus all of 'the D wave terms -in Eq. (3.4) can be
replaced by corresponding expressions involving
only S and P amplitudes modified by the correction
factor fp(m)/f~(m). The mm D wave phase s-hift

dence, which we parametrize by

~
P,

~

' l1+ a,(m —m)/m], (3.22)

where nz„denotes the p or K* mass. The Wil-
. liams model predicts a, =2, but as noted above
the 17-GeV/c dipion data seem to require a strong-
er mass dependence.

(4) Assumptions (1) and (2) cannot be simultan-
eously valid in both s- and t-channel frames, un-
less P is also phase coherent with Po, since P
andP, mix under t:rossing. Empirically we obtain
essentially the same S- and P-wave phase shifts
whether we fit the mass spectra in the s or t chan-
nels, indicating that P„-P, phase differences must
be fairly small. Our parametrization allows P
to have a (small) t-dependent phase relative to
P,; the most sensitive way of detecting this phase
is by comparison of the mass dependence of the
S -P interference terms po and py as discussed
below'. For the mass-spectrum fits, our param-
etrization does not require spin coherence between
P and P, or P„and S.

(5) Finally, we dispose of the small D-wave con-
tributions to the production observables by invok-
ing the Williams-model prescription"

D,(m, t)=P,(m, t)[f (m)/f (m)], (3.23a.)

D,(m, t) =v 3P,(m, t)[f,(m)/f, (m)].

given in Table I corresponds to the tail of the
f(1270), normalized to 6 at m„=1 GeV. This
phase is consistent with our poorly determined
t, moments, and somewhat smaller than the low-
mass D wave from the 17-GeV/'e phase-shift an-
alysis. " The vector-meson production observa-
bles are empirically insensitive to these small
&-wave contributions, although the S-wave phase
shift does depend slightly on the choice of D wave.
Consistent with the absence of significant t3 mo-
ments in the Em data, we have ignored Km D-wave
corrections altogether.

D. Results of the mass-spectrum fits

Using the assumptions discussed above, we ar-
rive at the parametrization for the mass depen-
dence of the observables given in Table II. For
each t interval the mass spectra for the six dme's
depend on eight intensity parameters defined in
Table II: o„o„o,Reo„(pure P wave), o„(pure
S wave), o'„, Reo„, and Imo;, (S Pinter-ference).
The parameters o„o„,and o„are related by Eq.
(3.20), o„=(o'po„)'~'. The explicit mass depen-
dence of P,(m, t) is expressed by the parameters
a„a, and a„. For simplicity, Table II does not
show the small D-wave corrections which were
actually used in fitting the mass spectra. The D
wave and also the I = 2 and I = 2 phase shifts were
fixed in the fits,"while the five S- and P-wave pa-
rameters as, Rs, mz, I"z, and A~ (see Table I)
were fitted in broad t intervals, at each energy,
in both s and t channels.

TAgI, E II. parametrization used to fit the 7]7[ and Ez mass dependence of the six indepen-
dent S-wave, and P-wave observables. The eight intensity parameters ; and the three produc-
tion-amplitude mass-dependence coefficients a; are parameters in the fits. The L -wave decay
amplitudes fz(m) are defined in Table I. The small D-wave corrections used in the fitp are
not shown.

p . if ( )ip . . Ifs(
»b 3 dye . 3

p p + ' '
=a~if@(m)i 1+a~ +pss « - p (ms —m) ass ifs(m)l'

p p + ' =o if~(m)i 1+a +pss d
)i

2 ( s-m) &sslfs(m)I'
hp 3 dm m

p»b, - Re(]()os) d
= ~os Re[f ~s (m)f&(m)], where ~os = (~o~ss)

(w, ,—m)
P, Re(P, p) = R (eip)if@(m)i 1+aqp

P, „Re(P&s) = (Re(e&s) Re[f s(m)fz(m)]2 da

—Im (o'&s) 1m[f ~& (m)f&(m) ]} I + a gp

(m ~'—ns)
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TABLE III. Results of the &7i mass-spectrum fits in the interval 0.64 &m«&0. 94 GeV. The parameters are defined in
Tables I and II, and their values are an average of the results obtained from ~ p ~ ~ I and ~+n -~+sr p data. The
p-~ interference region, 0.77 &m«&0. 80 GeV, has been excluded from the fits; the errors shown are from the & p
fits. The values of 6s are calculated from the fitted values of the phase-shift parameters for m« ——775 MeV. Results
are given for fits in'both the s- and t-channel helicity frames. The absolute mass-scale uncertainty is estimated to be
+1.5 MeV.

~ lab range Mg Ig +p aS0

(GeVjc) Frame (GeV ) (MeV) (MeV) (GeV ) (GeV )
s ~s

(GeV ~) (deg) a+ a&0

S

0—0.08
0—0.08
0—0.08

762 +1 144 +4 5.9 +1.3 3.0 +0.2 -4.4+0.2' 83
766 + 1 145 + 3 4.5 + 0.4 2.5 + 0.1 —4.3+0.1 72
765+ 1 138+3 4.9 + 0.6 2.6+0.1 —4.3+0.1 74

0.5 + 0.7
1.4 + 0.6
0.7+0.9

1.5 + 0.6 —0.4 + 0.6
2.9 + 0.4 —1.1 + 0.4
2.1+0.5 —1.4 + 0.5

0—0.08
0 —0.08
0 —0.08

765+ 1 142 + 4 5.6 + 1.0 3.1 + 0.2 —4.2+ 0.2 82
768 + 1 153+ 3 4.6 + 0.4 2.4 + 0.1 —4.3 + 0.1 68
767 + 1 143 + 3 4.2 + 0.4 2.3 + 0.1 —4.3 + 0.1 67

3.1 + 0'.6
4.0 +0.5
4.0+0.5

2.5 + 0.7
3.2 +0.5
3.1 +0.5

2.6 +0.4
2.3 +0.2
2.1 +0.2

0.08-0.2 764 ~ 2 160 ~ 5 4.2+ 0.8 2.9 ~0.2 -4.4+ 0.2 81
0.08—0.2 770+1 144+3 4.3+0.5 2.7+0.2 —4.3+0.1 77
0.08-0.2 768+ 2 148 +4 4.5 +0.6 2.5+0.2 —4.3 +0.1 73

—0.1 + 0.5 0.6 + 0.8 -0.1 & 0.4
0.2 + 0.3 1.7 +.0.5 0.3 + 0.3
0.1+0.4 1.2 + 0.5 0'.1 + 0.3

0.08—0.2
0.08—0.2
0.08—0.2

769 +2 166+6 3.8+0.7 2.6 +0.2 —4.2+0.3 74
774 + 1 152 + 4 4.0 + 0.6 2.6 + 0.2 -4.3 + G.l 72
769 + 1 154 + 4 4.1 + 0,6 2.2 + 0.2 —4.3 + 0.1 65

3.0+ 0.6
2.6 + 0..5
3.8 ~ 0.6

0.7+ 0.8
1.9 + 0.5
1.9 60.6

2.3+0.5
2.1 + 0.3
1.8 ~0.3

Representative numerical values of the fitted
phase-shift parameters, together with a, and asap

are given in Table III for m7t' and in Table IV for
The wm parameters represent an average of

the results for w' and m incident; this eliminates
p-e interference effects. We remark that the fits
were done iteratively, first fixing As and A~ at
reasonable values, then varying As and R~ with
all other parameters fixed. Thus the errors in
Tables III and IV essentially ignore correlations

between As and B~ and the other parameters.
The results of the fits are partially illustrated in

Figs. 8 to 12, which are labeled with an abbrevia-
ted notation in vrhich 0.,'& stands for the observable
P„„'p,,do/dm (not to be confused with the intensity
parameter o';, ). Figure 8 shows the 4-GeV/c mn'
mass spectra for small —t. The results of the
fits, including contributions from o» and I'-D in-
terference, are also plotted. The fits were made
over the interval 0.64 & m„& 0.94 GeV and did not take

TABLE IV. Results of the E~ mass-spectrum fits in the interval 0.74 &m&~ &1.04 GeV and
—t &0.2 GeV2. The parameters are defined in Tables I and II; fits were performed in both the
s- and t-channel helicity frames. The sign of p&,b indicates the beam polarity (E p or E+n).
The values of 6s' are calculated from the fitted phase-shift parameters at mr, ——900 MeV.
The absolute mass-scale uncertainty is estimated to be +1.5 MeU.

P lab as i. / 2
s

(GeU/c) Frame (MeV) (MeV) (GeV ~) (GeV ~) (GeV ~)

1. / 2
s

(deg) a a10

S

893+1 51 ~ 3
895+1 49 +2
893 +1 49 +3

897+1 52+3
896+1 54+2
894 +1 50+2

12+4 1 7+01 —43+05- 35 1 2+2 6+2 1+1
8 1 16~01 —47+0 3 33 8 3+1 6+1 —1~1
7 2 16 01 —48 04 349 0~2 3~2 —1~2

7+2 1.7+0.1 —4 6+04 36.5 5+2 6+2 —1+2
9+2 1.6+0.1 —4.6+0.2 34.8 0+2 6+2 -2+1
8 + 2 1.5+0.1 —4.6+ 0.3 32.4 1+2 5 + 2 —2 + 2

893+1 52&3 12+4 1.6+0.1 —4.2+0.5 34.2 6+3 6+2
895+1 49+2 7+1 1.6+0.1 —4.6+0.2 35.5 8+2 6+1
894+1 51+3 7+2 1.7+0.1 —4.8+0.4 36.3 5+3 4+2

7+2
4+1
4+2

897+1 54&2
897+1 52 +2
895+1 51+2

6+1 1 6+0.1 —4 7+0.3 35 8 6+2 6+2
6 +1 1.6 +0.1 —4.7+0.2 33.8 6 +1 6 +2
7 +1 1.4 +0.1 —4.7+0.3 29.5 8+2 5 +2

1+1
3+1
3+1
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FIG. 8. Mass dependence of the xN —7t' x N ob-
servables 0;; —=p& p;,.do/dm, obtained by integrating
the parameters defined by Eq. {3.1) over the interval
—t & 0.08 GeP at 4 GeV/c in the z-channel helicity
frame. The data points represent an average of the
7t p and ~'n reactions {1.1) and {1.2); the solid curves
result from the mass-spectrum fit described in the text.
The dashed curve in Reo Og shows the contribution from
p-D interference, while the dashed curves in o.

p 0, ,
and 0 show the S-wave contribution, 0 zz/3.

40.0—

K p
—K V+o

(4 GeV/c)

K+o —K+Yt- p

(b)
&

(4 GeV/c)

20.0—

from various fits to the 17-GeV/c data reported
by Grayer et al. ,

' namely. m, in the range 771 to
778 MeV and I', = 152 to 163 MeV.

(') K*' mass and width. A simple average of all
the K*' and K*' parameters in Table IV gives
m~g= 894.9 +1.6 MeV and I'~*= 51.2+1.7 MeV,
where the errors denote rms spreads. The Par-
ticle Data Group compilation" gives m~*o=. 896.2
+ 0.4 MeV and 1 ~*o= 50.0 + 1.0 MeV.

(3) wv S-wave phase shifts Asi. mple average of
the s-channel S-wave parameters in Table III gives
a~ = 2.7 +0.2 GeV"' and R~= —4.3+0.1 GeV"'. Over
thy mass range 0.64&m„&0.94 GeV, the values of.
~~ derived from these parameters agree with pre-
vious determinations within the considerable sta-
tistical and systematic uncertainties. Values of
6~ evaluated at m„= 0.775 GeV are found to be
76'+6 (this experiment); 70 &6's&80'(Proto-
popescu et al."solutions "a" and "c"); 73'+7'
(Baton et al."); and 70'& 6z & 90 (Manner, " solu-,
tions A, B, C, D, and E). All of these "down" so-
lutions exhibit the same slow variation with mass
in the p region, with &~ increasing nearly linearly
by 15' every 100 MeV. The value of &~ is of course
mildly correlated with the behavior assumed for

into account the S*(980) effect, which is evident in
all observables except Rea» (no S-wave contribu-
tion) and o, +oss/3 (where oss is relatively small).
The Km spectra at 4 GeV/c were fitted over the
range 0.74&m~, & 1.04 GeV and are shown in Figs.
9 and 10 for small —t and in Figs. 11 and 12 for
larger —t. The dashed curves in Figs. 8, 9, and
ll depict the os, /3 background, which is important
only for small —t.

The S- and P-wave phase-shift parameters a~,
B~, m„, I „, and R~ in Tables III and IV do not
appear to vary systematically with energy, mo-
mentum transfer, or choice of reference frame.
Our results for —t&0.2 GeV', averaged over in-
cident momenta, may be compared with previous
experimental determinations as follows:

(~) p mass and zvidth. A simple average of the
t-channel parameters in Table III gives pl

p
769

+ 3 MeV and I",= 152 + 9 MeV, where the errors de-
note rms spreads. The particle data group ' aver-
ages from previous experiments on neutral p's
are m, =770.2+0.9 MeV and I",= 150.3+2.7 MeV.
Our values are also consistent with those obtained

(c)
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5.0—
b

,
O. +0 /3

I
'

I I

0 +G~s/3
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(e)
I 0.0—

5.0—

0.7 0.8 0.9 I.O I.I 0.7
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08 09 I0 I I
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FIG. 9. Mass dependence of the KN —K7(N obser-
vables 0.;; =p~~ p;,do. /dm, obtained by integrating the
parameters defined by Eq. {3.1) over the interval
-t & 0.2 GeV at 4 GeV/c in the s-channel helicity frame.
The solid curves result from the mass-spectrum fit
described in the text; the dashed curves show the $-wave
contribution, 0 &&/3.
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FIG. 10. Mass dependence of the interference terms
in EN —KzN for —I;& 0.2 GeV at 4 GeV/c in the s-chan-
nel hei 't frame. The notation is the same as that
used in Fig. 9.

FIG. 11. Mass dependence of the KN-K~N obser-
vables for 0.2& —I; &0.5 GeV at 4 Ge7/c in the s-chan-
nel helicity frame. The notation is the same as that
used in Fig. 9.

\' the paran1etrization of &s' in Table I was
chosen to agree with the phase shifts determined by
Hoogland et al.

(4) Km S-wave phase shifts. A straight average
of the Em S-wave parameters from Table IV gives
a ' '=1 6~0.1 Gev-' and Z, = -4.6~0.2 GeV-'.
E luated at rn =0.9 GeV, the corresponding S-
wave K7I phase shift has an average value
= 35 + 2 Effective-range parametrizations of pre-

K7I phase-shift analyses are provided by
Griss and Fox."Their analysis of data at 2 and
3.8 GeV/c on reactions (1.3) and (1.4) give 5s't'
= 36'+4' at m~„= 0.9 GeV. Analyses of the reaction
K' -'K'm 6'' give comparable va, lues for this quan-

40t't el 6 't'= 37'+4' (Bingham et al. ) andtl yq name y
1/2 is5 '~'=41 +5'(Matisonet al. ''). The value of &s xs

weakly correlated with the choice of 3/2

which we ha,ve adopted essentially the same pa-
rametrization used by Bingham et al. '

The S*(980) effect, which is not included in our
parametrization, is evident around 1 GeV in the
7Im mass spectra. Near KZ threshold )he wm S-
wave scattering amplitude becomes highly inelas-
t' ausing the S-P interference terms and o„
to become very small. " In particular, around
GeV the observables o„o„and o. should receive

K p
—K ~+n

(o) (4 GeV/c)

K+n —K+z-p

(b) (4 GeV/c)

2.0—
OS

I.O—

0 I I I I

il

) il

I~~ .. I o I

(c)~ 2.0—
E

1.0—

cv Q 0

(e)
4.0— 10

2.0—

0 ~.
0.7 0.8 0.9 I.O I. I 0.7 0.8

IK~ (G V)

I

0.9 I.O I. I

FIG. 12. Mass dependence of the interference terms
in KN —K&N for 0.2 & —t & 0.5 GeV at 4 GeV/c in the
s-channel helicity frame. The notation is the same as
that used in Fig. 9.
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only P-wave contributions and they should become
equal to the differences betw'een the dashed and '

solid curves in Fig. 8, since these differences are
meant to describe the tail of the p meson. That
this is in fact the case lends support to our param-
etrization of the S-wave below the S* region.

It is apparent that the dashed curves (showing the
o„/3 contribution) in Figs. 8, 9, and 11 describe
backgrounds as well as would empirical polynomial
fits, while at the same time the parametrization
is able to account for the behavior of oo, and 0„.
We emphasize that at small —t the S wave is im-
portant as a source of background only in the ob-
servables o,. A rough estimate for both mm and
Km is that in the s channel p„=0.18poo.

The mass-spectrum fits also give information
on the mass dependence of the production ampli-
tudes P, and on the relative phases of P and P,.
For the Km data the mass-dependence parameters
a, and a„are poorly determined owing to the
smallness of the K* width. For dipion production
P, appear to fall faster with m than predicted by
the WM; for —t&0.08 GeV', the t-channel mm pa-
rameters averaged over incident momenta are a,
=2.9+0.4 and a =3.7 i0.5, to be compared with
the WM prediction a, = 2. Similar behavior is found
in the 17-GeVlc dipion production data, ." Since /-
channel 'P, correspond to pure absorptive cuts in
the WM [see Eq. (3.19)j, the fact that a, &2 sug-
gests the existence of some dynamical mechanism
for reducing absorption at higher masses. ' In the
s channel, a„ tends to be smaller than the value
a =2 predicted by the WM; this is consistent w'ith

high-mass damping of the absorptive cuts, since
in the s channel the absorptive cuts contribute de-
structively to P . Since P, is assumed to have no
explicit mais dependence we expect a» =a /2,
consistent with the data. In subsequent analysis of
the production amplitudes we will ignore this ex-
plicit mass dependence of P, and work with mass-
averaged observables.

%'e have omitted the intensity parameters o,,
from Tables III and IV because the production am-
plitudes will be examined in mor'e detail in Sec.
IV. However, the parameters Imo„and Reo» can
give unique constraints on the relative phases of
P and Po. By comparing the mass dependence of
o~s and o'Os we can use the S wave as a reference
for the phases of P and P„denoted by 4„and 4„
respectively. This idea can be illustrated with the
s-channel S-P interference spectra in Fig. 10.
For Km final states, o«'has a zero around 920
MeV; this is observed in other Km experiments"~

-and fixes the phase-shif't difference, &~ —~~,. to .

be 90' at this mass. If P had a substantially dif-
ferent production phase from P„ then 0,~ would
have a zero displaced in mass from 920 MeV; the

zero in 0» wouM occur at a mass m„defined by

(3.24)

Numerically, a 1-MeV shift in m, implies a change
in (6 —6,) of about 1.4'. Figure 10 shows that the
zeros in a„and o.„coincide within a few MeV for
small —t, while from Fig. 12 we can conclude very
little about (A —6,) at large —t.

From our parametrization in Table II we can de-
rive the relation

(3.25}

This equality does not require perfect spin coher-
ence between and Po 6 should be regarded as
the phase of the (presumably dominant) compon-
ent of P», which is spin coherent w'ith S and P,.
A straight average of the fitted results from 3,4
and 6 GeV(c gives s-channel (6 —b, ) = 3'+ 8' for
K*' and 14'+10 for K*' production ( —t&0.2

GeV').
For p' production the same technique is much

more uncertain because the S and P waves are
nearly in phase at the p mass. The parameter of
interest, Imo„, is determined by the shapes of
O„and 0„ in the wings of the p Breit-'Wigner
rather than by the locations of clearcut zeros, and
is therefore subject to worse systematic errors
such as uncertainties in the treatment of the mm D
wave. On the average we obtain s-channel p-pro-
duction pha. ses (6 —h, ) = 0' to 20'.

E. Summary

To summarize this section: (1) We have pa-
remetrized the S- and P-wave phase shifts and
have verified that the S-wave amplitude derived
from the S-P interference terms' gives a consistent
description of the background, o„, under the p and
K* peaks. (2) As a by-product of the mass-spec-
trum fits we find that the mass dependence of P,
for p production deviates from the WM predictions,
suggesting a falloff of absorption with increasing
mass. (3} Using the S wave a.s an analyzer, we
find that at small —t, P and Po are approximately
coherent in phase (within - 20'), consistent with
7t -exchange dominance.

IV. MOMENTUM-TRANSFER DEPENDENCE

In this section we extract the pure P-wave ob-
servables as functions of t for p', K~', and K*'
production using the S- and P-wave phase--
shift parameters obtained in Sec. III. Since.w-ex-
change dominance at small -t is the basis for the as ™
sumptions that are needed to separate S- and P-wave
productionwe examinethe reactions p —m n'nin
more detail; this reaction should give a relatively



o, , (t) =- p...'p, , do/dt =p,„„'dv;,—/d, t

will be used throughout this section.

(4 1)

A. Separation of 5- and P-wave differential cross sections

In order to study t dependence we have binned the
data in coarse mass intervals centered at the K*
and p' masses: 0.84 & m~„& 0.94 GeV and 0.70
& w,„,& 0.85 GeV, excluding the p-u interference
band 0.775 & m„& 0.'t95 GeV.~ The assumptions
discussed in Sec. IIIC suggest that the helicity-0 .

production amplitudes be expressed as

s(t) =rex —-e &'
K:t

~s'-t (4.2b)

where N is defined by Eq. (3.7) an«„c, &~, and

Bp are free parameters. P, and S are assumed to
be spin coherent and to have the same phase The
WM prescription given by Eqs. (3.17) and (3.19)
would impose the following constraints":

clean and statistically precise picture of the r-ex-
change mechanism, including shrinkage and absorp-
tive effects. The K~ production reactions allows and

p as well as the r and A, exchanges that contribute
to ~ p-~ m'n, and we defer detailed analysis of
the K* reactions to Sec. VI. We proceed in the

' following order: We first separate the S- and P-
wave observables as functions of t and so obtain
the t dependence of pure vector-meson produc-
tion; we then use the parameters obtained from
this analysis to study the energy dependence of
helicity-0 dipion production; finally we examine
the helicity-1 p' production observables for in-
formation on absorptive effects and natural-parity
exchange. For convenience and brevity the short-
hand notation

If~(m) I'dm

s(t)''
3

P, „'Re(p„)—=P,(t)S(t)
do'

I f, (m) I'dm

(4.4a)

, X ReIf f(m)f~(m)]d 2

(4.4b)

where f~(In ) and f~(m) have been fixed by the
mass-dependent fits of Sec. III, and m, and m,
correspond to the mass intervals defined at the
beginning of this section. These fits gave a total
g'/degree of freedom of',-,' for Kvr data and 2+,' for
m in the t channel. We have applied the same
parametrization to the 13-GeV/c K m" data, ' and
the 17-GeV/c wm data. ' Although the fits to
the 17-GeV/c data indicate a systematic discrep-
ancy at very small -t (-t&0.02 GeV'), the para-
metrization describes the bulk of the. data quite
well and allows us to separate the S- and I'-wave
cross sections. The 9-wave "background" cross
section can be computed from the fits using the
relatio&~

I, (t) =s(t)' If&(m)'d 2
0 (4.6)

=fiA p„„'(p. , )d—, -3I.(t), (4 6a)

Empirically, the S-wave cross sections obtained
from the fits are equal in the s and t channels
within errors, as required physically; we have
arbitrarily used the t -channel fits to perform S-
wave background subtractions.

Table V lists the P-wave observables for p and
R* production corrected for S-wave backgrounds,
for the K~ -K' w' branching ratio, and the Breit-
Wigner tails excluded by our mass cuts. Explic-'
itly Table V gives the quantities

Bq =BI,,

z c =(G '/2rim ')'I' =3 6 mb'I'

r, (t chan) =1,

(4.3a)

(4.3b)

(4.3c)

cfgv„=f,A p, ,' Re(p„)—,
a„=flAI, (t),

(4.6b)

(4.6c)

x, (s chan) =
I cosy(t = g')] ' = 0.94 . (4.M)

We have fitted the helicity-0 observables in the
$ interval t - & -t&0.28 GeV to determine the
parameters ~„c, Bs, and B~ for each energy
and reaction. The expressions used'for the fits
are based on Eqs. (3.4) and (3.6), namely

where fz (zm) = 1 and fz(Kv) = —,; the factor A cor-
rects for the finite mass interval and is given
numerically by A(wn) =2.194, A(Kw) =1.301; the
S-wave background correction I, (t) is given by
Eq. (4.6). The correction for Breit-Wigner tails
given by A is somewhat arbitrary; we have de-
fined the total vector-meson cross section as an
integral of If~(m) I' from threshold to a mass
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m~+3I~. In Table V we-have added a I5'fo syste-
matic uncertainty to the statistical errors in o,,(t);
the uncertainties in the S-wave subtraction are in-
cluded in the quoted errors for the corrected P-
wave cross sections. Overall normalization un-
certainties of + 6% have not been included in Table
V. We have followed the same procedure to de-
rive corrected cross sections for the 17-GeV p
and the 13-GeV/c K* data, although the nass cuts
for these data are slightly different. '

B. Properties of IIIelicity-0 dipion production

Most of the interesting features of helicity-0
dipion production are expressed in the parameters
x, , c, B~, and B„derived from the fits des-
cribed above. The quantities c and cr, give the
residues of the production amplitudes at the pion
pole, while the energy dependence of Bs and BJ,
bears on the question of Regge shrinkage.

First, a simple average of our 3-, 4-, and 6-
GeV/c measurements gives r, (t chan) =1.11+0.07
and x, (s chan)=1. 00+0.06, where the errors re-
present the rms spread of the fitted parameters.
These values are consistent with those obtained
in our fits to the 17-GeV/c data, where x, (t chan)
= 1.12+ 0.02 and r, (s chan) = 1.00+ 0.02. They are
systematically higher than the WM prediction of
Eq. (4.3) by an average factor of 1.09.

The experimental values of the intercept c, in-
cluding systematic normalization uncertainties,
are plotted in Fig. 13(c). At all energies these
intercepts appear to be systematically lower by
about 10% than the WM predictions, which are
that c(t chan) = 3.60 mb' ' and c(s chan) = 3.84 mb' '.
Combining these discrepancies in ~, and c, we
conclude that the S-wave residue at the pion pole
satisfies the WM prediction of Eq. (4.3b), namely
r, c = 3.60 mb' '. However, the P-wave residues
at the pion pole appear to be low by 1F/p at all
energies. A simple average of the K* andFC* in-
tercepts at 3, 4, and 6 GeV/c gives c(K*)=3.71
+0.22 mb' ' in the s channel; this lies midway be-
tween the WjVf prediction c(s chan) =3.84 mb' ' and
the average p intercept c(p) =3.53+0.05 mb't2.

The Williams model assumes the equality B~
=BI [Eq. (4.3a)j to hold in both s and t channels.
The P-wave slopes BI, are plotted versus P, , in
Fig. 13(a) and the S -wave slopes Bs in Fig. 13(b).
Although the. equality BI,=B~ holds in the s chan-
nel, BI, is significantly smaller than B~ in the t
channel. To search for Regge shrinkage we have
fitted the slopes to the form B=B,+n'lnP„„, which
corresponds to the amplitude behavior P,
~(p„, ) 'e ". The resulting Regge slope, a. ', is
the same within errors for the S wave and the s-
channel P wave; the P-wave slope is n'=0. 30
a 0.04 GeV '. As shOwn in Fig. 13(a), the P wave-
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FIG. 13. Energy dependence of the parameters B~,
B&, and c obtained from the t-dependent fits to the
helicity-0 r~ data. The 17-GeV/c points are from fits
to the data of Ref. 3. The solid points are from the 7t. p
reaction and the open points are from 7t'n. The P-wave
slope BI, is shown in (a) for both the s and t channels;
Bs is shown in (b). The lines result from fits to the
form B=Bo+n'Inp, ~, with the values of e' given on
the graphs. Part (c) shows the P-wave intercept c in
the s and t channels, and its average valu. es.
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FIG. 14. The P-wave helicity-0 cross sections for
p production in the s channel at 3, 4, and 6 GeV/c.
The solid curves result from the t-dependent fits
described in the text and the dashed curves are a
smooth interpolation of the 17-GeV/c data of Ref. 3.
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= 100
shrinkage is considerably greater in the t channel,
where n'=0. 64+0.04 GeV ~.

The P-wave helicity-0 cross sections are plotted
in Fig. 14 (s channel) and Fig. 15 (t channel) at
3, 4, and 6 GeV/c. A smooth interpolation of the
17-GeV/c data is shown by the dashed curves. It
is clear that the s-channel cross sections are
highly peripheral and exhibit little P„„dependence,
in contrast with t -channel vo, which exhibits con-
siderable shrinkage. %e emphasize that the mod-
est shrinkage found in the fits to s-channelo, is
established only in the region -t & 0.28 GeV'. Be-
cause of the statistical uncertainties we can con-
clude little about energy dependence at larger -t
from the data of Fig. 14. The sobd curves in Figs.
14 and 15 are obtained from fits over the range
—t& 0.45 GeV' using a parametrization which is
discussed in more detail below, in connection with
the helicity-1 observables. The fits based on Eq.
(4.2a) using -t & 0.28-GeV' data are consistent
with the solid curves in Fig. 14 only out to -t
=0.25 GeV'. In the t channel, where the shrinkage
in o, is more pronounced, the fits based on Eq.
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FIG. 15. The P-wave helicity-0 cross sections for p
production in the t channel. The meaning of the curves
is the same as in the previous figure.
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(4.2a, ) are equivalent to the solid curves shown in
Fig. 15 over the whole t range.

In the framework of strong-absorption models,
as discussed by Kane and Seidl" and Field and
Sidhu, ~' the s-channel helicity-0 amplitudes should
give the cleanest picture of Reggeized 7r exchange
in the process 7r P- ~ m'n. The t-channel P, am-
plitude can be affected by strong cuts which occur
in s-channel P due to both m and A. , exchanges;
on the other hand, the only cuts which contribute
to s-channel P, are those associated with w ex-
change. Thus the small shrinkage observed in s-
channel P, and 8 may be interpreted in two ways:
(1) the n trajectory is nearly flat in the region

t&0—.3 GeV', or (2) the absorptive cuts in P,
shrink faster with energy than the pole terms,
thereby reducing the observed shrinkage of P,.
In either case, the fact that S and P, have the
same energy and momentum-transfer dependence
in the s channel is in agreement with the Kane and
Seidl model, which predicts that amplitudes with
common exchange and s-channel helicity structure
should exhibit the same s and t dependence.

To summarize our observations on the helicity-0
production amplitudes, we have found that (1) the
P-wave amplitude extrapolated to t = p,

' is syste-
matically lower than the WM Prediction by 1(Pk at
all energies, whereas the S-wave amplitude
agrees with theoretical expectations; (2) P, and S
have similar P„b and t dependence in the s channel,
consistent with a nearly flat (n' =0.30 + 0.04 QeV ')
pion trajectory for t&0.28 G-eV'; (3) P, has a
more shallow slope and exhibits more shrinkage
in the I, channel than in the s channel, in disagree-
ment with the WM assumptions.
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FIG. 16, The P-wave helicity-. l unnatural-parity-ex-
change, cross section for po production in the s channel
st 3, 4, and 6 GeV/c, The solid curves show the re-
sults of the parametrization of the data which is given
in Table VII; the dashed curves are a smooth interpola-
tion of the 17-GeV/c p production data from ref. 3.

C. p production in helicity-1 states

The helicity-1 cross sections for p' production
are shown in Figs. 16 to 18, together with the 17-
GeV/c cross sections from Ref. 3 (dashed curves)
and our parametrization which is discussed below
(solid curves). The 17-QeV/c observables are
plotted separately in Figs. 19 and 20.

The s- channel unnatural-parity-exchange cross
section shown in Fig. 1, P„bs do /dt, exhibits a
pronounced dip around .-I,=0.02 GeV'; the cross
section falls from o =18 mb at t=t;„(where c,
=o ) to o &5 mb at t=-0.02 GeV'. This dip
structure is presumably associated with the zero
in P, at t = —p,

' predicted by the WM [Eq. (3,17c)].
However, the dip is more shallow at lower ener-
gies than at 17 GeV/c, in apparent contrast with
the WM prediction that ~P ~' vanishes at t = —p,

'
at all energies.

At larger -t, both s-channel cr and o, exhibit
strong energy dependence, whereas the WM am-
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FIG. 17.. The. P. —:wave helicity-i unnatural-parity-
exchange cross section for p production in the t chan-
nel at 3, 4, and 6 GeV/c. The meaning of the curves
is the same as in the previous figure.
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tors, F„(t), generalized to depend on n as in Ref.
30. Allowing for A, -exchange flip (2&) and nonf lip
(2„)contributions to P„ the full set of s-channel
amplitudes becomes

20
10

5

nel frame

( f I ip)

o' (non-flip)-

I I

)

t-channel frame

( fl' )

I z/ep' (I) =F,(t) ™, —cosy(t= p'),,

(4.7a)

(4.7b)

2

I

0.5

0.2—
O. l

'~ 0 (flip)

I I

(m t)=— ' '- -C(m, f)
I' [F-,(t) +F,(t)]

+ ' m(jz' —I)
(I' I,.;.)"E,(f)

m(jz' —I )

(4.7c)

(4.7d)

P, (,)
-& [F,(~) -F,(&)1 C( f),A (I)

nz p,
' —t

(4.7e)

b

CV
CL

I5
(

IO -„

5 +-

I

0

-5--
0 '(non- flip)

— 0-0 ( flip)

P'„(m, t) =A„(Z), . (4.7f)

where t' = t —t;„and m denotes the p' or K* mass.
These relations reduce to the WM description of
Eq. (3.17) in the limit I;„=0, with the substitu-
tions F„(t)=F(t), C(m, t) =F(t)/m, and 4„ /(t) =D.

We now consider in turn (1) the s-channel dip
structure o and the associated zero in P, , (2)
the energy dependence of o,', and (3) the energy
dependence of cr at large -t.

F„(t)=F(t) for -t&0.1 GeV' (4.8)

jn Eq. (4.7). Equations (4.7a) and (4.7b) imply the
following relation between P,, and P', :

P- (m, I) =2P', (t)(-f.,„)z/&/m . (4.9)

'With this relation and the analogous one for P++,
the contribution of P~ to the v cross section is
easily estimated in terms of the measured quanti-
ty 0'0'.

(,™,'" ( o,(f). (4.10)

Thus the peak value of (P,„(' occurs close to that
for 0, at -t =0.02 QeV2, near the expected WM
zero in o, and the magnitude of (P, , (' is pro-
portional to t;„which varies like P, '. Figure
21(a) shows the contributions of ~P„II' and (P,
to s-channel o at 4' GeV/c; the nonf lip contribu-

1. Zero structure in P

The variation with energy of the dip structure in
8-channel o cannot be attributed to superficial
effects such as the rw S wave, background con-
tamination, or acceptance errors. We argue that
the dip in a is filled in at lower energies by the
t„„„-dependent amplitude, P,„defined by Eq.
(4.7d). To proceed further we make the small -I
approximation

-jo -)
-I 5—

-20—

0.IO 0.20 0

—I (Gev }

0.10 0.20

FIG. 21. P-wave cross-section decomposition for
helicity-1 p production at 4 GeV/c, showing the re-
sults of the fits described in the text. The notation fT;~

=p&~2p;;do/dt is used.

P 2dozo/dt =~ Re(P,'"P, +P'*P ) . (4.11)

This flip and nonf lip o„cross sections, based on
Eq. (4.7), are shown in Fig. 21(b) for 4 GeV/c.
The flip part of o „(solid curve) is essentially in-
dependent of P„b and exhibits the WM zero near
I= —Zz'; the nonf lip part (dashed curve) is propor-
tional in strength to t,„;„and tends to cancel the
flip part, thereby moving the zero in cr„ to smal-
ler -t at lower energies.

tion neatly fills in the dip in o at 4 GeV/c but,
falling like P. . . would be quite-negligible at 17
GeV/c wherethe dip inthe o data is much more pro
nounced. The solid curves in Fi.gs. 16 and 19 are
fits which include (P (' explicitly, and they des-
cribe the data reasonably well in the dip region.

The WM zero near t= —p,
' is presumably still

present in s-channel P, [Eq. (4.7c)], but its ex-
act location depends somewhat on the cut strength,
C (m, t). The most direct way to locate the zero in
P, is by means of the interference cross section,
P„,' dozo/dt. However, here again t;„de epnd- '

ence plays an important role at lower energies.
We can expose the nucleon flip and nonf lip con-
tributions to o„as follows:
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Figure 22 shows considerable energy dependence
in s-channel P, both in the overall shrinkage of
this amplitude in going from 3 to 17 GeV/c and in
the movement of the crossover zero to smaller
-t as the energy is increased. This latter feature
can be'easily understood in the framework of the
modified WlVI parametrization of Eq. (4.7c). With
the approximation F„(t)=F(t), we can parametrize
the n =0 cut strength by the definition

o —P
-20 —I -2.0—

-4.0—
I

0
. I . )

0.20
I

0.40

-40 —~
I' I

0.20 0.40

-t(GeV )
2

FIG. 22. The real component P" of the unnatural-
parity-exchange amplitude P =P" +iP for p produc-
tion, derived from our amplitude analysis using the
convention that Pp is purely real. In the s channel, P"
refers to the dominant flip contribution P,";in the t
channel, P refers to the quantity (t/t') P,",. The
solid curves result from fits using the parametrization
discussed in the text. The dashed curves are an inter-
polation of the results of a similar amplitude analysis
using the 17-Geg/e data of Ref. 3.

C (m, t ) =C,(t)F(t)/m, (4.13)

[2t...—Iu'&~(t. )]
[2 —c,(t,)] (4.14)

Thus, with C,(t,) =1, the P, crossover zero is
expected to move to smaller -t, with increasing

p, (decreasing -t,„); this is the behavior ex-
hibited by the data of Fig. 22. %e can solve for
C,(t, ) in terms of the measured crossover-zero
locations:

where C, =1 at all t is the WM prediction from Eq.
(3.18). From Eq. (4.7c), the cut strength can be
related to the P+ crossover-zero location, t„by
the equation

C (t ) 2
(tc —tmin)

0 C (t ~2)
(4.15)

Since both P' and P~ can be estimated with
adequate precision from fits to o, using Eq. (4.7),
it is convenient to subtract. the nonf lip contribu-
tions explicitly from s-channel 0yQ oQ and o
This exposes the pure flip observables for an
Estabrooks-Martin type of analysis. The cor-
rected observables can be expressed as

P,.; '- (flip) =(P,')o, (4.12a)

P„b' (f»p) =(P ')'+ (P')', (4.12b)

(4.12c)

f

For convenience, P', is taken to be real and
positive; P+ is allowed to have a phase relative
to P+, . namely P+ =P" +i P . The component
P obtained from o„[Eq.(4.12c)] is plotted at each
energy in Fig. 22, together with 17 GeV/c P (dashed
curves) and our parametrization (solid curves) Inthe.
modified WM parametrization of Eq. (4.7) P = 0 is as-
sumed, and indeed IP I' as determined from Eq.
(4.12) is empirically smaller than I P ' I' in the
region —t&0.5 GeV', shown in Fig. 23. However,
IP I' appears to be systematically greater than
zero, suggesting the existence of some small

The experimental values of t, together with the
derived cut strengths, C,(t, ), are listed in Table
VI; the cut strength is consistent with C,(t, )=0.94
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FIG. aa. The contribution to o of
I
P~ I~, the ima-

ginary component of P =P„"+iP, for p production. In
the s channel, P refers to the Qip amplitude P„; in the
t channel, p~ refers to the quantity (t/t') P... The
dashed t."urves show the corresponding contribution from
I
P"

I
2. The 17-Gev/c points are from our amplitude

analysis of the data of Ref. 3.
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TABLE VI. Measured values of the crossover-zero
locations, t„ in P", together, wi. th t~, and cut strength,
Co(t ), derived from t, by Eq. (4.15) for the I'eaction
7j p~ p yg.

'

Two immediate simplifications are the facts that
(1) P', is very small in the t channel and (2)
P, + and P+ stand approximately in the ratio

p&~ (GeV/c) -t~ (GeV ) -t~„(GeV } Co(t )
P;, (m, t) t'
P; (m, t)

(4.18)

3

6
17

0.035 + 0.003
0.027 + 0.003
0.021 + 0.002
0.018 + 0.002

0.0092
0.0052
0.0023
0.0003

0.95 +0.05
0.94 +0.06
0.92 +0.05
0.94 +0.05

+ 0.05 at all energies, and just slightly weaker
than the WM p redic tion, C, = 1.

The cut strength can also be derived from the
natural-parity cross section, o, . Neglecting A,
exchange and amin assuming F„(t)=F(t), we. can
obtain C,(t, ) from ~, using the relation

P++ = — P (4.19a)

The contributions of the flip and nonf lip ampli-
tudes to t-channel o and'o„are shown in Fig.
21(c) and Fig. 21(d) for 4 GeV/c. P, is import-
ant in v only near the forward direction, where
it is required by angular momentum conservation;
the flip part of Oyo is practically negligible owing
to the smallness of P+ .

Assuming the simple relation implied by Eq.
(4.18), we can express t-channel P, , and P, in
terms of a single amplitude P,

c,(t = t, ) = [C,(t,)F(t,)/mj '. (4.16)

C,(t, ) obtained from E(l. (4.16) is found to be inde-
pendent of energy within errors, and ari average
value C,(t, ) =1.07 + 0.03 is compatible with all the
data. This estimate is somewhat higher than the
WM prediction, C, =1, or the value obtained from
P, , C,(t, ) =0.94+0.05. However, we conclude
that the cut strength at small tis very c-lose to
the WM prediction, since a value C, = 1 in Eq.
(4.13) closely approximates both the P, cross-
over-zero location and the magnitude of the natur-
al-parity amplitude, ( P,'~. Small devia ions
from the WM can be accommodated by allowing
C,(t) to vary with t and by relaxing the constraint
F„(t)=F(t). Our main conclusion is that the t
dependent contributions from the nonf lip ampli-
tudes must be taken into account in order to see
clearly the structure of the underlying flip ampli-
tude, which has a very simple dependence on en-
ergy at small -t.

Although the physical absorption corrections are
more easily computed in the s channel, the WM
amplitudes are in fact simpler in the t channel
where small -t zeros are absent. Crossing Eq.
(4.7) to the t channel and retaining the approxi-
mation F„(t)=F(t), the t-channel unnatural-parity
amplitudes can be represented approximately as
follows:

(4.19b)

This has the advantage that (1) P is just C(m, t)
in the WM and is expected to be independent of
energy, and (2) in the forward direction P coin-
cides with P, in the s channel. We perform an ampli-
tude analysis in the t channel similar to that in the s
channel to obtain the real and imaginary components of
P, defined by P = P +i P, taking P++ to be
real by convention. The quantity P, shown in
Fig. 22, is practically independent of energy in the
t channel from 3 to 17 GeV/c. This is consistent
with the observation that o is independent of en-
ergy in the i channel (Fig. 17), since v = (P ~'. As
in the s channel,

~
P ~' (Fig. 23) is small com-

pared with )P' ('.
The fits to the unnatural-parity observables

shown in Figs. 14 through 20 and Fig. 22 are based
on the f-channel parametrization of Eq. (4.17),
with F(t) and C(m, t) varied freely; the s-channel
amplitudes are obtained by crossing. We have
used the constraint P =0 in the fits and conse-
quently the fitted curves tend to be slightly low for
o, and o and high for o„and P . The exact
parametrization and fitted parameters are sum-
marized in Table VII.

P' (t)=F(t)K-t/(q'- t),
i/2

P', (m, t)= —s(nx (
— c(m, t),

Z/2

P, +(m, t)= — — C(m, t),
i/2.; (; )=-(-'; — .(-. ).

(4.17a)

(4. 17b)

(4.17c)

(4.17d)

2. Energy dependence of 0

Extrapolated to t' =0, the measured values of
P ' dv, /dt appear to be independent of energy,
and the fitted curves shown in Figs. 18 and 19 are
based on a constant forward intercept for P+.
This behavior is compatible with the WM, but has
important implications for more sophisticated ab-
sorption models. For example, the model of Kane
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TABLE VII. Parametrization of the p production amplitudes together with parameters ob-
tained from. fits to the data. The s-channel P 0 amplitudes are obtained by crossing from the
t channel using Eqs. (3.9) and ($.11). The fits used data in the range. —t &0.45 QeV for 4, 6,
and 17 GeV/c, and —t &0.36 GeV for 3 GeV/c. The quantities denoted by "(avg)" are averages
of separate fits to 3-, 4-, 6-, and 17-GeV/c data with errors given by the rms spread. The
other quantities are from a combined fit to o+ data at all energies. The notation t' —=t —t~;„,
@=the pion mass is used throughout.

(t chan) = g eC+0. 71n(~~ab/6)g(t-p )
&-t 2

++ +2 t 0

1/2
(t chan) = — g eC~- +

++ t +

.1/ 2

P (t chan) =sing '", P„(t chan)

1/2
P+ (t chan) =, P+, (t chan)

P' (S Chan) =-((C,e~+' ) +[ g t'e A' (P„„/6)"A] )

P,', (s chan) = r (-t')' g e x' (It) /6) ' +' [(—") "]e '~
lab

g0(avg) =3.22+0.04 mb QeV

. B0(avg) =2.92+0.14 GeV

(avg) =5.94+0.61 GeV:

H (avg) =2.1 +2.3 QeV 4

B+=6.78+0.1.9 GeV 2

C+=4.39~0.05 mb' 2

g&=6.77+0.20 mb GeV

B~=2.44 + 0.05 GeV

&g =0.56 + 0.02

r&=0.25 GeV (fixed)

and Seidis' predicts the energy dependerice o, (t' = 0)
o- p„„'"in the 4- to 17-GeV/c range. " To obtain
a constant behavior in o, (t'=0), the Kane-Seidl
model would require important modifications, for
example flat trajectories for both w and Pomeron
exchange, or dominance of P, by the A, -cut con-
tribution.

For larger tvalue-s ( t & 0.1 Ge—V'), the anti-
shrinka, ge observed in P, ~do, /dt suggests signi-
ficantA, -exchange contributions (see Fig. 18).
Indeed, the t dependence of the natural-parity-
exchange cross sections suggests the foilowing
picture: The region -t&0.1 GeV' is dominated
by an energy-independent m cut; the region -t
& 0.2 GeV is strongly influenced by A, exchange,
especially at higher energies; the region 0.1
& -t &0.2 GeV' includes possible interference be-
tween these mechanisms. The A, -exchange con-
tribution is expected to be less peripheral than
the m-cut contribution for two reasons: First the
m-exchange amplitudes are inherently peripheral
owing to the proximity of the pion pole, and
second, theA, pole is exyected to contribute most
strongly to the double-flip amplitude P,', with-
the behavior characteristic of an. n =2 Regge-. pole
term, P,' o- t', and more weakly to the single-

flip amplitude, P'„~V-t."'"
In an analysis which is consistent with this pic-

ture, Irving and Michael" have parametrized the
A, -exchange contributions to P, schematically as
follows:

P+ (m, t) =-C(m, t)-t'C„(t)e-""A" '(p /5) A'

(4.20a)

P+ (m t) & ( t'y/2C (t)e imaA(t)/2(-p /5)aA(t)

(4.20b)
where C„(t)&0, i)'A(t) =0.5+t, and rA denotes the
A, -exchange nonf lip-to-flip ratio; r~= 0.25 to
0.50 GeV."'"'~' The A, pole grows with energy
in Regge fashion and is -135' out of phase with the
v-cut contribution, -C(m, t). In the Irving-Mich-
ael fits C(m, t) is obtained from small -t o, and
falls exponentially with t.

The problem with this parametrization is evi-
dent in the Irving-Michael fits to the effective en-
ergy dependence and in the analysis by Field and
Sidhu, 4' namely around t=0.5 GeV', -where uA(t)
= 0, the A, pole should be constant with enei gy,
whereas experimentally u, increases like p, in
this region. Extrapolated exponentially from the
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small -t region, the m cut is simply too small to
influence the energy dependence at -t =0.5 GeV',
even by destructive interference with the A, pole.
One way to accommodate the energy dependence
at large -t is to allow the m-exchange contribu-
tion to be nonexponential in its t dependence, thus
allowing significant m-A, interference at large -t;
it is also necessary for the m contribution to
shrink with energy so that this (destructive) a-A,
interference is largest at lower energies. A non-
exponential dependence of the w contributi. 'on to
P,'can be obtained by allowing weaker absorption
in the n = 2 amplitudes; choosing E,(t) &E,(t) in

Eq. (4.7e) would be consistent with realistic ab-
sorption models as discussed by Kimel and Reya,"
and would extend the w contribution to larger -t
with the correct pha, se (180') to interfere destruc-
tively with the A, -exchange term. This picture is
in fact consistent with the p-~ interference phases

. as discussed in Sec. VI. At large -t these phases
change considerably with energy, suggesting that
P', changes from being 7t-cut dominated at 6

GeV/c to beingA, -pole dominated at 17 GeV/c.
As detailed in Table VII, we have employed a

strictly heuristic fit to the cr, data in which P+
is described by two components: first, an energy-
independent m cut which falls exponentially with
t to.describe the small -t region, and second, a
large -t component which contains both A, -pole
and m-cut contributions and which increases
smoothly with energy. The two components are
added in quadrature since by hypothesis they
should interfere only over a limited t range
around -t= 0.15 GeV'. We have included a single-
flip Regge-behaved A, -exchange amplitude as in
Eq. (4.20b), with r„ fixed at 0.25 GeV (r„here is
defined by the ratio of P+, to the large -t compo-
nent of P+ at 17 GeV/c). The solid curves in
Figs. 18 to 20 show the results of the fits; the fit
parameters are listed in Table VII.

2

eV/c
s-channel frame

Ip"
I

—20

= Io

— 0.5

b

CU

CL

20 — 20

l0

P," IEq. (4.20)], it follows that an A, cut in P,
would in fact reinforce the 7t cut and, by growing
with energy, would explain the shrinkage observed
in P,

The parameters listed in Table VII indicate that
the WM prediction for the n= 0 cut strength,
C(m, t ) =E(t )/rn in Eq. (3.18), is valid only near
I =0. With the WM approximation, F„(t)=F(t) in

Eq. (4.7), the t dependence of F(t) would be given
by the slope parameter B„namely B,=3 QeV '
(t cha, nnel) and B,= 4 GeV ' (s channel). On the
other hand, the t dependence of C(m, t) is given
by the slope parameters 8, I see Eq. (3.19)j; from
Table VII, B+=6.8 GeV and B =5.9 QeV
Thus, the fits indicate that C(m, t ) & F(t)/m away
from t=0.

Nevertheless, the 15- and 17-GeV/c dipion data
appear to provide strong support for th'e WM over
the range -t & 0.2 GeV'. ' ' In particular, the WM

assumption, C(m, t ) =E(t )/yg, leads directly to the

3. Energy dependence of o at large -t

At very small -t w'e have shown that the WIVI

amplitude structure is consistent with v„once
t -dependent effects have been taken into proper
account. For -t &0.1 GeV', s-channel c (Fig.
16) and P, (Fig. 22) both shrink with energy, a
behavior which is not anticipated in the WM. This
shrinkage in s-channel P, may be associated with
m-exchange Regge behavior, but this explanation
seems inadequate in view of the lack of shrinkage
seen in s-channel P, and S. The behavior of P+
could also be explained in terms of an A, -ex-
change cut contribution to the n =0 amplitude,
analogous to the v cut, C(rn, t ). Given the rela-
tive phases of m-cut and A, -pole contributions in

— 0.5

0.2 -"

0
I l

0.10 0.20 0.30 OAO

—t(Gev )
2

FIG. 24. Comparison of the helicity-1 p -production
natural- and unnatural-parity-exchange cross sections
in the 8 channel at 4 and 17 GeV/c. The unnatural-par-
ity cross section has been determined from the ampli-
tude analysis in order to test the WM prediction 1P
& 1P', 1, where o, -1P' 12 is assumed. The curves
shown are smooth interpolations.
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prediction that

(4.21)

in the s channel, where the equality is meant tohold
at large -t. Since P+ depend strongly on energy, it
is valuable to examine the WM prediction at the low-
er energies, where the A, -exchange contribution
is smaller. Figure 24 compares the two relevant
quantities c, and ~P ~' from the amplitude analy-
sis ( ~

P [' =
[ P, ('), at both 4 and 17 QeV/c. The

17-QeV/c data. indeed satisfy the WM prediction
of Eq. (4.21) at all t, although for -f&0.2 QeV'A,
exchange enhances o, . On the other hand, the 4-
GeV/c data do not satisfy the WM prediction;
rather, for -t&0.1 QeV', ~P' ~~&c,. We conclude
that the apparent success of the WM at higher en-
ergies and large -I, is fortuitous: I', decreases
with energy while I', increases with energy, so
that these amplitudes happen to be equal in mag-
nitude at 15 and 17 QeV/c over a limited I range
near t=0.15-QeV . At 4 QeV/c, where the am-
plitudes should reflect more faithfully the r-ex-
change behavior, the observation that

~
P,

~
at large -I implies a weaker absorption

strength than predicted by the WM. Thus, the
simplest explanation of the comparison made in
Fig. 24 is that the n =0 cut strength falls faster
with t than given by the %'M resulting in o &a+
at larger -t; at higher energies, A., exchange ac-
cidentally helps restore the WM inequality of Eq.
(4.21).

V. p-cu INTERFERENCE EFFECTS

The fits to the m'm . mass spectra described in
Sec. III included only the p' in the w7} I' wave, and
were designed to describe the average of the spec-
tra, for m p [reaction (1.1)] and n'n [reaction (1.2)]
initial states away from the e region. In order to
determine the p-~ interference parameters, we
essentially fitted the difference of the cross sec-
tions for n n and m p initial states, this time in-
cluding the co region and fixing the parameters ob-
tained from the previous mass-spectrum fits. The
spectra for ~' and ~ incident were analyzed simul-
taneously in 16 sets of fits, each defined by inci-
dent energy, momentum-transfer cut, and s- or (-
channel reference frame.

Anal. ysis of p-~ interference in this experiment
has been reported in a previous publication. ' We
have now extended this analysis to include t-chan-
riel as well as s-channel observables and also to
describe the interference dme pyp In addition we
employ the S-wave parameterization of Sec. III in-
stead of the polynomial fit to the p~~ backgr'ound
used in Ref. 1; the results of the two analyses are
completely consistent. A somewhat different ap-
proach, the Estabrooks-Martin amplitude analysis
of p-~ interference at 17 GeV/c, is described in
Ref.- 4. For a review of p-co i,nterference pheno-
menology, we refer the reader to Ref. 52. In this
section we first describe the parameterization and
fitting procedure and then discuss the physics re-
sults.

D. Summary

In Table V we have presented the corrected p
and K* production cross sections. We find that
the unnatural-parity-exchange p production cross
section exhibits shrinkage, but the individual pro-
jections behave differently: o accounts for most
of the shrinkage in the s channel, while Op accounts
for the shrinkage in the t channel. The energy de-
pendence. of s-channel o is explained partly by
nonasymptotic t;,-dependent contributions, and
partly by genuine shrinkage in the double-flip
amplitude, which may in turn be related to A, -
exchange cuts which grow with energy. The small
shrinkage in s-channel cp and in the 8-wave cross
section suggests that the m trajectory is fairly flat,
or else that the Regge behavior of the pion is ob-
scured by absorptive effects in the n = 1 ampli-
tudes. The large -t behavior of s-channel 0
and 0+ precludes simple absorption prescriptions
such as the Williams model or the Irving-Michael
analysis. We have provided a heuristic parametri-
zation for the p-production amplitudes in Table
VII in order to provide a framework for the study
of SU(3) phenomenology in Sec. VI.

A. Parametrization of p-u interference

First we review the assumptions used in the
present analysis. Diagrams for dipion production
are shown in Fig. 25. The amplitudes contain
terms of order 0, 1,2, . . . in the (ur

~
p) matrix ele-

ment. We ignore any direct ~- m'm decay that
does not proceed through the p intermediate state,
and assume therefore that the ~ —m'vr decay phase
is given by the phase of the p propagator at the ~
mass. Tlius, the (~~ p) matrix element is taken to
be purely real, consistent with the results of e'e

(I) (2)
FIG. 25. Diagrams for dipion production containing

terms of order 0, I, and 2 in the (co ~p) matrix element.
Contributions from the direct decay u —n' ~" are ig-
nored.
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annihilation and photoproduction experiments. "
Experimental consequences of a possible direct
~ —~'w decay amplitude have been discussed by
Habl and Reay." We note that the parameterization
which we obtain from the diagrams of Fig. 25 is

identical with that derived by the mass-matrix ap-
proach described in Ref. 54.

By squaring the amplitude depicted in Fig. 25,
we obtain the following expansion for the P-wave
m7j cross section in a given belie'ity state:

(5.1)

The + (-) sign refers to the m p (»'n) initial state
and is just the relative sign of diagram (2} in Fig.
25. The amplitqdes P„(p) and P„(~) are the p' and
co production amplitudes for helicity-M states.
These amplitudes were defined in Sec. III and nor-
malized as in Eq. .(3.8); as before, nucleon-helicity
indices are suppressed except as needed. The
other factors in Eq. (5.1) are defined as follows:

best this tecum can be used to give an upper limit
on 8 and we will ignore it. in subsequent fits. The
second- term of order p', caused by the inter-
ference of diagrams (1) and (3} in Fig. 25, is.pro-
portional to

I P„(p) I' and consequently produces
a dip in all, dipion cross sections at the + mg. as;
the: magnitude of this dip is a fixed fraction of the
dipion cross, section given approximately. by twice

e = 2m„(co
I
p),

A=
I'(e- »'m)
I"((u —all)

,I „(~„)r,(~„)]
B,(m) = [(m,' —m' —im, I',(m) ] ',
B„,(m) = Nm

' —m' —im„F„(m)] ',

(5.2)

(5.3)

(5.4)

(5.5)

.r

I. I.

s.—ehapnel frame

71'. P . 7l 7l '0
, P. 5

e m'+A, ~+g P

0.08&-t & O, P.0

B „m dm.

The mass mixing term (~
I
p) is equal to the I&aram-

eter 5 defined by Goldhaber, Fox, and. Quigg54;

Coleman and Glashow" have predicted 6= 2.5 Me&.
Our q is not the same as the dimensionless q used
in other analyses. "' Numerically, a 1% ~ —w'»

branching ratio A corresponds to q =0.0039 Geg'
and 5=1.92 MeV.

e first remark on the term proportional to A in
Eq. (5.1), since we will ignore it and higher-order
terms in subsequent fits to the data. This term
has the same sign for both w'n and m p initial states
and would show up as an (d Breit-signer peak or
dip in the sum of the two spectra. Figure 25 allows
two contributions to this term, one coming from
the square of diagram (2) and the other from the
interference of diagrams (1}and (3). The former
term is just the cross sectiori for ~ production
followed by ~ decay into z'z . Averaged over the
~ band this term gives a positive enhancement in
the cross sanction of as much as 10%%u» at large
where the ratio IP„(cu) I'/I P„(p) I' is maximum.
Unfortunately this enhancement is large only whprp
the cross section and the statistics are small. At

«&
CD.

E 0

(bI

. I6—

8 —,
OJ

0
0.70

I

0.75
I

0.80
I IGey~

I

0.85

FIG. 26; Comparison of the dipion mais spectra in
the p-(d interference region for the s-channel projec-
tions of o'p &, and o„, where o';~ =P&~ p;;do/d~ is
plotted. The data are from reactions {1.1) {open points
and dashed curves) and {1.2) {solid points and solid
curves) at 4 Ge&/c and 0;08&-t &0.20 GeV . The
curves result from the fits described in the text, and
@re used to determine the relative phases and magni. —

tudes of the po and (d production amplitudes.
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1

the ~ branching ratio B. Since B is small empiri-
cally (8 = 0.01), this term is undetectable in the
present data.

The p-co interference term which is linear in q

in Eq. (5.1) can be directly measured, since it
produces a difference between the cross sections
for m'n and w p initial states at the w mass. Fig-
ure 26 shows a comparison of these mass spectra
at 4 GeV/c, and 0.08&-t&0.20 GeY', for the s-

channel projections 0.» 0,; and 0 . Clear inter-
ference effects can be seen, with the incident w'

and n' cross sections dramatically different in the
vicinity of the co. The fitted curves determine the
relative phases and magnitudes of P„(p) and P~(~)
in Eq. (5.1).

The interference term in Eq. (5.1) gives a. mass-
dependent contribution to each of the P-wave cross
sections of the form

p)~b &@
= +2&~~ ~ m 2 Reg ypz — Imps gyes

d c'
o Re[P~( p)+P~((u)] Im[P~( p)+P~((u)]

(5.7)

where the signs+ (-) refer to o) p (w'n) initial states
and where the factor o„~ f~(m) ~' from Table II gives
the intensity for helicity-M p production in the
absence of p-~ interference. A similar expres-
sion was used for p-~ interference effects in p...
which will be treated in detail below; The precise
formulas used in the fits are given in Table VIII.
Since the two components of the ~ Breit-Wigner
form, ReB„(m) and ImB„(m) in Eq. (5.7), have
distinctive mass dependences, we obtain both com-
ponents of the complex quantity [P„(p)*P„(&u)]/
~P„(p) ~' from each dme. The quantities
P„(p)*P„(~)and ~P~(p) ~' are understood to be
summed over riucleon-helicity indices and to be

I

averaged over each (fairly coarse) t bin. Since
the parameter & in Eq. (5.7) is not a priori known,
it is convenient to express these in0erfereriee
quantities in terms of a phase P„and a magnitude

, Im[P„( p)*P„(~)]
Re[P (p)*P„(&u)] ' (5.8a)

I 0'„(int) I e I P„(p) *P~(&u) I,

I c'„(p) I 0.0030 I P~( p) Io

. The results of the fits, which are the quantities on
the left-hand side of Eq. (5.8), are listed in Table
IX. The ratios of cross-section magnitudes in Eq.

TABLE VIII. Parametrization of the p-~ interference observables. The + (-) sign is used
for data from the & p (7t+n) initial state. The fits used data in the interval 0.64 &m„&0.94
GeV. The quantities , ', , f~(m), fs(m), and a;; were taken from the Sec. III mass-spectrum
fits, away from the p-~ interference region, and are defined in Tables I and II. The complex
quantities o;., (int)/Heo';, (p) are the parameters to be determined by the p- interference fits,
which are described in detail in the text.

~]P&.b &oo+
' „ I

=+2o&olf~(m) I &o(m)
(, p„do& 2

6~p, p++ ' '

~
=+2mB If z(m)I 6 (m) 1+—a

D(p& p + ' '
[

=+2ev Ifp(m)I oD (m) 1+~ a

do'

~ p»b (Repos dm
~ (TosRe[~s(~)fs, (m)]+Os(~)2 d(J

& Pgb (Repas), . =+ 8 (1s) ~,s j.+g„
I

where A; (m) = " Re+ (~) — '', I~.(~)
Beg;; (int) Imo;. ;{int)
Reo;&(p) ~ Reo;&(p).

B~(m) =[m~2 —m —im~ I"~(q/qg] ~

q~ =the center-of-mass momentum of the ~ ~ system at m



B. %ICKLUND et ul.

Q.

cd+ Q

bo
~~ .9bo ~
~p4, cd

cd

L

Q
R
Q

3

g 8
Q

QN
Q
Q 34

g
Q

Q
Q

M
~w Q

Cd

g
g

R
Q"0 Q

cd

Q
Q Q

CO

~pN

8

Q

Q
.8

Q 8
m

Q
Q
Q Q
g cd

Cd Q.P ~
Q—
Q—

~Q .9
s
Q

~M
Q

I G9
Q. Q

A Cd

Co
Q

CCI GO

6 v'

Q

Co
4M

Q
A

0
CD

+I

Q

cd

Q

~W

~Fl
cd

4
Q
Q

cd

Q

Q

8
Q

+I
Q

Q
Q

ba
Q"e

~A

Q
~M
h0
Q4
cd

8-
K

Ca

CdA
G4

CD
Q

II Q

Q

8
Cd

Q

Q ~ Ibb—

b—

8

Q

Cd g Q

Q
I

bb—

Cb

'
CD

LPJ
CO

CD

+I
LQ
Cg

+I

CD

CD

O
H

CV

CD

CD

+I
CD

CD

OQ

O

+I

Cg

CO

CD

H
GO

CD

CO

CD

+I

lA

O

CO

CD

LQ

CD

Cg

CD

GO

CD

GO Cil
CD

I GO
CD CD

CD CD

CO Cb
CD O
CD

+I
CO

O CD

GO

CD

CD

CD

CO

CD

+I +I
00

GO

+I
GO
Cg

CD

+I

O

CO

GO

CD

CD

+I

CD

GO

O

CO

CD

+I

CD

00
CD

+I
Cb

CD

+I
CD
GO

«D

CD

+I

cq

Cg

CD

LQ
CO

O

+I

Cb
CD

+I
CD
LQ

LQ

CD

+I
O4

CD

CD

CD

+I
LPI

CD

Cb
CD

CD

+I

CO

+I +I

Cb. CO

O

cD

I

CD

I
GO

Cb

+I
CO
Gq

CD

+I
CO

CD

+I

CO

CO

CD

+I
CO
Lf3

CO
O
CD

+I
Cb

O

CD

+I

GO
CD

+I
CD

CD

C4

CD

O

CD

+I
GO

CD

+I

CD

O

CO

+I

O

GO

CO

CD

CO

CD

+I

O

+I
CD

Cb

CD

+I

Cb

CD

GO
O
O

I

CD

O

I
GO
CD

CD

CD

I

cq
CD

00

CD O
+I +I

CD CD

(5.8b) are defined so as to coincide with the am-
plitude ratio,

I
&.(p)*& (~) I/ l&.(p) I' «r an

ar - m'v branching ratio 8=0.01(c=0.0030 GeV').
Equation (5.8) will be generalized below to treat
the p~o data.

Before examining the fit results, we remark
further on some details of the fitting procedure.
(1) The factors a„which give the mass dependence
of P„are taken to be half as large in the 'p-cg in-
terference expressions of Table ~II as in the po-

intensity formulas of Table 11; this is because the
p'-production amplitudes enter only liriearly in the
p-+ interference corrections. (2) Appropriate S-~
interference terms have been added to pos and pcs
in Table 7III; we have dropped terms in the ex-
pansion proportional to sin(6~ —6~), which is small
at the ~ mass. The resulting S-~ interference
parameters are poorly determined but are consis-
tent with the assumption of Eq. (4.2) that the pro-
duction amplitudes S and P, are relatively real
and spin coherent. %e will not use these 8-~ in-
terference data for further analysis because, with-
in their large errors, they contain no new infor-
mation. (3) We have folded the experimental mw

mass resolution into the p-~ interference param-
etrization before fitting the data (.4) We have fixed
the ~ mass to m„= 0.7827 GeV and have allowed
I"„to vary over a restricted range, resulting in
9.5 & I'„&10.5 MeV. (5) The systematic uncer-
tainty in our mass calibration (+1.5 MeV) trans-
lates into a common systematic uncertainty of +9'
in the p-e interference phases, which is not in-
cluded in the uncertainties of Table IX. (6) To ac-
count for possible normalization differences be-
tween n p and m'n initial states, we have included
in the fits to each dme a free normalization param-
eter; the fits indicated agreement in the relative
normalization typically. within 6%, and showed that
the p-w interference parameters are insensitive to
these normalization corrections. Note that the
curves shown in Fig. 26 include these correc-
tions; consequently the interference contributions
cannot be deduced directly by taking differences of
the m p and m'~ fitted curves shown.

The total X'/degree of freedom for the s-channel
fits was 214V/IV52; however, no systematic dis-
crepancies could be discerned in the fits, and the
errors in Table IX have not been enlarged over the
statistical errors.

B. R'esults of the p-u interference fits

The interpretation of the p-m interference mea-
surements is straightforward if the &o-production
amplitudes have the simple nucleon-helicity struc-
ture assumed in Sec. IV. Assuming that the p' am-
plitudes are dominated by 8-eh~el helicity-flip
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The curves are smooth interpolati, ons of the data,
which are all at 6' GeV/o. : We have used the w-produc-
tion data from Ref. 9, . corrected for p-o) ihterference,
for these .ratios.

( P„(~)) / (P,( p) (
= [o„(~)/os( p)]"'.

Vfe note that Irving" has argued that this is not the
case, and that nonf lip "Z" exchange (the J~o= 2

analog of the A, ) dominates unnatural-parity &u

production for -t &0.4 GeV'; Z exchange would
contribute to the or cross section but not to the p-(d
interference unless A, exchange were important
in p production. Cross-section ratios are shown
in Fig. 27, where the (d-production data of Ref. 9
are used. These ratios span a considerable dy-
namic range, from o(&o)/o, (p)=0.03 at small -I
to o(ur)/ o( p) = 2.0 at large t' -Thus, neglecting
Z exchange, the cross-section ratios suggest that
we should find larger p-or interference effects in

e, than in o, , and that the interference should in-
, crease with -t. The smallest effects should be

seen in s-channel o and t-channel Oo; helicity-0
&o',s are enhanced in the s channel while helicity-0
p's are more promindnt in the I; channel. These
features are qualitatively consistent with the pa-
rameters in Table IX, and the enhanced inter-'
ference effect in 0. can be seen directly in Fig.
26.

Next we summarize some more detailed results,
namely the interpretation of interference in o»,
the or branching ratio, and the effect of interfer-
ence .on the or yroduction cross sections.

p-ar interference in o». The complex inter-
ference quantity obtained from the fits to o,„can
be expressed as

o'»(int) & [P (p)~Po(&e)+Po(p)*P (u)]
Reo'qo( p) 0.0030 2 Re[P ( p)*Po( p)]

(5.9)

s and A exchanges, the p-ar interference param-
eters- pick out those. or-pqoduction amplitudes that
are coherent in spin with the p' amplitudes, for
example s-charnel helicity-fbp S and p exchanges.
The parmeters of Table IX then measure directly
the relative phases and magnitudes of the spin-
coherent amplitudes in the two 'reactions; the mag-
nitude ratios reduce to

(
o„(int)

(
/

( o„(p) (
=

( P„(») ( /
)P„(p) ), and the-phases become Q„=arg[P„(&u)]
—arg[P„(p)], where P„(~) and P„(p) refer to the
s -induced reactions, and o„ includes o. , (the
interpretation of o„ is more complicated). We
emphasize that if the nucleon-helicity structure
of p production were very different (e.g. , signifi-
cant A, exchange), then the interference parame-
ters would require a more complicated interpreta-
tion. .

If or production is itself dominated by the 8- and
p-exchange amplitudes that contribute to the inter-
fere'nce, '

then we would expect tlie strength of the
measured, interference to be given by the:square
root of ihe or-to-:po cross=section, ratio,

which is the generalization of Eq. (5,8) for the P
wave interference dme p„. The measured. phase
and magnitude of the quantity on the left-hand side
of Eq. (5.9) are given in Table IX. In the limit that
P„('p) and P,( p) are spin coherent (away from '

t= t „)and have the same phase, . Eq. (5.9) simpli-
fies to the following relation, independent of the
nature of P„(v):

o»(int) 1 o,(int) o (int)
Rea~o( p) 2 &ro( p) c ( p)

The quantities on the right-hand side of Eq. (5.10)
are of cour'se independently measured from 0~ and
o, and within errors the data satisfy this rela-
tion. ln principle„Eq. (5.10) could be regarded
as a test of the spin- and phase-coherence. assump-
tion. In practice, it illustrates that with a reason-
able model for p' production, o„gives an indepen-
dent measure of the interference in oo and o; this
is especially helpful where o ( p) «oo( p), in which
case Ogo gives a more sensitive measure than 0 of
the interference between P ( p) and P (&u).
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aIc

s- channel frame

00

t- channel frame

'IP

This parametrization is discussed in more detail
in Sec. VI. It is sufficient to note here that it ig-
nores possible Z exchange and assumes essentially
the same nucleon-helicity structure for P~(a)) as
for the p production amplitudes of Sec. IV. The
natural-parity-nonf lip couplings for p and A, ex-
change iparameter x„ in Eq. (4.20b) j were varied
over the range 0& ~„,&0.5 QeV without signifi-
cantly affecting the results. Consistent values of
the cu- ~'m branching ratio were obtained at the
three energies in the range

R = — — =0.010+ 0.001.I ((3) 1T 7T )
I' (d-all (5.11)

3

Q
I I I I I

0
lo

]3)
I'

I I

0 O. l 03
I

0.2

~ branching ratio. Given a model for p' and m

production amplitudes which specifies the ratios
IP (p)*P„(~)I/ IP„(p)I' in Eq. (5.8b), we can use
the measured interference magnitudes from TR-
bfe IX to determine the parameter q. We have
constructed a parametrization of the ~ production
amplitudes based on measured ~ cross sections.

I I

0 O. l 0.2

-ttseV )

Flo. 28. Ratios of the p-~ interference magnitudes,
]o;,.(int) (/[o;;(p) ), to the values of [P~(p)*P)3(~I[(/tPv{pI(Ii, cal-
culated from the model described in the text. Data at
3 Ge|It"/c are plotted as triangles, 4 Geg/e as squares,
and 6 Geg/e as circles. For an co- m'm" branching
ratib 8=0.01, the expected value of the ratio is 1.0,
which is shown by the dashed lines.

n'N - ~'7t-n'Z. (5.12)

The same arguments used to obtain Eq. (5.],) lead
to the following expressions for the 3m production
cross sections:

We remind the reader that this value would in-
crease if substantial spin incoherence between the
p and ~ production amplitudes were assumed.

Figure 28 shows the observed p-v interference
magnitudes,

I
o,,(int)

I
/

I
o,,( p), divided by the ex-

pected val"es IPSE&( p) Pii(a))
I
/ IP.(p) I' as c»cu»-

ted with the model. The resulting ratios should be
consistent with unity for 8 = 0.01. The systematic
discrepancies that can be seen are (1)

I
o,(int)

I
may

be systematically low in the s channel for -t&0.08
Geg', and (2) likewise

I
o (int)

I
appears to be syste-

matically low in the t channel for the same t range.
Overall the ratios a,re in reasonable agreement
with unity, especially considering the wide dynamic
range expected for

I o;~(int) I.
Interference effects in, (d production. In order

to perform an amplitude analysis of the ~ produc-
tion data, it is necessary to take account of p-~
interference effects in the reactions

e( N —eeN)=e, ,.'(e'p-aan)()eea33e "' "' "
)

P~((N')*P~( p)B,(3n „tj $j IP~(&) I' (5.13)

where we have integrated over the ~ width and have ignored terms of order q' and higher. The desired co

production observables can be extracted from the 3n production data by the relation

e,,(ta)=e, ,(n'N DaN) )e " — 0 (D.ODD ein0, , —D.DDBaee0;,.)) .lo, ,(int) I o,(p)
(5.14)

The quantities (t);, and
I
o,,(int)

I

/'
I o(3( p)

I
on the

right-hand side of Eq. (5.14) are just the measured
parameters in Table IX. The quantities o;,.(p)/
o,,(a)) are the ratios of p and (d production intensi-
ties in each dme. Note that Eq. (5.14) does not
depend on any assumptions about the structure of
P~(p) and P„(~), or on the explicit value of q. A
first approximation for correcting the ~ data is

provided by the expression

o;,(0u) = o;,(7) p - 3 an) 1+ 0.20
1+t t,

(5.15)

where t, = -0.22 GeV' for O„o, and 0„, and to
= -0.025 GeV' for o.. Equation (5.15) gives the a)

production observables within -10%, and we have
used it to correct the ~ data of Ref. 9 whenever
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we have made use of it, e.g. , in Fig. 27 and
throughout Sec. 7I. In fits to the co data we have

'

found that both Eqs. (5.14) and (5.15) yield similar
results.

C. Summary

To summarize this section, we have presented
p-(d interference parameters for observables 00,
o„o, and. Reo, p Depending on assumptions about

p production and about spin coherence between p
and co amplitudes, these interference parameters
give direct information on the relative phases of

p and co helicity amplitudes. The magnitudes of the
p-(d interference effects are consistent with mea-
sured ~ and p cross-section ratios. Assuming
spin coherence between the p and ro production
amplitudes we obtain a branching ratio for ~ - m'Tt

of (1.0+ 0.1)/p consistent with the Particle Data
Group world average of 1.3+ 0.3/0."

(6.1a)

(
—

g) N( p) —Prr(
rr (6.1b)

These relations are obtained by requiring SU(3)
symmetry in the meson-vertex couplings in addi-
tion to the ideal ~-Q mixing pattern, which forces
the amplitudes for rr p - Qn to vanish. The follow-
ing predictions can be tested with experimental
observables

(r„(K*)+o„(K*)= rr„( p}+ (r„((u),

q„(K*)—o„(K*)= 2Re[P„(p),*P„((o)].

(6.2a)

(6.2b)

The sum rule, Eq. (6.2a), has been tested by
several authors. '"'" The difference relation, Eq.

I

VI. .COMPARISON OF p, w, K.*,and K* PRODUCTION

So far we have examined the features of p' pro-
duction and p-co -i.nterference in the context of sim-
ple phenome'nological models, but have delayed
corisideration of Ã*' and K*' production until the
present section. While the P-wave observables
for the A'*' and K*' data were extracted in the
same way as for p'. production, as described in
Secs. III and IV, the significance of the results is
most conveniently understood within, the pheno-
menological'framework of SU(3} symmetry and
strong exchange degeneracy. This comparison
requires the use of the high-statistics (d-produc-
tion data of Ref. 9 in addition to our own data on

p production and p-'co interference, and is the
principal concern of this section.

SU(3) symmetry"'4' relates the production am-
plitudes for the four vector-meson reactions (1.8),
(1.9), (1.10), and (1.11) as follows:

(6.2b}, is especially interesting because it relates
line-reversal breaking in K* and K* production to
the p-~ intereference observables.

In simple models, such as the Regge-pole model
of Goldhaber, Fox, and Quigg (GFQ),"the re-
quirements of SU(3} symmetry and strong exchange
degeneracy (EXD) together dictate the form of the
scattering amplitudes. In the GFQ model, the
6=+1 pairs of trajectories, m+B and p+A.„satisfy
perfect EXD, so that P~, (p) and P~(&u) are 90 out
of phase. %'ith the requi. rement that the exotic K*-
production amplitudes for reaction (1.11)be real,
the SU(3) relations predict the following constraints:

(Kg)/P (Kg) e- inn ( t )

P„(&u)/P~( p) = i tan
rrn(t)

(6.3a)

(6.3b)

where n(t) denotes the EXD trajectories rr+B for
unnatural-parity exchange and p+A, for natural-
parity exchange.

A pure Regge-pole model such as GFQ is not
likely to provide a good quantitative description
of vector-meson production, since nonfactorizable
absorptive cuts are manifestly important in p' pro-
duction, as discussed in Sec. IV. The GFQ pre-
diction from Eq. (6.3a) of line-reversal symmetry,
c(K*)= o(K*}, is not compatible with the data pre-
sented in Table &'. Moreover, the cross-section
ratio, ~(~)/~(p) =t~ [~~(t)/2], predicted by Eq.
(6.3b), does not agree with the ratios shown in Fig.
2't; a single trajectory, n, ~(t), would be insuffi-
cient to describe both the oo and o unnatural-parity
cross sections, and no reasonable p-A2 trajectory
would describe the behavior of o.(u)/0, ( p).

The GFQ model also gives specific predictions
for the tr-&u in'terference phases: Equation (6.3b)
implies Q~ —(f) p 90 for B(t)&0( p+A2 exchange for
-t&0.50 GeV'), and Q —$,=270 for n(t) &0 (rr+B
exchange). The experimental tr-&u interference
phase tend to support these predictions. First,
the interference phase in o'„which isolates a+B
exchange, is 292 a 16 in the t channel and 291"
~ 27 in the g channel, averaged over energy and
momentum transfer (the errors quoted are rms
spreads). Second, in the limit of large -t and
high energies, the interference phase for 0, seems
to approach the GFQ prediction of + 90; the large
-t(0.2& —t&0.4 GeV ) phase in v, is 195 + "t at 4
and 6 GeV/c, and 132 + 9 at 17 GeV/c. ' Pre-
sumably at small -t and lower e'nergies the pion
cut in o, invalidates the GFQ prediction. Thus,
the GFQ model seems to explain qualitatively the
p-(d interference phases, although refinements in
the model are needed to explain deviations from
Eq. (6.3).

A number of physical mechanisms can be invoked
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to explain departures from the simple GFQ model.
For example, absorptive corrections provide a,
mechanism for violating SU(3) symmetry. The
relations of Eq. (6.1) are derived for the t-channel
Regge-pole terms; these relations should apply
equally well to the s-channel pole terms, since the
crossing relations are essentially the same for the
four vector-meson reactions. Considering only
Pomeron-Regge cuts, the absorptive corrections,
which are proportional to the s-channel Regge-
pole amplitudes, should themselves satisfy SU(3)
to the extent that the Pomeron rescattering am-
plitude is independent of reaction. However, there
is evidence, discussed below, that the absorptive
corrections are systematically weaker for K'N
than for m'N initial states.

Mechanisms for line- reversal breaking, c'(K*)
o o(K*), are numerous. For example, the tra-
jectories m+B and p+A, are not themselves likely
to be exactly degenerate. " The energy dependence
of w p - won and w p - qn suggests that o.„(t)& o.,(t).58

Similarly, the p-& interference phases of Table IX
disagree systematically with the GFQ prediction
of Eq. (6.3b), suggesting that the w and B trajec-
tories are also different. Absorption provides
another important mechanism for the breaking of
line-reversal symmetry in vector-meson produc-
tion, as pointed out by Fox." As.an illustration,
strong v+ B cut contributions to the rs=0 amplitude
can interfere with the p+A, pole terms in the na-
tural-parity cross section. Even. if the m+ B cut
and the p+A, pole terms separately satisfied EXD,
their combination in P, would break the line-re-
versal relation; schematically we can write

&,(K.*)=g„,+ a„&, (6.4a)

&.(K*)=r, ,(~ " "')+r,,,(~ " '"). (6.4b)

The individual w+B and p+A, terms in 'Eq. (6.4)
satisfy the line-reversal relation, Eq. (6.3a). How-

ever, the trajectories n, ~ and n, „are not simply
related, and the interference of natural- and un-
natural-parity contributions in Eq. (6.4) breaks the
EXD equality of a,(K*) and o,(K*). Although this
mechanism is of singular importance for under-
standing the line-reversal breaking in K* and K*
production, as discussed below, it nevertheless
does not refute the basic GFQ picture but merely
complicates the interpretation of the data.

We will use the vector-meson production data to
examine the validity of SU(3) symmetry and the
mechanisms by which exchange degeneracy in the
amplitude structure is broken. We proceed by in-
vestigating (1) the properties of the a& produc-tion
amplitudes, (2) the features of K* and K* produc-
tion data from this experiment, (3) tests of the

SU(3) sum rules [Eq. (6.2a)], (4) the relationship

A. Features of u production

We have relied on the high-statistics data of
Shaevitz et al. ' to determine in detail the t depen-
dence of the & production observables in the reac-
tion w p-&un [reaction (1.9)). The 6-GeVjc cross
sections, o'p and 0'& from Ref. 9 are plotted in
Fig. 29; these data have been corrected for p-&
interference using Eq. (5.15), and the curves rep-
resent our parametrization of the ~-production
amplitudes which is given explicitly in Table X,
together with the fitted parameters.

The energy dependence given in Table X is des-
igned to provide a smooth interpolation of lower-
energy data. Unfortunately the energy dependence

b
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FIG. 29. Differential cross sections for 7r p —~ at
6 GeV/c from the data of Ref. 9, corrected for p-cu
interference effects. The quantities plotted are 0 ~
=pj~ prado/dt; the curves are from our parametrization
of the data which is given in Table X. Open circles are
00, triangles are 0, , and squares (with dashed curves)
are 0„.

between K*-K* line-reversal breaking and the p-~
interference phases, (5) comparison with higher-
energy data on K* production and p-& interference,
and (6) phenomenological descriptions of the vec-
tor-meson production mechanisms which aim to
explain the deviations from the GFQ model. We
call attention to a similar analysis by Estabrooks
and Martin, "which used a subset of the present
data, and also to the analysis by Emms et al. ,M

which used preliminary data from this experiment.
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TAj3LE X. I'arametrization of the ~ production amplitudes together with parameters obtained
from fits to the data: (1) The parameters ~, B~, and Hz are from fits to the 6-GeV/c &-pro-
duction data of Hef. 9. (2) The parameters g&, BA, rz, and G;& are fixed by the fits to p -pro-
duction data and are given in Table VII. (3) The parameters pz and (It)z are from fits to the K*
and X* data at 3, 4, and 6 GeV/c from this experiment using Eq. (6.2b); the fits were over the
ranges -t &0.45 GeV {4 and 6 GeV/c) and —t &0.28 GeV {3 GeV/c). The notation t' =t —tmin

is used throughout.

Po„(t chan) =~, (e& o'" o' "@o"~o' ~)(p /6)'

(t chan) = (Iz/ t)1/2~ (] +II t e) (&(B-.t '+i 0-+f @'t
))-(p /Q)t

P (t chan) =sing(t;„/t')' 2P+, (t chan)

P+- (t chan) = (tiIIilI /t ') P ++ (t chan)

P,' (s chan) =u Q+H t'){e~B+' "It'+~'&j)(P /6)

P+ (& chan) (1 +2t)z ( t ')j.l 28 eBAt'(p /6)0. 5+t '
I (

17
~

A] ei fI'I 4

where @+(t)=[@++@'+t'—50 ln(phb/6)] (1 —e4o ) +(I|) e

n+(t) =0.3{1—e~5~ ) +t

~o ——1.75+0.05 mb Bo ——1.81+0.30 GeV Ho =0.46 +0.77 GeV

~, =0.74 + 0.19 mb'l ' .k, =4.75+0.09 GeV ' H = —33.8 + 2.6 Gev '

B =3.93+0.25 GeV H = —12.4+1.7 GeV

3 GeV/c 4 GeV/c 6 GeV/c

287~3

74+18'

135+7'

119+25' GeV

350 +180' GeV

29 +45' GeV '

276 +2'

68+ 7'

133+4'

33.+].2' GeV 2

138+44' QeV

69+19 GeV '

286~ 3

78+8

144+ 8

65+19' GeV 2

119+38' GeV

70~34' GeV 2

of reaction (1.9) is not well established in the 3-
to 6-GeV/c range. The parametrization which we
have used agrees with that of DoweQ et gl. ,

"who
have determined empirical trajectories from sep-
arate fits to data on z p-&u n (4 to 12 GeV/c) and
m'n-&up (4 to 7 GeV/e). Within the errors, their
trajectories can be represented by the forms

&, (t) =t+0.3 —0.3e"" (P„),

,(f)=f (P,P, ),

(6.5a)

(6.5b)

where we have introduced the constraint g, =g at
P = 0. At much higher energies (20& p„b &200
GeV/c) the natural-parity trajectory has been
better determined:

c „(t)=1.2t+0. 55 —0.558"" (P, ) (6.5c)

adequately represents the data of Dahl zt pt.";

both the low- and high-energy data suggest the
turnover in n, (t) near I =0, but the forward inter- '
cept, u, (0), is not well determined. To obtain 3-
and 4-GeV/c observables for subsequent analysis,
we have simply extrapolated the 6-GeV/c data of
Ref. 9, using the energy dependence implied by
Eqs. (6.5a) and (6.5b); to allow for uncertainties
in the extrapolation, we have attached 15% sys-
tematic errors to the lower-energy points.

The main differences between w and p' produc-
tion observables, as illustrated by Fig. 29, are
that (1) the &u cross sections are flatter in t, and
(2) a& production is dominated by natural-parity
exchange. The latter feature is anticipated by the
GFQ model. ' According to the GFQ prediction of
Eq. (6.3b), the p-exchange contribution to P (~)
should-be comparable in strength to the A. ,-ex-
change contribution to P,(p); by contrast, the un-
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FIG. 30. The interference cross section geo &o

=P j Hep&odcr/dt, for 7( p con at 6 GeV/c from the
data of Ref. 9, corrected for p-cu interference effects.
The solid curves are from our parametrization of
Table X, which allows for a phase difference between
P and Po, the dashed curves show the maximum
values of Heo &0, assuming phase and spin coherence
between y and P

natural-parity amplitudes P (&d) and P ( a)csahould

be suppressed compared to P(p) and P,(p), as-
suming cr „~(t) =0.

The forward peaking in g„(p), as disCussed in
Sec. IV, is evidence that at small -t P, (p) is domi-
nated by the nonfactorizing n-exchange cut. By
contrast, the sharp turnover of g, (cg) near f =0
(Fig. 29) suggests that P, (&u) is dominated by a
factorizable p-exchange Regge-pole contribution;

' similar behavior is expected for the A. ,-exchange
contribution to P (p), as explained in Sec. IV C.
I'n addition„ the persistence of a small but finite
forward intercept in g, (rd) suggests that P, (ca) and

P (ca) receive small n = 0 cut contributions, which
can arise from both p and & exchange.

In the case of p production, the approximate
phase coherence observed between P,(p) and P (p)
can be explained by the dominance of n exchange
relative to possible small A. 2-cut contributions in

P (p). Given the apparent dominance of p exchange
in w production, we might expect the n =0 p-ex-
change cut to be a relatively large component of
P (&u), and to break the phase coherence between
P (cd) and Pa(&u), since the p- and B-exchange
terms have different Regge phases. Figure 30
shows the interference cross section, Re(g «),

for ~ production. The solid curves are from the
fit described in Table X, which imposes spin co-
herence but allows for a phase difference between
P (&u) and Pa(&u); the dashed curves give the maxi-
mum allowed Re [ore(ca)], assuming complete phase

'

and spin coherence between P (rd) and P (aca). Phase
differences of typically +50' are required by the
data.

The parametrization of-nucleon-spin dependence
in + production given by Table X is based on the
discussion of Sec. IV. Theoretically, m- and &-
exchange Regge poles should have the same nu-
cleon-helicity structure, as explained in Sec. III C.
If we assume similar absorption effects at small
-t for p and ~ production, in particular strong
n =0 nonfactorizing cuts, then the t-channel un-
natural-parity spin structure implied by Eq. (4.18)
should apply to both reactions, as indicated in
Tables VII and X. Our parametrization also as-
sumes that P, (rd) is dominantly nucleon-helicity
flip in the s channel. We have included a small
p-exchange nonf lip contribution, p„(ca), which is
related by EXD to the corresponding g, -exchange
term, P,'.,(p), in Table VII.

The magnitudes of the ~ production amplitudes,
~(rd)), are chosen to be simple functions of t

and are determined by fits to the & cross sections
of Fig. 29. The phases of P (a)cdand P (ca) are
parametrized as linear functions of momentum
transfer in the t channel. The phase of P+ {ca) is
also taken to be linear in t, except for a correction
at small -t which is added to satisfy the constraint
P,' (&d) =P+ (ca) at t=t;„. Thus six parameters
determine the &-production phases at each energy.
These parameters can be obtained in three ways:
(1) by fitting the p-a& interference phases under
the constraint that the p production amplitudes be
real as in Table VII; (2) by. fitting g,a(cd) to obtain
the relative phase of P (&d) and Pa(rd); (3) by fitting
the difference cross sections, g (K*) -g(IT'*), using
the SU(3) relation of Eq. (6.2b). The parameters
of Table X and Fig. 30 were obtained from the last
method, which. is discussed in detail below; how-
ever, all three methods give consistent results.

In order to fit ~ production data we have ignored
the V-t factor in P (&)n, gwhich is theoretically re-
quired for the &-exchange Born term. " The ab-
sence of a turnover in ga(ca) at small —tis the.
basis for the g -exchange mechanism hypothesized
by Irving. ~ The Z and B exchanges are expected
to add incoherently in cr, (ccr), the former varying
like ga ~ t' jt at small -f, the latter like ga cc t.e'ee

Although the small -t behavior of on(&rr) appears to
be inconsistent with pure & exchange, the relative
strength of B and Z-type exch-anges at larger -f
is not known experimentally. Qur p-~ interference
data do not require a large g-exchange contribu-
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tion, since the magnitude of the interference in ap
(Fig. 28) is compatible with perfect spin coherence
over the entire t range. Qf course, if we assume a
larger &-m+n branching ratio, these data are also
compatible with the simultaneous presence of sub-
stantial spin incoherence in all the observables
(o, , o, and o, ), over the entire f range. '~

If o,(&u) were dominated by Z exchange, then the
three methods of fitting the w-production phases
described above would in general give inconsistent
results. For concreteness, assume that the p pro-
duction parametrization of Table VII is correct
(noh, exchange) but that Z exchange contributes
strongly to s-channel Po, (&u). Then the three meth-
ods measure the following distinct quantities: (1)
The p-& interference phases are precisely the rel-
ative phases p~ (p) —p~ (+). (2) The K*-K*
cross-section difference, g,(K*) -o„(K*), mea-
sures the quantity g cos[y,' {p) —p+' (cu)], where

g„ is the coherence factor defined by g
= P,' (~)~/

[o,(~)]'~'. If $ were overestimated, owing to
neglect of g exchange, the phase difference p+ (p)

(&u) would be overestimated. (3) O„(~) mea-
sures the quantity $ cos [p+' (u&) —p+ (u&)]. If Z
exchange were neglected (] = 1), then the relative
phase p„' (cu) —p, (~) would be overestimated.
The phases po (a) so derived would be system-
atically different in each case. Empirically, the
three phase determinations appear to be consistent,
as discussed below. Therefore, in lieu of firm
evidence on g exchange from polarization measure-
ments, and given the internal consistency of our
results, we have chosen to parametrize the ~-
production data using the simple spin structure of
Table X, despite the theoretical inconsistency at
small -t.

B. K* and K+ production

The K* and Z*' production observables for re-
actions (1.10) and (1.11) from Table V are plotted
in Figs. 31 through 36, together with the results
of our fits. Thefits provide-a comparison with the
SU(3) predictions and are based on the p and + pro-
duction amplitudes, as discussed below. Accord-
ing to the SU(3) relation, Eq. (6.2b), the differenc-
es between K* and K* observables can-be expressed

o (K*) ~(K*)=-2P (P) Ile[P (&)]

where the p production amplitudes, P~(p), are
taken to be real by convention, as in Table VII.
The difference. cross sections given by Eq. (6.6),
can be large to the extent that (1) P~(p) and P~(&u)
are not ~90' out of phase, and (2) the ratio IPs(&u) ~/

IP~(p)I is not small. Using the SU(3) predictions
as a framework for discussion, we can compare the
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FIQ. 31. &he helicity-0 cross sections for K* and
production in the s channel. The curves show the

results of the SUP)-constrained fits described in the
text.

main features of K*- and K*-production observ-
ables as follows:

Q'p The (Tp cross sections are systematically
larger for K* than for K* in the s channel (Fig. 31),
whereas in the t channel these cross sections are
nearly equal (Fig. 32). Estabrooks and Martin"
hypothesized that the t-channel Pp amplitudes satisfy
EXD especially well, resulting in the equality of o,(K*)
and o o(K*). From the standpoint of SU(3), the ap-
parent success of EXD in the f channel could be
viewed as accidental. As noted earlier, the P,(+)
phases from p-(d interference are on average the
same in both s and t channels (290') and are close
to the EXD value of 270'. The reason that the
cross-section difference, o,(K*)—o,(K*), is smal-
ler in the f channel is mainly that the ratio, o,(z)/
o,(p), happens to be much smaller in the f channel
than iri the s channel (Fig. 27).

o . The natural-parity cross sections are mark-
edly different for K* and K* (Fig. 33). In the for-
ward direction, o,(K*) is about twice as large as
a+(K*); the cross-section difference vanishes
around -f =0.05 GeV, and at larger -f o (K*) is
much smaller than o,(K*). These differences are
compatible with SU(3) in the sense that &y,(e)/o, (p)
is large over most of the t range (Fig. 27). From
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channels at g' =0.
In the f channel, P~~ is negative and is typically

twice as large for K* as for K*. In the s channel,
is somewhat- smaller for K* than for E'*, away

from t' =0. Note also that the WM zero in s-chan-
nel P is displaced to larger -t for K* as com-
pared with K*.

The behavior of the helicity-I observables, o,
and &, suggests a simple mechanism which
strongly influences the relation between the K*
and E* amplitudes, namely that .the z = 0 cut con-
tribution to He [P, (gd)], associated with p and Jl
exchange, has the same sign as the n=0 m cut in

P, (p) By S. U(3) symmetry, these two contribu-
tions add constructively for E* and destructively
for IT* production. As a result, at t' =0 the ob-
servables g, and &" are all larger for K* than for
E~. As in p' production, - I' and o in the I; channel
are dominated by the ~ =0 cut contribution and are
therefore larger for K* than for K* over the entire
t range. The EXl3 breaking in 0, at larger -t is ex-
plained by the mechanism of Fox"; the destructive
interference of the p pole with the n =0 cut causes

50

FIG. 32. The helicity-0 cross sections for K* and
g*o production in the t channel. The meaning of the
curves is the same as in the previous figure.
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5

Eq (6.6),. it follows that Re [P,(u&)] has a crossover
zero around -f =0.05 GeV', since P, (p) is pre
sumably a smooth function of t. This crossover
phenomenon could be attributed to an pg =0 absorp-
tive cut in the p-exchange amplitude, analogous to
the WM zero caused by the n cut in P (p).

g . In the s channel, g (K*) tends to be some-
what smaller than o (K~) (Fig. 34), except near
t'=0, where g =0 is required; in the f channel,
o (K*) is significantly larger than z (K*) (Fig. 35).
This behavior is again consistent with SU(3) in the
respect that the ratio o (ur) jo (p) is generally
much larger in the g channel than in the s channel
(Fig. 27).
P". The component P (Fig. 36) has been de-

rived from He [om(K*,K*)] using an amplitude
analysis similar to that. described in Sec. 1V for
po production. The corrections to the E* and K*
observables for s-channel-nonf lip (f-channel-flip)
contributions were obtained via SU(3) from the nonf lip
(flip) p and &o production amplitudes of Tables VII
and X. Thus s-channel Q 1n Flg. 36 is defined as
the component of P (K*,K*) which is real relative
to the amplitude Po (K*,K*); in the t channel, P
is the component of (t/t')' 'P, ,(K*,K*) which is real
relative to Po, (K*,K*). These definitions are such
that the P" components are the same in the s and t
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FIG. 33. The helicity-1 naturaj. -parity-exchange
cross sections for K* and g* production. The mean-
ing of the curves is the same as in the previous two
figures, except that the dot-dashed curve shows the
effect on the 6-Gevjc ff* fit of using a nonflip-to-flip
ratio &g= 0.50 GeV, instead of the x„=0.25-GeV value
used for the other, curves. This change has a negligible
effect on the K* fits.
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that the &-production phases given in Table Xare not
absolute but are measured relative to the p -pro-
duction phases. As a matter of convention we
chose Po(p) and P (p) in Table VII to be purely
real. Note that P (p) was also constrained to be
purely real, but small phase differences between
P (p) and P,(p) are not ruled out by the data, as
discussed in Sec. IV.

As can be seen by inspection of Figs. 31 through
36, the fits are rather poor; averaged over all,
data points, y'/degree of freedom is 2. However,
the systematic discrepancies appear to be due, not
to our parametrization of the & phases, which de-
termines the difference between K* and E* ob-
servables, but rather to the fact that the SU(3) sum
rules of Eq. (6.2a) are violated. To the extent that
these sum rules fail, no choice of ~ phases can
simultaneously fit the K* and K~ cross sections.
In order to improve the fits somewhat, we have
modified the SU(3) predictions with empirical cor-
rection factors to increase the t-channel unnatural-
parity amplitudes:

I = I

I I . I l

0 O. I 0 O. 20 0.50 0.40 0.50 0.60

-t (GeV )

FIG. 34. The helicity-1 unnatural-parity-exchange
cross sections for X* and I7~ production in the s chan-
nel. The meaning of the curves is the same as. in Fig.
31.

50

20—

I I I-

t-channel frame

(6.7a)

o+(K*)& g (K*).
The fitted curves in Figs. 31 through 36. are

based on the SU(3) predictions. The fits to the K*
and K* data mere restricted to the range -(&0.45
GeV2 (4 and 6 GeV/c) and -(&0.28 GeV' (3 GeV/c)
because this is approximately the region covered
by the p-& interference measurements with which
we wish to compare. The K* and K* amplitudes
used in the fits were taken to be the linear com-
binations of p' and amplitudes prescribed by Eq.
(6.1). The p production amplitudes were param-
etrizeg as in Table VII, and the magnitudes of the
~ amplitudeswerefixed as in Table X, from the
fits to the ~ cross sections. 'The only quantities
varied in the fits to the K* and K* data were the
six parameters that specify. tbe ~;production
phases. The results of the fits at 3, 4, and 6
GeV/c are listed in Table X. The parameters
P~, which give essentially the k =0 intercepts of
the phases of p„(~), appear to be independent of
energy within errors. Note that the phase of P+(e)
as given in Table X includes some explicit energy
dependence; this was introduced to remove the
energy dependence of the parameter p+. The slope
parameters, p„', are not well determined but show
no systematic variation with energy. We emphasize
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FIQ. 35. The helicity-1 unnatural-parity-exchange
cross sections for K* and K* production in the t chan-
nel. The meaning of the curves is the same as in Fig.
31.
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s-channel frame

6 GeV/c

t —channel frame

+0-~-Kn K p

2 —~ K p~ K+an

tributions to P, (K*). Because of the EXD param-
etrization used in Tables VII and X, the nonf lip
amplitudes P'„(K*) and P'„(K*) are equal in mag-
nitude, and the nonf lip cross section is relatively
most important in o,(K*).

4 GeV/c

0

3 GeV/c

s 0

P (K*) =
2 IP (P) —P (~)]e'"', (6.7b)

where P, =-0.25 GeV ' and P = —0.60 GeV'; no
correction was needed for P,. These factors are
inadequate to correct p over the entire t range,
and consequently the fits tend to be low compared
with measured o (Fig. 35). In general, the fits
give satisfactory y"s where the SU(3) sum rules
work, and the &-phase parametrization provides
an adequate description of the essential differ-
ences between K* and IT* observables.

We remark that the K~ and K*data determine, via
Eq. (6.6), not the actual &-production phase but
the cosine of the phase. We have resolved the
quadrant ambiguity by appeal to the p-+ inter-
ference phases. Also, the fits to g are sensitive
to the nonf lip-to-flip ratio, r„, assumed for the
p- and A. ,-exchange amplitudes P, (&u) and P+(p)
The parameter values in Table X and the fits in
Fig. 33 are based on x„=0.25 GeV. A'similar fit,
with r„=0.5 GeV, is shown for the 6-GeVjc data
in Fig. 33. Only the behavior of 0 (K*), not o (K*),
is affected by this choice; this is because g(K*)
is small to begin with at large -t, owing to the
destructive cancellation of the P, (&u) and P+(p) con-

I I I I

0 O. IO 0.20 0.30 0.40 0 0, IO 0.20 0.30 0.40

-t(Gev )

I"IG. 36. The quantity P' for K* and K* production,
derived from our amplitude analysis. P' 'is the com-
ponent of P which is parallel to Pp in the. complex plane.
In the s channel, P' refers to the dominant flip contri-
bution P, ; in the t channel, P refers to the quantity
(t/t')' P, , The curves show the results of the SU(3)-
constrained fits described in the text.

100 Q
50-

20—

10 =

20 W
C

10=
5-

10
0

I I

t-channel frame

4 GeY/c

K%0 p K%0

OO 0 P0
o

0
0

= 100

50

20

Ip

5

2

I

b

CL

0.
0

0 (,

5—

20

10 =
$0

0 0 Ot

I I I I

O. lp 0.20 0.30 0.40 0.50

--t ( GeV j
2

FIG. 37. SU(3) sum-rule comparison at 4 Qe7/e in
the t-channel frame.

C. SU(3) sum rules

The sum rules from Eq. (6.2a} are illustrated for
the 4- and 6-GeVjc data in Figs. 37 through 40.
Agreement with SU(3) is generally rather good ex-
cept for p, which is systematically larger for %*-
+K* than for p+&. To assess the significance of
the agreement, we remark that in regions where
o(z) is very small compared with o(p), the sum
rules cannot be sensitive to SU(3} violations in the
~ amplitudes. The cross-section ratios of Fig. 27
show that o(p) completely dominates o(&u) in the un-
natural-parity-exchange cross sections for -t&0.3
GeV'. Consequently the sum rules for'0'p"j 0' j and
0 yp at s mal l -t mainly test whether the tt -exchange
contribution to p, K*j and K* production satisfies
SU(3). On the other hand, o(a) does affect the
sum rules significantly at large -t, and actually
dominates the g, sum rule for -t&0.15 GeV'. Since
SU(3) works remarkably well for o, at large t-
(Figs. 37 and 38), we conclude that SU(3) is as
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reliable for the nori-m-exchange contributions as
it is for the n-exchange terms.

Indeed, the fact that the SU(3) sum rule is most
prominently violated by p over the entire t range
suggests that SU(3) breaking may be most impor-
tant for, the m-exchange contribution; o (up)/o (p)
is very small in the s channel, and yet z in the s
channel is larger by 20 to 409O for K*+K* than for
p +co (Figs. 39 and 40). A plausible explanation for
this SU(3) breaking in o would be that absorptive
cuts may be systematically weaker in K* and K*
than, in, p or (d prod'. ction; if the absorptive cuts
scale roughly like the average of the K'N or w'N

total cross sections, then absorptive cuts in K*
production would be weaker by about 25%%uo in this
energy range. Given that the WM description of
absorptive cuts in p, is approximately valid [see
Eq. (3.172)J, a 25% reduction in the WM cut strength
would produce a-40% increase in s-channel c.

for K* and A* production, consistent with observa-
tion. This mechanism for SU(3) breaking is dis-.
cussed by Irving and Michael. "

SU(3) violation in the iI-exchange contributions
is expected to show up at some level in the sum
rules for s-channel co, since this quantity should
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FIG. 38. SU(3) sum-rule comparison at 6 QeV/c in
the t-channel frame.

I"&G. 39. SU(3) sum-rule comparison at 4 GeV/c in
the g-channel frame.

isolate m and & exchanges cleanly. The observable

o,(K*) =o,(K*) +o,(K*) —(y, ((u) (6.6)

&.(K*) X(K+)
~.(p) ~(p) '

where N(K*) and N(p) are defined by Eq. (3.7).
I

(6.9)

eliminates the B-exchange contributions to K* and
g* production, including m-g interference effects,
and is predicted. to be equal to o,(p) by the SU(3)
sum rules. Given the t dependence expected for
oo(p) and oo(K*), SU(3) violation could show up in
two ways: (I) The residues of o,(p) and c,(K*),
extrapolated to the pion pole, could be unequal, and

(2) the collimation in t, which depends on the ab-
sorption strength in the WM model, could be dif-
ferent in the two observables. The intercepts at
the pion pole are, of course, constrained by the
m-exchange couplings independent of SU(3). Al-
though the pion-nucleon coupling is common to
both a,(p) and o,(K*), the meson-vertex couplings
are given by p~ and T'~+ and in fact should not sat-
isfy SU(3) exactly. " Extrapolated to the pion pole,
the m-exchange WM amplitudes given by Eq. (4.2a)
stand in the ratio
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The n-exchange components of Po(K*) and P,(K*)
are of course equal and contribute equally to
o,(K*). To show the approximate dependence on
resonance parameters, we can write

200—

I00

I I I I

s -cha nne I f rome.

K")- a (e)
—200

= I00
N(K*) 2 ~ + I' sq(p)
N(p)

' 3 rnp I'pq(K*) (6.10) 50 50

From the numerical calculations of Sec. IV, the
ratio predicted by the WM is N(K*)/N(p) = 0.611.
The SU(3) prediction from Eq. (6.1) is simply
P,(K*)/Po(p) = 1/v 2, which is larger than the WM

prediction by 15%. Thus, a simple WM extrapo-
lation, which should be fairly reliable, predicts
unequal intercepts for c,(p) and a,(K*) at the pion
pole."

We have fitted the observables oo(p) and o,(K*)
with the WM parametrization. of Eq. (4.2a), namely

2
e~c)(~-u') (6.1la,)

o'o K* 2

(Kg) B(lc +)e P) -(6 1 lb)
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The explicit dependence on the meson-vertex cou-
plings has been removed from the observables on
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I PG. 41. Comparison of the s-channel helicity-0
cross sections for the observables (To(p)/N(p) and
[0o(K *)+o 0(E*)—oo(cu)]/N(E. *),where N(p) and N(K*) are
defined by Eq. (3.7). The curves show the results of
our fits to the WM parametrization of Eq. (6.11) over
the ranges -t&0.45 GeV for 4 and 6 GeV/c and —t
& 0.36 GeV2 for 3 GeV/c.
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FIG. 40, SU(3)-sum-rule comparison at 6 GeV/c in
the 8-channel frame.

the left-hand side of Eq. (6.11). Thus the WM pre-
dicts c (p) =c (K*) = 3.84 mb'~' [Eq. (4.3)]; in addi-
tion, SU(3) would predict the collimating factors,
B(K*) and B(p), to be equal. The corrected ob-
servables, c, /N2, are plotted in Fig. 41 together
with results of the fits. A simple average of the 3-,
4-, and 6-GeV/c fitted parameters gives c(p) =3.53
+0.06 mb'~2, and c(K*)=3.66+0.11 mb ~2; as noted
in Sec. 1V, c(p) is significantly lower than the WM
prediction. The slope parameters indicate that
co(K*) is somewhat less peripheral in f than o,(p),
as can be seen in Fig. 41; a simple average gives
B(p) =4.12+0.14 GeV ' and B(K*)=3.45+0.23
GeV '. Although these slope differences are small,
they suggest weaker absorption in K*' and K*' than
in po production. Furthermore, the apparent suc-
cess of the SU(3) sum rules for ao in Figs. 39 and
40 is seen to be partly fortuitous; the K* and A*
cross sections have a smaller intercept than the p
cross section at t =p, ', as required by the %M, but
this is compensated by a flatter t dependence.
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gi'e conclude that the SU(3) sum rules are violated
in g, and to a much lesser extent in gp. These
violations can be plausibly explained by hypothesiz-
ing weaker absorption in K'N than in m'& reac-
tions. Despite these difficulties, which are re-
sponsible for the poor fits to the K* and K*P data
obtained in the preceding section, the sum rules
work well enough to justify optimism in using SU(3)
to explain the K*-K*difference cross sections.

D. SU(3) comparison of u-production phases

'In addition to fitting the K* and K* data to ob-
tain a smooth parametrization of the &-production
phases, we have also determined these phases in-
dividually in each t bin. From Eq. . (6.2b) the w

phases can be deduced from the diagonal dme's,
Q p and 0 y by means of the relation-

[~,(It*) -v (Z+)]
2&~(P) I pv(&) I

where 1P„(e)1 is given by Table X, and p (p)
(chosen to be real) by Table VII. The phases y, (a)
and s-channel p (&u) and p, (w) refer to the flip
amplitudes P, ({u); in the t channel, y (~) and

Q, (&u) refer to p„(v). For consistency, the ob-
servables c~(K*) and z~(A*) in Eg. (6.12) were
corrected for small s-channel nonf lip and t-channel
flip contributions, which were parametrized with
the model amplitudes of Tables VII and X. The
interference cross section, Be[g»(K*,K*)], mea-
sures p (&) independently via the relation

(a)

300 ~~~

f- channe1 frame

6 GeV/c

300 ~
(b)

0 R g

4 GeV/c

4J

~ 200
CD

I 00—

0 I 1 I I

been subtracted from the interference measure-
ments in order to expose the (d phases. It was nec-
essary to make small corrections to these mea-
sured phases to remove the s-channel nonf lip and
g-channel flip contributions to the p-& interference
observables, again using the model amplitudes. In
addition, because the f, bins used for the p-(d inter-
ference data are quite broad, small corrections
were made to account for the differences between
the (desired) phases at the center of each t bin,
and the measured phases, which are averaged over
each bin. This correction was substantial only for
s-channel g in the bin -t&0.08 GeV', owing to the

cos[y (u)) —y (p)]

v& [e„(A*)-a„(E*)]-Ile[& (p)*p,(~)]
l&,(p) I I& (~) I

(6.13)

300

200

100

(c)
3 GeV/c

where p~(p) and p~(~) are taken from the model,
and p (p) is 0' or 180' as in Table VII. . Again the
K* and K* observables were corrected for small
s-channel nonf lip and t-channel flip contributions.
As discussed earlier, the quadrant ambiguities in
the determinations of p„(+) were resolved by ap-
peal to the p-~ interference measurements.

Figures 42(a) to 42(c) and 43(a) to 43(c) show the
phases determined from the K* and K* data at 3,
4, and 6 GeV/c, together with smooth curves which
represent the fits to the data described in Sec. VIB.
The main difference between the t-channel phases
in Fig. 42 and the s-channel phases in Fig. 43 occur
in p (&u), which is essentially reflected about the
180' axis in going from s- to t-channel frames.

For comparison, we have plotted the correspond-
ing phases from the p-(d interference data of Table
IX in Figs. 42(d) to 42(f) and 43(d) to 43(f). The
appropriate p'-production phases (0 or 180') have

0 I I I ] I

0 0. 1 0.2 0.5 0.4 0 0. 1 0.2 0,5 0.4

-t(GeV )
2

FIG. 42. Comparison of cu-production phases in the
t-channel frame. Parts (a), (b), and (c) show the
phases resulting from our K* and K* data at 3, 4, .and
,6 GeV/c, respectively. Parts (d), (e), and (f) show the
corresponding results derived from our p-cu interfer-
ence fits. The solid squares, open points, and solid
circles represent po, y„, and y, , respectively; for q
phases have been determined independently from o-

(open squares) and Reo &0 (open triangles) for both
K*-K*and p-a interference data. For y, at 6 GeV/c
and —t &0.3 QeV, the results of two ambiguous solu-
tions are shown; the open circles in part (d) show p
as dete'rmined from the Reo gp(~) data. of Ref. 9. The
solid and dashed curves represent the fits to the E*
and g* data with the natural-parity nonflip-to-flip
ratio r&= 0.25 GeV: the dot-dashed curve for 6-. GeV/c
y, shows the fit result with r~= 0.50 GeV.



A. 8. WICKLU50 et al.
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FIG. 43. Comparison of co-production phases in the
s-channel frame. The meanings of the symbols and
curves for the various parts are the same as in I ig. 42.

where the observables on the right-hand side of
the equation are the p-& interference quantities
from Table jIX, corrected for nucleon-. spin inco-
,herence and finite t-bin effects.

A third measure of the ~-production phases is
provided by the interference dme, Bee»(~) shown
in Fig. 30, usin. g the relation

vYBe o „(u))
II ( )III,(.)I '

The observable g»(&u) on the right-hand side of
Eq. (6.15) was corrected for nucleon-spin inco-
herence; IP (w)I and IP, (&u)~ were taken from
Table X, and yo(&u) was specified by the smooth

WM crossover zero in p (p), and consequently
these points were omitted from Fig. 43. We have
also used Eq. (5.10) to obtain en independent mea-
sure of (& (~) using the observable o»(int). Spec-
3Lf3.cally, we can define

o'»(mt) g()(lnt)
I. p (~) - p (p)] =arg, -B,

"

parametrization of Table X provided by the fits to
Ã* and $7* data. The quadrant ambiguity was again
resolved by appeal to the p-& interference data, -

the phase p (e) from Eq. (6.15) is essentially de-
termined up to a reflection about the imaginary
axis [y, (~)=270'], and only one solution to the
quadrant ambiguity is consistent with the inter-
ference phases. From Figs. 42(d) and 43(d) it can
be seen that the phase p (&u) determined from Eq.
(6.15) agrees remarkably well with the prediction
from the fits to the K* and A~ data.

ln Fig. 42(a) we show fits to the p, (&u) phase at
6 GeVjc using two values of the natural-parity
nonf lip-to-flip ratio, x~. With r„=0.25 QeV as in
Table X, the fit requires p, (~) &0 for all —

& &0.5
GeV'; this is because a zero in g, (~) at smaller
-f would maximize the cancellation between p, (p)
and p, (~) in p (K*) and cause a severe dip in

o+(K*), contrary to observation. (see Fig. .33).
With a 13rger nonf lip cross section given by r„=0.5
QeV, the fitted phase crosses zero at -t =0.3 QeV',
causing only a shallow minimum in o, (K*). The
phases determined from the K* and K* data in
individual t bins are aiiibiguous with respect to a
reflection about the real axis, and are therefore
consistent with either fit. - The p-~ interference
phases do not appear to resolve the choice of ~„.

The parametriz3tion of Table-X allow's a rapid
variation in P, (&u) Rt small -f in order to satisfy
the kinematic constraint, p, (~) = p (~) at f' = 0.
The phases determined from o,(K*,K*) in Figs.
42(a) to 42(c) indicate that some rapid variation is
required in &f&„(~), since this is needed to give
o„(K*)&o,(K*) at t' =0 in Fig. 33. However, some
of the rapid variation could occur in p (&) as well,
aRhough the p (co) phases from Beo„(&u) in Fig.
42(d) seem to show a linear t dependence down to
very small -t. The p-~ interference data do not
resolve the small t behavior of p—, (&v). However,
they do demonstrate that the phase difference Ip, (+)
—p (v)J must vary rapidly at small -t to satisfy
the kinematic constraint.

We conclude that the three methods of determin-
ing the ~-production phases are reasonably con-
sistent with one another, despite some systematic
discrepancies, and lend support to the SU(3) rela-
tions between the vector-meson production pro-
cesses. The phase patterns are quite similar at
3, 4, and 6 GeV/c, although the measurements are
relatively poor at the lowest energy. The EXD re-
quirement that p„(w) be 90' or 270'is broken for

aixd p, but it is broken in the same way for K*
and K* as for p and ~ production. The following
detailed features of I&„',(~) can be deduced from the
fitted curves in Figs. 42 and 43:

(1) P,(~~) has similar phase behavior in both q

and t channels, and po(m) is close to the EXD value
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of 270'.
(2) For t-&0 5.GeV', Be[P (~)] is negative in

both s and t channels. Im[P (z)] is everywhere
negative in the t channel but has a zero in the s
channel around -t =0.02 QeV', suggesting an n =0
absorptive cut analogous to the WM m cut. (Becall
that (P, (&u)~ does not vanish at V =0, from the dis-
cussion of Sec. VIA. )

(3) P„(~) has a zero in its real part around -t
=0.05 GeV', again suggesting an absorptive-cut
effect as discussed in Sec. VIB. At larger -t,
P,(+) becomes essentially positive real, that is,
antiparallel to P+(p). Note that if A, exchange is
important at larger -t, the phase convention p, (p)
=180; used for p, (p), probably does not agree
with the physical p-production phase. However,
with our phase convention, the GFQ model" pre-
diction would be p„(e) =-90; considerably lower
than the experimental phases.

300—
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l7 GeV/c
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FIG. 44. . Comparison of +-production phases at 17
and 4 GeV/c. The data points for yo (solid squares),

(open squares), and y, (solid circles) were deter-
mined from the 17-QeV/t'c data of Ref. 4. The curves
show the results from our model fits at 4 GeV/c.

E. Comparison with higher-energy data'

Figure 44 shows the 17-GeV/c ~-production
phases which we have derived from the p-& inter-
ference data of Ref. 4, taking the p-production
phases (0'or 180') from Table VII. For compari-
son we display our model phases at 4 GeV/c. We
emphasize that the 17-GeV/c data come from the
single channel m p-m n+n, whereas our p-& inter-
ference phases at 3, 4, and 6 GeV/c are obtained
by comparison of this reaction with m+e-m'n p;
Where p-& interference effects are small, as in
small -t g, and 0, reliance on the single-channel
mass spectrum could result in systematic errors
in the phase determinations. Qp the other hand,
for large -t o~ where the effects are much larger,
both methods should give equivalent results.

At small -t, po(&u) appears to be considerably
lower at 17 GeV/c than at 4 GeV/c, and extra-
polates to a forward value of about 200 a 50 in-
stead of 290 + 15 as at 4 GeV/c. For -t&0.2 GeV',
where the p-~ interference effects are larger, the
two energies are quite compatible for both P,(e)
and P (&u). In the forward direction, the p, (+)
intercept is not well determined at 17 GeV/c, but
it could be systematically lower than at 4 GeV/c
by -30 . The most significant change from 4 to 17
GeV/c is in the natural-parity phase at large -t.
At 17 GeV/c, p+(~) has a zero around -t = 0.1 GeV'
and for larger -t is -100' lower than at 4 GeV/c.
This energy dependence tends to confirm the GFQ-
model prediction, namely that p, (&) =-90' asymp-
totically, based on our phase convention in which

y, (p) =180'.
To extrapolate the amplitudes given by. our

model parametrization to higher energies, we
have given Q,(co) a logarithmic variation with

P,~ as in Table X, resulting in rough agreement
with 17-GeV/c Q, (&u). We have ignored the energy
dependence in Qo(&u) and Q (u&) suggested by the
17-GeV/c data; this may be an oversimplification,
but the small -t unnatural-parity u amplitudes
are sma11 enough that this does not affect the pre-
dictions of the model significantly. he remain-
ing energy dependences which are incorporated
by the parametrization of Tables VII and X are
Regge-shrinkage assumed for the (d-production.
amplitudes and the empirical energy dependence
found for the p-production amplitudes. The param-
etrization can be tested against higher-energy Z~
data.

Figure 45 shows a comparison of s-channel K*
production cross sections at 4 and 13 GeV/c, '
together with our model predictions. The unnat-
ural-parity-exchange cross sections exhibit con-
siderable shrinkage with energy. According to
our model, the mechanism for shrinkage in o., is
mainly the shrinkage in the v-production contri-
bution; the shrinkage in o, on the other hand, is
caused primarily by the energy dependence of the
dominant p-production amplitude. The natural-
parity cross section exhibits considerable anti-
shrinkage over the entir'e t range, except for the
very forward direction. This behavior is quite
different from that observed in p production,
where antishrinkage in 0., is evident only for -t
&0.15 GeV'. According to our model, around -t
=0.1 GeV', 75% of the antishrinkage in o',(K*) is
accounted for by the variation of Q,(e) —P,(p) with
energy. " At larger -t the energy variation is
damped because the effective trajectory that de-
scribes P,(&) falls with t. Although the des—crip-
tions are not satisfactory in the sense of g, the
model seems to explain the systematics of the
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energy dependence forZ* production quite well.
Another prediction, which cannot be tested for
lack of data, is that o.(K*) should fall practically
to zero around -t =0.1 GeV' at 13 GeV/c, owing
to the zero in P,(ur).

The 13-GeV/c Z* data exhibit a feature which
we have already observed in the lower-energy data
in Sec. VIB, namely that the n =0 absorptive cuts,
which contribute to p and & production, add con-
structively in K~ and destructively in E*produc-
tion. One manifestation of this effect is that, in
the forward direction, c,(K*)& o,(K*). Experi-
mentally, o,(K*)= 12 mb while c,(Z*) = 6 mb; for
comparison, the m-exchange cut contribution alone
should result in c,(K*)= o',(K*)= ~o':,(p) or c,(K*,K*)
=9 mb. Figure 45 shows that this relative sup-
pression of forward o',(Z*) reniains true at 13 GeV/
c, where c,(X*) remains around 6 mb in the for-
ward direction.

This mechanism also displaces the WM zeros
in s-channel P, (K*,K*). As noted in Sec. VIB,
the zero moves to smaller -t for K* and larger
-t for K* production. Figure 46 shows Reoyp
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FIG. 4b. Comparison of the interference cross sec- .

tions, P &@, Rep&edo jdt, for K* and X~ production at 4
and 13 GeV/c in the s-channel frame. The solid points
show the 13-QeV/c g* data of Bef. 5; our model predic-
tion for this cross section is.shown by the solid curve.
The 4/GeV/c data of this experiment and our model fit;
are shown by the open points and dashed curve. Our
model prediction for 13-QeV/c X*production is shown
by the dotted curve. The lower part of the figure shows
the 17-QeV/c p -,production data of Ref. 4; together with
our model prediction. The crossover-zero location pre-
dicted by the WM, -t~ =p, , is indicated by the arrows,
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FIG. 45. .Comparison of g* production cross sections
at 4 and 13 QeV/c in the s-channel frame. The 13-QeV/c
data (solid points) are from Ref. 5 and the 4-QeV/c
data (open circles) are from this experiment. The
curves show our model predictions at 4 GeV/c
(dashed curves) and 13 QeV/c (solid curves). The
quantities plotted are o s~pqee pro jdt.

for Z* production at 4 and 13 GeV/c, ' together
with our model predictions. For comparison we
have also plotted ReoM for s p -pen at lV GeV/c.
As noted by the authors of Ref. 5, the zero in
c»(R*) is displaced toward snialler -f as com-
pared with the WM prediction, -t, = p,', which is
indicated by the arrows in Fig. 46; the WN pre-
diction is, of course, satisfied by o„(p). Figure
46 also displays our model prediction for a,n(K*)
at 13 GeV/c, in which the WM zero is displaced
to larger -t.

We conclude that our amplitude parametrization
adequately correlates the energy dependence ob-
served in p production, p-+ interference, and E*
production. In addition, the 13-'GeV/c Z* data
confirm an important systematic feature of the
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lower-energy data, namely that the small -t n=0
cut amplitude is larger for K* than for K* pro-
duction, reflecting the constructive (destructive)
interference between the p and e amplitudes in
the K* (TC*) channel.

F. Interpretation of the vector-meson amplitudea

The vector-meson production amplitudes can be
understood most economically within the frame-
work of Regge poles and absorptive cuts. In this
section we will concentrate on the qualitative in-
terpretation of the production phases in terms of
a simple pole and cut structure (n, B, p, and 2,
exchanges). A similar approach was taken by
Estabrooks and Martin; although their analysis
was based on a more limited set of data, their
model amplitudes and their conclusions are con-
sistent with our own. A more ambitious task, the
comparison of a spectrum of theoretical models
with vector-meson production data, has already
been carried out by Field and Sidhu. " None of
the models which they considered could successful-
ly fit the data available at the time (including the
4-GeV/c p-&u interference data from this exper-
iment). However, the model of Hartley and Kane"
(model 1b in Ref. 49, hereafter denoted as HK) ap-
peared to be the most promising of the alternatives,
and where possible we will compare the features
of our empirical amplitudes with the HK-model
predictions, as given in Ref. 49.

For our qualitative analysis of vector-meson
production, we will assume that the pole ampli-
tudes have Regge phases, and that the cut ampli-
tudes are 180' out of phase with the poles. In
"realistic" absorption models, the absorptive
cuts are generally taken to be more than 180'
out of phase with the pole amplitudes, measured
counterclockwise in the complex plane. .For ex-
ample, for the n=0 m cutatsmall -t, the HK model
predicts a phase difference [$,„,—$„„]=215'.As
a consequence, the phase difference between P (p)
and Po(p) in the s channel is predicted by the HK

model to be [Q (p) —$,(p)]= 3()' at -f =0.1 GeV'.
Such a large phase difference is inconsistent with
the amplitude analysis of Sec. IV; a 30' phase
difference would result in a large P' component,
namely IP-' I'/' IP-" I' = 3, which does not agree
with the data shown in Fig. 23. The HK model
phase difference would be reduced if a flatter n

trajectory were used in the Field and Sidhu cal-
culation (they used e„'=0.5 GeV'), and such a
choice would be more consistent with the energy
dependence of s-channel o,(p). In this connection,
it is noteworthy that none of the models considered
by Field and Sidhu explain the energy dependence.
of o,(p). In particular, the shrinkage predicted by
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FIG. 47. Schematic representation of the results of
our amplitude analysis, showing the relative orienta-
tions and magnitudes of the amplitudes in the complex
plane. Parts (a) through (h) are in the g-channel frame;
parts (i) and (j) are in the t-channel frame. The am-
plitude component and I; value (in Ge&2) for each part is
labeled in the figure. The left-hand diagrams show the
pole (p) and cut (e) contributions to. the p- and cu-pro-
duction amplitudes from. x, B, p, and A2+) exchange;
the right-hand diagrams show the resultant p-, co-,
&* —,and K* -production amplitudes. The vectors in
the right-hand diagrams have been rotated, relative
to those on the left, to conform to our phase convention
that the p-production amplitudes be real.

the HK model for the cut amplitude P,(p) at f '=0
is not observed in the data, as noted in Sec. IV.

We now summarize the main features of the p-
and &-production amplitudes derived from our
fits, using our simplified Regge description as a
guide, and comparing with the HK-model predic-
tions. We will consider' only the s-channel-flip
amplitudes P, and Po and the t-channel-nonf lip
amplitudes P and Po.

n-. and B-exchange Pole amPlitndes. The s-
channel P,(p, +) amplitudes are presumably dom-
inated by m and B exchanges at small -f [Fig.
47(a)], and the orientations of P, (p, &u) in the com-
plex plane [Fig. 47(b)] agree qualitatively with
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EXD requirements as in the GFQ model. " Note
that P, (&u) and P, (p) are not precisely 90' out of
phase, but rather Q, (u&) =-70' on the average in

the s channel. The HK model, with our phase
convention for P, (p), predicts Q, (e)= —120' at
small -t; this phase is associated mainly with
the rotation of the B-exchange pole induced by
absorption. Thus the HK model predicts o,(K*)
&o'0(K*) in the s channel, in contradiction with
the data of Fig. 31. The empirical value of the

g, (z) phase could be explained by postulating that
the B trajectory is lower than the m trajectory,
namely ns(0) = -0.2. Kane and Seidl" have rec-
ommended the choice us(0) =+ 0.21; inserted into
the HK-model calculation, this value would result
in relatively worse agreement with the experimen-
tal Q, (a) phase and the K*-K* cross-section dif-
ference.

z- and B-exchange cut amPlitudes. The approx-
imate orientations of the strong n =0 m and B cuts
at t =0 are shown in Fig. 47(c). Their phases are
chosen to provide destructive interference with
the s-channel P (p, e) pole amplitudes, and as
noted above, would be.rotated by about 35' counter-
clockwise in the HK model.

p- and A, -exchange phases. The Regge phases
of the p and A, poles are prescribed by the sig-
nature factors. At small -t, the p-pole phase
can be =45' and =225' depending on the signs of
the coupling constants. The 45 choice is the only
one consistent with measured P,(+), assuming
that the pha, se of P, (p) is close to 180'.

The A, Regge-pole phase can lie in the second
or fourth quadrants at small -t. Two facts resolve
the ambiguity in favor of the fourth quadrant.
First, the 17-G'eV/c p-~ interference phase at
large -f requires Q,(p) = Q, (&u) —90'. Second, as
argued in.Sec. IV, the energy dependence of o', (p)
requires destructive interference between the m

cut and the A, pole in P,(p); taking the n = 0 m-cut

phase to be near 180', the A, pole must have a
positive real part. With these phase assignments,
the p- and A, -pole phases are consistent with
dua. lity as in the GFQ model. Added constructively,
they contribute mainly to the real part of P,(K*).

n =0 foward cuts. Knowing the p- and A, -pole
phases, we can introduce p- and A, -exchange n =0
cuts as in Fig. 47(c); again, these would be rotated
by about 35' counterclockwise in the HK model.
The resulting n =0 forward amplitudes for p, u,
K*, and K" production, shown in Fig. 47(d), ex-
hibit the systematics. which we emphasized earlier,
namely that the n=0 cut is larger for K* than for
K*, and the forward P,(w) phase is around 135'.

Zero

structure.

Zeros in s-channel I' occur
in our empirical amplitudes for both p and u pro-
duction. Figure 47(e) shows the exchange contri-

butions to P (p, &u) at t=-0.1 GeV', where the m

and B poles dominate over the n = 0 r and B cuts.
The resulting orientations of P (p, &u, K*,K*) at

t =0—.1 GeV' are depicted in Fig. 47(f), By com-
parison of the f =0 amplitudes [Fig. 47(d)] with-
the f=0.-1-GeV' amplitudes [Fig. 47(f)], we see
that Re[P (p)] and Im[P (w)] both have zeros be-
tween t.=0 and -t =0.1 GeV'. By contrast,
Re[P (~)] has no zero because of the p-cut con-
tribution; similarly Im[P (p)], while very small,
is also expected to have no zero. We have pre-
viously pointed out that Re[P,(+)] must have a
zero at -t = 0.05 GeV' in order to explain the zero
in the difference [v,(K*)—o,(K*)]. The mechan-
ism for this crossover zero lies in the behavior
of the p-exchange amplitude. , Figure 47(g) shows
the exchange contributions to P.(p, &u) at f=0.1-
GeV', where p- and A, -pole terms dominate over
the n =0 p and A, cuts, Figure 47(h) shows the
resulting orientations of P, (p, u&, K*,K*) at f =0.1—
GeV'. Again, by comparison with the t =0 ampli-
tudes of Fig. 47(d), we see that Re[P, (&u)] must
have a zero at small -t; however, the B-cut con-
tribution keeps lm[P, (~) J positive for all t.

t channel P-hases. The phases of P,(p, &u) in the
t channel are similar to the s-channel phases
shown in Fig. 47(b). The f hcanenl a,mplit-udes
P (p, u&) are given by the cut contributions depicted
in Fig. 47(i). The resulting vector-meson produc-
tion amplitudes are oriented as in Fig. 47(j); the
line-reversal breaking, o (K*)&o (K*), is due to
the constructive interference between the ~ cut
and the p+B cut in the t channel. P (&u) maintains
a. nearly constant pha. se in the f channel, P (v)
= 130'.

I', phases at large -t. The relative orientations
of the different vector-meson production ampli-
tudes change slowly with t, and so the essential
features of the -t =0.1-GeV' s-channel amplitudes,
shown in Figs. 47(f) a,nd 47(h), persist to larger
-t. At -t = 0.1 GeV', the HK model predicts the
s-channel phase Q (v) to be -70', whereas ex-
perimentally P (v) =-130'. The origin of the HK

prediction lies in the counterclockwise rotation
predicted for the n =0 cuts; because of the HK
cut pha. ses, P (p) is rotated clockwise and P (a)
counterclockwise as compared with Fig. 47(f). As
a result, the HK model predicts o (K*)& v (K*),
in the s channel; in particular, at -t=0.4 GeV',
the HK prediction gives o (K*)=3o' (K*), which
is in serious disagreement with the data of Fig.
34.

The HK model predicts Q,(e) =-45' a,t f =0.1—
'GeV', with our P,(p) phase convention, whereas
experimentally Q, (e) =+ 70'. Again, part of the
discrepancy can be attributed to the absorptive-
cut phases; the HK n=0 cuts are rotated counter-
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clockwise compared with Fig. 47(c), resulting in
a counterclockwise rotation of P.(p) and a clock-
wise rot'ation of P.(e) relative to the orientation
shown in Fig. 47(h). In addition, part of the dis-
crepancy apparently lies in an overestimate of
the importance of the A, -exchange contribution in
the HK-model fits. As can be seen from Fig.
47(g), in the limit that the p- and A, -exchange com-
ponents become dominant (large s and large —f),
the rela. tive phase &f,(v) —Q, (p) should approach
+90', instead of -110'as in Fig. 47(h).

K~-Production Phases and exchange degeneracy.
If the absorbed Regge-pole amplitudes satisfied
duality, then the amplitudes for K'n -K~P would
be purely real. We cannot test for such behavior
directly, since the overall phases of the natural-
and unnatural-parity amplitudes are not determined
experimentally, and we have simply chosen the p-
production amplitudes to be real. The model
phases of the four vector-meson production am-
plitudes at 4 GeVjc in the s channel are shown in
Fig. 48. The unnatural-parity K*-production

and Q (Z*) would both decrease in Fig. 48. The
HK model predicts substantial phase differences
between P (K*) and P,(K*) over the entire t range.

The natural-parity K* phase falls rapidl-y with
increasing t. We -could arrange for P,(K*) to
be purely real only if Q, (p} increased by about
140 between t =0 and -t =0.5 GeV'. This increase
is rather large in magnitude, but is in the same
sense as expected [see Fig. 47(g)]; P,(p) should
rotate counterclockwise as -t increases. Again,
in the HK model the P,(K*) amplitude is far from
being purely real.

Thus it appears that the K* production ampli-
tudes could be made to be approximately real pro-
vided that the 7t-exchange pole is assigned a Regge
phase and that P, (p} rotates rapidly. Although the
vector-meson production phases may satisfy dual-
ity in this sense, ,the EXD prediction fails for the
magnitudes of the K* and K* observables. The
spectacular difference between o,(K*) and o,(K*)
is explained by the Fox mechanism, "which is
evident in Figs. 47(g) and 47(h); the interference
between the p pole and the n cut is destructive for
P,(K") and constructive for P,(K*).

We conclude that, with a simplified mesc'ripti. on
using n, B, p, and A, poles and cuts, we can ac-
count for the essential features of the vector-
meson production amplitudes, namely the system-
atics of the n =0 cut amplitudes at t =0, where
P, (K*)&P„(K*), the zeros in s-channel Re[P,(e)],
Im[P (&u)], and Re[P (p)] at very small -t, and'

the systematics of line-reversal breaking assoc-
iated with the relative p- and (d-production phd, ses
at larger -f, where oo(K*))o,(K"), and o,(K*)
(o,(Z*) in the s channel. The Hartley-Kane mod-
el, as calculated by Field and Sidhu, does not
correctly predict the relative p and + phases in
any of the amplitudes, and consequently fails to
describe the line-reversa, l breaking in o', (K*,K*)
and o (K*,K*); it also fails to explain the energy
dependence of the p-production amplitudes, in par-
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ticular, the n = 0 amplitude at f ' = 0, and P, (p) at
larger -t. We point out, however, that some of the
detailed predictions of the HK model could be al-
tered by changing the coupling constants and tra-
jectories used by Field and Sidhu.

VII. CONCLUSIONS

We have presented new data on forward vector-
meson production in the reactions n p- p n, m'n

pP, K'n K*'p, andK p K~nat3, 4, and6
GeV/c. The properties of the P-wave Brett-Wig-
ner and S-wave background amplitudes have been
investigated for the v'm, K'n, and K m' systems,
and these are summarized in Tables III and IV.
The P-wave dipion-production amplitudes are ob-
served to vary more rapidly with mass than would
be expected on the basis of simple absorption mod-
els, suggesting that the absorption strength de-
creases systematically with increasing mass.
The vector-meson production observables, av-
eraged over mass, are given in Table V as func-
tions of momentum transfer. We call attention to
the fact that the cross sections iri Table V, to
which we refer in the following paragraphs. are
scaled by the factor P,~' to show better the energy
dependence of the production amplitudes.

In the same experiment we have detected p-x
interference by comparing the reactions m p

r m'n and m'n-7t'm p. The magnitudes and rela-
tive phases of the p- & interference contributions
are given for each P-wave observable in Table IX.
Using a model to parametrize the nucleon-spin
dependence, we find a branching ratio for (&
-v'n )/(u&-all) of (1.0+0.1) lo.

We have examined the energy dependence of the
reaction w p p'n from 3 to 17 GeV/c in order
to better understand the dominant p-exchange con-
tribution to this process. We find the following
systematics:

(1) The differential cross sections for both the
w7t S wave and for the helicity-0 P wave in the s
channel exhibit little shrinkage with energy; a con-
sistent slope for the z Regge trajectory would be
~,' = 0.30 y 0.04 GeV

(2) For helicity-1 p' production, the unnatural-
parity-exchange cross section, scaled by py,y',
falls rapidly with energy in the s channel. Part
of this energy dependence is caused by the nucle-
on-nonf lip cross section at small -t, which gives
a contribution proportional to t,„, and which dras-
tically affects the interpretation of the unnatural-
parity observables at the lower energies. The
dominant nucleon-flip amplitude also falls with en-
ergy at larger -t, and it is possible that this ef-
fect can be explained by cuts associated with A,
exchange.

(3) Absorption strength in the net-helicity-flip
n = 0 amplitude agrees fairly wH1 with the Williams
model" near the forward direction. In particular,
the locations of the zero nea. r —t = p,

' in the un-
natural-parity amplitude, caused by cancellation
of the m pole and its absorptive cut, agrees with
the WM prediction fairly well at all energies.
However, for -t&0.05 GeV' the absorption pre-
diction by the VVM is too large to agree with the
3.— to 6-GeV/c data, on cr, (p) and o (p). The fact
that this model appears to describe 15- and 17-
GeV/c p'-production data."' for t &0.2 G—eV' is
presumably an accident resulting from A,-ex-
change effects.

(4) At f ' = 0, o, (p) is consistent with being energy
independent. This behavior agrees with the WM
but disagrees with the Kane-Seidl model, "which
predicts a falloff, o, (p) ~P,~ '", at f'= 0.

(5) For t&0.1—5 GeV', the natural-parity p' pro-
duction cross section exhibits strong antishrinkage
with energy. To explain this energy dependence
requires not only the conventional A, Begge-pole
contribution, but also destructive interference be-
tween A, exchange and a shrinking m-exchange ab-
sorptive cut.

The K*' and Z*' production cross sections are
presumably also dominated by m exchange at small
—t. However, the K*' and K*' observables show
large systematic differences, especially in the hel-
icity-1 cross sections, which demonstrates inter-
ference between even- and odd-G-parity-exchange
amplitudes. We have examined in detail the re-
lation between G = +1 exchange amplitudes in K*
and Z* production and the SU(3)-related amplitudes
that describe p and (d production. By testing sum
rules for the vector-meson production observ-'
ables, and by comparing the K*-K* cross-section
differences with corresponding p-cu interference
cross sections we conclude that SU(3) is reasonably
successful in relating K*, Z*,. p, and + production
amplitudes. The systematic SU(3) breaking which
is observed in the sum rules can be plausibly as-
cribed to weaker absorptive rescattering in K* and
K* than in p and + production.

In order to test the SU(3) predictions, we have
derived the relative phases of the even- and odd-G-
parity-exchange amplitudes from three sources:
the A* and Z* observables, the p-~ interference
data, and the m P-con observables. The phases so
determined are mutually consistent and can be
summarized in an SU(3)-symmetric parametri-
zation of the G = + 1 exchange amplitudes. This
parametrization is also reasonably successful in
describing the main features of 13-GeV/c Z* pro-
duction' and 17-GeV/c p-v interference data. '

The systematic features of the even- and odd-G-
parity exchange amplitudes can be understood qual-
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itatively in the framework of strongly absorbed m,

A„B, and p exchange Regge poles. The phases of
the pole contributions agree qualitatively with EXD
predictions m and B poles are about 70' out of
phase in the s channel, and the contribution of their
imaginary components would tend to cancel in E*
production, if the tt' were assigned a Regge phase.
The p- and 4,-exchange components also appear to
contribute mainly to the real parts of the E* ampli-
tudes.

The importance of absorptive cuts in the n =-0

amplitudes is evidenced by the nonvanishing for-
ward cross sections in the helicity-1 states for p,
&, A'*, and K* production. Related evidence for
pole-cut cancellations is given by the zeros in the
s-channel helicity-1 amplitudes at small —t. Our
par ametrization of the vector- meson production
phases indicates the existence of these zeros in the
following amplitudes: (1) P (p), due to the n Ov=
cut, (2) Im[P (&u)], due to cancellation between the
B pole and the B cut, and (3) Re[P,(&o)], due to p-
pole-p-cut cancellation. The zeros in P (p) and

Re[P.(e)] can be detected directly in the observ-
ables, specifically in Re[o»(p)], and in the differ-
ence cross section a.(K*)—o,(Z*).

The EXD-breaking effects which are observed in
both the K* and Z* observables and in the p-m in-
terference phases apparently arise both from the
non-EXD phases of the m- and 8-pole amplitudes,
and from the interference of opposite-naturality
contributions induced by absorption. For example,
the line-reversal breaking in the s-channel hel-
icity-0 amplitudes, o,(K*)& a, (K*), is correlated
with the non-EXD relative phase Po(&o) —P, (p)
= —70'. At t'=0, the n= 0 cuts can receive contri-
butions from m', B, p, and A, exchange, and the
Regge-pole phases are such that the resultant n=0
amplitude is stronger in K* than in Z*.production.
This results in the following features: (1) o, (K*)
&g, (Z*) at f' =0, (2) cr (K*)&o (Z*) in the f channel,
and (3) the s-channel WM zero in P (K*) is dis-
placed to larger -f as compared with P (Z*). At

larger -t, line-reversal breaking is caused by the
interference of pole and cut contributions from op-
posite naturality exchanges. The most dramatic
manifestation of this mechanism is the large differ-
ence observed between o,(K*) and o.(K*); for k-
&0.1 GeV', o,(K*)«o,(K*), presumably because of
the interference between p-pole a'nd m-cut contri-
butions. At much higher energies, the equality of
o.,(K*) and o.(Z*) is expected to be restored, at
least at large —t, cwing to the dominance of p and

A, exchanges. The approach to this domain is sig-
naled by the rapid energy dependence of both o,(E*)
and the natural-parity p-(d interference phase be-
tween 4 and 1T GeV/c.
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