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Samples of the reaction p,p —pwp, consisting of 20000 and 1000 events at 11.75 and 6
GeV/c, respectively, were obtained using the Zero Gradient Synchrotron polarized proton
beam and the Effective Mass Spectrometer. A narrow enhancement near threshold is
seen in the wp mass distribution. The ¢ distribution of this enhancement shows a pro-
nounced dip near t = —0.2 GeV? at both beam momenta, suggesting that o exchange is
the dominant production mechanism. The joint-decay-angular-distribution moments and
polarization correlations have been determined as functions of wp mass. Amplitude
analysis of these moments indicates that the low-mass enhancement is due to the high-
mass tails of spin-parity %ﬁ and %+ states below wp threshold. Polarization correlations

consistent with zero provide evidence for the lack of resonant behavior in the low-mass

enhancement itself.

I. INTRODUCTION

We report results based on samples of 20000
and 1000 events of the reaction

prp_’PwP ’ (1)

which were obtained using the Zero Gradient Syn-
chrotron (ZGS) polarized proton beam at 11.75 and
6 GeV/c and the Effective Mass Spectrometer.
Earlier experiments' ~!? examining the o-N system
using a variety of incident beam particles have had
much lower statistical precision: the best such ex-
periment, done with 7+ and 7~ beams, had 5000
events.! Several of these experiments observed a
relatively narrow enhancement near threshold in
the wp mass distribution. Attempts to determine
the spin and parity content of the enhancement
have been at best qualitative.!> The observation of
this enhancement is confirmed in the present ex-
periment and a detailed examination of its produc-
tion and decay properties is presented, based on
analysis of the angular-distribution moments of the
wp and w—7 7~ 7° decay systems. Analysis of
these moments leads to a determination of the spin
and parity content of the enhancement.

Study of channels such as wp provides new in-
formation on the subject of baryon-resonance spec-
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troscopy. Most of our current knowledge of the
spectrum of nonstrange baryon resonances is based
on analysis of. 7-nucleon scattering, especially on
phase-shift analysis of 7-N elastic scattering. One
long-standing problem in this field has been the
apparent absence of some of the states predicted by
simple quark models. The model of Isgur and
Karl'" has recently been quite successful in ex-
plaining this problem by showing that only those
states that have been observed should couple to 7N
while the remaining states should be decoupled
from the mN system. This model also does reason-
ably well in predicting the mass splittings of the
various states.

In order to detect the states that do not couple
to the wN system, one must rely on production ex-
periments, using the various possible ¢-channel ex-
changes as “beams”. In particular, in the present
experiment, we shall present evidence that suggests
the wp system is produced by w exchange and that
thus, in a sense, what is being studied is wp elastic
scattering.

The experimental method is presented in Sec. II.
In Sec. III the mass and ¢ distributions and the
angular-distribution moments are presented. Sec-
tion IV discusses the production mechanism and
the determination of the spin and parity content of
the low-mass enhancement.
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II. EXPERIMENTAL METHOD
A. Apparatus and trigger

The experiment used the polarized proton beam
from the ZGS incident on a 25-cm-long liquid hy-
drogen target. The polarization was either trans-
verse to the beam direction or longitudinal; longi-
tudinal polarization was obtained by rotating the
spin of the transversely polarized beam from the
ZGS'® with superconducting solenoids and the fi-
nal bending magnets in the beam transport. About
half of the data were taken with transverse and
half with longitudinal polarization. The sign of
the polarization (up or down, parallel or anti-
parallel) was reversed on alternate ZGS pulses.
The absolute magnitude of the polarization was
about 60%. For the transverse running the beam
polarization was measured in the experimental ap-
paratus by recording a sample of pp elastic-
scattering events. For the longitudinal running the
beam polarization was monitored using a carbon
polarimeter located in the external proton beam
just after its extraction from the ZGS and a liquid
hydrogen polarimeter operated by the polarized
target group.

Events of the reaction pp—p7 7~ 7% were
measured by the Effective Mass Spectrometer
(EMS), shown in Fig. 1. The trajectories of the in-
cident beam particles were measured by four sets
of multiwire proportional chambers. The large-
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aperture magnetic spectrometer'’ used five sets of
magnetostrictive-readout wire spark chambers

(K 1—KS) to measure the momenta of the forward
produced p, 7, and 7. The direction of the
recoil proton was measured by the recoil-proton
detector'® which consisted of two cylindrical mul-
tiwire proportional chambers coaxial with the tar-
get. Anode wires parallel to the beam direction
measured the azimuthal direction of the recoil tra-
jectories, and cathode-strip readouts provided long-
itudinal coordinates along the anode-wire direction.
The 7° was not detected.

The trigger for this experiment was primarily in-
tended to select events of the final state prT 7 p
and imposed the following requirements. A good
beam particle was defined by a beam telescope and
hole counters to veto halo. An interaction in the
target was signaled by the absence of the beam
particle in a 2.5-cm-square beam-veto counter just
downstream of the spectrometer magnet and either
a count in the HOLE counter just downstream of
the target or > two-particle pulse height in the
dE /dx counter which covered the hole in the
HOLE counter. Exactly three hits were required
in the 40-counter scintillator hodoscope down-
stream of the magnet. At most one hit, corre-
sponding to the recoil proton, was allowed in the
box of veto counters surrounding the target on
four sides and in the eight magnet veto counters
lining the aperture of the spectrometer magnet.
The large CO,-filled Cerenkov counter' at the
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FIG. 1. Plan view of the Argonne Effective Mass Spectrometer. K1 through K5 are sets of magnetostrictive-
readout wire spark chambers. C, is a CO,-filled threshold Cerenkov counter with 7 threshold 3.0 GeV/c. In the re-
gion around the liquid hydrogen target the transverse dimensions have been exaggerated for clarity.
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downstream end of the apparatus was not used in
the trigger but was used in the offline analysis to
distinguish between the 7+ and proton.

Data were read in by a CAMAC system and
recorded on magnetic tape by a PDP 11/34 com-
puter. About 10% of the events were sent on-line
to an EMR 6050 computer that used a simplified
version of the off-line track-reconstruction and
analysis program to reconstruct the event kinemat-
ics. About 50 triggers were recorded per 800-msec
spill of about 60000 beam particles. In addition to
the principal trigger, a random sample of beam
triggers, elastic-scattering triggers, and special
triggers designed to monitor trigger biases were
recorded. A total of 2.1 107 triggers were record-
ed in the course of the experiment.

B. Selection of pwp events

After the momentum vectors of the forward
tracks were reconstructed from the spark-chamber
information, the following procedure was used to
isolate the sample of events of pp—pwp. In order
to reconstruct the direction of the recoil proton re-
liably, azimuthal (anode-wire) hits were required in
both the inner and outer cylinders of the recoil-
proton detector. Recoil track directions were then
calculated from the production-vertex location,
determined from the measurement of the beam and
forward-going tracks, and from the recoil detector
using the two azimuthal measurements and one or
two longitudinal measurements.

For events with the desired topology of two pos-
itive and one negative forward tracks and at least
one recoil track, we first removed events of the re-
action pp—pm 7~ p by means of cuts on the three
available kinematic constraints. Events were re-
jected if the square of the missing mass calculated
from the beam and forward p, 7, and 7~ was
within 0.5 GeV? of the square of the proton mass,
and if the measured azimuthal angle and the co-
tangent of the polar angle of the recoil differed
from the values predicted by the pm+ 7 p kinemat-
ics by less than 0.1 and 0.08, respectively. These
tests were made for both possible assignments of
the positive tracks to the proton and the 7.

We next searched for events consistent with the
prta~ 7% hypothesis. First the large downstream
Cerenkov counter was used to identify one of the
positive particles as the proton. If either of the
positive tracks was the only track above pion
threshold in one of the four cells of the counter

and that cell fired, then that track was identified
as the 7+. Otherwise the track with the higher
momentum was taken to be the proton. Examina-
tion of kinematically constrained pm+ 7~ p events
showed that this procedure gave the wrong assign-
ment for about 5% of the events; this effect was
included in the Monte Carlo used to determine the
acceptance.

Calculations were then made to determine the 7°
momentum vector and the magnitude of the
recoil-proton momentum using the zero-constraint
(0C) kinematics of the reaction pp —p7 7~ 7.
Only events with at least one physical solution to
the quadratic ambiguity were retained. Also for
events where more than one possible recoil track
had been found in the recoil detector, where an ex-
tra track might be due to a § ray or to noise in the
chambers, the OC calculation was tried for all pos-
sible recoil tracks and all acceptable solutions re-
tained. However, events with three or more possi-
ble recoil tracks were discarded.

The quadratic ambiguities were partially re-
solved by imposing the following criteria on each
solution. For each solution the recoil momentum
was required to be sufficient for the track to es-
cape from the hydrogen target and pass through
the two cylinders of the recoil detector. The veto
counter array which surrounded the target on four
sides consisted of alternating layers of lucite, lead,
and scintillator to stop soft 8 rays, convert pho-
tons, and detect charged particles. Events were re-
jected if any veto counters fired which were incon-
sistent with the observed recoil-track direction.
For each event, track solutions were retained pro-
vided the recoil momentum and range were con-
sistent with the veto-counter hits; thus, if a counter
fired, the momentum had to exceed a minimum
range cut, and if a counter did not fire, the
momentum had to be below a maximum range cut.
These requirements successfully resolved the
kinematic ambiguity in about half of the events;
both solutions were retained in the subsequent
analysis for the remaining events.

A cut was made on the 77~ 7° Dalitz-plot dis-
tribution to further improve the purity of the sam-
ple of w events. The Dalitz-plot distribution for
the decay of a 1™ state such as the w is strongly
peaked at the center of the plot and falls to zero at
the edges.”® We found that the background under
the w signal was peaked near the edges of the plot.
A cut was made selecting events within a circle of
radius 0.2 unit from the center of the plot (where
in the nonrelativistic approximation the boundary
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of the plot is a circle of radius 0.33 unit).

Figure 2 shows the 77~ 7" mass distribution
after all these selections have been applied, for
those events with four-momentum transfer —¢
from the beam to the 77~ 7°p system between
0.075 and 1.0 GeV2. A prominent o peak is evi-
dent. A fit to this distribution using a Gaussian
for the @ and a cubic polynomial for the back-
ground yields a mass of 0.784 GeV and a width
0=0.034 GeV. The ratio of signal to background
for the whole range of wp masses is better than one
to one at small |7 |, but the background is worse
for higher | ¢ |. As a function of wp mass for all ¢
the signal to background is better than one to one
at small wp mass, but is worse for higher wp mass.

In order to improve the resolution on the wp
mass and on four-momentum transfer ¢, events
were fitted to constrain the mass of the 7+ 7~ 7°
system to the central mass of the w. Kinematic
quantities such as the wp mass, ¢, and the decay
angles describing the breakup of the ® and the wp
systems were derived from the fitted four vectors;
the raw 77~ 7 mass obtained from the unfitted
momenta was retained for each event, in order to
determine the background under the o peak. For
example, to obtain the wp mass spectrum shown in
Fig. 3, the events were binned in the fitted wp mass

and for each wp mass bin the raw 77~ 7° mass
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FIG. 2. The w7~ #° mass for the reaction pp
—prtr~7% at 11.75 GeV/c for all events with —¢ be-
tween 0.075 and 1.0 GeV2 Both solutions of the qua-
dratic ambiguity are included if the ambiguity could not
be resolved by the methods described in the text. The
curve is a fit to a Gaussian and cubic-polynomial back-
ground.
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FIG. 3. The distribution of the number of events of
the reaction pp —pwp vs wp mass for the —¢ range
0.075 to 1.0 GeV2. No acceptance corrections have been
applied to the data points. The solid curve shows the
acceptance for isotropic decays.

spectrum was fit to a Gaussian plus cubic polyno-
mial background to determine the number of w’s
present. In this fit the central value and width of
the Gaussian were held fixed at the values obtained
from the fit to the overall sample of data. This
was justified by analytic calculations based on the
known properties of the spectrometer, which
showed negligible variation of the 77~ 7° mass
resolution with wp mass and ¢.

C. Acceptance corrections
and determination of moments

To determine the cross section and angular-
distribution moments of the data, the acceptance of
the spectrometer had to be unfolded. The method
used a maximum-likelihood technique similar to
that described in detail in a previous publication,?!
with the following differences. The moments cal-
culated in the present experiment are functions of
two sets of angles, namely the angles describing the
breakup “N*” —wp, and the decay w—m+ 7 7°.
Also in this experiment the integrals of products of
the angular functions times the acceptance were
calculated by Monte Carlo techniques rather than
by analytic methods.

The Monte Carlo program generated events of
pp —pwp with subsequent decay of the w
+7~7° Events were generated flat in the four
decay angles. A flat distribution in wp mass was
generated and the ¢ distribution was taken to agree
approximately with the ¢ distribution observed in
the raw data. The o—7 7~ 7° decay was gen-

—1TT
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erated according to the o Breit-Wigner mass distri-
bution and with the proper 1~ particle Dalitz-plot
distribution. The particles were tracked through
the spectrometer and hits in the appropriate scintil-
lation counters generated. The Monte Carlo tracks
were not subjected to multiple scattering or resolu-
tion smearing. However, the aperture cuts im-
posed on the Monte Carlo tracks and also on the
tracks of the actual events were set to be more
stringent than the physical apertures of the spec-
trometer. (About 15% of the actual event sample
was excluded by these cuts.) Events passing the
aperture cuts were subjected to the same event-
selection program as the real data.

The acceptance for events generated isotropically
has the following general characteristics. It is flat
as a function of wp mass out to about 22 GeV,
above which it drops off as is shown by the solid
curve in Fig. 3. At low ¢ the acceptance is restrict-
ed by the requirement that the recoil proton escape
from the target and penetrate the recoil detector.
From |t | of 0.1 to about 1.0 GeV?, the accep-
tance is reasonably flat. To describe the breakup
of the wp system and the subsequent decay of the
, we used a t-channel coordinate frame as defined
in the Appendix. In this frame the acceptance is
slowly varying as a function of the o—7+7~7°
decay angles. It is also nearly flat in the azimuthal
angle describing the orientation of the ® momen-
tum vector, but is strongly forward peaked in the
polar angle between the o direction and the z axis,
although it is nonzero for all values of the angle.
The average isotropic acceptance for the wp mass
range 1.725 to 2.475 GeV and |t | range 0.075 to

dbo 1

1.0 GeV? is about 16%.

The acceptance-corrected event rates were con-
verted to cross-section values using the beam flux
obtained from scaling the beam telescope. Correc-
tions to this flux for beam proportional chamber
inefficiency, extra beam tracks within the event
and accidental veto-counter firing were applied.
The flux at 11.75 GeV/c gave a sensitivity for
100% acceptance of 6.9 events per nb.

Several other nongeometric corrections were also
applied in order to extract cross sections. The effi-
ciency of the recoil-proton detector was measured
using recoil protons from kinematically constrained
pp—pm 7 p and pp elastic scattering events and
found to be 93+5%. Conversions of photons from
7° decay in the 0.024 radiation lengths of material
in the spectrometer leads to a correction of 4%.
Correction for interactions of the forward p, 7+,
and 7~ in the hydrogen target and scintillators and
spark chambers is 9%. Inefficiency of the spark
chambers and of the reconstruction programs re-
quires a correction of (9+6)%.

Background subtractions were made to obtain
the final sets of moments. Statistics did not per-
mit a detailed fit of the 777~ 7° mass spectrum
for each moment in each bin. Instead, the region
0.733 to 0.833 GeV in the 77~ 7° mass distribu-
tions was used to define the “peak”, and the mo-
ments of the “wing” events in the mass ranges
0.683 to 0.733 and 0.833 to 0.883 were subtracted.

The cross section for production of a wp system
with subsequent decay of the o to 77~ 7° by a
polarized proton beam incident on an unpolarized
target may be written as

= S (@bl ful (2L + 121 +1)) 2 cosng’ d}o(6')dE,(0)]

dmdtdQdQ — 167* [,

+Picis [(2Q2L + 1)(21 +1))?sinng’ dy(6)d §,(0)]

+ PbEI2RL + 121+ 1) cos(P+p+ng)d, 10(0)d T, (0]}, )

where fo=1, fi=f,=V?2, P); (P,) is the parallel
(transverse) beam polarization, and the sum ex-
tends over L =0,...,L ., /=0 or 2, and n =0,1,2
for the unpolarized and P|| terms, and

n =0,+1,+2 for the P, terms. With our normali-
zation, ad, gives the cross section integrated over
Q and Q'. The derivation of Eq. (2) and the defin-
itions of the angles ¢, 6, 8, , and ¢’ are given in

[

the Appendix. Briefly, 6 and ¢ describe the orien-
tation of the ® momentum vector in the wp rest
frame; 6’ and ¢’ describe the decay normal for the
o—mtr~m° decay; ¥ gives the orientation of the
transverse polarization vector relative to the pro-
duction normal (y=0 denotes polarization along
the normal, ¥y=7/2 denotes polarization in the
scattering plane). We have assumed ¢-channel heli-
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city conservation in order to limit the observables
to a tractable number, and we have verified that
the unpolarized cross sections are flat in ¢, con-
sistent with Eq. (2).

The sets of moments afs, bk, ci were deter-
mined from the data for various mass and ¢ bins
by the acceptance-correction procedure described
earlier. Terms up through L =4 were kept. The
acceptance-corrected moments may be compared to
the 0, ¢, 8', and ¢’ projections of the data by
weighting the sample of accepted Monte Carlo
events by Eq. (2). An example of this comparison
is shown in Fig. 4. Including moments up through
L =4 gives a X? of 1.37 per degree of freedom
when the data are analyzed in 10 wp mass bins and
a t bin from —0.075 GeV? to —0.2 GeV>.

III. FEATURES OF THE DATA

Figure 3 shows the background-corrected distri-
bution of the data in wp mass for |z | from 0.075

400, - 200,

0l o
-10 00 10 0. 180. 360.

cos 0 ¢ (deg).

FIG. 4. The raw event distributions in the decay an-
gles 6, ¢ of the wp system in the ¢-channel frame and
the decay angles ', ¢’ of the o—m+7~7° system in the
s-channel frame for the wp mass bin 1.775 to 1.825
GeV. The solid histogram shows the distribution of the
sample of accepted Monte Carlo events weighted by the
moments obtained for this bin.

to 1.0 GeV?, before correction for acceptance. A
considerable enhancement at low mass is evident.
Figure 5 shows the momentum transfer distribu-
tion, corrected for acceptance, for all events with
wp mass between 1.725 and 2.475 GeV. The ¢t
dependence shows a break and change in slope at
|t | =0.2 GeV? fits to the form e® give B =16.3
+1.0 GeV~2 for |t | <0.2 GeV? and B=1.4+0.2
GeV~2for |t|>0.2 GeV2 Figure 6 shows the
same distribution, but only for events in the
enhancement in the wp mass distribution

(mg, < 1.9 GeV). The distribution is again very
steep at small |¢| and much less so at larger |? |
(exponential slopes of 21.5+1.9 GeV~2 and
2.340.4 GeV 2 below and above [t]=0.2 GeV?),
and suggests the presence of a dip around

|t | =0.2 GeV>.

We measure the forward-hemisphere cross sec-
tion to be 27+6 ub for the reaction pp —pwp at
11.75 GeV/c in the wp mass range 1.725 to 2.475
GeV and |t | range 0.075 to 1.0 GeV?, for
+7~7°. Extrapolating to the full mass and ¢
range yields the total cross section. Extrapolations
using the measured ¢ slopes were made for |7 |
larger than 1.0 GeV? and for |t |’s below the ac-
ceptance cutoff at 0.075 GeV2. Correction was
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FIG. 5. The acceptance-corrected differential cross
section do /dt for the reaction pp —pwp with subsequent
 decay to mTa~7° at 11.75 GeV/c with wp mass be-
tween 1.725 and 2.475 GeV. The errors shown are sta-
tistical.
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made for wp masses greater than the acceptance
cutoff assuming the distribution to remain flat out
to the kinematic limit. After multiplying by a fac-
tor of 2 to account for both forward and backward
hemispheres and correcting for the branching frac-
tion of w decay to m+ta~ 7% we obtain a total cross
section of 160+35 ub. The error is dominated by
experimental systematics and uncertainties in the
extrapolations. Our value of the total cross section
is in good agreement with the value of 150+10 ub
measured at 12 GeV/c by Blobel et al.?

Figure 7 shows the acceptance-corrected angular
distribution moments defined above as functions of
wp mass for the |t | range from 0.075 to 0.2
GeV2. The bin sizes have been chosen so as to
have about 1000 events above background in each
bin. In the a3, moment (which is the acceptance-
corrected cross section) the low-mass enhancement
is somewhat less obvious than in the raw data due
to the larger acceptance corrections for the higher-
mass region. The aj, moment is seen to start out
positive at threshold and cross over to negative
values at higher mass. The a, moment shows
positive values in the low-mass region, dropping
to zero at higher mass. The a2, a3;, and a3, mo-
ments show small values at threshold, increasing to
a peak near 2.1 GeV. The ag, moment is con-
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FIG. 6. The acceptance-corrected differential cross
section do /dt for the reaction pp —pwp with subsequent
o decay to 77~ 7° at 11.75 GeV/c with wp mass be-
tween 1.725 and 1.9 GeV.

sistent with zero near threshold, becoming nonzero
above 1.9 GeV; this moment is interesting because
it requires the presence of orbital D waves in the
wp system. The a%o, a%l, and a3, moments are all
nonzero in the region of the enhancement, drop-
ping to zero at higher mass. All of the transverse
and longitudinal polarization correlations are con-
sistent with zero. The interpretation of these
behaviors will be discussed later.

IV. PHYSICS ANALYSIS
A. Production mechanism

The break or dip structure in the ¢ distribution
around 0.2 GeV? is similar to that observed in nu-
cleon diffraction dissociation NN — NN, with the
N1 mass close to threshold.?*?* This behavior was
interpreted by Berger and Pirila as evidence for ab-
sorptive corrections to the m-exchange Deck
mechanism.”> In our reaction, a 7-exchange Deck
amplitude could be present, but other mechanisms
for exciting the low-mass wp system include
Pomeron and w exchange. The properties of the
w-exchange amplitude have been studied in elastic
K*p and pp and pp scattering®®; there the elastic
cross section differences demonstrate the existence
of a zero in the imaginary part of the w-exchange
contribution at t = —0.2 GeV2. Thus a strong -
exchange amplitude would qualitatively explain the
t distribution in our reaction.

We have examined the energy dependence of
pp—pop to test for consistency with @ exchange.
The total cross sections versus beam momentum
are shown in Fig. 8, based on data from earlier ex-
periments.'!"12:2227=3% We do not include our
point in this figure because of the many assump-
tions and extrapolations needed to extract the total
cross section; the cross sections in the plot include
all wp masses and not just the low-mass region, ex-
cept for the two highest energy points which corre-
spond to central values of center-of-mass rapidi-
ty.>* The data in the region above 10 GeV/c are
fit by the form py,, ~" with n =0.77+0.07. If the
two highest energy points are excluded the best fit
gives n =0.86+0.18. A value of n =1 is expected
from w exchange. Diffractive production would
yield a much smaller », for instance diffractive
production of the A; meson proceeds with
n =0.42+0.04.%

A small sample of data was taken at 6 GeV/c in
the present experiment. The apparatus and trigger



25 PROPERTIES OF THE LOW-MASS wop ENHANCEMENT OBSERVED . . .

(ub/50MeV)
+

T T .al. —— + v614 T + 1al. ~+- az‘

3 + 001 : Iz%_, 4 %21 |} % oq |

0 L 1 & 38 +
S ¥ +
o *ﬁ#mF$ | | %
-
= —t 7 2 —— e U
Y i + 320 | a2y + 22 +aoo
S . s '

0 = + 4 ﬁ,
E -3 | 1 + _}; +++
N—"

18 22 18 22 18 22 18 22

wp mass (GeV)

w
N
o

+

o
N
—
[+
N
N
o
o
o

(ub/50MeV)
+
+

| é@ _

-3 | + !
——— ——t — —
3 4 "20 ] az | az2 | b00 |
+

S Th . W ¥
—~ -3 | ] ] ]
-

S + + + + + + + $ -+

1 1 1 2
E 5 | 20 | bay | b2y %50
o 0 i M" WW" Fh#ﬁi
T

1.8 22 18 22 18 22 18 22

wp mass (GeV)

FIG. 7. The angular-distribution moments a/; and polarization correlations b and ¢k defined in the text as func-

tions of wp mass for the —t range 0.075 to 0.2 GeV2 The histograms show the fit to the data of solution 4 of the am-
plitude analysis.



M. W. ARENTON et al.

i

20

, b3, |

: -+
-+ t

51

e

22

(b /50MeV)

(moment)o

+ + 3: $ 3: + 3:
bs 2| boo | 20 | bay |
$ 3: + 35 3 + 4:
sy bas b P00

18 22 18 22 18 22
wp mass (GeV)

— — — —

P20 | bay b bo2

(b /50MeV)

(moment)o

t t .CB.
s 22
= 4+

1.8 22

18 22

18 22

Wp mass (GeV)

FIG. 7. (Continued.)




25 PROPERTIES OF THE LOW-MASS wp ENHANCEMENT OBSERVED. .. 31

1000.

T T T TTTTT T T T TT1ITmT T T TTTTT

— 100L fﬁk
3"
b 104 N

1 Ll il ALl ol L L1

T 0} T00. 1000.
P, (GeV/e)

T

[Nt

TTTTTT

Lo Lt

TTTTTT

JE Aiul

FIG. 8. The total cross section for the reaction
pp —pwp versus beam momentum. The data points are
from Refs. 11, 12, 22, and 27—34. The solid line is a
fit of the form pj,, " (n =0.7740.07) to the points with
Piav > 10 GeV/e.

used at 6 GeV/c was the same as at 11.75 GeV/c.
The beam flux was such as to give a sensitivity of
1.51 events/nb for 100% acceptance. Only longi-
tudinal beam polarization was used. The same
procedures for extracting the w signal were used as

at 11.75 GeV/c. Figure 9 shows the 77~ 7° mass
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FIG. 9. The distribution of the #+7~ 7" mass in the
reaction pp —pm 77 at 6 GeV/c in the —¢ range
0.075 to 0.5 GeV2. Both solutions of the quadratic am-
biguity are plotted if the ambiguity could not be
resolved by the techniques described in the text. The
curve is a fit to a Gaussian plus a cubic-polynomial
background.

distribution for the 6-GeV/c data. A fit to this
distribution with a Gaussian plus a cubic-poly-
nomial background yields 10634159 »’s with a
Gaussian o of 0.029 GeV.

The acceptance was calculated by Monte Carlo
as at 11.75 GeV/c. The acceptance is slowly vary-
ing as a function of ¢ over the ¢ range of the data.
However, the acceptance is flat in wp mass only up
to 1.8 GeV, above which it drops off rapidly.
Thus it is impossible to examine the wp mass dis-
tribution. The overall acceptance is about 2%.

Figure 10 shows the differential cross section
do /dt for wp mass less than 1.9 GeV. Due to the
low statistics, the moment calculation procedure
was not used for these data; instead the acceptance
was calculated for each ¢ bin assuming isotropic
angular distributions. The do /dt shown in Fig. 10
is seen to have a similar shape to that at 11.75
GeV/c. There is again the suggestion of a dip
around 0.2 GeV2.

Thus the enhancement is seen to be produced
with a ¢ distribution and energy dependence con-
sistent with @ exchange. We may therefore regard
the wp enhancement as being formed in virtual wp
elastic scattering.
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FIG. 10. The differential cross section for the reac-
tion pp —pwp, with subsequent o decay to 7t7 7" at 6
GeV/c and with wp mass between 1.725 and 1.9 GeV.
Acceptance corrections assumed isotropic decay distribu-
tions for the wp and w decays.
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B. Spin and parity of the enhancement ized moments aj; and the polarized moments bf;
and cf; may be written as
An amplitude analysis was performed on the
peNa o : afi= 3 Ky Re(4}4;) ,
moments shown in Fig. 7 to determine the spin j J

(3)

and parity content of the enhancemt.tn.t. The mo- bhck= K;Im(474;)
ments are proportional to sums of bilinear prod-
ucts of the production amplitudes. The unpolar- where the 4;’s are the production amplitudes and

TABLE 1. Formulas relating the moments af;, bf;, ¢/ to the S- and P-wave amplitudes. The notation used for a
product of amplitudes 4;4; (e.g., 'Sy 'P3) is an abbreviation for Re(4;4;) for the aj; moments and Im(4;*4;) for the bj;
and ¢/ moments. The coefficients of the terms were calculated numerically and are estimated to be accurate only to
+5%. The sign of the bE terms corresponds to pure natural-parity exchange; unnatural-parity exchange would give op-

posite signs for all b5 terms.

ap=+1.000'S,'S; + 1.000°S33S; + 1.000'P,'P, + 1.000'P,'P; + 1.000°P,3P,

+ 1.000°P;3P; + 1.000°Ps°>Ps
a%=—1.202°P,'P, + 0.414°P,’P; + 0.380°P;'P; —0.351°P;°P; + 0.074°P;*P;
alp=—1.115'P,'S; —1.633'P,'S, + 1.000°P;3S; —0.518°P;3S; —1.548%P,%S,
aj=—0.694'P;3S; —0.098'P;3S; + 0.694°P|'S; + 0.478PS; —0.310°P;!S; + 0.1813P;35; —0.114°PS3S;
a3 =+0.916'P3S; + 0.130'P3S; —0.916°P,'S; —0.648°P’S; + 0.410°P;lS; —0.2323P3S; + 0.174°PS3S,
afo=+41.000'P;'P; + 0.447'P;'P; —0.398°P;°P; —0.360°Ps°P; —1.1943P3P, + 0.539°Ps3P; + 0.3563P53Ps
ado=+0.5385;'S; + 0.190°S;’S; —0.760°P,'P; + 0.240°P;'P, + 0.1703P;'P,—0.166°P;P,

+ 0.1943P33P; 4 0.721°Ps'P; + 0.146°Ps'P; —0.497°P53P; —0.169°Ps3P; + 0.105°P,°P;
a};=—0.820’S5'S, —0.290°S;°S; + 0.869°P;'P; —0.389°P;'P, + 0.3893P°P, —0.174°P;3P; —0.916°P,'P,
—0.241%Ps'P; + 0.518°Ps°P, + 0.240°P5’P; —0.199°P5°P;
ak=+0.8003S;'S; + 0.2833S,3S; —1.073°P3!P; + 0.7593P;'P; —0.759°P;*P, —0.1703P; 3P,

+ 0.358°Ps'P; + 0.289°Ps'P; + 0.253°Ps°P; —0.210°Ps*P; + 0.291%Ps3P;
a3 =—0.578'P;3S; —0.259°P;3S; —0.610°Ps'S, —0.345°Ps3S,
a3 =+0.831'P3S; + 0.372°P3S; + 0.876°Ps 'S, + 0.4963P53S,
az=—0.641'P;3S; —0.287°P,3S; —0.676’Ps'S, —0.3823Ps3S,
a%=+0.652Ps'Py + 0.291°P33P; + 0.146°P5°P;s
a% =—0.907°Ps'P; —0.406°Ps3P; —0.203°P5°P;
a%=—0.626’Ps'P; + 0.280°Ps*P; + 0.140°Ps°P;s
blo=—1.155'P, 'S, + 0.816'P,'S; —0.574°P,;3S; + 1.000°P;3S; —0.774°P,3S,
bl=+0.347'P3S; + 0.196'P;’S; + 0.694°P\'S; —0.239°P5S; + 0.155°P;!S; —0.363°P;3S; — 0.0573Ps3S,
by =—0.324'P’S; —0.183'P;3S, —0.648°P,'S;, + 0.229°P3S; + 0.6483P,'P, + 0.229°P,'P,

—0.1453P; 'S, + 0.328°P;3S; —0.290°Py'P; + 0.082°P;'P,

+ 0.307°P;°P, + 0.061°Ps3S; —0.061°Ps'P; + 0.137°P5°P,
bj_1=+0.324'P3S; + 0.183'P,’S; + 0.648°P,'S; —0.229°P,3S; + 0.648%P,'P, + 0.229°P,'P,

+ 0.145°P,;'S, —0.328°P;3S; —0.290°P;'P, + 0.082°P;'P,

+ 0.307°P;3P; —0.061°PsS; —0.061°Ps'Py + 0.137%P5°P,
by =—1.095'P;'P, + 0.345°P,3P, —0.689°Ps3P, + 0.777°P5P,
bl =+0.466’S;'S, —0.658°P,'P; —0.208°P;'P, + 0.143°P;3P, + 0.4163P5'P,

+ 0.210°Ps'P; —0.287°Ps*P, —0.2443P5 3P,
b3 =—0.502S;'S; —0.251'P;3S; —0.177°P3S; + 0.532°P,'P; + 0.337°P5'S; —0.238%P,°P, + 0.075°Ps'S,
—0.075°Ps'S; + 0.132°P53S; + 0.374°Ps'P; + 0.246°P5'Py —0.212°P5°P, —0.245°P5*P,
b3 =+0.490°S;'S; + 0.490'P;3S; + 0.346°P,’S; —0.657°Py'S;, + 0.657°P;'P, + 0.465PP,
—0.146°Ps'S; + 0.258°Ps°Sy + 0.146°P5'P, + 0295°Ps'P; + 0.103°Ps3P, —0.214°P4P,
b3_,=+0.490°S;'S, —0.490'P,’S; —0.346’P\3S; + 0.657°P;'S, + 0.657°P,'P, + 0.465°P+°P,

+ 0.146°Ps'S; —0.258°Ps’S; + 0.146°Ps'P, + 0.295°Ps'P, + 0.103°P5°P, —0.214°P5’P,
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TABLE 1. (Continued.)

b3=+0.472'P;3S; + 0.211°P;3S, —0.4983Ps'S, —0.0703P; S,

b3 =—0.480'P;’S; —0.215°P;3S; —0.322°P,'P; + 0.506°Ps!S, + 0.072°PS3S,

—0.2533Ps 'P; —0.179°Ps°P; —0.040°P; P,

b3_1=+40.480'P;3S; + 0.215°P;S; —0.322°P;'P; —0.5063Ps 'S, —0.0723Ps’S,

—0.253°Ps'P; —0.179°Ps*P; —0.040°P53P,

b3 =+0.370'P;3S; + 0.166°P;S; + 0.497°P;'P; —0.390°P5'S; —0.0553Ps3S; + 0.390°Ps'P, —0.028Ps'P,

+ 0.276°Ps’P, + 0.062°Ps3P,

b3_,=+0.370'P;3S; + 0.166°P;3S; —0.497°P;'P; —0.390°P5'S, —0.055P53S; —0.390°Ps'P,

+ 0.0283Ps'P; —0.276°Ps*P, —0.062°P5°P,
b3 =+0.515°Ps'P; + 0.230°Ps°P,

b3, =—0.507°Ps'P; —0.227°Ps°P,
b3_1=+0.507°Ps'Py + 0.227°P;3P,

b3 =+0.350°Ps'P; + 0.156°P5’P,
b3_,=+0.350°Ps'P, + 0.156’P5P,

¢} =—0.916°P,'P; + 0.648°P,'P; —0.820°P,'P, + 0.058°P;'P,

+ 0.869°P;’°P, + 0.174°Ps'P; —0.389°Ps°P,

¢} =+0.410'P,3S; —0.290'P;3S; + 0.290°P;’S; + 0.550°P;'S,

+ 0.259°P;3S; —0.183°Ps'S, + 0.130°Ps’S,

c3,=—0.800'P;>S; + 0.566'P;’S; —0.566°P,3S; —1.073°P,'S,

—0.506°P;3S; + 0.358°Ps'S, —0.2533P;3S,

c31=—0.558°P;'P; + 0.438°P;'P, —0.124’Ps'P; + 0.310°Ps3P, + 0.2773Ps°P,
c3=+0.861°P;'P; —0.676°Ps'P; + 0.1913P5'P; —0.478°P5’P, —0.428°P5P,

the Kj;’s are constants; the detailed calculation of
the K;’s is described in the Appendix, and numeri-
cal values are given in Table I. The amplitudes 4;
in Eq. (3) are classified by the quantum numbers
of the wp system, namely the total spin S ( =%
or %), total angular momentum J, and total orbital
momentum L; the wp relative parity is (— 1) +1,
Adopting the spectroscopic notation 2L ,;, there
are two possible S waves, 'S; and 3S;, and five P
waves Py, 'P;, *P,, 3P;, and 3P5. We restrict our
analysis to these waves, because the a&, moment,
which is quadratic in the D waves, is consistent
with zero. This assumption appears to be reason-
able for low wp masses, but should not be expected
to give a complete description at higher masses,
where the a3, moment indicates significant P-D in-
terference.

A mass-independent amplitude analysis was per-
formed on the moment data for the |¢ | range
0.075 to 0.2 GeV2. We have assumed z-channel
helicity conservation and pure natural-parity ex-
change for the production amplitudes. We also as-
sumed spin coherence at the recoil-proton vertex
(as would be expected for w or Pomeron exchange
mechanisms). In each mass bin a 13-parameter fit

was made to the 17 unpolarized, 22 transversely
polarized, and 7 longitudinally polarized moments.
The parameters were the real and imaginary parts
of the seven S- and P-wave amplitudes. The
overall phase was fixed by setting the 'S, ampli-
tude to be purely real. The full correlated error
m2atrix of the moments was used in calculating the
X-.

The following procedure was used to obtain all
possible solutions. In each wp mass bin 1000 ran-
dom values of the parameters (constrained so that
the overall cross section was correct) were exam-
ined and the 20 sets having the best X were then
used as starting values for the fitting program. All
solutions found in this way were then checked for
continuity with solutions in neighboring bins by
using them (after suitable scaling) as starting
points for fits in the neighboring bins. A rather
large number of solutions was found, perhaps due
to the large size of the errors. The X%’s of the
solutions were good; in no bin was the X? worse
than 1.5 per degree of freedom. Continuity was
used to group the solutions into two overall con-
tinuous solutions throughout the entire mass range.
We denote these as solutions 4 and B. The two
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solutions are essentially identical in the mass bin
2.050 to 2.125 GeV, so there is some ambiguity in
the continuation through this point.

The intensities and phases of the partial waves
for solutions A and B are shown in Figs. 11 and
12; the agreement of solution A with the moments
is shown in Fig. 7. The phases of the amplitudes
in Figs. 11 and 12 are shown only for those bins
where the intensity is substantially different from
zero. We see that solution A is characterized by
peaking at low mass in the S; and 'P; waves and
smooth behavior in the other waves. The phases
are relatively flat versus mass, and have values
near O or 7, i.e., the amplitudes are all relatively
real. Solution B has low-mass peaking in the 'S
and 3Ps waves and perhaps in the 3S; wave.

Again the phases are all near O or .

The main features of these two solutions in the
low-mass region are required by the data as fol-
lows. The large value of a3 results from the 'P;
wave in solution A and from the *P5 wave in solu-
tion B. The peaking of the a3y, a3y, and a3, mo-
ments results from interference of the >S5 and 'P;,
waves in solution A and of the 'S, and *Ps waves
in solution B. The phases are restricted to being
near O or 7, i.e., the amplitudes being relatively
real, by the fact that none of the polarization mo-
ments is substantially different from zero.

Of the two solutions, A shows somewhat
smoother mass dependence than B. Solution B
shows a large jump in the 'P; wave from zero at
low mass to very large values above 2.2 GeV. Also
solution B appears to require contributions from
three waves S5, 'S; and 3P to account for the
low-mass enhancement instead of the two waves
385 and 'P; required by solution A. We know of
no clearcut way to select the correct solution, but
A is preferred on grounds of simplicity, and from
here on we restrict our discussion to A.

The facts that the amplitudes of the 3S; and 'P,
waves peak right at threshold and show no phase
motion as the wp mass increases suggest that the
enhancement may be due to resonances with
masses below the wp threshold. The best candidate
for the state producing the 3S; enhancement is the
N(1700) (D}3 in mp scattering analysis) with mass
in the range 1.67 to 1.73 GeV and with width T in
the range 0.07 to 0.12 GeV.’® For the 'P; wave
there is the N(1810) (P}3 in wp). The most recent
phase-shift analyses®” give a mass of 1.7 GeV and
a width of 0.125 GeV for this state. Previous
studies of the production of such states have gen-
erally only provided cross sections for a bump near
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FIG. 11. The intensity and phase of the two S-wave
and five P-wave amplitudes versus wp mass for solution
A of the amplitude analysis. The phase of the 'S, am-
plitude was fixed to be identically zero. Phases are plot-
ted only for bins where the intensity of the amplitude is
greater than 0.05 ub/50 MeV.

1.7 GeV without resolving it into its component
spin-parity states.”~** Thus there is no basis for
deriving branching ratios to wp for these states.
(Amplitude analysis of the pmt 7~ final state using
data obtained in the present experiment will in the
future provide information on relative branching
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FIG. 12. Same as Fig. 11, but for solution B of the
amplitude analysis.

ratios. In addition, the ¢ dependence of the pro-
duction of these states can be examined, which will
confirm or deny the indications seen in the present
experiment for an w-exchange mechanism.)

We wish to emphasize that no evidence is seen
for a narrow resonance near 1.8 GeV. The con-
clusion that the relative phases of the various
waves are all near O or 7, which is derived from
the observation that all the polarization moments
are consistent with zero, is an important part of
this. To further illustrate this point we have calcu-
lated the polarization effects which would be ex-

pected for a narrow resonance interfering with a
smooth background. Figure 13 shows selected mo-
ments for a resonance at 1.8 GeV with a width of
0.15 GeV in the 'P; wave interfering with either a
flat background composed of equal amounts of
184, 383, and 'P; waves (solid line) or a back-
ground entirely in the S; wave (dashed line). The
relative amounts of resonance and background
were chosen to roughly fit the observed cross sec-
tion a. Substantial polarization effects are
predicted.

V. SUMMARY AND CONCLUSIONS

A sample of 20000 events of the reaction
pp—pop at 11.75 GeV/c beam momentum has
been obtained along with a smaller sample of 1000
events at 6 GeV/c. The total cross section for this
reaction is measured to be 160+35 ub at 11.75
GeV/c, in good agreement with earlier measure-
ments. The distribution of events in wp mass
shows a narrow enhancement near threshold. The
t distribution of all events has a break in slope
about a dip position at ¢ ~ —0.2 GeV2. This struc-
ture is observed in the 6-GeV/c data as well as in
the 11.75-GeV/c data. The production cross sec-
tion for pp —pwp varies with laboratory momen-
tum as pp,, ~%8. These results suggest that the pro-
duction mechanism of this reaction is primarily o
exchange.

The joint-decay-angular-distribution moments of
the data as well as the correlations with transverse
and longitudinal beam polarization have been ex-
tracted. The most prominent features of these mo-
ments in the region of the low-mass enhancement
are relatively large values of the a3, moment and
the a3y, a3, and a3, moments. All of the polariza-
tion correlations are consistent with zero. An am-
plitude analysis of the moments in terms of the
two S waves and five P waves of the wp system
has been performed. Two discrete solutions are
found. The preferred solution has large values of
the 3S; and 'P; waves near threshold. The mass
dependence of the magnitudes of these amplitudes
and the fact that their relative phases are found to
be constant and near O or 7 indicate that these
waves are the high-mass tails of resonances below
threshold, presumably the states D3 and P} seen
in m-nucleon phase-shift analysis.
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APPENDIX

In this appendix we outline the derivation of the
expansion given by Eq. (2), and the correspondence
between observables and amplitudes in Table I.
First we specify the coordinate system. We use the
subscripts w, b, f, t, and r to refer to the w and to
the beam, fast forward, target, and recoil protons,
respectively. We denote by Py the sum of the w
and forward-proton momenta. Three coordinate

frames are needed and are defined as follows.
(1) In the wp rest frame, the t-channel axes are

£=py, §=Pp Xbn, X=9XZ, (A1)
where all momentum vectors are evaluated in the
wp rest frame. The orientation of p,, in this frame
is given by the angles 0 =0,¢,

cosf=p,, Z, sinf cosp=p, X ,
s A A (A2)
sin@sing=p, 'y .
(2) In the o rest frame (obtained by Lorentz
transformation from the wp rest frame), the axes
are

8=y, P =5XE, £ =P'X5" . (A3)

The orientation of the w-decay normal #, in this
frame is given by the angles Q'=6',¢’,

o)

2, sinf'cosg’ =1,%’,

’ A~ .
cosf' =1,

o A A (A4)
sinf'sing’ =#n,,y" .

(3) In the beam-proton rest frame (obtained by
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Lorentz transformation from the wp rest frame),
the z-channel axes are

o /\II

2" =py, §'=9, X"'=p"XZ" . (A5a)

(Zand 2" are identical, since the transformation
from the wpy rest frame to the p, rest frame is
along z.) The beam polarization is most simply ex-
pressed in the s-channel frame, where

Zy=—Pp, Js=5, X;=Ps X% . (ASDb)

The vector p, in Eq. (AS5) is p, in the overall
center-of-mass frame, boosted to the wp; and then
to the p, rest frames. Thus Z; and 2" lie in a plane
perpendicular to $, we denote the crossing angle
between Z; and 2"’ by a. The beam polarization in
the s channel has components

P;=P, siny,
Py=P, cosy, (A6)
P;=Py,

where P, and P|| are transverse and longitudinal
polarization components in the laboratory frame,
and 1 is the orientation of the production normal §
relative to the vertical axis in the laboratory. In
the ¢ channel the polarization components are

P} =P, cosasiny— P sina ,
Py=P, cosy, (A7)
P}=P, sinasiny+ P cosa .

Thus, the transverse (Pf,P;) and longitudinal (P;)
|

[(2L +1)(2j +1)]'/?

Fy(i,Q,Q') =
41

M

S (Su,LO|Ju) (ju—v,3v|Su)DL

37

polarization components in the ¢ channel are a
mixture of P, and P)|. In principle our measured
spin correlations, which are based on P, could be
unfolded to determine correlations with P’. In
practice we have not done this because a is small,
typically about 10° for the kinematic range of our
experiment.

We next derive a general expression for observ-
ables in terms of production amplitudes 4 for the
wp partial waves. Each wave is characterized by
the quantum numbers J (total spin), L (wp orbital
momentum), (—1)£ *! (total wp parity), and S (to-
tal wp spin), collectively lumped into an index i.
In addition, each wp wave can be produced with
different helicities (M), referred to the X-y-Z frame;
the helicities of the protons f, b, ¥, and ¢t are desig-
nated, respectively, by indices v, 8, A’, and A. The
indices v, A', and A are eventually summed over in
forming observables. However, the beam proton is
a coherent superposition of helicities = +1/2,
depending on the polarization vector, and we
denote these amplitude components by ug. We ig-
nore the w-decay Dalitz plot dependence for sim-
plicity. Then the transition amplitude describing
production and breakup of the wp system, followed
by w decay, can be expressed as

(WA | T lugh)= 3 A¥P(DugFy(i,0,0) .
M,B,i
(A8)

The functions Fy; describe the probability ampli-
tude for the parent wave i to decay with angles €
and ', and can be written as

w0(@',6',0)Dip,, (9,6,0) . (A9)

Thus Fy; is a combination of probability amplitudes in which the fast-forward proton has spin component v
along £’ and the o has helicity u-v along 2’; the o spin is exhibited explicitly as j (j =1). The arguments of
the D functions, which differ from those used with the Jacob-Wick convention, are consistent with our

choice of coordinate frames.*!

We take the square of Eq. (A8) to derive the observed cross section as a function of the wp mass m,

momentum transfer ¢, and decay angles
d%

dtdmdQdQY ;. M peii

" The first bracketed factor in Eq. (A10) contains
the physics quantities which we wish to determine.
The second factor is just the beam proton density
matrix, namely

”B"}Z%[1+ﬁ"alﬁﬁ' ) (A11)

[AME(DAYE™ (i) [uguly LFY (i, Q,Q)F3(,0,Q0)] . (A10)

r
where P'is given by Eq. (A7). The third factor
contains all the angular dependence. It is con-
venient to define new helicity amplitudes that cor-
respond asymptotically to natural (§=+1) and un-
natural (§= —1) parity ¢-channel exchanges:
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M%f(i,g)z-‘/%mﬂf(i)

S +M — 1
pE(— )M AL

(A12)

where 2S;=J +% is the spin sum in the produc-
tion process, and (—1)E+! is the relative intrinsic
parity of the “particles” in the production process.
Parity conservation relates the production ampli-
tudes as follows:

A=Y Py = () PMFER AL B
(A13)

Equation (A 13) leads to the following relations for
the naturality amplitudes:

dbo(&) _
dtdm dQd ~ &,

AP,

E RC[MM 1/2)* (i §)MM“/2

MYB(i)=&(—1)V*MMB . (i) . (A14)

Equation (A14) guarantees that there are no in-
terference terms between £=+1 amplitudes in the
cross section [Eq. (A10)], after summing over A,A'.
Using Eq. (A12) and the properties of the
Clebsch-Gordan coefficients and the rotation func-
tions, we obtain the following symmetry relations:

MY =BG E)=E(— 1)1 2+ +M=B+LpMB ;)

(A15)
Fh(i,Q,Q" ) =(—1)1/2+ +M+v+Lpv¥(; ) 1)

(A16)

These symmetries enable us to reduce the spin sum
in Eq. (A10) to the expression

i"€) ]ReZII}'lM’+ Im[MM(1/2)*(i,§)MM’(l/2)*(i,’§)]

X[E(PL ImZy™ —PiReZi™ )+ P{ ImZ}™ ], (A17)

where (&) splits off the contribution from each naturality. The functions Z,Z contain all the angular

dependence and are given by

ZMM = S Fy,0,Q)F 0,0 (Al8a)
v=%1/2
ZiM = 3 (=R ,Q,Q)F 0,07 (A18b)
v=+1/2
In Eq. (A17) we have shortened our notation, so that
MM(l/2)*(i,§)MM’(l/2)(l-r’§): s Mk 1/2) (i g)MM(l/Z) (i",€) . (A19)
M=2%1/2
Our normalization, implicit in Egs. (A9) and (A 12), is such that integration over () and Q' yields
d’a(§) MU/ (; M(1/2)
M M A20)
dmdi ~ 2 (LOMTGLE) ‘

So far, Eq. (A17) is completely general. We can achieve some further simplification by approximating the
transverse polarization components with Eq. (A6) and substituting in Eq. (A17),

PLImZ™ — P! ReZ}™

' ~ 'Pl Re[ei'/’ZN,-?/rlMl] .

(A21)

In our amplitude analysis we further assumed z-channel helicity conservation; this means that only M =M’
= terms are needed in Eq. (A17). With this assumption, and using closure relations for products of D
functions, we can deduce a general expansion for Z and Z in terms of a set of orthogonal functions

Re[z(]/z) 1/2 (Q Ql

ILn

16 LL,n

S Vi LRL + 120 + 1] sinng'd] o(0))d§,(0)] ,

(£l 2L +1)(21 +1)]"2 cosng'dlo(6)d5, (0)} , (A22a)

(A22b)
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Re[ei'l’Z,-(i}/”(ln)(Q,Q')]:

1611# S (— B[22 + D@L+ 1] cos(W+@+ngd’ , 10(6)d 5 (0))
LL,n

(A22c)

where f, =1 (n =0), V'2 (n5£0). The functions in brackets are orthogonal and their square integrals over Q
and Q' are equal to 1672 The summation extends over L =0 to L,,,, and ! =0 or 2; for expansions (A22a)
and (A22b), only n =0, 1,2 are required, while for (A22c), n = —1, —2 are needed in addition. Since d,{o(e’)
and d'_,,o(G’) are equal within a sign, we have used dl|,, [0(€') in Eq. (A22c).

We have computed the coefficients a, 8, and ¥ numerically for each pair of waves i,i’; to do this, we
compute the functions Z and Z numerically using Eq. (A18), and project out each of the orthogonal func-

tions in Eq. (A22) by numerical integration. For example,

= [ ReZ{"2/2(Q,0){f,[(2L +1)(2l +1)]'/ cosng'dso(6')dG,(0)}dQ d QY (A23)

with similar relations for 8 and y. By comparison
with Eq. (A17), we see that the coefficients a, 3,
and y are basically just the coefficients in Table I.
[Note that the interference terms with i’ in Eq.
(A17) occur twice, and the coefficients in Table I
are then twice the corresponding a, f3, or y values.]
Note also that the unnatural-parity contributions,
which we have assumed to be negligible in our am-
plitude analysis, would contribute with opposite
sign to the transverse polarization correlations [cf.
Eq. (A17)]; this is equivalent to using the s in
Table I with opposite sign.

Finally, by substituting the expansions of Eq.
(A22) into Eq. (A17) and summing over all waves,
we obtain the general form for the observables
given by Eq. (2) in the text. It is interesting to
note that the only dependence of the observables
on g is through the correlation with ¥+ ¢ in the
transverse polarization correlation [cf. Eq. (A22c)].

|

The angle ¢+ ¢ gives the azimuth between the
transverse spin vector and the axis j’, which is the
normal to the virtual scattering process p, +e
—w+py (e denotes the t-channel exchange). Heli-
city conservation in the production of the wp sys-
tem ensures that there can be no alignment of the
overall production normal with the beam spin [e.g.,
no terms of the form cosy in Eq. (A22¢)]; in effect
helicity conservation implies that e acts like a
spin-0 particle in the virtual process. Nevertheless,
there can be polarization effects in the virtual pro-
cess due to interference of different N*’s, which in
effect cause helicity-flip transitions between p, and
Py or pp and . Similarly, we note that longitudi-
nal spin correlations arise only in the n£0 terms
[cf. Eq. (A22b)], and if the o were spinless, these
terms would vanish. In effect, the longitudinal
correlations are essentially spin-rotation parameters
in the virtual process.

*Present address: Bell Laboratories, Naperville, Ill.
60540.
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