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We present angular distributions and, for the first time, single-spin correlations in the
diffraction-dissociation reaction p,p —pw* 7~ p, for small momentum transfers between the polar-
ized beam and the (pm* ™) system, at 11.75 GeV/c. The only structures seen in our 2 X 10%-event
sample turn out to be the well-known threshold enhancement in A7 and the N(1700), which appears
to involve both A and N(1520)7r. The production process exhibits a slope-mass correlation and pat-
terns of helicity nonconservation seen in higher-energy diffractive processes. We also see evidence
for a complex helicity structure in the spin correlations. We show that the threshold enhancement is
unambiguously S wave in character, while the N(1700) appears to be a mix of states. The overall
similarities between our data and those at higher energies, together with the rich structures con-
tained in the angular-distribution correlations (we measure 315 joint moments in each mass and ¢
bin), make our data base highly relevant for theoretical analysis of exclusive diffraction.

I. INTRODUCTION

We present results based on a sample of 1930000
events of the reaction

pwp—prtTTp (1

at 11.75 GeV/c, obtained with the effective-mass spec-
trometer using the polarized proton beam from the Ar-
gonne Zero Gradient Synchrotron (ZGS). Some polariza-
tion results are also presented for a smaller sample of 6-
GeV/c data.

Diffraction-dissociation (DD) processes such as reac-
tion (1) are probably the only exclusive inelastic reactions
that can be studied at ultrahigh collider energies. More-
over, the main features of these DD processes appear to
be essentially independent of energy. Thus, it seems plau-
sible that high-statistics data with polarized beams at a
relatively low energy can complement the relatively-low-
statistics, unpolarized data available thus far from
colliding-beam experiments, hence the motivation for this
study. The DD processes involving N—>N7 (Refs. 1—8)
and N—Nmm (Refs. 4, 7, and 9—26) have been studied
with 7%, K, n, p, and Jp probes over a wide range of en-
ergies. The systematic features which appear to be com-
mon to these reactions at all energies include strong pro-
duction of an enhancement near threshold, which appears
to be predominantly S wave; production of a secondary
enhancement around 1.7 GeV which is likely to involve
several spin-parity states; a strong slope-mass correlation,
and correlation of the ¢ slopes with the angular distribu-
tions; a break in the ¢ distributions at low mass around
—t~0.3 GeV? and marked helicity-flip effects in both s
and ¢ channels. Some of these features follow naturally
from m-exchange Deck models,>”"?® while others require
baryon exchange, absorptive corrections, etc.”~32 Qur
data display these features rather clearly.

Since only two enhancements (at threshold and at 1.7

33

GeV) are prominent in these reactions, it is clear that
partial-wave analysis (PWA) is needed to resolve spectro-
scopic issues. Several such analyses have been performed
on the prtr~ system,2! =% but the statistical accuracy
has been rather limited, as compared with analyses of the
formation reactions®*~%’

7aN—>maN . (2)

It is clear that the production reactions have not revealed
the rich structure of baryon resonances which have been
identified in the formation channels, possibly because the
Deck-effect backgrounds obscure the resonances in pro-
duction reactions. With our higher statistics we have car-
ried out spin-parity analysis on the pmt7~ system; in
particular, we used the polarization information, as dis-
tinct from the isobar-model technique, to help determine
the partial-wave phases. We remark that the production
reactions are a natural place to search for resonances
which decouple from 7N and from the formation process,
such as have been proposed by Isgur, Karl, and Koniuk.*®
It is clear from our data that such resonances, if they are
produced in reaction (1), are subtle effects and do not
cause clear peaks in the mass spectra. In this paper we do
not analyze in detail the high-mass region where these
states are expected to lie; we focus instead on the mass re-
gion below 1.8 GeV and on the Aw channel, in order to
better understand the dominant features of the process.
We organize our report as follows. Section II summa-
rizes the experiment and the analysis. Section III exam-
ines some of the isobar contributions which compete with
the A* 7~ final state. Section IV presents the ¢ depen-
dence of the angular distributions and polarizations, and
Sec. V describes the mass dependence and the partial-wave
analysis. A summary is given in Sec. VI, and the Appen-
dix documents the relationship between spin correlations
and partial-wave amplitudes. Whereas Sec. III relies
mainly on raw mass spectra, Secs. IV and V utilize the
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acceptance-corrected joint moments of the A**7~ final
state, and Sec. IV A provides an overview of some proper-
ties of these moments.

II. EXPERIMENTAL ASPECTS
AND DATA ANALYSIS

A. Experimental features

The effective-mass spectrometer was used to study not
only reaction (1), but also the reactions

pp—pop , (3)

pwp—pK*Kp, (4)

pip—AK*p (5)
Lopn—,

PP —pppp - (6)

These experiments are described elsewhere;**~*? in partic-

ular, Ref. 39 describes the apparatus as it was used for the
study of reaction (1).

To summarize the salient features, a superconducting-
magnet beam line transported both longitudinally and
transversely polarized protons (~60% average polariza-
tion) to a 10-in. liquid-hydrogen target. The beam spin
was reversed between ZGS spills. Elastic scatters were
recorded simultaneously with the inelastic triggers in or-
der to monitor the beam polarization. These measure-
ments were cross calibrated with an upstream polarimeter,
which was used to monitor the longitudinal polarization.
Because of uncertainties in the analyzing power for pp
elastic scattering, we estimate a systematic uncertainty of
+10% in the overall beam polarization used in our mea-
surements.

The spectrometer spark chambers provided full
momentum analysis for the three forward tracks p, 7+,
and 7. In addition, a proportional-wire vertex detector
provided direction measurements for wide-angle recoil
tracks;*® smaller angle tracks which missed the vertex
detector were picked up in the upstream spark chambers,
and so the recoil proton angular coverage was essentially
4 for reaction (1). Typical resolutions were 8p/p
~0.0017p (p in GeV/c) and 86,,~+0.5 mrad for
forward-track momenta and angles; and +20 mrad on the
differences between predicted and measured angles for
projected tracks in the recoil detector. The recoil detec-
tion efficiency depended strongly on the proton range, and
effectively vanished for recoil momenta below ~200
MeV/c. A segmented Cherenkov counter** was used in
the forward-track identification. The trigger did not in-
volve either the vertex detector or the Cherenkov counter,
but imposed only a simple multiplicity requirement on the
forward tracks, together with a scintillation-counter veto
on multiple recoil tracks.

B. Event selection

For our studies of the relatively rare reactions (3)—(6)
the pr*m~p final state represented an enormous back-

ground. Nevertheless, these final states were identified
quite cleanly, using the excellent kinematical resolution of
the spectrometer and the Cherenkov and vertex-detector
components. For reaction (1), on the other hand, back-
ground rejection is not a serious problem. Small back-
grounds from reactions (3)—(6), and from

pwp—ppm(X) (7)
were identified and removed using a combination of
Cherenkov and kinematical information. The missing-
mass (My) resolution alone (+0.18 GeV?) was adequate
to reject most of the background associated with mul-
tiparticle states of the type

pp—prtr=(X), (8)

especially with the information from the vertex detector
and target veto counters, which helped flag multiprong
recoils.

The main challenge in event selection was the resolution
of the p-m* ambiguity. The missing-mass constraint
alone did not allow event-by-event separation of the hy-
potheses

pp—pymiT(p) ®
and
pp—mipym(p), (10)

even though we could use the M,? distributions to estab-
lish statistically the level of misidentification. Both the
Cherenkov data and the recoil track measurement allowed
an independent determination of the correct hypothesis
for each event. The Cherenkov information allowed
“unambiguous” track assignments for ~95% of the
events, and for the remaining events we simply assigned
the proton to be the fastest positive track (identification
ambiguities arose when both positive tracks were above
Cherenkov threshold, P, >2.9 GeV/c, and entered the
same Cherenkov quadrant). The recoil-track angle
resolved the ambiguity kinematically, since the recoil po-
lar angle is very sensitive to the effective mass of the
prtm~ system. Thus we were able to calibrate the
Cherenkov identification using the sample of events hav-
ing a clean recoil track. The vertex-detector identification
disagreed with the Cherenkov identification for 1.8% of
these events; the pattern of disagreement was consistent
with the fact that fast protons (as measured with elastic
scatters) fired the Cherenkov counter 1—2 % of the time,
presumably through interactions in the window of the
pressure vessel. A realistic Monte Carlo simulation,
which was used for acceptance corrections, predicted an
overall misidentification probability ranging from ~3%
for —t <0.04 GeV? (where proton range limited the use-
fulness of the vertex detector) to ~1% for —t¢>0.1
GeV2. No attempt was made to correct the cross sections
for these effects.

Figure 1 shows the My? distributions for low- and
high-mass events after applying the vertex detector and
Cherenkov information in the event selection. For the fi-
nal sample we imposed a cutoff, | My’—M,*| <0.6
GeV2. We estimate the remaining backgrounds in the
event sample to be less than 5%.
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FIG. 1. The missing-mass spectra for pp—pnt7~(x) for
selected events, with (a) MP'+7_<1.8 GeV, and (b)

M, >18GeV.

We remark that for one-third of the data taking the
vertex detector was not operational, so that only the
Cherenkov identification was available. We did not use
this sample in obtaining the spin-averaged cross sections;
we used it for polarization measurements since the statist-
ical accuracy of these measurements was such that an
~3% Cherenkov misidentification would have negligible
effect.

C. Acceptance corrections

A sample of 2950000 Monte Carlo events survived the
same event-selection criteria as the real events. Some
features of the Monte Carlo acceptance are illustrated in
Figs. 2 and 3. Figures 2(a) and 2(b) show the average ac-
ceptance as functions of M »+q— and momentum transfer,

respectively, for events in the A** band, defined hence-
forth by the cut 1.15 < Mmr" < 1.30 GeV. The dependence

on the angle variables which characterize the three-body
decay is shown on Fig. 3, where we have selected a partic-
ular Mnﬂr_ bin from 1.60 to 1.65 GeV, for illustrative

purposes. The decay angles are defined in the Appendix;
we refer to the direction of the (p7+) momentum in the
(pm¥7™) rest frame as Q=(6O,®), and the proton direc-
tion in the (p7™) rest frame as 0 =(8,¢). The acceptance
is poorest for large pm*7~ mass, near cos®@= + 1; the
dependence on other variables seems to be fairly benign.
Our objective in applying acceptance corrections is, of
course, to obtain an unbiased description of the process,
including the polarization dependence, in the seven-
dimensional phase space. With our high statistics it
would clearly be desirable to fit the event sample directly
with the usual isobar partial-wave expansion, as has been
done with spin-averaged data samples;>' =26 such an

FIG. 2. The Monte Carlo acceptance, cut on 1.15
< M‘m+ < 1.30 GeV and averaged over all decay angles: (a) as a

function of Mpﬂ+ﬂ_, averaged over f, and (b) as a function of ¢
for a typical bin, 1.6 < Mpﬂ+”_ < 1.65 GeV.

analysis of our spin-averaged data would allow direct
comparison with the other analyses. However, the logis-
tics of including the polarization information in an un-
biased fashion are formidable in the partial-wave ap-
proach. Consequently, we elected to carry out a straight-
forward moments expansion of the data. We have binned
the moments in the variables Mp1r+1r_, Mpﬂ+, and ft; typi-
cally we employed fine binning in one variable at a time
and coarser binning in the other two.

In principle, with fine enough binning, the moments ex-
pansion has the same information content as the isobar
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FIG. 3. The Monte Carlo acceptance, cut on

1.15< M‘m+ <1.30 GeV, averaged over ¢ for the bin
1.6< MP#,’_ < 1.65 GeV: projected in cos®, ®, cos6, and ¢.
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partial-wave analysis and has the virtue of being essential-
ly model independent and unique. It suffers from the
problem that, even with a fairly restricted expansion, we
are left to determine 315 moments in each Mpﬁﬂ_-
MMJ,-t bin. By comparison, the published partial-wave
analyses for the production experiments?' ~26 rely on typi-
cally 10—15 complex waves for each Mp1r+1r"-t bin. The
statistical errors in our moments are, of course, correlated,
and these correlations should in principle be retained for
subsequent partial-wave fits.

The derivation of the moments expansion in terms of
partial-wave production amplitudes is given in the Appen-
dix. The most general parity-conserving description of
the seven-fold differential cross section is given by

d'o/dtdM, . dM, ,dQdo
=Y AL,d!o(0)Re[DL(®,0,4)]
+P, 3 BL dlo(0) Re[DrE(®,0,8)e'¥]

+P, 3 CL dlo(0) Im[DE(®,0,4)], (11)

where P, and P, are the respective transverse and longitu-
dinal polarizations, and ¥ is the azimuthal angle between
the transverse polarization and the (Basel convention) pro-
duction normal [Eqs. (A2) and (A34)]. We have restricted
our analysis to th+ < 1.4 GeV and Mpﬁﬂ_ <2.2 GeV;

the indices in Eq. (11) were restricted to

Ln|<2,
m =0,1,2 (AL, and BL,), (12)
m=0,1 (CL).

We retained five terms in the expansion in L, where the
minimum L value depends on m and n.

We fitted the moments in two stages, using a different
procedure for the spin-averaged and spin-dependent mo-
ments. In the first stage, we binned the data in cos© since
both the expansion and the acceptance are more complex
in © than in 6, ®, and ¢. For each 6 bin we used
maximume-likelihood techniques to obtain 63 moment
coefficients (24 unpolarized, 27 for P, and 12 for P;).
For example, for fixed 6=0; we can write
d'o/dM, . dM, ,dtdQdo

vt
=3 Apm (0;)d}o(0)cos(ng +m®) ,  (13)

with similar expansions for the P, and P, contributions.
In the second stage of the analysis, we obtained the
desired A4, B, and C coefficients by fitting the © depen-
dence, e.g.,

O (0;)="S, ALmdEn(6;) (14)
L

and similarly for the P, and P coefficients.

The Monte Carlo acceptance is needed to obtain the un-
polarized a-type coefficients. Once the @ and A4 coeffi-
cients are determined, the b and ¢ coefficients can be ob-
tained directly from the data by comparison of spin-up
and spin-down event samples. Maximum-likelihood

2531

analysis leads to coupled equations for the 24 g, coeffi-
cients:

2 d;{()(o, )COS(n¢i +m(l>,)
events d70(9i:¢,‘,¢,‘)/dx7
=F [e(x)d}o()cos(ng+m®)dx , (15)

where x denotes the seven-dimensional phase space for
the bin, i refers to the ith event, F is the luminosity
(events/mb) and o depends on the ay,, as in Eq. (13).
The integral over the efficiency, e(x), is given by a sum
over Monte Carlo events. The error matrix for the gy,
was calculated from Eq. (15) and contains comparable
contributions from statistical fluctuations in the data and
Monte Carlo samples.

We used the unpolarized A coefficients in the deter-
mination of the by,,, and ¢y, correlations. Schematical-
ly, we can write

a(x)=0¢(x)+P 3, g Gi(x) , (16)
k

where og(x) is the unpolarized differential cross section,
8 refers to the by, or c,, coefficients, G,(x) are the
corresponding expansion functions, and P is the value of
P, or P,. Specifically, the Gy (x) functions are

Ginm (x)=d}o(0)cos(ng +m®+1)

and

(17a)

Glam(x)=d}(0)sin(ngp+md) , (17b)

respectively, for P, and P,, as in Eq. (11). Then the solu-
tion for the coefficients, g;, is obtained in one step from
the maximum-likelihood expression

PGk(x,')
-2\

m | oolx;)

PZGk(x,-) 2 G,-(x)gj
Jj

, (18)
m W oo(x;)?
where the sums are over spin-up and spin-down events.
The error matrices for the polarized coefficients are dom-
inated by statistical errors on the spin-up and spin-down
event samples, and we have ignored the statistical errors
on go(x) in computing these matrices. In addition, there
is an overall uncertainty of +10% in the value of P, as
stated above.

Because the acceptance suffers from some pathologies
as noted above, we have checked the unpolarized cross-
section expansions for positivity by evaluating the unpo-
larized expansion over a grid in ©-®-¢ space. For about
5% of the bins (generally for high mass and cos©® near
+ 1) negative cross sections were found in a few points in
the grid. The angular distributions for these bins were
then pulled, consistent with the error matrix, to obtain
non-negative cross sections over the full grid. For ~1%
of the bins these refits gave poor X%s; all of these cases
occurred above 1.9 GeV, and these bins were not used in
the fits to the A4 coefficients. Positivity was not imposed
on the polarization coefficients, and so it is possible for
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the final moments expansion to exhibit, e.g., 110% asym-
metries.

We checked the A4,,, expansions in each bin by com-
paring the raw event projections in the angle variables
with the predicted distributions given by the cross section
and the acceptance. One example is given in Fig. 4. Simi-
larly, the measured a,,, were compared bin by bin with
the Af, expansions; Fig. 5 provides an example for the
moments with (/nm)=(000) and (001).

Additional overall normalization corrections were need-
ed to account for track-reconstruction inefficiency
[(9+6)%], secondary interactions in the hydrogen target
and spectrometer [(9+4)% ], and hodoscope trigger biases
[(4+3)%], etc.; we estimate the overall normalization un-
certainties to be +10%. Equally important, we note that
the AL, coefficients are correlated, and so small sys-
tematic errors in the (,w) dependence of the acceptance
can distort all the A%, including the A3y term which
gives the integrated cross section. We integrated the 4y
coefficients over the kinematical range 1.30
< MM+ﬂ_ <2.00 GeV, 1l15< Mmr* <130 GeV, and
—1t <0.5 GeV?; the integrated cross section, multiplied by
a factor of 2 to account for the target-dissociation process,
came to 590+59 ub. For comparison, Blobel et al.?! ob-
tained a cross section of 2.0+0.2 mb for reaction (1) at 12
GeV/c; the combined effects of the above cuts would re-
tain 30.7% of their events, that is, 614+61 ub. (They do
not quote this cross section; it is our estimate based on
their published data.) Thus, within the normalization un-
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FIG. 4. Comparison of a typical joint-moments fit with the
projected distributions in the angle variables cos©, ®, cosf, and
¢. The data points are the raw event distributions; the histo-
grams are Monte Carlo event distributions weighted by the
cross-section fit. The bin is 1.15 <Mn+ <130 GeV,

0.05<—1<0.25GeV’, and 1.50< M, , _ <1.55GeV.
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the s-channel moments agq (a)—(c) and agy; (d)—(f); the ¢ inter-
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and —>0.25 GeV? (c), (). The mass bin is given by 1.15
< MMJr < 1.30 GeV, 1.60 < Mp'+"__ < 1.65 GeV.

certainties, our cross sections seem to be consistent with
those of Blobel et al.

III. MASS SPECTRA
AND ISOBAR CONTRIBUTIONS

In this paper we have restricted the moments analysis
to the region M__, <1.4 GeV, in order to focus on the

presumably clean and identifiable process
pip—AT YT Tp . (19)

In this section we attempt to survey the degree of non-
A** contamination caused by other physical processes.
We will show that this “contamination” shows some in-
teresting features.

The (pm™*) mass spectra for MM+"_ below and above

1.8 GeV are shown in Figs. 6(a) and 6(d). The A*™ cut
which we use for most of the moments analysis,
1.15< Mmr+ < 1.30 GeV, contains 56% of all events, and

would be expected to include ~80% of the A** Breit-
Wigner peak depending on M, ... Although the ATt
peak is prominent in Fig. 6, there is clear evidence of
non-A** background, both below and above the A*+
mass.

Figure 7 shows the (pm*m~) mass spectra, for all
events and for A**-cut events, in three t regions. The
spectra show a well-known structure, which we will
henceforth refer to as N(1700), centered at 1.7 GeV with
full width at half maximum (FWHM) of '~0.12 GeV.
The N(1700) is more conspicuous at larger | ¢ |, and only
~47% of this peak is associated with the A**-cut
events. The background spectrum under the N(1700) falls
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FIG. 6. Raw MM+ spectra, for —t <0.25 GeV?, for the in-
tervals (a) MM+"_ < 1.8 GeV, and (b) MM+”_ > 1.8 GeV.

smoothly with mass. This Deck-effect background peaks
around 1.45 GeV, depending on ¢, and is more prominent
for the A+ *-cut events.

We remark that in the region around 2 GeV, where
missing states are predicted in the model of Isgur, Karl,
and Koniuk,’® the spectra are quite smooth. Our full
event sample (Figs. 6—7 are based on two-thirds of the
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FIG. 7. Raw M”+,_ spectra, for all events (a)—(c) and
events with 1.15 < M‘m+ < 1.30 GeV (d)—(f), for the ¢ intervals:

(), (d) —t<0.05 GeV?, (b), (e) 0.05< —t <0.25 GeV?, and (c),
(f) —t>0.25 GeV2.

FIG. 8. Raw M__ spectra for —t<0.25 GeV?, for (a)
M”+ﬂ_ < 1.8 GeV, all events, and (b) M”h_ < 1.8 GeV with
ATt cut, (0 M”hr_ >18 GeV, all events, and (d)
M > 1.8 GeV with A** cut. The dip close to threshold is

an artifact of the antiselection on A(1115)—p7—.

full sample) contains ~ 10000 events per 10-MeV bin in
this region, mostly outside of the A**+ cut—perhaps
enough to warrant a more elaborate search than we
present here.

The other isobar combinations are shown in Fig. 8
(pm~) and Fig. 9 (w+7~). For M, ;.- <18 GeV, these
spectra are fairly smooth. The A° signal is not prominent;
other analyses’! =26 claim consistency with A°/A++~,
as expected for I=5 (pmtm~) production. For

M, .,->18 GeV, small signals can be seen for A’

Myon-<1.8 GeV Mppen->1.8 GeV
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FIG. 9. Raw M _, _ spectra for —t <0.25 GeV?, cut on
M . _and M‘"r+ as in Fig. 8.
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N*(1520), and N*(1680) in Fig. 8(c), and for p%770) in
Figs. 9(c) and 9(d). Of these only the A° signal is excluded
by the A*t* cut [Fig. 9(d)]. Thus, the non-A*+ back-
ground includes a mix of A%, N*°, and p° isobar contribu-
tions, and possibly other nonresonant components such as
the () S wave (the €), 1711'lL S waves, etc. The recoil
proton does not appear to pose any major problem; the
only evidence we see for isobar formation involving the
recoil proton is in the (7~ p,) system (Fig. 10). We have
made no cuts to eliminate these effects, and they are in
principle included in the Deck-model calculation.

The published gartial-wave analyses,?! =26 all eschew
the need for N*°zr*t isobars, and fit their data with
At+7~, pe®, and pp° waves. Qualitatively these analyses
indicate only small pp® waves; they indicate that most of
the cross section is divided between A*+7~ and pe
waves, roughly 50/50. Our mass spectra are consistent
with the observation that ~50% of the events must come
from sources other than A**7~; however, by a process of
elimination we conclude that the pe contribution may be
much smaller than claimed in these other analyses. We
remark that the pe isobar does provide a natural parame-
trization for the background under the A** (cf. Fig. 6).
First, the € is broad and featureless, and kinematically the
reflection of pe onto the M ., spectrum results in a

smooth background covering the full kinematic range.
Second, for (77~ ) masses so close to threshold [cf. Figs.
9(a) and 9(b)], we would expect S-wave production to
dominate the w7 system, irrespective of the actual
parent-isobar configuration. However, these same con-
siderations suggest that we cannot isolate the amount of
pe just from, e.g., the mass spectra, but rather we need
first to account for other, clearly identifiable isobar con-
tributions.

Assuming that the low-mass threshold enhancement is
due to the A* 7~ Deck effect, illustrated in Fig. 11(a),

Mpa'a<1.8 GeV Mpna>1.8 GeV
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(a) (c) ALL EVENTS
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FIG. 10. Raw M___ spectra for —1<0.25 GeV?, cut on
MM+W_ and Mpw" as in Fig. 8.

(a)

(b)

(c)

FIG. 11. Pion-exchange Deck diagrams responsible for (a)
At* isobars and (b) N*C isobars; (c) defines the kinematical
variables for the general case.

then for consistency one would expect other N*’r+
Deck-effect contributions from 7+ exchange as shown in
Fig. 11(b). The relative cross sections for these -
exchange Deck effects are given by the Chew-Low formu-

1a,45

1

3
__do oc(Mpl,,l)za(mpl—»n-,pl) T
1=y

dt dt,dM

2)2
Pym ™

d
X (Mpzﬁ)z(quﬂz)zi(ﬂwZ_"TrWZ ).

(20

The kinematics for Eq. (20) are illustrated in Fig. 11(c);
M, refers to the A or N* mass, and it is the contribu-

tion from high-mass m,p, scattering which causes the
traditional Deck-effect enhancement in the low-mass
p1m, system. If we ignore the difference between 7¥p
and 7~ p scattering at the lower vertex in Fig. 11(c), and
also the kinematical correlations which exist between
M, . and M, . due to the threshold constraint on
M, ., then the individual isobar contributions would be
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roughly proportional to
o(N*)« [dM, . (M, , ) o(mp,—mpy) . 1)

Using nominal cross sections and resonance widths, we
obtain

0'(A++ )10'(A0):O’(N1440 )ZU(N1520):0(N1630)
~1.0:0.11:0.12:0.16:0.26 .  (22)

Experimentally, we have fitted the raw mass spectra (see
below) to obtain the following approximate breakdown for
the identifiable isobar contributions; for —t <0.2 GeV?
we find

o(A+t ):0(N 1530):0( N 1680 ):0(p770):t0tal
~1.0:0.13:0.15:0.045:1.84 .  (23)

The ratios in Eq. (23) are not acceptance corrected, and
the high-mass isobar contributions would be approximate-
ly 40% larger, relative to the A** contribution, if the ac-
ceptance corrections were included [cf. Fig. 2(a)]. If we
ignore the acceptance corrections, and include the Deck-
effect estimates for o(A%) and o(N,4o) from Eq. (22),
then these six contributions would make up ~ 84% of the
total event rate. We cannot obtain meaningful estimates
for A% or N4 production from the raw mass spectra,
and we cannot perform acceptance corrections without a
full moments analysis or partial-wave analysis. Nonethe-
less, it appears that “known” sources, expected in a con-
sistent Deck-model description, could account for most of
the event rate.

We have elaborated on the possible role of N*-7™ iso-
bars, not only because they are ignored in other analyses,
but also because of an interesting effect in the N(1520)7r+
channel. Figure 12 shows the (M mr‘) spectra in two

M”ﬂr_ mass intervals, for —t¢ below and above 0.2

GeV2. There is a clear N(1520) peak, centered at 1.50
GeV, with a FWHM of ['~100 MeV, for M, . _>1.7
GeV; it is present in both ¢ intervals [Figs. 12(a) and
12(b)]. These signals are significantly reduced if the
M .- cutoff is increased to 1.9 GeV [Figs. 12(c) and

12(d)]. Thus we conclude that most of the N(1520) signal
is produced below 1.9 GeV. The dashed histograms show
that effect of the A* *-band cut. The N(1520) signals are
still prominent in the dashed histograms of Figs. 17(a)
and 17(b), on top of broad backgrounds which are, for the
most part, reflections of genuine A**7~ events. For
larger M, . _ [Figs. 12(c) and 12(d)] the A**.-band cut
excludes the N(1520) events.

We fitted all the isobar spectra to forms involving the
Breit-Wigner peak plus linear background, with appropri-
ate phase-space factors, using 25-MeV bins in M "
We fixed the isobar masses and widths for these fits to be
=1.23, 0.12 GeV for A*t+; 1.50, 0.12 GeV for N(1520);
1.68, 0.15 GeV for N(1680); and 0.77, 0.15 GeV for
p%(770), respectively. The solid curves in Figs. 12(a) and
12(b) illustrate such a fit for N(1520). Figure 13 shows
the excitation curves for these isobar contributions for
—1t<02 GeV? and Fig. 14 shows the same for
0.2 < —1<0.8 GeV? the total event sample is also indicat-
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FIG. 12. Raw Mpv‘ spectra for (a) 1.7 < M”+'_ <22 GeV
and —1t<02 GeV?:, (b 1.7< M, _. <22 GeV and
0.2< —t <0.8 GeV? (0) 19<M, . <22 GeV and —t <02
GeV?, and (d) 1.9< M”hr_ <22 GeVand 0.2< —1<0.8 GeVZ%
The solid histogram gives all events, and the solid curve in (a)
and (b) represent fits to N(1520) plus background over
l4< MP,_ < 1.6 GeV. The dashed histograms show the effect
of the A*™ cut.

ed in each case. We emphasize that these are fits to raw
data, with no acceptance corrections. Also these fits
probably underestimate the signals below threshold for
each particular isobar.

It can be seen that the N(1700) enhancement in the to-
tal event rate coincides with enhancements in both
A**7~ and N(1520)7*, for both momentum-transfer re-
gions. The sharp enhancement above threshold seen in
N(1520)7* may well have a more gradual falloff below
threshold than our fits indicate. However, as we noted
above, most of the N(1520)r* production is confined to
the region near threshold. Above ~ 1.6 GeV, these isobar
contributions provide a plausible accounting for most of
the event rate. Below the N(1520)7* threshold enhance-
ment, there is a clear paucity of events. As noted, we
could not extract A or N(1440) production signals; also
our fits may systematically underestimate the A+ sig-
nals for various reasons. The combined enhancements in
A**7~ and N(1520)7r% are larger than the N(1700)
enhancement seen in the total event rate, and so the non-
A** component below N(1520)7* threshold must
somehow synchronize with the N(1520)7* excitation, in
order to smooth out the total cross section.

Could the N(1520)7* effect be a kinematical reflection
of some other process? Kinematically there are no candi-
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date processes involving 717~ isobars, or the recoil pro-
ton [e.g, N(1520)A** final states]. However, the
kinematics are somewhat subtle in that there is a strong
correlation between MM+ and MM_; the Dalitz plot is
approximately cigar shaped in these variables, and in the
mass region of interest we have Mp#z -—Mp"_

+F(M, . ). Thus the AT reflects as a comparable-
width peak in the MM_ spectrum and conversely the
N(1520) reflects as an ~ 120-MeV wide peak in the MM+

spectrum. The two isobars are conjugate for
Mp"_,,ﬂ__z 1.8 GeV (they overlap in either spectrum), and
if there were a resonance at 1.8 GeV that decayed into
At*7~, it would show up in our fits as a comparable
peak in N(1520)7*. Fortunately the A** 7~ spectrum is
fairly smooth, and there is no peak at 1.8 GeV which
could lead to this sort of confusion. The N(1700)
enhancement in A** 7~ is reflected as an enhancement in
MM_ around 1.41 GeV, below the N(1520) signal. Thus,
there is no plausible reflection effect involving A+ +7~
that could account for the N(1520)7* enhancement seen
in Figs. 13 and 14. We conclude that the N(1520)7+ peak
is probably one component of the N(1700) effect, especial-
ly since it does not disappear at larger momentum
transfer, where N(1700) is most prominent (Fig. 14).
Other analyses do show modest peaks in the MM_
spectrum around 1.5 GeV.?'?® It may be worth noting
that, close to threshold in the N*%r% mass, the effective
mass between the 7w+ and the recoil proton is small
[Mp'ﬂ+zl.6 GeV at N(1520)7+ and N(1680)7* thresh-

olds]; thus some of the signal near threshold could be lost
in analyses which antiselect low MP o+ masses. Also we

note that the N(1520)7™ signal represents only ~7% of
our total event sample, and could easily be ignored in
lower-statistics experiments.

In any case, the N(1520)7% enhancement constitutes
one of the backgrounds in the A** band; in the vicinity
of the N(1700), this background is concentrated below the
At in the MM+ spectrum. To the extent that it is con-

centrated near threshold in MP“, it might be expected to

show up as background S and P waves in the p7t sys-
tem.

We have used the acceptance-corrected moments to re-
peat the above analysis on the A 7~ system. We fitted
the cross sections in each M__, _ bin as functions of

MM+. Figure 15 shows these fits (solid curves), together

with the contributions from the A** Breit-Wigner peaks
(dashed curves) and linear backgrounds modified by phase
space (dotted curves). Figure 16 shows the total cross sec-
tion and the A**7~ contribution obtained from the
above fits, integrated over the A**band cut (1.15—1.30
GeV). The purpose of this analysis was to estimate the
amount of non-A** background within the A+ cut.
The decomposition in Fig. 16 bears a qualitative similarity
to that in Fig. 13. Even with the A** band cut, we find
that only 69% of the cross section is associated with
A*t*g~, for M, ., >145 GeV. (We did not attempt
any of these fits for smaller Mpﬂ,,"_ due to the limited
kinematical range.)
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give the total, A**, and background contributions, respectively.
Note that A% =(1/167%)d %0 /dt de1+,de'+.

We conclude this section with a summary.

(1) With a 400-fold increase in statistics, as compared
with the most extensive published analysis of reaction
(1)*22 we see no new structures in the M__, __ spectrum,
only the N(1700) peak on a Deck-type background.

(2) Without acceptance corrections, we estimate that
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FIG. 16. Differential cross section, do/dM, integrated over
the A*+ cut, 1.15<M"+< 1.30 GeV. Crosses indicate total

cross section, and diamonds the A**7~ contribution as ob-
tained from the fits illustrated in Fig. 15.
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54% of the events, overall, are associated with At +*7~.
The partial-wave analyses have attributed most of the
remaining events to pe, and we do not doubt that this to-
pology could provide a reasonable parametrization of the
non-A*+ background. However, we can identify signifi-
cant N*%z* isobar contributions, which would be expect-
ed in a consistent Deck model. We cannot reliably deter-
mine the nature of the non-A*™* background below 1.6
GeV from mass spectra alone. However, including nomi-
nal A%t and N(1440)7* contributions, one could ac-
count plausibly for at least 84% of the total event rate
below 2.2 GeV, with no pe component.

(3) The A**-band cut which we use for moments
analysis includes an ~30% non-A** 7~ background.

(4) We find that the N (1520)7* signal peaks sharply at
threshold and probably accounts for a substantial share of
the N(1700) peak; only ~47% of the N(1700) signal is as-
sociated with A*+*7~. The N(1520)7* signal is also
prominent at large —t, where N(1700) is most conspicu-
ous. We note that the partial-wave analyses?' ~2® have
found that N(1700) is not pure J* =%+, as might be ex-
pected in this mass region, but is a mix of J = -%—, %, and
$ states. The N(1520)7* system is unlikely to have
JP= %+ so close to threshold (this would require an
overall D wave), and we conjecture that its presence might
naturally explain why % * is not the only state observed.

IV. MOMENTUM-TRANSFER DEPENDENCE
OF THE JOINT MOMENTS

A. Overview

In this and the following sections, we will examine the
behavior of the angular-distribution moments and their
interpretation in terms of partial-wave production ampli-
tudes. First we call attention to notational conventions
which we will adopt, and to certain properties of the mo-
ments which come up repeatedly in the subsequent discus-
sion (see also the Appendix).

(1) We do not attempt to set up a precise nomenclature
for the partial waves, because this would require at least
seven indices per wave [see Eq. (A12)]; we will use ap-
propriate nomenclature as the discussion demands. We
will consistently use S,P,D,... to refer to the orbital
momentum between the (pm*) system and the 7~ in the
(pr*m~) c.m. We will henceforth use s, p, A to refer to
=7, %+, % (pmt) systems, respectively. We do not
consider other isobar configurations since we confine the
moments analysis to the A** band; backgrounds from
p€E, N*m, etc., are expected to populate s, p, and A waves.

(2) The moments Af,,, Bin, and Cfk, with /=1 re-
quire interferences between s and A- or s- and p-wave iso-
bars. Thus, /=1 moments help to isolate the effects of
non-A**7~ waves. The /=0,2 moments are expected to
be dominated by AA interferences.

(3) The partial-wave contributions to moments having
different n values are related; in particular, for Af,,,
BE,., and CE,, we have

Mlﬁm =(—1 )LnnIMIL—nm ’ (24)
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where 7,m' are the parities of the interfering (pm*7 ™)
waves. Thus, it is useful to compare moments which
differ only in n.

(4) We will refer to “helicity-conserving” and “helicity-
nonconserving” moments. The helicity-conserving mo-
ments are Af,, Ckn with m=0, and B, with m=1.
The helicity-nonconserving moments vanish if only
helicity-conserving (A=+3) production amplitudes
occur. Because of parity conservation, the beam helicity
can be chosen to be +5 for all amplitudes, so that the
helicity-nonconserving amplitudes are those with A=3,
—+, —3 for the (pm*7~) system. These conventions
apply separately to s- and t-channel descriptions; we
denote the respective helicities by A, and A,.

(5) The helicity-nonconserving spin correlations are
familiar in that they involve flip-nonflip interference in
the overall production amplitudes. The helicity-
conserving spin correlations do not require any overall
helicity flip between the beam and the (pm*7~) system.
They can be thought of as a reflection of the spin depen-
dence in the virtual process

PiPe—prTm, (25)

where P, is a helicity=0 exchange, like the Pomeron.
These moments require interference of different partial
waves in the (pm+7 ) system, and are thus sensitive to
the spectroscopy, as distinct from the production mecha-
nisms.

B. Slope-mass correlation and the low-mass S wave

We now turn to the ¢ dependence of reaction (1), ¢ being
the momentum transfer from the polarized beam to the
(pmtm~) system. Recall from Eq. (11) that the unpolar-
ized cross section is expressed as

d’o
dtdM_, _dM_ ,dQdo
prtmw pm

= Ak cos(ng +m®)dho(0)ds, () ,

with
d’o
‘de1r+

LY. =(4m)2 A% - (26)
p

wtar
The At+ decay distribution in (6,4) proves to be a
powerful analyzer of the partial-wave structures.

The ¢ distributions for 43y are shown in Fig. 17, for
100-MeV bins in Mpw+7~. A clear break in the lower-
mass ¢ distributions appears around —t=0.25 GeV?,
similar to that observed at much higher energies, both for
N—N (Refs. 1, 7, 8) and p—pm+7~ (Ref. 7). We have
fitted the ¢ slopes above and below this break, as shown in
Fig. 18. Although not shown, our small — ¢ slopes are re-
markably close to those reported at Vs =53 GeV by Gog-
gi et al.” for reaction (1); the CERN ISR slopes have very
similar mass dependence, but are systematically larger by
~1.8 GeV~2 for all Mp7* 7~ and both ¢ regions.

The slope-mass correlation and the break structure re-
quire revisions to the basic pion-exchange Deck model.
Several models*® have attributed the break structure to
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FIG. 17. Forward differential cross-section coefficients,

A%, for six M, .- mass intervals (with A*+ cut applied).

crossover zeros in the A, =+ waves. They explain the
slope-mass correlation by an increase in the l,;é-;- Cross
section with increasing mass, due to the onset of higher L
and J waves. Our moments do indicate a crossover zero
in the A,:% amplitudes, but do not suggest that the
helicity-flip cross section grows significantly with mass (if

20
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FIG. 18. Slopes fitted to the ¢ distributions of Fig. 17; crosses
indicate fits to the region — ¢ <0.2 GeV?, and diamonds the re-
gion 0.3 < —t<0.8 GeV2,
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anything, it is larger at low masses). In the framework of
the Deck model, Berger and Pirild’! have also proposed
that the break structure is due to crossovers in the A; =
waves; they attribute the slope-mass correlation to an out-
ward movement of these crossover locations with increas-
ing mass (due to mass dependence in the absorption
corrections). In their model, each wave has its own
slope-mass correlation, and the break is clearer at low
masses because of the dominance of a single wave, name-
ly, the S wave. S-wave dominance for the threshold
enhancement is a natural consequence of the pion-
exchange Deck amplitude,?® and appears to be true experi-
mentally in our data and in other studies of N—N=° and
p—pmrtm™ (Refs. 21—26) DD processes. Our moments
appear to be consistent with the Berger-Pmla prednctxons,
specifically with a crossover zero in the A;,=+ S wave
which moves out in ¢ with increasing mass. An alterna-
tive model, proposed by Cohen-Tannoudji, Santoro, and
Souza,*? attributes the break structure to cancellations be-
tween pion-exchange, nucleon-exchange, and nucleon-pole
diagrams in the three-component Deck model. Thls
model assumes important resonance contributions in 3,
37, and waves, and naturally enhances the break in
the JP=+* P wave in A, having the same J? as the nu-
cleon pole. Our moments clearly require J*=3" S-wave
dominance for the threshold bump and restrict the
JP= %+ contributions to the ~10—20 % level.

To interpret the angular distribution moments, it is
convenient to consider the situation for pure S-wave

JP=2" A*+*r~ production. The resulting moments are
quite simple:
— |82+ (S 2+ | S} 24 S22, @7a)
Adp=74%0=74%0
— |24 S~ 2= |S3 2= |32,  @Tb)
Ao =A3+11=A4342,=2.83Re(S'S** —S~'S7*),
(27¢)
A=A =4%n
=—2.83Re(S'S*+5571*), (27d)

where the subscripts denote helicity. All other A%, van-
ish. In particular, 49y, which vanishes for pure S wave,
is very sensitive to P- and D-wave content. For example,
A%0/A4%0= + 1 for pure JP=1" P wave A—.

The data seem to reflect these simple S-wave domi-
nance constraints. Figure 19 shows the /=2, m=0
(helicity-conserving) moments in the ¢ channel, glotted
against ¢ for two mass intervals. First, note that 430~
which immediately rules out the possibility that the
Deck-effect enhancement is caused by the N(1440) reso-
nance in the % P wave. Second, note that the relation-
ship between the 42,, given by Eq. (27b) is approximately
valid, more so for low ¢ and the low-mass region [Figs.
19(b)—19(d)]. The m=1 and m=2 helicity-
nonconserving moments are generally small in the ¢ chan-
nel, as shown in Figs. 20 and 21.

In the s channel, the situation appears to be rather dif-
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ferent. Away from ?=0, the m=1 and m=2 helicity-
nonconserving moments for /=2 are comparable to the
m=0 terms (see Figs. 22 and 23). In the low-mass region,
the m=1,2 moments display the regularities predicted by
Egs. (27¢c) and (27d). First, the L=1 moments are gen-
erally small [Figs. 22(a)—22(c)]. Second, the L=2, /=2
moments are approximately independent of n: see Figs.
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22(d)—22(h) for comparison of the five m=1 moments,
and Figs. 23(a)—23(e) for the five m=2 moments in the
low-mass region. The s-channel m=0 moments also
display the approximate regularity of Eq. (27b): see Fig.
24. Note that the A3,, moments display minima near
—t=0.25 GeV2.

Thus, the L=2, /=2 moments are qualitatively con-
sistent with S-wave dominance, and furthermore, helicity
nonconservation is a strong feature of the S-wave contri-
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butions to the s-channel moments. The moments in Eq.
(27) reflect this S wave dominance, and allow us to test
the Berger-Pirila®! hypothesis by “solving” for the
As=+7 and +3 S waves, e.g.,

fAQw A3 Ay

112 —-112__

ST+ |87 |*= > g s (28a)
A A3 A}

|S312+|S—31’=f2°°°— ;"’— ;2", (28b)

where the averaging reduces some small P-wave contribu-
tions, and the factor f ~0.65 takes approximate account
of non-S-wave contributions to A3y, as estimated from
the partial-wave analysis. The resulting A, =++ S-wave
intensity, expressed as a function of the total S-wave cross
section, is plotted against ¢ in Fig. 25(a), for 1.3 <M < 1.5
GeV; it displays a clear minimum near —t=0.25 GeV?,
coincident with the break in do/dt. The simplest inter-
pretation of Fig. 25(a) is that S, which must dominate at
t=0 due to angular-momentum conservation, vanishes at
the dip location, leaving S~! and §*3 to fill in the cross
section. This causes a break in do/dt and a dip in the
Ay=++ fraction. It is easy to show from consideration
of the crossing relations, that this behavior is consistent
with A, =1 dominance; Fig. 25(b) shows the A, =++
fraction deduced from Eq. (28), and this appears to be
quite large over the full # range. Repeating this exercise
in finer mass bins, we find that the dip location in the
As=*5 fraction moves from ~0.22 GeV? to ~0.36
GeV? over the mass range 1350 to 1700 MeV. This is not
inconsistent with the behavior of the break in do/dt in
Fig. 17. For comparison, Berger and Pirild computed an
outward movement from 0.29 GeV? to 0.43 GeV? for
N — N DD over the mass range 1100 to 1500 MeV.
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FIG. 25. Helicity :t% S-wave fractions, relative to total S-

wave cross section, estimated as in Eq. (28), for (a) s channel
and (b) ¢ channel, for 1.3 < Mnh’_ < 1.5 GeV.

C. Evidence for non-S-wave effects
and helicity nonconservation

Pure S-wave production is, of course, only an approxi-
mation, and the moments indicate both the presence of
P,D, ... waves in addition to the Aw S wave, and also
non-S-wave contributions to helicity nonconservation.
The various /=0 moments would all vanish (except
A%yp), if only S wave were present. These are shown in
the t-channel frame, for two mass intervals, in Fig. 26.
Note that in the low-mass region, the m=2 moments
(which involve products of helicity-flip or double-flip am-
plitudes) are small [Figs. 26(e) and 26(h)], while the m=1
moments are comparable to the m=0 moments. Our
partial-wave fits suggest that the ¢-channel helicity-flip
amplitudes are small and do not contribute much in quad-
rature, as evidenced by the m=2 moments. In the s
channel (Fig. 27), helicity conservation is again a much
worse approximation; here the m=2 moments [Figs.
27(e), 27(h), 27(m), and 27(p)] are comparable with the
m=0 moments, and the m=1 moments tend to be quite
large.

The /=0 moments shown in Figs. 26 and 27 have the
convenient property that they integrate over the A*+ de-
cay distribution, and hence give the projected distributions
in @. Because all the r-channel m =1 moments are posi-
tive [Figs. 26(b), 26(d), and 26(g)] in the low-mass region,
®,=180° is favored over ®,=0° for forward decays
(cosO, >0). For backward decays, the large contribution
from A3, [Fig. 26(d)] changes sign, due to the properties
of the d functions in Eq. (26), and consequently the ®,
distribution must become flatter in the cos©; <0 hemi-
sphere. These same regularities are seen in N — N disso-
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ciation data,'~>7® and in p—prt7~ at Vs =53 GeV.’
Note that the m=1 ¢ channel moments persist for high-L
values, L=3 [Fig. 26(g)] and L=4 (not shown). This
feature is evident in the data of Biel et al.,?> on n—p7 ™,
and corresponds to the fact that the ®, dependence is
strongest very close to cos©, ~ + 1, as shown also by the
isocline analysis of reaction (1) by Goggi et al.” The @,
projections, as evidenced by the m=1 moments in Fig.
27, should be qualitatively similar to those for ®,, albeit
more pronounced.

These qualitative features of the projected ® depen-
dence have been explained as kinematical reflections of
pion- and nucleon-exchange Deck amplitudes,®~*° and
Biel et al.? have presented quantitative comparisons with
these predictions for n—pm~ dissociation. In the pion-
exchange Deck model, the ®, projection reflects the
dependence on the (p,7~) mass in the Chew-Low formu-
la, Eq. (20); the ®; projection reflects the pion propagator
in Eq. (20). Both kinematical effects favor ®;,=180°
over @, ,=0°. Nucleon exchange (presumably important
for cosO <0), would have analogous features, but would
favor &=0°. Given the complexity in L of the /=0 mo-
ments, it could be argued that the Deck model offers a
more economical description of the data than would a
partial-wave representation.

For completeness, we show the ¢ dependence of the
remaining /=2 moments in Fig. 28 (¢ channel) and Fig.
29 (s channel), for m=0 and odd L. These moments are
qualitatively consistent with the pattern expected for S-P
interference terms; with only helicity-conserving S and P
waves in pﬂ'i'ﬂ'_ the moments expansion is such that we
would have A4},0=v"341 [cf. Figs. 28(a) and 28(b)], and
we would obtain like signs for the 430, 4310, and A3y
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waves involved (3, % ,and 5 are allowed).

D. Helicity-nonconserving spin correlations

In Sec. V we will discuss the helicity-conserving spin-
correlation moments, in connection with the partial-wave
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analysis. In this section we review the t-channel helicity-
nonconserving correlations. We remark that, whereas the
helicity nonconservation (i.e., ¢ dependence) in the unpo-
larized cross section may have a simple kinematical inter-
pretation in the Deck model, helicity nonconservation in
the polarized observables requires the flip and nonflip am-
plitudes to be out of phase. This is clearly not a kinemati-
cal effect, and would not occur in a pure pion-exchange
model without new features such as Reggeization or ab-
sorption.

Figure 30 shows the /=0 t-channel transverse polariza-
tions, including the overall production asymmetry, By
[Figs. 30(a) and 30(e)], in two mass intervals. The produc-
tion asymmetry is small (~+15%), comparable to that
seen in elastic scattering at these energies. Figure 31
shows the /=0, m=1 helicity-nonconserving longitudinal
spin correlations. If only S waves were present, all of the
correlations in Figs. 30 and 31 would vanish except B3y,
given by

Bdp=—2Im(S'*S~1—83*s-3). (29)

The observed moments require S-P and P-P interferences
of order 20%.

The /=2 spin correlations for 1.4 < M”+w_ < 1.6 GeV
are shown in Figs. 32—34. Again, if only S waves were
present, all the L=1 B terms (Fig. 32) and L=1 C terms
[Figs. 34(a)—34(c)] would vanish; this may not be a bad
approximation. The L=2 B coefficients would have the
property that all the m=0 moments [Figs. 33(a)—33(e)]
would be identical, and also all of the m=2 moments
[Figs. 33(f)—33(j)] would be identical, again not a disas-
trous approximation. The L=2 C coefficients [Figs.
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34(d)—34(h)] would also be identical for pure S wave, but
this does not appear to be true.

As discussed in Sec. IV A, the /=1 moments require in-
terference between waves with differing j for the (prt)
system, e.g., s-A interference. Such interferences are ex-
pected in the Deck process of Fig. 11(a), which would give
rise to polarizations as in 7*p elastic scattering. Such ef-
fects are seen clearly in the charge-exchange reaction,
pip—prtn.?’ Of course there can be other sources of s-
isobar production, such as pe and N*7* isobars. In any
case, the A** Breit-Wigner phase can, in principle, cause
large polarization effects in consort with these back-
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FIG. 32. Transverse-polarization moments with L=1, /=2,
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ground pmt s waves. The helicity-nonconserving /=1
spin correlations are shown in Figs. 35 (BL,) and 36
(CE,). Some large asymmetries are seen, especially in the
C coefficients [Figs. 36(d) and 36(e)].

E. The N(1700) enhancement
We have used the corrected mass spectra in three ¢ in-

tervals (Fig. 37) to extract the ¢ dependence for the
N(1700) signal, cut on the A** band:
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d
ETN700)) 4 1, =(156216)e 40205 b /GeV? .

(30

Using in addition the raw spectra of Figs. 7, 13, and 14,
we can estimate the pr+7~ and A+t +7~ mode cross sec-
tions:
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prto pr
o(N(1700)—>A*+7~)=39+6 ub . (31b)

(The A**7~ cross section happens to be equal to the
At *.cut cross section; the A* *-cut cross section excludes
part of the A**7~ mode but includes non-A*+ back-
ground.) The above estimates, which include a factor of 2
for target dissociation in both (30) and (31), are based on a
linear-background subtraction for the signal in
1.60 < M”hr_ < 1.80 GeV; the background was obtained
from a cross-section average outside of this cut. This def-
inition is reasonable, given the shape of the mass spectra
in Fig. 37, but tends to underestimate the signal as com-
pared with a Breit-Wigner form plus background fit.

Missing-mass experiments*®*’ have confirmed that the
differential cross section for

pp—p[N(1700)—all] (32)

is a single exponential for —t<1 GeV?, consistent with
our exclusive data. Averaged between 9.9 and 15.1
GeV/c, the data of Edelstein et al.*® give

%(N( 1700) —all) =(3540+300)e*45+%17 b /GeV? ,

(33)

so that the ¢ slopes in (30) and (33) are consistent [(33) in-
cludes beam and target dlssocxauon] If we postulate that
the N(1700) represents a single I =+ state, then (31) and
(33) together give [N(1700)—>A1r]/[N(1700)—->all]
=0.10+0.02. This branchmg ratio is consistent with the
properties of the % F15 resonance (Am/all=0.12), but
altogether inconsistent with the 3~ D15 state
(Am/all~0.55).%° We note that our partial-wave analysis
(PWA) admits very little 3~ production in the N(1700)
region.
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Webb et al.'” reported cross sections for reaction (1) at
Vs =45 GeV (1080 GeV/c):

—2‘!1(( 1700)—pr+m~)=(1197+378)e5304 ;b /GeV? .

(34)

Their N(1700) cross section is larger than ours, 190+60
ub compared with 83+12 ub, but was obtained by fitting
the entire production cross section for reaction (1) to
N(1520) plus N(1700).. If we estimate the Vs =45
N(1700) signal in the same manner as for our own data,
we obtain o(N 1700—»p7+7~)=47+15 ub. Comparison
of the slopes at 11.75 and 1080 GeV/c yields
alg=0.25+0.08 GeV~2, consistent with the estimate
given by Edelstein et al.,*® for the range 9.9—29 GeV/c,
namely, a.z=0.38+0.17 GeV~2. Using our estimate of
the ISR signal cross section, we further obtain
Aug(t =0)=0.98+0.09 GeV~2 Taken together, these
data are consistent with a common origin for the N(1700)
bump seen in various experiments, and suggest a
Pomeron-type production mechanism.

F. Summary

In this section we have examined the ¢ dependence of
the cross section and angular distribution moments. The
slope-mass correlation and the cross section break near
—t=0.25 GeV? are similar to what is seen in higher ener-
gy DD processes, both for N—Nm and p—pnt7~—. Us-
ing the A** decay as an analyzer (the /=2 moments), we
showed that the moments are consistent with S-wave
dominance at low masses, and that the cross-section break
comcndas with a strong minimum in the s-channel helici-
ty= +— S-wave cross section, consistent with the peri-
pheral model proposed by Berger and Pirild.3! We point-
ed out that the moments are inconsistent with a dominant
%+ mode for the low-mass enhancement. We showed
that the pattern of helicity nonconservation in the unpo-
larized cross section is similar to what is observed in
N—Nm and p—pr*n~ at higher energies, and what is
expected qualitatively within the Deck model. We
showed that helicity conservation is a better approxima-
tion in the ¢ channel, especially for those moments which
have pure S-wave contributions; there are, however,
helicity-nonconserving t-channel contributions involving
S-P, P-P, and P-D interferences. We observed that the
overall pattern of helicity nonconservation, as manifested
by the spin correlations, is somewhat complex, and re-
quires flip-nonflip interferences in S-S, S-P, and P-P
combinations and between non-A** and A** waves. Fi-
nally we noted that the ¢ dependence for N(1700) produc-
tion is quite similar in the p7+ 7~ and the inclusive decay
modes, and that the energy dependence is Pomeron-type;
ﬁnal]y, the decay branching ratios appear consistent with

but not 5

V. PARTIAL-WAVE ANALYSIS
A. Assumptions

We have performed spin-parity analysis on the ¢-

channel moments in the A** band in 50-MeV M, -
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bins, for the two ¢ intervals, —¢<0.25 GeV? and
0.25 < —t <0.80 GeV? (small ¢ and large t). We mcluded
all A**+7~ waves with L=0, 1, 2, and A=3,5,—+ in
the ¢ channel [A*+ in this context means a JP=2"
(pm™) system]. We included non-A** background waves
w1th JP=1%'in the (p7™*) subsystem, with L=0, 1 and
A=3,3,— -;- We assumed pure natural-parity exchange
and ignored possible incoherence effects involving the
target-recoil proton hehcmes, in the notation of the Ap-
pendix, we retained N’ , production amphtudes Table I
lists the expressions for the helicity-conserving moments
in terms of these amphtudes for illustrative purposes we
have shown only the A=+ A**7~ contributions, but
more extensive tables are available from the authors. As
explained in the Appendix, unnatural-parity exchange am-
plitudes do not interfere with the natural-parity waves;
their observables would have formally the same structure
as given by Table I, except for an overall sign reversal on
all transverse-polarization B, coefficients. At some lev-
el there should be an unnatural- panty contribution from
7° exchange, involving off—shell 7%, —mt7p, and this
is in principle calculable;*! one would anticipate a < 10%
effect from this source. We have tried to check for this
kind of effect by looking for energy dependence in the
transverse polarizations, using our sample of 6-GeV/c
data; the energy dependence appears to be small, as dis-
cussed below. In any case, the gross similarities between
the ISR data and ours, both for the Deck background and
the N(1700) production, suggest that natural-parity ex-
change is dominant. We remark that in their analysis of
reaction (1), Idschok et al.?> made similar assumptions—
namely, spin coherence at the recoil-proton vertex and
pure naturality exchange (these assumptlons are trivially
correct for analyses using 7*p and K *p data®*~2¢). Some
analyses have made further assumptions (cf. Refs. 21 and
22) such as exact helicity conservatlon and the Gribov-
Morrison (GM) rule, J? ——+, -, ; ,.. Parentheti-
cally, we regard any successes of the GM rule as acciden-
tal; it is inconsistent with S-wave dominance in N—Nr
DD,$ and should not be taken as a starting point in the
partial-wave analysis (PWA).

B. Mass dependence of the unpolarized moments

Next we examine the mass dependence of the moments
to identify features which dictate the partial-wave solu-
tions and which might reveal more about the nature of the
N(1700). Since the latter is much more prominent at
large ¢, we emphasize differences between the moments
spectra in the two ¢ bins. As discussed above, the even-L,
I=2 moments are especially sensitive to the relative S-
and P-wave intensities. These ¢ channel moments are
shown in Fig. 38 for the two ¢ intervals, together with the
partial-wave fits. We can read off the relative amount of
S wave, since (cf. Sec. IV B)

2a300=A}0=A%0=24%, , (35)

for pure A,=+ S wave. Inspection of Figs. 38(c)—38(e)
suggests that the S-wave intensity ranges from ~65%
near threshold to ~40% in the N(1700) region. For the
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FIG. 38. ¢ channel A%, /A3 with L even, m=0, plotted
against mass for small-¢ (a)—(e) and large-¢ (f)—(j) bins: (a), (f)
A%0; 1), (8) A (©), (h) Ade; (), () A310; and (e), () A
The curves show the partial-wave fits, which have been joined
bin to bin for clarity.

large-¢ bin, the S-wave intensity appears systematically
lower [Figs. 38(h)—38(j)] and there are major deviations
from Eq. (35) in the N(1700) region, where 43,5443y

We consider these moments in succession. First, 49y,
[Figs. 38(a) and 38(f)] is close to zero for both ¢ bins and
all masses. Ignoring S-D interferences, we have

A= |P;|2—0.80|P;|%40.20| Ps |2, (36)
where P, ;s refer to the JP=+ +, %+, and %+, =7

P-wave A**7~ amplitudes (see Table I). Thus, if
N(1700), which makes up ~35% of the cross section at
its maximum in the large-¢ bin, were a pure state, it could
not be P, or P;. It could be an equal mix of P, and P,
or it could be pure Ps or pure S; [the contribution of
| Ps|*to 490/ A% would be only ~0.08 at the N(1700)
maximumy]. Recal] that we used the same information in
Sec. IVB to dispose of P; as the main source of the
threshold enhancement.

The moment Ajy [Figs. 38(b) and 38(g)] also has no
S-wave contribution. It is small around the threshold
enhancement, and rises monotonically above 1.5 GeV.
The ratio Aooo/Aooo is systematically smaller in the
large-t bin; it is ~64% of the small-¢ value, around
N(1700). Neglecting S-D interference, we have

Ab=0.80|Ps|%2—0.80 | Py |2—0.89P} P,
+1.20P3Ps—2.68P}P; . 37

Again, suppose the N(1700) were a pure state making
up ~35% of the cross section at its maximum at large ¢
versus 20% at small ¢, and suppose the P-wave interfer-
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TABLE 1. Joint moments A%,, Bim, Cim in terms of helicity-conserving S-, P-, and D-wave
A**7~ production amplitudes. The notation for the amplitude products, a;*a;, is an abbreviation for
Re(aa;) for the Af, moments, and Im(a;*a;) or the B, and Cf, moments. The Bf, are given for
natural-parity exchange; for unnatural-parity exchange contributions, the B, have opposite sign. The
partial-wave notation denotes the L and J values; for example, S3 denotes the %_ S wave, Pl the %
P wave, etc. The moments in the left-hand column are obtained by summing over the partial-wave
products weighted by the indicated coefficients.

A% 1.00 (P1*P1) 1.00 (D1*D1) 1.00 (S3*S3)
1.00 (P3*P3) 1.00 (D3*D3) 1.00 (P5*P5)
1.00 (D5*D5) 1.00 (D7*D7)
A% 1.00 (P1*P1) 1.00 (D1*D1) —0.80 (P3*P3)
—2.00 (S3*D3) 0.20 (P5*P5) —0.71 (D5*D5)
0.29 (D7*DT)
Abw 2.00 (P1*D1) —2.00 (P1*S3) —0.89 (D1*P3)
0.89 (S3*P3) 2.00 (P1*D3) 0.72 (P3*D3)
2.68 (S3*P5) —0.54 (D3*PS5) 2.46 (P3*D5)
0.35 (P5*DS) 2.87 (P5*D7)
Alw 2.00 (P1*D1) —2.00 (P1*S3) —0.89 (D1*P3)
—0.72 (S3*P3) 2.00 (P1*D3) —0.89 (P3*D4)
0.54 (S3*P5) —2.68 (D3*P5) —1.75 (P3*D5)
—0.25 (P5*DS) 0.82 (P5*D7)
Al —3.46 (P1*S3) —4.65 (D1*P3) —1.24 (S3*P3)
—3.46 (P1*D3) 0.62 (P3*D3) 0.93 (S3*P5)
—2.79 (D3*P5) 0.61 (P3*D5) —0.93 (P5*D5)
0.71 (P5*D7)
Akp —2.00 (D1*S3) —0.89 (P1*P3) —0.80 (P3*P3)
2.00 (D1*D3) —2.00 (S3*D3) —2.68 (P1*P5)
1.20 (P3*P5) 0.80 (P5*P5) —1.31 (D1*D5)
1.31 (S3*D5) 0.93 (D3*D5) 0.41 (D5*DS5)
321 (S3*D7) —~0.92 (D3*D7) 0.60 (D5*D7)
1.02 (D7*D7)
Akw —2.00 (D1*S3) 1.00 (§3*S3) —0.89 (P1*P3)
1.00 (P3*P3) 2.00 (D1*D3) 1.00 (D3*D3)
—2.68 (P1*P5) —0.86 (P3*P5) 0.57 (P5*P5)
—1.31 (D1*D5) —0.94 (S3*D5) —131 (D3*D5)
—0.08 (D5*D5) 0.92 (S3*D7) —321 (D3*D7)
—0.40 (D5*D7) 0.51 (D7*D7)
Al —2.00 (D1*S3) 2.00 (S3*S3) —2.68 (P1*P3)
1.20 (P3*P3) —2.00 (D1*D3) —2.00 (D3*D3)
—3.58 (P1*P5) —1.66 (P3*P5) 1.37 (P5*P5)
—5.24 (D1*D5) —0.94 (S3*D5) —0.19 (D3*D5)
0.98 (D5*D5) 0.92 (S3*D7) —3.67 (D3*D7)
—1.27 (D5*D7) 1.02 (D7*D7)
Al 4.00 (D1*S3) 2.00 (§3*S3) —5.37 (P1*P3)
~1.20 (P3*P3) 4.00 (D1*D3) —2.00 (D3*D3)
1.79 (P1*P5) —1.49 (P3*P5) 2.06 (P5*P5)
—2.62 (D1*D5) 1.87 (S3*D5) ~1.12 (D3*D5)
—147 (D5*D5) —~1.83 (S3*D7) 0.46 (D3*D7)
—1.13 (D5*D7) 2.04 (D7*D7)
Adw —1.61 (P3*D3) —2.68 (D1*P5) —2.15 (D3*P5)
—1.31 (P1*D5) —1.87 (P3*D5) 1.41 (P5*D5)

—-3.21 (P1*D7) 1.43 (P3*D7) 1.43 (P5*D7)
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TABLE 1. (Continued).

3
Azo0

3
A 220

Ao

4
Ao

4
A3

1
BZOI

1.61
—1.31
—3.21

3.04
4.05
2.65
—2.03

2.40
3.20
—2.09
—2.14

—2.24
—2.29

2.06
1.22
—0.68

3.76
—2.05
4.18
1.65

2.66
—5.80
2.96
1.55

2.83
2.53
—1.90
1.49

1.22
—1.64
1.22
—0.33
1.12
—-1.97

2.83
—2.02
—0.38
—1.06

1.22
—1.64
—1.22
—0.33
—1.12
—1.97

245
2.19
2.67
0.75

(S3*P3)
(P1*D5)
(P1*DT)

(S3*P3)
(S3*P5)
(P3*D5)
(P3*D7)

(§3*P3)
(S3*P5)
(P3*D5)
(P3*D7)

(D3*D5)
(D3*D7)

(P3*P5)
(D5*D5)
(D5*D7)

(P3*P5)
(D3*D5)
(S3*D7)
(D7*D17)

(P3*P5)
(D3*D5)
(S3*D7)
(D7*D7)

(P1*D1)
(S3*P3)
(S3*P5)
(P5*D5)

(P1*S3)
(D1*P3)
(D1*D3)
($3*P5)
(S3*D5)
(P5*D5)

(P1*D1)
(S3*P3)
(S3*P5)
(P5*D5)

(P1*S3)
(D1*P3)
(D1*D3)
(§3*P5)
(S3*D5)
(P5*D5)

(D1*S3)
(P1*P5)
(S3*D5)
(D3*D7)

—2.68
2.34
—0.96

—1.52
0.51
—0.88
3.04

—4.80
1.60
0.70
3.21

—0.98
1.50

1.03
—3.21
0.80

1.88
1.34
0.84

1.33
—0.95
2.37

1.41
—1.41
0.38
—2.03

1.22
—1.75
1.96
—-0.73
0.22
—0.25

1.41
—1.41
1.90
—0.58

—-1.22
—1.75
—1.96
0.73
0.22
—0.25

—1.10
—2.45

1.91
—1.71

(D1*P5)
(P3*D5)
(P3*D7)

(P3*D3)
(D3*P5)
(P5*D5)
(P5*D7)

(P3*D3)
(D3*P5)
(P5*D5)
(P5*D7)

(D5*D5)
(D5*D7)

(P5*P5)
(D1*D7)
(D7*D7)

(P5*P5)
(D5*D5)
(D3*D7)

(P5*P5)
(D5*D5)
(D3*D7)

(P1*S3)
(P1*D3)
(D3*P5)
(P5*D7)

(D1*S3)
(S3*P3)
(S3*D3)
P3*P5)
(P3*D5)
(P5*D7)

(P1*S3)
(P1*D3)
(D3*P5)
(P5*D7)

(D1*S3)
(S3*P3)
(S3*D3)
(P3*P5)
(P3*D5)
(P5*D7)

(P1*P3)
(P3*P5)
(D3*D5)
(D5*D7)

2.15
—0.78
1.43

—2.53
-3.70
—3.78

4.00
—5.86
2.39

-3.21
0.55

2.24
2.29

4.10
—2.93
—0.92

2.90
4.14
0.04

—0.63
—2.02
1.74

—1.64
1.22
—0.88
0.99
—0.80
—0.86

—0.63
2.53
—1.24

1.64
1.22
—0.88
0.99
0.80
0.86

—2.45
—1.07
—2.62

(S3*P5)
(P5*D5)
(P5*DT)

(D1*P5)
(P1*D5)
(P1*D7)

(D1*P5)
(P1*D5)
(P1*D7)

(D1*D7)
(D7*D7)

(S3*D5)
(S3*D7)

(S3*D5)
(D1*D7)
(D5*D7)

(S3*D5)
(D1*D7)
(D5*D7)

(D1*P3)
(P3*D3)
(P3*D5)

(P1*P3)
(P1*D3)
(P3*D3)
(D3*P5)
(D3*D5)
(D5*D7)

(D1*P3)
(P3*D3)
(P3*D5)

(P1*P3)
(P1*D3)
(P3*D3)
(D3*P5)
(D3*D5)
(D5*D7)

(D1*D3)
(D1*D5)
(S3*D7)
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TABLE 1. (Continued).

2
B,

2
B3y,

3
B2~—11

3
Bjor

2.45
3.29
—-0.73
1.52
—1.07
—115
—0.19

1.22
—1.64
1.46
1.69
—2.14
—0.19
1.50

2.45
2.19
—1.91
2.62

—1.22
1.64
1.46
1.69

—2.14

—0.19
1.50

—245
—3.29
—0.73

1.52
—1.07
—1.15
—0.19

1.86
—1.51
2.78

1.39
2.31
0.52
3.38
0.60
—-2.07
0.53

1.75
1.46
0.33
—2.14
—0.53
1.64
—1.31

1.86
—1.51
2.78

(P1*S3)
(D1*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(D3*D5)
(D3*D7)

(P1*S3)
(D1*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(D3*D5)
(D3*D7)

(D1*S3)
(P1*P5)
(S3*D5)
(D3*D7)

(P1*S3)
(D1*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(D3*D5)
(D3*D7)

(P1*S3)
(D1*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(D3*D5)
(D3*D7)

(P3*D3)
(P1*D5)
(P1*D7)

(S3*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(P5*DS5)
(S3*D7)
(D5*D7)

(S3*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(D3*D5)
(D1*D7)
(D3*D7)

(S3*P3)
(P1*D5)
(P1*D7)

—2.45
245
0.73
0.26
1.91
0.75

—1.76

1.22
1.22
1.46
—1.43
—0.95
—0.37
—0.59

—1.10
1.75
—2.67
1.14

1.22
—1.22
—1.46

1.43
—0.95
—-0.37

0.59

—2.45
—2.45
—0.73
—0.26
1.91
0.75
1.76

3.10
—0.54
—2.48

-3.10
—2.31
—-0.23
0.34
—1.04
1.85

—1.96

1.46
—0.07

0.21
—-0.77
—1.31
—0.44

3.10
0.68
1.66

(D1*S3)
(P1*D3)
(D1*P5)
(D3*P5)
(S3*D5)
(§3*D7)
(P5*D7)

(D1*S3)
(P1*D3)
(D1*P5)
(D3*P5)
($3*D5)
(S3*D7)
(P5*D7)

(P1*P3)
(P3*P5)
(D3*D5)
(D5*D7)

(D1*S3)
(P1*D3)
(D1*P5)
(D3*P5)
(S3*D5)
(S3*D7)
(P5*D7)

(D1*S3)
(P1*D3)
(D1*P5)
(D3*P5)
(S3*D5)
(S3*D7)
(P5*D7)

(D1*P5)
(P3*D5)
(P3*D7)

(§3*D3)
(D1*P5)
(D3*P5)
($3*D5)
(P1*D7)
(P3*D7)

(S3*D3)
(D1*P5)
(D3*P5)
(S3*D5)
(P5*D5)
(S3*D7)
(P5*D7)

(D1*P5)
(P3*D5)
(P3*D7)

—3.29
—245
—1.83

1.07
—1.20
—0.59

1.62

—1.64
1.22
—0.91
—2.14
0.60
—1.17
1.81

—245
—1.07
—0.75

—1.64
1.22
0.91
2.14

—0.60
1.17
1.81

—3.29
—2.45
1.83
—1.07
1.20
0.59
1.62

0.62
243
—0.41

2.77
—0.46
—3.38
—0.30

1.04
—0.46

0.88
—0.58
—2.14

0.38

1.64

1.76

0.17

—0.62
—1.35
—0.41

(P1*P3)
(D1*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(P3*D7)
(D5*D7)

(P1*P3)
(D1*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(P3*D7)
(D5*D7)

(D1*D3)
(D1*D5)
(S3*D7)

(P1*P3)
(D1*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(P3*D7)
(D5*D7)

(P1*P3)
(D1*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(P3*D7)
(D5*D7)

(D3*P5)
(P5*D5)
(P5*D7)

(P3*D3)
(S3*PS5)
(P1*D5)
(P3*D5)
(D1*D7)
(P5*D7)

(P3*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(P1*D7)
(P3*D7)
(D5*D7)

(S3*P5)
(P5*D5)
(P5*D7)
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TABLE 1. (Continued).

3
B3

4
B3

4
B3y

4
B3y

1
Cao

2
C210

2
C 220

1
C‘210

1.75
—1.46
—0.33

2.14

0.53
—1.64

1.31

1.39
—2.31
—0.52
—3.38

0.60

2.07
—0.53

—2.41
—2.35

—1.48
—3.24
—0.66
—0.62

—2.10
—115
—0.94
—0.44

—2.30
—1.02

—2.10
—1.15
—0.94

0.44

—1.48
—3.24
—0.66

0.62

—3.46
—1.39
—-2.27

—2.00
—2.00
0.89
0.59
0.41

—4.00
—4.00
1.79
—1.17
1.23

3.39
—3.70
—3.78
—1.15

(S3*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(D3*D5)
(D1*D7)
(D3*D7)

($3*P3)
(P1*P5)
(P3*P5)
(D1*D5)
(P5*DS5)
(S3*D7)
(D5*D7)

(D3*D5)
(D5*D7)

(P3*P5)
(D3*D5)
($3*D7)
(P5*D7)

(P3*P5)
(D3*D5)
(S3*D7)
(P5*D7)

(P3*P5)
(S3*D7)

(P3*P5)
(D3*D5)
(S3*D7)
(P5*D7)

(P3*P5)
(D3*D5)
(S3*D7)
(P5*D7)

(D1*S3)
(S3*D3)
(D3*D5)

(P1*S3)
(P1*D3)
(S3*P5)
(P3*D5)
(P5*D7)

(P1*S3)
(P1*D3)
(S3*P5)
(P3*D5)
(P5*D7)

(§3*D3)
(D1*D5)
(D1*D7)
(D5*D7)

1.96
1.46
—0.07
—0.21
—0.77
1.31
—0.44

3.10
—2.31
-0.23
—0.34
—1.04

1.85

3.59

3.32
2.31
0.83
—0.03

2.35
1.64
0.59
0.72

2.51
1.07

—2.35
—1.64
—0.59

0.72

—3.32
—2.31
—0.83
—0.03

—4.65
2.08
2.42

—2.68
3.58
1.41
1.34

5.37
1.79
—0.26
4.02

—2.53
1.48
1.51

(S3*D3)
(D1*PS5)
(D3*P5)
(S3*D5)
(P5*D5)
(S3*D7)
(P5*D7)

(S3*D3)
(D1*P5)
(D3*P5)
(S3*D5)
(P1*D7)
(P3*D7)

(D1*D7)

(D3*P5)
(P1*D7)
(P3*D7)
(D5*D7)

(D3*P5)
(P1*D7)
(P3*D7)
(D5*D7)

(S3*D5)
(D5*D7)

(D3*P5)
(P1*DT)
(P3*D7)
(D5*D7)

(D3*P5)
(P1*D7)
(P3*D7)
(D5*D7)

(P1*P3)
(P3*P5)
(D5*D7)

(D1*P3)
(P3*D3)
(D3*P5)
(P5*D5)

(D1*P3)
(P3*D3)
(D3*P5)
(P5*D5)

(P1*P5)
(S3*D5)
(S3*D7)

0.88
—0.58
—2.14

0.38

1.64

1.76
—0.17

2.77
—0.46
—3.38
—0.30
—1.04
—0.46

1.02

1.62
—2.31
—0.53

2.29
1.64
—0.19

3.59

2.29
1.64
—0.19

1.62
—2.31
—0.53

—3.46
3.17

1.79
—3.58
—5.24

2.87

3.58
—1.79
2.62
1.43

—2.26
—3.70
1.51

(P3*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(P1*D7)
(P3*D7)
(D5*D7)

(P3*D3)
(S3*P5)
(P1*D5)
(P3*D5)
(D1*D7)
(P5*D7)

(D3*D7)

(S3*D5)
(D1*D7)
(D3*D7)

(S3*D5)
(D1*D7)
(D3*D7)

(D1*D7)

($3*D5)
(D1*D7)
(D3*D7)

(S3*D5)
(D1*D7)
(D3*D7)

(D1*D3)
(S3*D5)

(S3*P3)
(D1*P5)
(P1*D5)
(P3*D7)

(S3*P3)
(D1*P5)
(P1*D5)
(P3*D7)

(P3*P5)
(D3*D5)
(D3*D7)
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TABLE 1. (Continued).

Cho 5.37 (S3*D3) —4.00
5.86 (D1*D5) 2.34

2.39 (S3*D7) —3.65

Cho —420 (D3*P5) 1.83
—2.62 (P3*D7) 0.56

Cheo —5.94 (D3*P5) 2.59
—3.70 (P3*D7) 0.79

(P1*P5) —3.58 (P3*P5)
(S3*D5) —2.39 (D1*D7)
(D5*D7)
(P5*D5) —2.93 (P1*D7)
(P5*DT7)
(P5*D5) —4.14 (P1*D7)
P5*D7)

ences in Eq. (37) were constant with z. Then any enhance-
ment in | S5|2%, | Py|% | P3|% or | Ps|? would cause a
reduction in A3y /A5 at large t as compared with small
t. The reduction would be most dramatic for pure | Py|?
~67%); it would be ~81% for pure | S;|%or | P |2
and ~95% for | Ps|2 The observed reduction, ~64%,
does not favor P;s. As we show next, if we take account
of the P-wave interferences, it becomes even harder to ac-
commodate an enhancement in | Ps | % at large ¢.

Finally, the 42,, and 43,, moments [Figs. 38(d), 38(e),
38(i), and 38(j)] show clear structure which may be related
to N(1700). The difference between these moments iso-
lates a combination of P-wave terms:

A310—A%=—5.37P}Ps—0.70 | P5 | 24+2.40 | P; |

—0.25P3P5s+2.68P}P; . (38)

Figure 39 shows this difference, absolutely normalized,
for the two ¢ regions. In the large-¢ bin [Fig. 39(b)], there
is a broad peak in this difference moment just below the
N(1700) region. This structure, like the overall N(1700)
production cross section, is much less pronounced in the
small-z bin [Fig. 39(a)]. For the large-¢ bin, the partial-
wave analysis indicates that the difference is dominated
by the P}P;s interference term, which has the largest coef-

(a) (b)
1.5 -t<0.25Gev2  0.75[0.25<-1<0.80GeV?
; (%
]
S 10 0.50 |- %%
o
3
&
¢ 0.5 0.25 %
A % %
NN
< 9
0 o O %W
| 1 1 1 1 1 1 1 1 1
1.3 1.5 1.7 1.9 1.3 1.5 1.7 1.9
Mpﬂ."- (GeV)

FIG. 39. Normalized cross-section difference given by ¢

channel 43%,0— A%y for (a) small-¢ and (b) large-¢ bins, plotted
against mass. Note that we have integrated over Mpf* and ¢;

e.g., Ado=(1 /1611’2)(10’/de'+’_ in this normalization.

ficient in Eq. (38). The behavior of the difference mo-
ment suggests that P, and Ps are relatively real in the vi-
cinity of N(1700); if Ps were a Breit-Wigner form and P,
a real background, the P}Ps interference would oscillate
about zero. This difference is the clearest evidence in the
data for structure related to N(1700), and we note that
any large P}Ps interference structure would also contri-
bute positively to A3 [Eq. (37)]; therefore, with P} Ps re-
moved, the relative diminution of A(Zm at large ¢ in the
N(1700) region would be even more pronounced, and this
would argue against a pure Ps interpretation of N(1700).
As a result, the partial-wave fits tend to find more S5 and
less Ps at large ¢, in the N(1700) region.

The odd-L moments (Figs. 40 and 41) display a peak-
dip structure in the region 1.45—1.70 GeV; especially for
the low-t bin [Figs. 40(a) and 40(b)]. Other experiments
seem to see similar effects in the odd moments,”?*>2¢ but
none have argued for any specific interpretation, nor do
our partial-wave solutions indicate any dramatic ampli-
tude structures that would explain these wiggles. Howev-
er, our solutions are such that P, and Ps are ~90° out of
phase with the dominant S; wave, and consequently a

0-0.25 GeV? 0.25-0.8 GeV® L Inm
1.0 r (a) 10 r (c) 1 000
05 05
¢ b
[
] ®
o
o
<< 0.0 0.0
~
E
at 3 000
< 10 (b) 1.0 1 (d)
os | +
o?
00 [#2
1.4 1.6 18

Mpn‘n' (GeV)
FIG. 40. t-channel AL, /A%o moments with odd L, [=0,
plotted against mass for small-¢ (a), (b) and large-¢ (c), (d) bins:

(a), (c) Alx; and (b), (d) A3x. The curves indicate the partial-
wave fits.
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FIG. 41. t-channel Af, /A% moments with odd L, /=2
plotted against mass for small-¢ (a)—(e) and large-¢ (f)—(j) bins:
(), () Alo; 1), (8) Alio; (©), (h) Adoo; (d), (i) 4310; and (e), ()
A3y. The curves indicate the partial-wave fits.

very small modulation of the S-wave phase can induce
large effects in the S-P interferences, which contribute to
L=1 and L=3, =2 moments. The structure in A3y
[Fig. 40(b)] would require P-D interference. Having in-
spected the moments and the coefficients in Table I, we
speculate that a very small N*(15200—>A**7~ wave,
about 2% of the total cross section, with comparable S-
and D-wave decay amplitudes, could mimic the effects
seen in the odd moments. However, our partial-wave
solutions provide no clear evidence on this. We remark
that the N*(1520)—A**7~ should, in fact, exhibit com-
parable S- and D-wave decays,’® but in our partial-wave
analysis, only the %_ S wave is seen; we speculate, there-
fore, that N*(1520) resonance production may in fact
occur at the almost undetectable level suggested by the
odd-moment structures in our data.

C. Mass dependence of the polarized observables

The P waves in our solution turn out to be strongly out
of phase with the > S wave, in part because of the na-
ture of the polarization moments. For the low-¢ bin, we
show the L=1,2 helicity-conserving asymmetries in Figs.
42—44. We proceed to list the S-P interference contribu-
tions to the /=0,2 helicity-conserving moments, together
with the average values seen in the low-mass region. For
the L=1 transverse moments of Fig. 42, we have

Bloi(~+0.25)=1.41P}{S; —2.53P}S; +1.90P%S, ,
(39a)

L Inm
1211

L Inm
_ (a) 1 001 a (e)

12-11

L 0
B lnm/A 000

(b) 1 201 (d)

Mpﬂ'n' (GGV)

FIG. 42. t-channel Bf,/A%yo transverse-polarization mo-
ments with L=1, m=1 plotted against mass for —t<0.25
GeV2 The curves indicate the partial-wave fits.

Bly (= +0.30)=1.41P}{S;+2.02P}S; +0.38P%S; ,

(39b)
Bl (=+0.30)=1.22P}S;+1.75P3S; +0.33P%S; ,
(39¢)
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FIG. 43. t-channel Bf, /A% transverse-polarization mo-
ments with L=2, m=1, plotted against mass, for —t<0.25
GeV2. The solid curves indicate the partial-wave fits. The
dashed curve shows the effect of modifying the Ps wave found
in the fit to be pure Breit-Wigner peak with M,=1.68 GeV,
I'=0.15 GeV.



33 STUDY OF POLARIZED PROTON DIFFRACTION . .. 2553
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FIG. 44. t-channel Cf, /Ao longitudinal-polarization mo-
ments with m =0 plotted against mass for — ¢ <0.25 GeV2 The
curves indicate the partial-wave fits.

B} (=~ +0.40)=1.22P}S3+1.75P}S3+0.33P}S; ,
(39d)

where the measured values are indicated in parentheses.
For the L =2 transverse moments of Fig. 43, we have

B3, (=0)=0, (39)
B}, (~—0.10)=0, (399
B%,,(~+0.30)=2.45P}S;+1.83P}S; , (39g)
B}, (~—0.30)=—2.45P}S; —1.83P}S; , (39h)
B},,(=0)=1.22P}15,+0.91P%S; , (39i)
B3,,(~—0.30)=—1.22P}S;—0.91P$S; . (39))
For the longitudinal moments (Fig. 44), we have
Cli(=0)=0, (39k)

C310(~—0.30)= —2P}S;—1.79P3S, —0.89P%S; ,
(391)

C310(~—0.50)= —4P}S;—3.58P}S; — 1.7T9P%S; ,
(39m)

Comparison of B}y, and By, [Eqgs. (39a) and (39b)] indi-
cates that P; cannot play a major role in the asymmetries.
Except perhaps for B%.,,, these 13 moments are all quali-
tatively consistent, in sign at least, with having only the
P}S; contribution. If instead we considered only the
P!S; term, then the signs of the moments would be con-
sistent, but the observed B, moments [Egs. (39b)—(39d)]

Ppeam=6 GeV
L Inm L Inm

(@ 1 001 . _}(c) 1211
%

0 44 ¢ 0
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.

-1 1 1 J
13 14 15 16 1.7
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FIG. 45. t-channel B, /A3y transverse-polarization mo-

ments with L=1, plotted against mass, for —t <0.25 GeV?, at
6 GeV/c. The curves are the 11.75 GeV/c partial-wave fits.

would be too large. Clearly, some admixtures of P, and
Ps contributions could describe the low-mass region. We
remark that if pure unnatural-parity exchange waves were
present, then the relative signs of the Bi, and CEk,
would be reversed, and it would be impossible to explain
even the qualitative features of the low-mass data with
these P waves.

The partial-wave fits in Figs. 43—45 show some sys-
tematic discrepancies. To test the sensitivity of the fits,
we altered the solution for the Ps wave, modifying it to
have a simple Breit-Wigner behavior, with phase and
magnitude coincident with the true solution at 1.7 GeV.
The effect on the L=2 moments is shown by the ed
curves in Fig. 43; of course, the unpolarized moments
would also be sensitive to such a modification. Regarding
the question of sensitivity, we remark that many of the
polarizations appear to be consistent with zero. This does
not mean that they have no information content. With a
different mix of waves, the individual asymmetries could
be much larger; for example, C%, in Fig. 44(c) is
quantum-mechanically bounded by | C, | <2.

An older sample of transversely polarized 6-GeV/c
data,? together with a small sample of longitudinally po-
larized 6-GeV/c data from this experiment, was analyzed
in order to search for possible energy dependence in the
transverse moments, which might be indicative of
unnatural-parity-exchange backgrounds. We used the
methods described in Sec. II, except that the AL, coeffi-
cients, which are needed for the polarized-moments
analysis, were taken from the 11.75-GeV/c data; the 6-
GeV/c acceptance was too limited to permit a full mo-
ments analysis of the unpolarized cross sections. The re-
sulting spin correlations are qualitatively consistent with
the raw asymmetries reported in Ref. 52. As an example,
the L=1 B coefficients are shown in Fig. 45, compared
with the results of the 11.75-GeV/c partial-wave analysis.
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The agreement is qualitatively satisfactory, indicating no
major change in the production naturality between 6 and
12 GeV/c.

D. Behavior of the /=1 moments

As noted in Sec. IV D, the Breit-Wigner phase differ-
ence between A** and non-A** waves might be expect-
ed, a priori, to cause significant asymmetries in the /=1
moments. The helicity-conserving /=1 spin correlations
are shown in Figs. 44(d) and 44(e) (longitudinal) and Fig.
46 (transverse) for the low-¢ bin, together with the
partial-wave fits. For completeness, we show the unpolar-
ized helicity-conserving /=1 moments, in both ¢ bins, in
Fig. 47. We remark that some of the A%, moments are
surprisingly large; if the only source of pm+ s wave were
the off-shell scattering contribution from the Deck dia-
gram of Fig. 11(a), the s-A interference in 4/, would in-
tegrate to zero over the Mmr+ mass cut. This suggests
that the pm* s-wave production comes from other
sources, such as N *7 or pe isobar production.

E. Dependence of the moments on M"+

Before examining the partial-wave solutions, we need to
consider possible complications which might arise due to
our averaging over a finite MM+ band, 1.15 <Mt"r+
<1.30 GeV. Although this averaging should pose no
problem for the (dominant) A-A interference contribu-
tions, it can influence our interpretation of the non-A*+
contribution. In principle, one can learn more about the
isobar composition by fitting simultaneously in M, . as
is done (schematically) in the PWA’s of Refs. 21—-26.
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FIG. 46. t-channel BE, /A%o transverse-polarization mo-
ments with /=1, plotted against mass, for —t <0.25 GeV2 The
curves show the partial-wave fits.
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As explained in the Appendix, any non-A*+7~ isobar
can be projected into a sum of s,p,4, ... waves, each with
calculable MM+ dependence. In simple cases, like the pe
isobars, these projections turn out to have smooth MM+
dependence, and could be approximated as constants over
the 1.15 <M, <1.30-GeV mass interval. In that case,
and assuming that A3y is dominated by | A |2 contribu-
tions, the interferences between background waves ( W;)
and A** waves (W,) have the following M, . depen-
dence:

AE ReW, M _.—M, Imw,
I;m ~ i prt + i , (40a)
Ao | Wal [ar2 [ Wal
B,CE —Imw; M,_,—M, ReW,
Olnm ~ i prt + i ) (40b)
A | Wal [a/2 | Wal

For illustrative purposes, we have taken W, to have the
mass dependence and phase of the A*+ Breit-Wigner
peak. The joint moments, averaged over Mpw*’ pick out

the second terms in Eqgs. (40a) and (40b). It is easy to
show that the dependence of Eq. (40) can be taken into ac-
count in these averaged moments, provided that we in-
clude a coherence factor of ~0.75 for all interference
terms involving non-A** with A*+ waves; we have done
this for all s-A and p-A interferences in our fits.

The first terms in Egs. (40a) and (40b) oscillate about
M,, and it is this characteristic behavior that would in
principle allow determination of the phases of W; from
the M ot dependence; this is, of course, essential for

PWA in the absence of polarization data. Accordingly,
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we have examined our data for evidence of such oscillato-
ry behavior. We show the first few helicity-conserving
moments for small ¢ and for two M, _ intervals as

functions of Mlm+ in Figs. 48—50. None of the moments
can be said to be constant in Mpw*‘ On the other hand,

none of the /=0,2 moments (which allow A-A contribu-
tions) exhibit zeros at the A** mass, except perhaps the
L=1 moments in Figs. 49(a), 49(b), 49(f), and 49(g). By
contrast, all the /=1 moments (Fig. 50), except 4}, [Fig.
50(c)], exhibit crossover zeros, or at least strong oscilla-
tions, near M,. This is as expected, since the /=1 mo-
ments are presumably dominated by s-A interference.

The curves in Figs. 48—50 are based on the following
ansatz, which can be applied sensibly only to A-A interfer-
ence terms. Aside from a common dependence on the
A*+ Breit-Wigner peak, suppose that the only variation
of the partial waves with MM+ and MM+1T_ arises
through their dependence on the kinematical variable Q,,
the (pm+) momentum in the (p7*7~) c.m. This would
not be the case if the waves had Breit-Wigner dependence
on Mﬂ+ﬂ_; it would be the case for the Deck diagrams,
to a good approximation. Given only a Q, dependence,
the moments which increase with M[m+ would decrease

with Mpw*’w“’ and vice versa. We fitted the Mp”+ﬂ_ mo-
ments spectra to polynomials in Q, (taking a nominal
A** mass for M p1r+)’ and then used this Q, dependence
to predict the dependence on MM+ shown in Figs. 48—50.
These curves fail utterly for the /=1 moments which ex-
hibit crossover zeros (Fig. 50), and that is as expected.
For the A-A interference moments of Figs. 48 and 49,

1.45-1.60 GeV 1(.)60—1 75 GeV L Inm
1 (r

1 () 0 200
ol staa Y —— ..
L) @ 1 000
{. ° - oA L]
0 -'L‘ﬁ?. 0 b e
° —llj(c) ‘1"(:') 2 000
Q L -
o 1 0
o i‘ .
<
~N 0 ]
E
E (-
= e _11 - () ‘11 - () 3 000
M . ® [] L
0 ._.:zl_._g_. 0 __.__——'—_:_#10_
) '11 )} 4 000
L]
ol eevas gl =trteass
-1 -l 1 - 1 1
12 1.3 1.2 1.3
Mpﬂ» (GeV)

FIG. 48. t-channel Af, /A%, moments with [=0 for
—t<0.25 GeV? plotted against MM+ for two Mp’+,_ intervals
—1.45 to 1.60 GeV (a)—(e), and 1.60 to 1.75 GeV (f)—(j): (a), (f)
A%; (b), (8) Adoo; (), (h) Adoo; (), (i) A3o0; and (e), () Ao

1.45-1.60 GeV 1.860-1.75 GeV L Inm
10 1 200

1 r(a)
[] ¢ 48
0 v o
— e —

) @ 1210
ofF++y———— 0 —utq
\—0—‘—'—'-, N

=150 ~1=(n) 2 200
8 ! [ 1r ¢ ¢
o —+‘r‘.“u‘L 'Y
S ¢ P
L o
E
£
-J< 3@ 30 2 210
o L)
Wk /(.J,O/ b +
Ve T
0 (o] *
2 @ 2 W 2 220
()
¢ e !
1+ {of“/ 1r /0/
P L . oli® .t
1.2 1.3 1.2 1.3
Mp,,~ (GeV)
FIG. 49. t-channel AL, /A% moments with /=2 for

—1<0.25 GeV? plotted against M, for 1.45<M . _<1.60
GeV (a)—(e) and 1.60 < M, - <175GeV )—G): (@), Alo;
(b), (8) Akio; (©), (h) Adoo; (d), @) A3y0; and (e), () Ao

they generally predict the sense of the MM+ variations
correctly.

This is certainly a simplistic analysis, but it illustrates a
subtle problem. We could interpret the Mpw* dependence
in terms of a mix of isobars, and this would be a priori
correct for the /=1 moments, which do not allow A-A in-
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FIG. 50. t-channel Af,/A%, moments with I=1 for
—1<0.25 GeV? plotted against M ., for 145<M_ . _
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terference. However, there is clearly some ambiguity in
deciding how the A-A interferences themselves should de-
pend on Mpﬂ+, and therefore it may be problematic to ob-
tain the isobar contributions from the M _, dependence,

as is done (schematically) in the usual PWA. Our fitting
procedure, using the M"+-averaged moments, should be
reasonably accurate as long as the Mpv* dependences of
the A-A interference moments are not too pathological;
however, it is slightly biased in that the coherence factor
of 0.75 is not included for A-A interference moments,
where one of the A (JP= %+) waves is in fact a reflection
of a background isobar.

F. Partial-wave fits

We tried a total of 36 waves (A, =3,7,—+, with
L=0,1,2 for Am waves and L=0,1 for jf=+% pr+ iso-
bars) in our fits, in combinations of <25 waves at a time.
Some waves were consistent with noise and were eliminat-
ed, but most of the small waves (<2% of the total cross
section) exhibited continuous phase behavior. The larger
waves, having >2% of the total cross section, were fairly
stable against inclusion or exclusion of the smaller waves
in the fits. The intensities and relative phases of the eight
largest A, =3 waves, from representative solutions, are
shown in Figs. 51 and 52. We remark that, motivated by
the N(1700) bump, we searched for radically different
solutions (i.e., with Breit-Wigner phases, and with large
helicity-flip components) without notable success. The
waves shown in Fig. 51 together make up ~95% of the
cross section in the N(1700) region.
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FIG. 51. Intensities of the larger helicity-nonflip waves for
small ¢ (a)—(h) and large ¢ (i)—(p), plotted against Mp#,_.
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FIG. 52. Relative phases of the larger helicity-nonflip waves
for small ¢ (a)—(g) and large ¢ (h)—(n); S; was chosen as a 0°
reference wave.

Where the waves are large, they show little phase varia-
tion with respect to S5, which we chose as a reference.
Qualitatively, the relative phases of the larger waves over
a broad range can be given as —90° (P;), + 45° (P;),
+ 90° (Ps), 0° (S(s)), 180° (S1(p)), and —120° (P4(p)),
for both ¢ regions. [Nomenclature: As before, S3,
P, ..., etc., refer to A waves with quantum numbers
L,j;; Si(s) refers to 5 overall S wave for the pr*-m~
system with pm* s-wave isobar, etc.] The D waves are
very small, except perhaps for Ds at low ¢, which makes
up ~ 1.5% of the cross section near the 5 resonance.

None of the published partial-wave analyses indicate
any significant phase variations,?! ~2¢ nothing such as one
could expect if the N(1700) were a single J state with
Breit-Wigner phase. As we have emphasized, our experi-
ment differs from other investigations in that the polari-
zation data have been used for the partial-wave phase
determination, rather than the isobar technique. The only
direct comparison which we can make on the phases for
reaction (1) is with Blobel et al.?! For the A*+#7~ iso-
bars, Blobel et al. reported the phases of P, relative to S
to be —80° to —130° for masses of 1.35—1.60 GeV; and
for Ps relative to P, to be + 140° to + 180° for masses
1.60—1.85 GeV; our phases are fairly consistent with
these, namely, ~ —90° for P, relative to S; and + 190°
for Ps relative to P, in the indicated mass regions (Blobel
et al. did not include P; in their fits). Considering the
rather different approaches, one would be surprised to see
any better quantitative agreement between the two experi-
ments.

The other analyses all reported large cross sections for
27, 1% and £¥, more or less as we do. In particular,
although there is no clear consensus as to the source of
the N(1700) bump, all analyses reported more than one
wave to be important in the bump region. (For good over-
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views of the other analyses, consult Refs. 26 and 53.) We
have estimated the size of the N(1700) enhancement from
the mass spectra (Fig. 37), and have indicated in Fig. 51
the corresponding intensity pattern by the solid curves, in
order to see whether all of the N(1700) bump could possi-
bly be attributed to a single partial wave. For small ¢, it
could be reasonably tucked into the Ps or S distribu-
tions. For large ¢, the Ps cross section is too small to ac-
count for the whole bump, but S; could (barely) absorb all
of it. The intensity patterns seem to indicate that other
waves contribute to the bump, such as P;. We conclude
that because N(1700) is a large effect, only S; is large
enough to account for all the effects at all ¢ values. In
view of the phase behavior, it appears unlikely that
N(1700) can be interpreted as a Breit-Wigner resonance in
a single wave.

We note that the solutions indicate that the large
A+ *7~ waves are not relatively real, as one might naively
expect for the Deck processes of Fig. 11(a). Moreover,
one would expect the non-A** waves to be ~90° out of
phase with thg A++n- waves if they were simply caused
by the J = -2- ¥ p waves in virtual 7 p scattering, as in
Fig. 11(a); instead, we find that the larger waves, S,(s)
and S,(p) are essentially real relative to S;. We note that
Ascoli, Jones, Weinstein, and Wyld** reported a quantita-
tive +partlal wave analysis of the Deck amplitudes for
(37)* production, and found that phase differences of
190° could be expected for the various partial waves, pro-
vided that the pion-exchange Regge phase was included.
Presumably, this quantitative behavior would carry over
to reaction (1).

Finally, we might suppose that the isobar content of the
N(1700), which we examined in Sec. III, would be reflect-
ed in the partial-wave solutions. The threshold enhance-
ment which appears in N(1520)7* should overlap with
the A*+ band, although about half of the sharp peak at
~1700 MeV in Figs. 13 and 14 would be lost due to the
cut on Mp + at 1.15 GeV. If this enhancement were a
Deck effect [Fig. ll(b)], then we mxght expect it to be
mainly S wave, e.g., J = 3 M , but the cross sections
which we observe are small and rather nondmcript; P, is
smooth and makes up 5—10 % of the cross section; P;(p)
does seem to turn on above 1600 MeV, but is only ~5%
of the cross section in both ¢ bins. An alternative possibil-
ity is that the N(1520)17 signal i is due to a P-wave reso-
nance, for example, J°=2" or 2. In this scenario, the
true resonance phase advance m the N(1520)7+ wave
could easily be washed out in interference terms involving
At*+7~ waves, by the kinematical correlations between
M, , and M, 5 Although N(1520)7* has been ob-

seved in 37 'D,5(1675) decay,® it is clear that < can-
not account for the N(1700) bump in our data; also, there
is no clear evidence from formation experiments for
N(1520)r* coupling to a = resonance. Thus, the
partial-wave solutions do not indicate any obvious role for
the N(1520)7* threshold enhancement. Further, since
~70% of the N(1700) signal in the A* *-cut sample is as-
sociated with genuine A**7~ isobar production (cf. Fig.
16), we are still left with no explanation for the lack of
phase variation in the A* *7~ waves.
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V1. SUMMARY

We have presented angular distribution and polariza-
tion data for reaction (1) at 11.75 GeV/c, based on a
2X10% events sample. The pm+m~ mass spectrum
displays no structure other than a bump, N(1700), on top
of a smooth, Deck-type background which peaks at low
mass. In addition to A**7~ isobars, we find clear sig-
nals for N(1520)-7+, N(1680)-7*, and p%770)-p final
states in the pr*t 7~ system. The magnitude of the N*-
m* signals is roughly consistent with what one would ex-
pect from the pion-exchange Deck effect. In particular,
the N(1520)-7* signal seems to peak sharply at threshold
and therefore could be a component in the N(1700) bump;
only about half of the N(1700) intensity can be attributed
to A**7~. We noted that an N(1520)-7* wave close to
threshold is unlikely to have J P % , and so such a com-
ponent mlght explam why the N(1700) does not appear as
a pure 5 wave in the partial wave analyses.?’ =% In our
partial-wave analysis, we imposed a At cut to enhance
A+ 7~ waves; in any case, the partial-wave analysis did
not indicate any clear signal for likely reflections of the
N(1520)-7* enhancement.

We have presented cross sections and angular distribu-
tions as functions of momentum transfer for the A* 7~
final state, defined by a A*+ cut, 1.15 <M‘m+ <1.30
GeV. The t distributions show a slope-mass correlation
and a break at — t=0.25 GeV?, similar to those observed
in much higher-energy DD processes.>”® We showed
that the angular distribution moments, in particular A%,
with L=2, /=2, could be used to establish directly the
dominance of S-wave ?roductlon at threshold and the ab-
sence of significant J"=+ ' excitation. These moments
suggest that the break in the ¢ distribution coincides with
a mmlmum in the production of s-channel helicity
= + S wave, consistent with the absorbed Deck model
of Berger and Pirili.*! The crossing relations are such
that the S wave is mainly helicity conserving (A,=7) in
the ¢ channel.

We showed that the pattern of ® dependence requires
some helicity flip in both s and ¢ channels for S, P, and D
waves; the pattern of helicity nonconservation, evidenced
by the ®, and ®, dependence of the moments, is qualita-
tively similar to that seen in higher energy N7 and
prtm~ DD processes,”” and to that predicted by the
Deck model. =32 Specifically, the ® dependence is
stronger in the s channel than in the ¢ channel, and
®=180° is favored over ®=0° in both channels for for-
ward N*—A**7~ decays; the backward decays are
flatter i 1n P, 3(;Jerhaps due to nucleon-exchange deck contri-
butions. 2%

We showed that the polarization asymmetry, integrated
over all pr*t7~ decay angles is small, around —15% in
the low-mass region. In addition, we determined a large
number of spin correlations which are sensitive to
helicity-nonconservation in the production process; they
turn out to be generally small but nonzero.

We performed a spin-parity analysis of the z-channel
moments in two momentum-transfer intervals, as func-
tions of Mp1r+r. We showed that there exist small struc-

tures in the odd moments which might indicate
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N*(15200—A**7~ at the few percent level, and larger
structures in the even moments that indicate P-wave in-
terferences in the N(1700) region. We noted that the
helicity-conserving polarization asymmctrws are domulat-
ed by S-P interferences, which require the and 5 P
waves to be ~90° out of phase with the + S wave We
obtained similar asymmetries from an analysis of a small-
er 6-GeV/c sample, indicating that the assumption of
natural-parity exchange production is consistent with the
energy dependence. We did not include N *m*, pe, or pp°
isobars directly in the spin-parity analysis, but showed
that the Mpw* dependence of the moments is at least qual-
itatively consistent with predominantly A-A-type interfer-
ence for the even moments, and non-A-A interference in
the /=1 moments, as expected.

In the partial-wave solutions, the J*=3~ A*t+7— §
wave was the largest contribution, and the J* = L +, ; +,
and 3 A*t*7~ P waves are next in importance. The D
waves and t-channel helicity-flip waves were small every-
where. In addition, there were important contributions
from JP=1% waves involving the non-A*++, jP=1%
pmt isobars. The integrated J = %+ cross section in the
threshold region ranges from ~20% of the total at low ¢
to ~5% at large ¢, indicating that production of
N(1440)—pm* 7~ is not a dominant effect. Similarly, the
absence of appreciable intensity for JP=3" D wave, at
the few percent level, argues against significant
N(1520)— A production.

For the larger waves, we found no evidence for relative
phase variations, either near threshold or in the N(1700)
region. Our phases are qualitatively consistent with the
A-7 phases reported by Blobel et al.?! The N(1700) in-
tens1t _seems to be shared between several waves, e.g.,

, * and —+, and in the large-¢ region where N(170(i)
5

2 ’» 2
is most prominent, its cross section exceeds the J*=
intensity by a factor of 2. There is little indication of
JP=3" production. In principle, the threshold enhance-
ment in N(1520)7* could be explained in terms of pro-
duction of the D,5(1675) resonance, since that is observed
to have a significant N(1520)7 decay probability,¢ but we
see no evidence for this in the partial-wave solutions. We
noted that the N(1700), which we observe in pr*7~, has
a very similar ¢ dependence to that observed in missing-
mass experiments; if it is the pm+ 7~ decay mode of the
same object, then the An cross section which we observe
for N(1700) would be consistent with the assignment
F5(1680), but not D;5(1675). It is somewhat peculiar
that the N(1700)—pw* 7~ production can have the same
t dependence and energy dependence as the inclusive pro-
cess, if the N(1700) is in fact a mixture of different J*
states, presumably from different production mechanisms.

Naturally, we were distressed at our failure to detect
clear Breit-Wigner behavior for such a prominent, reso-
nancelike object, given the powerful handles provided by
high statistics and polarization data. Identification of the
nature of N(1700) would seem to be a prerequisite for the
more difficult job of finding new baryonic resonances in
pm production. Nevertheless, given the apparent energy
independence of the main features of the DD processes,
we anticipate that the detailed angular distribution and
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polarization moments obtained in this experiment should
help in more sophisticated model building.
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APPENDIX: FORMALISM

This appendix outlines the relations between amplitudes
and spin observables. Our discussion parallels that of
Ref. 38. See Refs. 37 and 56 for discussion of formalism
used for the formation reactions (2).

We begin by specifying coordinate frames and kinemat-
ic angles. We use subscripts b, t, r, and N to denote the
beam, target, and recoil proton, and the (p7*7~) system,
respectively; we use p, 7+, and 7~ subscripts to denote
the N dissociation products. We can define production-
helicity amplitudes for the quasi-two-body reaction

Aif’f," (popi— (77 )ND,) S (A1)
where the spin state of each particle, | J,J,=A;) refers to
specific coordinate axes in the particle’s rest frame. The y
axis is common to all four particles and is the Basel-
convention production normal

=0 XPn - (A2)

The (x,z) axes are specific to each particle and are dif-
ferent for s- and t¢-channel frames, e.g., (x,,z,) and
(x;,2;). Since our experiment averages over target and
recoil proton spins, we need to specify only the beam and
the N-system coordinate frames.

First consider the beam particle, with polarization vec-
tor P. We can define

PP=P-(—p,), (A3a)
P'=P"=P§, (A3b)
PP =P-[§X(—P,)], (A3c)
P{P=P-(—Py), (A3d)
PP=P-[§X(—Py)], (A3e)

where p, and py are evaluated in the b rest frame (RF).
The relation between s- and t-channel polarizations is
given explicitly by

P, cosXp
P, ,—' —sinXb

sinX,
cosXp

Py
(A4)

2 s

where X, is a positive angle; X,—0 for t—t;,, and
X, ~45° for moderate momentum transfers. The s-
channel P{* and P® correlations are measured with in-
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dependent data sets; these must be combined to obtain P.”
and PY correlations.

The s- and t-channel frames for the (p7m*7~) systems
are well known. The parent N has | J,J,=Ay ) quantized
in a frame given by the common y axis of (A2), and

2,=—P,, (ASa)
2= +Ps » (ASb)
R =¥X7Z,,, (A5c)

where P, and P, are evaluated in the N RF. To define
the decay angles, consider a final coordinate frame based
on the three-body decay plane:

2'=P,,+ » (A6a)
¥'=D,,+ %P » (A6b)
®'=9'x2". (A6c)

Then the angles (®,,0;,¢,) and (P,,0,,¢,) are the Euler
angles that rotate the production frames, (x,,y,z;) or
(x;,9,2,) to the (x’,y’,z') frame. We define them explicit-
ly as follows:

COSG,,, =ﬁp,+ 2 st (A7a)
sin©; ,sin®; , =ﬁp,,+ vy, (A7Tb)
sin©; , cos®; , =ﬁ”+ Rer s (A7c)

with ’ﬁn+ evaluated in the (pm*t#~) RF. The (p7+)
—pm™ polar decay angle is given by

(A8)

evaluated in the (pm+) RF [to avoid confusion, take
2'=—p__ in the (p7*) RF]. The angle 6 is independent
of s- and #-channel conventions, and can be thought of as
a final rotation about ¥ ', which takes 2'—p,. The angle
¢s,: can be defined by

a2 o
cos0=p,2’,

sin@ sing, , =P, (2, X2') , (A9a)

sinf cosd, ; =P, (2, X2Z') X2’ , (A9b)

with all vectors evaluated in the (p7*) RF. The initial z,
axis can be obtained by a clockwise rotation of z, around
¥ by an angle X y; for modest ¢ values X ~90°, while for
t—tnin, Xy —0°. Consequently, in any realization of the
rotation group, the s- and ¢-channel Euler angles are relat-
ed by

R (0, '_XN’O)R (¢trela¢l)=R (q>s»e.n¢:) .

(The order of rotations begins at the left, the positive an-
gles refer to counterclockwise rotations.) In the following
discussions, we will refer to the Euler angles generically as
(9,0,4).

Next we express the amplitudes for specific helicity
states A, for the decay proton, in terms of the production
amplitudes of Eq. (A1), e.g.,

A A AA A
Myt =3 435 (pp—Nip)-F'(i;0,9,6,4) .
(7

(A10)

(A11)
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Here (i) refers to all the properties of the produced
(pm*m™) partial wave N;, which includes

J; =total angular momentum ,
A; =production helicity ,
L, =orbital momentum for, e.g., prt-7~ system ,

S;=total spin for, e.g., pr*-7~ system , (A12)

Jji=total j for, e.g., pm™* subsystem ,
I, =orbital momentum for, e.g., p7t system ,
£; =exchange naturality (see below) .

The functions F'?(i,...) in Eq. (Al1) contain all the
kinematical dependence on the four decay angles, and can
be expressed for any isobar pairing. The pairing pr*-7~
happens to give the simplest expression because we chose
the Euler angles to obtain Z' along the direction ’13M+.
Note that for pr+-7— or p7r—-m* pairings, S =j in the
list of attributes, (A12); for p-m~w* isobar pairings
S=j+t7.

For completeness, we give the general form of F * for
the three possible isobar pairings (our conventions for the
D functions are the same as Berman and Jacob):*’

F}‘I’(N,.—>(p1r+ —77))
= 3 Di,.(®,0,$)d], (6)
u

172

(A13)
F? (N, —(pr~—m+))
=3 D},,(®,0,4)D}.(0,6,0)
wy
j a 172 . ’ j,l
X Azldp’l",(e)dk;k,w)xo" LO|Ju )gl;
4
L +12i+1 |7

x | (A14)

F*(N,—(p —7~7+))
= 3 D}7,(9,6,4)D}:(0,6,0)
oy

X X dl,_,.,(0)d;15 (X(SpLO|Jp)
A’ P PP
14
X{gApjp’ — Ay | Sp)(2L +1)(2j + 1)]'/2.

(A1S)

The factors [(2L +1)(2j +1)] are inserted to obtain a
common normalization for all waves i, e.g.,
1

o] Jd0do o0 =1

(A16)
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[Here Q=(6,9), o=(6,¢4).] Note that the dependence
on the three Euler angles, which describe the overall
orientation of the three-body plane, is common to all iso-
bars; in particular, the ® dependence is characterized only
by the production helicity A;,. For given Mmr*r" two
variables, which can be taken to be M”,, and 0, are need-
ed in addition to the Euler angles to specify the three-
body Dalitz plot. For the pm*-7~ pairing, Eq. (A13),
FA’(i) does not depend explicitly on Mpw+’ only on 6,
normally one would insert an isobar Breit-Wigner func-
tion, B (Mpw+)’ into the production amplitude to complete

the description. The angles 8, 8, and X in Egs. (A14) and
(A15) are rotations in the three-body plane (about §')
which depend explicitly on Mpvr+ and 6. We summarize

these angles in terms of the corresponding rotations; first
for pr~-7™ isobars,

O takes ﬁp"+—+ﬁpﬂ_ in (prt7~) c.m. ,

0 takes ~P,+——P - in(p7~) c.m. ,

X takes —p,_——P . inp c.m.
For the p-m—m* isobars, we adopt the leading-proton con-

vention, and
]

A -
BiM,, IF?(Ni—pr™—m")= 3 D} u(®.04)| 3
u sJs

where C/ 'II(MM+) is computed by equating the right-hand
sides (RHS’s) of Eqgs. (A14) and (A19), and L',j',!' in-
clude all pr*-7~ waves consistent with the J¥ of isobar
N;. Thus, the RHS of Eq. (A19) is just a sum over pr-
7 isobars, each having the angular dependence of Eq.
(A14), and mass dependence given by Cj"'(Mp"+).
Note that the kinematical dependence of the Breit-Wigner
functions B(M) must be consistent with the expression
used for the differential phase space, eg.,
de#,’_ Mp#+dt dQdo.

In the remaining discussion, we will consider only iso-
bars of the type pm*-m~, for simplicity. Parity conserva-
tion in the production amplitudes leads to

AyA Z+Ay+Ay—A,—A
Alivl,b =(___1) b N t r

—Ay—2
mvA -2 (A20)
where 2=2S,-=%+J is the sum over particle spins,
and ny =(— 1)t +/is the intrinsic parity of the N system.
Thus only half of the amplitudes are independent. It is
convenient for physics purposes to recast these in terms of
definite-naturality amplitudes N (for natural-parity ex-
change, {= + 1) and U (for unnatural-parity exchange,
F=—1):

A'N A’b —_

Aykg  Ayh,

AyA
NN gk givh (A21)

A
N = N gtk gt (A22)

3 M, ), (O)(uLO|Ju )i,
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b

O takes B, +—Pp in (prt7™) cm.
6 takes B, —P,-in(7"7) cm.,

X takes —P ——P,+ inp c.m.

Lag o
The Stapp rotations X restore the final proton helicity Ap
to a common axis for all isobars (given by —§ﬂ+ in the

proton rest frame); having a common reference frame for
A, is, of course, crucial for calculating interferences. The
factors g{'p in Egs. (A13) and (A 14) are required to satisfy

parity conservation in the (pm*)—pm® isobar decays.
We take

glp=+1,
gjll/2=(_l)l+j—l/2 .

(A17)
(A18)

(g{’p is proportional to { $A,/0|jA,).)

Thus, all of the isobar contributions factorize into an
explicit dependence on the Euler angles, and a generally
more complicated dependence on MMJr and 6. The ex-
pressions Egs. (A14) and (A15) can be cast into the same
explicit form as (A13), with a sum over possible (p7+)
isobars, the coefficients in the sum depending explicitly on
Mp1r+’ For example, including a Breit-Wigner function to
describe the (pm~)—pm~ isobar decay, we can rewrite
(A14) quite generally as

1/2]

QL' +1)(2j'+1)

2

(A19)

| Ut = Ut g gt (A23)
T L L L (A24)

where + + denotes (A,,A,)=(+473,+7), etc. Because
the observables are averaged over target and recoil helici-
ties, there are no interferences between the four indepen-
dent amplitudes N,,, N_,, U,,, and U_,.
Equivalently, using Eq. (A20), we can write

AyA Ay S4Ay—A —Ay—A
inleb =[Alivltb+(“l) T bnNAA,A? 1, (A25)
AyA AyA Ay— —Ay—A
Uit =[4350 —(— 1> A"17,\,A,k’,\iv 51, (A26)
The observables are expressed as
AAL A
0(®,6,4,0)= 3 3 [A:x (D40 36)]
Ak A
AVAMAL
A A
p 3% 3 p 7 b
X[F™?(i)*F (i )]plbll ,
(A27)
where
p’=+(1+Pyo) (A28)
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is the beam density matrix. If we substitute N, U amplitudes into Eq. (A27) and carry out the spin sum, we obtain the
desired expansion for the polarized observables. We choose a convenient overall normalization [the relative normaliza-
tion of the individual waves is common, due to Eq. (A16)] such that

d4
J [dado— ==

Al72 A;1/72 12

=(4m )22[|N++()I+|N’+()|+|U++()|+IU L A (A29)

Because of parity conservation, only A, =+ amplitudes need to be retained in any observables, and all observables take
essentially the same form for N, .-, N__-, U, .-, and U_ , -type waves. Specifically, we can expand Eq. (A27) in the

form

d%o
dQde 7

= > Re[NL L (N, L()Re[FY*()F+(i")+F~*(i))F~(i")]

—P, 3 Im[N% ()N, ) Im[Ft*()F*(i')+F~*()F ~(i")]

+6Py 3 MmN (DN, (i) R[2F *()F ~(i")] —£P, 3 Im[ N} L (DN 4, (i) IIm{2F+(DF~(i")] .

With formally identical contributions from N_,, U, ,
U_,, we have mcluded the helicity, A;, with the overall
1ndex i, since A, = + 7 is now redundant. Note the factor
¢ (+ 1 for N amplitudes, —1 for U amplitudes) which
appears in the P,P, observables; it arises because of the
sign difference of the (Ay, Ay) and (—Ay,—A;) contri-
butes to N and U amplitudes in Eqgs. (A25) and (A26). In
principle, if we knew which partial waves were present,
we could use the comparison of longitudinal and trans-
verse polarization to separate the naturahty contributions.

Finally, the products, F "(1)F * (i'), appearing in Eq.
(A30) involve products of d functions [cf. Eq. (A13)], and
these can be expanded using closure relations to obtain the
general form for the observables which we have used.
Schematically, we can write

FY*())F*(i")+F~*(i))F—(i")
S em®+ndgl (0)dL, ()X Cpimn
LL,mn
(A31)
for the unpolarized and P, terms, and

FHF~(i= 3 e™®+v4gl(0)dL., (0)C Limn
LL,m'n’
(A32)

for the Py, P, observables. In these expansions

(A30)

[
m=A;—A;,
m'=A;+A;,
n=p—p’,
n'=p+up',

(A33)

I<j+j',
L<J+J,

where u, p', A;, Aj, etc., are as given in Eq. (A13), and the
C’s are calculable from the closure relations. Note that
Ai,A; are the production helicities for N;,N;, and u,u’ are
the (pm*) subsystem helicities measured along Z’, as per
Eq. (A13). Since only A=+ amplitudes are used in
Eq. (A30), A;=A;= +% is the condition for helicity con-
servation. Thus, m=0 is required for unpolarized or P,
terms, m=1 for P,, P, terms, if helicity is conserved.
Furthermore, for each N;,N; contribution, the sum over

u,u' leads to simple relationships between + n and —n

terms given by factors +1.
Finally, using
P,=Psin¥, P,=P cosV¥ , (A34)

we obtain the expansion for the P, observables of Eq.
(11).
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