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We have studied backward baryon and meson production in 7 p— pwr*mw 7~ at 8.0 GeV/c using a streamer
chamber triggered by the detection of a fast forward proton. Our data sample (1227 events) displays
prominent N*p and N*f quasi-two-body production. These states are investigated with regard to the
peripheral nature of the production mechanism and sequential decay of the excited baryon and meson systems.
The quasi-two-body production of N*p and N*f intermediate states is consistent with u-channel proton
exchange as the dominant production mechanism. In the 77 ~7~ mass distribution we observe a 3- to 4-
standard-deviation enhancement at M;, = 1897 = 17 MeV/c? with full width at half maximum = 110+ 82
MeV/c?, but find no evidence for backward 4, or 4, production. We observe A**(1232) production in the

pmt effective mass distribution.

I. INTRODUCTION

At present only a few experimental studies of
backward 7 p inelastic processes have been con-
ducted.! Cross sections for these backward pro-
cesses are small compared to corresponding for-
ward processes and, as a result, the acquisition
of data is often very difficult. In an effort to
understand the general features of the backward
reaction

Tp-~-prtaTn” (1)
we have performed an experiment using a Cheren-
kov-counter—-hodoscope spectrometer to select
events with a fast and forward proton (in the lab-
oratory system) and a streamer chamber to de-
tect the final -state particles.

The streamer-chamber trigger was designed to
select an event sample characterized by very
small momentum transfer u in the crossed channel
and to maximize the acceptance for events with
600< M (37)< 2400 MeV /c2. As a result, the kine-
matic acceptance for backward resonance pro -
duction involving two - and three -body baryon
states is necessarily limited.

This experiment was the first to use the Univer-
sity of Illinois ~ANL streamer-chamber facility?
at Argonne National Laboratory. A total of 250000
pictures were obtained. The film was scanned
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and events with four charged outgoing tracks were
measured. Processing of the film measurements
was accomplished using standard bubble -chamber
programs modified to accommodate problems
particular to streamer-chamber film. We report
here the results of our investigation of 1227 events
which gave a 4 -constraint fit to reaction (1).

We find prominent N*p and N *f quasi-two-body
production. These states are discussed with em-
phasis on the peripheral nature of the production
process and decay of the excited baryon and meson
systems. In the 37 mass distribution we observe
a 3- to 4 -standard -deviation enhancement near
1900 MeV /c2, but find no evidence for A, or A,
production.

II. DATA ACQUISITION

An elevation view of the streamer -chamber spec-
trometer system is shown in Fig. 1. An 8.0-GeV/c
1~ beam was focused on a liquid hydrogen target
located inside the sensitive volume of the streamer
chamber. The target consisted of a 3.8 -cm-diam -
eter by 30.5-cm -long liquid hydrogen flask en-
closed in a foam vacuum box. The target position
in the streamer chamber allowed 20 cm of enter -
ing beam track and about 80 cm of outgoing track
to be viewed. The streamer chamber sensitive
volume was 1.5 m X 1.0 m X 0.6 m. The chamber
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was housed inside a large magnet with a 14.5 kG
central field. The magnetic field was in the hor-
izontal direction and bent negative beam particles
down. Three cameras viewed the chamber in 18°
stereo from a distance of about 2.0 m. Located
downstream of the target and outside the region
of the magnetic field was a 44.5-cm -diameter
threshold Cherenkov counter filled with Freon

13 which was used to reject fast forward pions.

The streamer -chamber trigger required the in-
teraction of a beam particle in the liquid hydrogen
coupled with the detection of a fast forward proton
candidate. A beam interaction in the hydrogen
was defined by signals from a series of counters
including B, upstream of the streamer-chamber
magnet and no signal from counters B, or B,.
Counter B, was a rectangular counter with a 3.2-
cm -diameter circular hole. It was positioned im -
mediately upstream of the target vacuum box so
that beam particles which passed through the hole
would traverse the liquid hydrogen flask. Counter
B; was centered on the deflected beam downstream
of the streamer -chamber magnet.

Four counter hodoscopes were used to detect
charged particles in the region of the Cherenkov
counter. Two hodoscopes, H: and H", each con-
sisted of five horizontal scintillation elements,
thus providing direction information in the vertical
plane. The remaining hodoscopes, H; and Hj,
were each composed of three vertical elements.
Signals from these hodoscopes were processed
by a logic matrix and used with the Cherenkov
counter in anticoincidence to define the fast for-
ward proton part of the trigger.

Charged particles with low momenta which pass
through the Cherenkov -counter ~hodoscope system
are characterized by the large angle the particle
trajectories make with the Cherenkov -counter
axis. The H,-H, logic matrix was designed to
make use of this information and eliminate from
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FIG. 1. Elevation view of streamer-chamber spectro-
meter system. Bj, B,, and B; denote scintillation coun-
ters. H}, HY, H}, and H} are scintillation hodoscopes
at each end of the proton-trigger Cherenkov counter.

the trigger particles with momenta less than
3.0 GeV/c.

The Cherenkov counter was used as a veto in
the trigger logic. Its pressure was maintained to
give momentum thresholds for 7’s, K’s, and p’s of
1.25, 4.41, and 8.38 GeV/c, respectively.

The relationship between several useful kine -
matic parameters describing reaction (1) is shown
in Fig. 2. The superscripts L and * indicate
quantities in the laboratory and center -of -mass
systems, respectively, and 6, is the scattering
angle of the proton with respect to the beam di-
rection. Plotted in this figure are contours of
constant M, and 6} as a function of the proton
laboratory mementum and laboratory scattering
angle. The acceptance of the trigger proton by
the Cherenkov -counter ~hodoscope system limits
the range of these variables that can be studied.

The geometrical acceptance of the trigger pro-
ton is governed by the solid angle subtended by
the Cherenkov -counter ~hodoscope system (~4.0
msr in lab) and also by the magnetic field sur-
rounding the streamer chamber. For fixed pro-
duction angles and vertex postion, a set of pro-
tons with varying momenta will have trajectories
in the region of the Cherenkov -counter ~hodoscope
system which have been separated due to the pres-
ence of the magnetic field. The Cherenkov-count -
er-hodoscope system was positioned so that a
proton produced 7.5 cm downstream of the center
of the hydrogen flask with a recoil 37 mass of
1.3 GeV/c? and 65 =0° would pass through the cen-
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FIG. 2. Kinematic relationship between variables used
to describe the backward reaction 7~p —p (3r). Con-
tours of constant mass of the recoil 31 system and con-
stant center-of-mass scattering angle of the outgoing
proton are plotted for an incident beam momentum of
8.0 GeV/c.
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tral axis of the Cherenkov counter.

Figure 3 shows the calculated geometrical ac-
ceptance of the trigger proton as a function of M,,
and 65 for the Cherenkov -counter position chosen
for the data run. A constant beam direction and
vertex position in the target have been assumed
and each entry in the plot corresponds to ten times
the calculated efficiency. This plot indicates that
the efficiency for detecting the trigger proton is
1.0 for 600< M, < 2400 MeV /c? and 6} =~ (°. For
small values of M,, (large proton momentum) the
efficiency varies slowly between 65 =0° and 6% ~ 2°
(cos@~0.98). The efficiency falls rapidly to zero
for larger angles. At the other extreme, for
larger values of M,, (smaller proton momentum)
the detection efficiency is zero for small ¢} and
small, but nonzero, at larger angles.

The detection efficiency of the trigger proton is
also a function of the beam direction and vertex
position in the target. These parameters were
taken into account in the Monte Carlo prescription
used to make geometric efficiency corrections
(see Appendix A).
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FIG. 3. Calculated geometrical acceptance of the trig-
ger proton as a function of the recoil 3r mass and pro-
ton laboratory scattering angle. Each entry in the plot
corresponds to ten times the calculated detection effi-
ciency.

The target -full and target -empty trigger rates
observed in the data run were 10.0 and 2.7/10° n’s
incident on the liquid hydrogen target, respective-
ly. The average beam flux on the hydrogen target
was maintained near 2.0x10* 7’s/ZGS spill. The
flux was limited by a 3-usec streamer chamber
memory time and a 600-msec ZGS spill coupled
with the desire to minimize the number of extra
beam tracks observed in a given event picture.

An event rate of ~ 1.5 pictures/ZGS spill was ob-
tained. This rate reflects a 200-msec streamer-
chamber-system deadtime which was dominated
by the time necessary to recharge the high-voltage
system.

A total of 250000 fast forward proton triggers
were photographed which after deadtime correc-
tions represent nearly 2.5x 10° 7’s incident on
the 30.5-cm-long liquid hydrogen target. In ad-
dition, 12000 pictures triggered simply on inter -
acting beam particles were obtained. This inter -
acting beam data sample was used to check our
procedure for determining a cross-section basis
(see Appendix B).

III. DATA REDUCTION

The entire film sample was scanned twice. Much
of the scanning was accomplished using an ab-
breviated set of scan rules designed to select
charge balanced 4 -prong events. However, about
half of the film was scanned once using a detailed
set of scanning instructions.

91% of the film was found to be scannable. Un-
scannable frames were typically either blank or
too dim to be interpreted properly. About 80%
of the scannable frames appeared to have an inter-
action vertex within the boundary of the foam tar-
get box. Many of the remaining triggers were
due to beam particles which interacted down-
stream of the target (usually outside the sensitive
volume of the streamer chamber) in such a manner
that the Cherenkov -counter -hodoscope require -
ments were satisfied. Contamination was also
observed from beam particle interactions up-
stream of the hydrogen target. A summary of
scanning results is presented in Table I.

Nearly 51% of the scannable frames were ob-
served to be charge-balanced single-vertex inter-
actions. Those frames scanned as noncharge-
balanced events were attributed to secondary in-
teractions within the target and to tracks obscured
by the foam target box or flaring. Table II dis-
plays how the charge-balanced single-vertex in-
teractions were distributed between 2-, 4-, 6-,
and 8 -prong topologies. In particular, the 4-
prong topology accounted for more than 25% of
the scannable frames. The scanning efficiency



for finding 4 -prong events in either of the two
scans was 99.4%.

Nearly 34 000 4 -prong interactions representing
about two -thirds of the scanned 4 -prong events
were selected for measurement. Including re-
measurements, 27000 successfully measured
events were obtained. Measurements were per-
formed on DOLLY,? the University of Illinois
automatic measuring machine. Normally, one-
half of the outgoing tracks in a view were auto-
matically measured. The remaining tracks were
measured in an operator assisted mode. Tracks
with special problems, e.g. too light or with large
gaps, were digitized using a point measuring mode
of operation. A measuring rate of 100 views (33
events) per hour was obtained for 4 -prong events.

We used TVGP with a constant track setting
error of 350 u to perform the spatial reconstruc-
tion. TVGP was selected because it does not re-
quire knowledge of the primary vertex positior,
but reconstructs events on a track -by-track basis.

After spatial reconstruction, the University of
Illinois routine VERTEX was used to reconstruct
the primary vertex position. VERTEX extrapolates
the outgoing tracks into the hydrogentarget and de-
termines the best vertex position by minimizing
a x? formed from the distances from the tracks
to the proposed vertex weighted by appropriate
errors. Contributions are included in track pa-
rameter errors to account for uncertainties due
to Coulomb scattering in the target material and
for the uncertainty in the determination of the
vertex position. The distribution of the perpen-
dicular distance from each track to the recon-
structed vertex position for a sample of 4 -prong
events is shown in Fig. 4.

Kinematic fitting was performed using SQUAW.
Due to problems in accurately digitizing the in-
coming beam track, nominal values were used.
These nominal beam parameters and their errors
were determined from measurement and sub-

TABLE I. Summary of scanning results.

Category % of scannable frames
Target interaction with no 75.8
observable vees or kinks
Target interaction+1 vee 4.0
Target interaction+2 vees 0.1
Target interaction+1 vee and 0.1
an associated kink
Beam track 12.1
Interaction not in target 4.2
Target interaction without a trigger 2.7
candidate
Other 1.1
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TABLE II. Fraction of scannable frames with charge
balanced, even-prong topologies.

Topology % of scannable frames
2-prong 14.0
4-prong 25.7
6-prong 9.9
8-prong 1.3

sequent spatial reconstruction of noninteracting
beam tracks, investigation of test quantities cal -
culated by SQUAW for 4C (4 -constraint) fitted
events, and the known dispersion of the beam. The
values used were p="7.88+0.24 GeV/c, ¢=-24+10
mrad, and A =1.5+ 4.0 mrad, where ¢ and A are
angles in the vertical and horizontal planes re-
spectively and the values quoted are for the beam
at the upstream end of the hydrogen flask.

Cuts imposed on the event sample which gave a
4 —constraint fit to reaction (1) included trigger
proton momentum greater than 3.0 GeV/c, vertex
reconstructed in the hydrogen flask, and a vertex
x? cut to eliminate events where a secondary
track scattered or decayed. The kinematic x? dis-
tribution for the resulting data sample is shown in
Fig. 5. The smooth curve represents the expected
distribution for four degrees of freedom plus a
constant background. The data sample selected
for analysis consisted of 1227 events with kinema -
tic x2 less than 20.

We obtain fitted 27 and 37 effective mass errors
in the p and A regions of +9 and +11 MeV/c> HWHM
(half width at half maximum), respectively. To
quantitatively check these error evaluations, we
studied a sample of events which contain a visable

1000
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Number/.5mm bin
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FIG. 4. Distribution of the distance of closest approach
from all outgoing tracks to the reconstructed vertex pos-
ition for a sample of 4-prong events.
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vee. The events were measured and processed
through SQUAW, where those events which gave
a 1C fit to the hypothesis K°~ "7~ were selected.
The measured errors for these K° events gave a
mass resolution of + 7 MeV/c? HWHM in reason-
able agreement with the observed 7'~ effective
mass distribution.

We convert numbers of events to cross sections
using

0=0,N,

where N is the number of observed events cor-
rected for losses due to the event acceptance of
the streamer chamber spectrometer system and

0, =0.88+0.11 nb/event. 0, includes corrections
for scanning and measuring efficiencies, attenu-
ation of the beam and secondary interactions with-
in the target as well as factors to account for
background contained in and good events eliminated
from the selected event sample (see Appendix B).

IV. DATA ANALYSIS
A. General features

The most prominent features of the data can be seen
inthe triangle plot and mass projections shown in
Fig. 6. The triangle plot consists of pr; and the
corresponding recoil 7" 7, effective masses.
There are two entries per event. The 7*7~
mass projection shows both p and f enhance-
ments. A clear A(1232) signal is displayed in
the pr~ mass projection as well as a broad en-
hancement between 1450 and 1750 MeV /c2. This

100

80

60

aof

Events/.5 bin

20

FIG. 5. Kinematic x? distribution from 4-constraint
fits. The curve represents the expected distribution
plus a constant background.

broad enhancement appears from the triangle

plot to be composed of resonances near 1520 and
1670 MeV /c2. We associate events near 1520

MeV /c? with the I=3, N(1520) as there are no es-
tablished I=3 resonances near this mass. The 1670
enhancement could be due to either I=3 [N(1670),
N(1688)] or I=% [A(1670)] production. If the pro-
duction is predominantly one -nucleon exchange,
then the most reasonable composition of the en-
hancement based on comparison with low-energy
7N scattering data is I=3 with J=3. We will refer
to this enhancement as N(1670).

There are suggestions of N*, p, and f bands on
the triangle plot corresponding to the quasi-three-
body production of N*r*n~, pr~p, and pr~f. How-
ever, a more prominent feature of the data, which
we associate with quasi-two -body production, is
the high concentration of events in regions where
both N* and p or f occur. Our analysis of these
quasi-two -body N*p and N*f states will be pre-
sented in a later section.

In Fig. 7 we show the scatter plot of M;, and
cosf*, where 6* is the center-of -mass scattering
angle of the 37 system with respect to the incoming
beam direction. This scatter plot looks much as
one would expect from studies of the trigger pro-
ton acceptance (see Fig. 3). A large fraction of
the events is observed for cosf*< —0.98 and M;,
< 2.4 GeV /c2.

Resonance production in the A region is not evi-
dent from the 31 mass projection of Fig. 7. How-
ever, we do observe an enhancement near 1900
MeV /c2. Our analysis of the 3r final state has
been reported in a previous communication.? In
a later section, we will present more details of
this analysis.
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K] 1.7 23 29 35
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FIG. 6. Triangle plot of pr; and the corresponding re-
coil #*m; effective masses (two entries per event).
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The effective mass of the pr* system (see Fig.
8) shows some evidence for A**(1232) production.
The shaded distribution in Fig. 8 results from
requiring u’ =um.—u to be less than 0.5 (GeV/c)?%.
Here, u is the 4 -momentum transfer from the
incident beam to the outgoing pr* system. Clearly,
any A**(1232) present in our data sample remains
after making this #‘ cut.

Among the possible production mechanisms
which could lead to A**(1232) in our data sample
are exotic (/= 3) u-channel exchange coupling to
the A** at the beam vertex and I =2 »-channel ex-
change producing pn* 7~ resonances which decay
through the A**7- channel. Unfortunately, we are
unable to draw conclusions from u distributions
due to our limited acceptance for both the pr* and
prtn” states.

pr*n~ effective mass distributions are shown in
Fig. 9(a) for all events (two entries per event) and
in Fig. 9(b) for events with cosd*(p,pr*n~)< -0.9.
If both pr* 1~ combinations satisfied this cosf*
cut, then only the combination with the smaller
cosf* was included in Fig. 9(b). The shaded dis-
tribution results from requiring the pr* effective
mass to be in the 1232 region (1100-1360 MeV /c2).
Although an enhancement in these distributions is
not apparent, most of the A**7~ combinations
shown in Fig. 9(b) have pr*7~ mass below 2.0
GeV/c?. We have examined the pr*n~ effective
mass as a function of cosé* for A**7~ combina -
tions not shown in Fig. 9(b). No evidence of a
A** 1~ enhancement was found.

For completeness, we show the pr~r~ effective
mass distribution in Fig. 10 for all events and
for events with cosg*(p, pr-n1-)< -0.9. I=% as
well as I =3 u-channel exchange would be allowed
for pr "~ resonance production.

B. N*p and N*f intermediate states

The triangle plot of the p7~ and 7* 7~ systems
(see Fig. 6) exhibits clear evidence for quasi-
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FIG. 7. Scatter plot of the 37 effective mass vs cos 6*
for all 1227 events in our data sample.
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FIG. 8. pr* effective mass distribution. The shaded
projection results from requiring «’ =u y,, =% to be less
than 0.5 (GeV/c)

two -body baryon meson production. In this section

we discuss these quasi-two-body processes with

particular emphasis on the peripheralism of the

production mechanism and the sequential decay

of the intermediate baryon and meson systems.
The pr~ mass projection is shown in Fig. 11(a)

for those events with recoil 7*7~ mass in the p

120
80

40

(b)

Events /50 MeV bin

1.5 20 25 30 35
M(pmt ) (GeV/c?)

2z

FIG. 9. prtr~ effective mass distributions: (a) all
events (two entries per event) and () events with
cos 8*(p,pn*17) <=0.9 (more backward combination
plotted). Shaded events result from requiring the pr*
effective mass to be in the A**(1232) region (1100-1360
MeV/c2).
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region (670-870 MeV /c 2). A rather small signal
is observed for A(1232) production compared to
the enhancements at 1520 and 1670 MeV /c2. A
similar observation can be made from Fig. 11(b),
where the recoil 7*7~ mass was chosen to be in
the f region (1120-1420 MeV /c2). However, in
this case the enhancement near 1520 MeV /c? ap-
pears more pronounced that that near 1670 MeV/
c?.

In Fig. 12 we show 7" 7~ effective mass distrib -
utions for events with recoil p 7~ mass in the 1232
(1150-1350 MeV /c?), 1520 (1425-1600 MeV /c?),
and 1670 (1600-1775 MeV /c?) regions. These dis-
tributions exhibit small p and f signals for recoil
opposite the A(1232), appreciable p and f production
opposite the N(1520), and a much stronger p than
f signal for recoil opposite the 1670 baryon. Each
of these distributions also exhibits a hint of an
enhancement near 1.0 GeV/c2. This region cor-
responds to the 7 =0,5%(993), but the statistical
significance of these enhancements limits further
consideration.

Due to the limited acceptance of our apparatus,
we have had to use Monte Carlo techniques to gain
insight into the nature of the production mecha-
nisms for these quasi-two-body processes. Monte
Carlo events were generated in accordance with
a chosen model. An efficiency routine was em -
ployed to determine which of the generated events
would have been detected in our apparatus. We
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FIG. 10. pr~r~ effective mass distribution for all
events and for events with cos6*(p, pr~17)< —0.9 (shad-
ed).

1232 1520 1670

(a)

20 -

301 (b)

Events/ 30 MeV bin

20

| 1 n |
LI 1.7 2.3 29 3.5
M(p7m~) (Gev/cd)
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were then able to make comparisons between dis-
tributions obtained from a detected Monte Carlo
event sample and the observed data sample.

Figure 13 shows u’ distributions for events from
the data with 7*7~ mass in the p or f region and
recoil pr~ mass in the 1232, 1520, or 1670 region.
This figure also shows baryon decay angular dis-
tributions for these six states. The angles of the
decay proton have been specified in the Gottfried -
Jackson frame with the z axis in the direction of
the incident pion and the y axis in the direction
of the normal to the production plane.

u’ and baryon decay angular distributions ob-
tained from several Monte Carlo event samples
are also shown in Fig.13. Eachofthe Monte Carlo
event samples was generated flat inu’ and isotropic
in ¢°. In addition, events were generated at sever -
al vertex positions within the target and with varying
baryon mass withinthe limits of the mass regionbe -
ing considered. The p and f masses were fixed at
770 MeV /c? and 1270 MeV /c?, respectively. Two
or three event samples were generated for each
of the six quasi-two-body states. These Monte
Carlo event samples differed from each other
only in the form chosen for the decay of the N *.
The detected Monte Carlo distributions have been
normalized to the total number of observed events
in each case.

Monte Carlo event samples for states involving
the A(1232) and N(1520) were generated according
to the relation describing the decay of a spin-3
baryon into the pr final state,

Wy, 2(87) =3p,,(1 + 3 cos?6P) +3pg,sin?e?

where p,, +p5;=3 and the notation Pam,2m’ has been
used for the baryon-spin-density-matrix elements.
Monte Carlo event samples for states involving
the 1670 baryon were generated according to the
corresponding relation appropriate for a spirx-’;S
state,

W, ,2(6%) = £p,, (5 cos?6” ~2cos?s” +1)
+3p,,8in?6° (1 + 15 cos?6P)
+ gpsssin‘OD s

where py, +Pgg +Ps5 =3

The best agreement between the observed baryon
decay angular distributions and the detected Monte
Carlo decay angular distributions occurs for the
case where events were generated with only p,,
nonzero. This is true for all six of the quasi-
two-body states shown in Fig. 13. However, the
possibility of diagonal matrix elements other than
p,, being nonzero cannot be ruled out. In fact, all
of the observed N* decay angular distributions
would be consistent with isotropic decay [py; =pss
= for A(1232) and N(1520); p,, =ps;=pss =} for

N(1670)].5

For detected Monte Carlo event samples in-
volving the A(1232) and N(1520), the shape of the
u’ distribution does not change significantly with
the decay of the baryon. For N(1670)p and N(1670)
f states, the correlation between %’ and cos6”
distributions is larger.

We show the detection efficiency in Fig. 14 for
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FIG. 13. %’ and baryon decay angular distributions for
the six quasi-two-body N *0 and N ¥ intermediate states.
The angles of the decay proton are specified in the Gott-
fried-Jackson frame taking the direction of the incident
beam as the z axis. The smooth curves represent de-
tected Monte Carlo event samples all of which were
generated flat inz’ and isotropic in ¢P.
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each of the Monte Carlo event samples generated.
The over -all normalization clearly depends upon
the decay distribution of the excited baryon.
Moreover, if the spin-density-matrix elements
vary appreciably with #’, then corrections for

our detection inefficiency should reflect this vari-
ation. Nevertheless, we have made corrections
using the detection efficiencies shown in Fig. 14
for each of the six observed «’ distributions.
Figure 15 shows the resulting corrected «’ dis-
tributions for the case where only p,, was assumed
nonzero. Here, the errors reflect only the sta-
tistical uncertainties from the observed events.
The solid lines represent fits to the form dN /du’
=Ae™BY', Listed in Table III are values and errors
obtained for the slope parameter B, the total
number of corrected events N,, and the correspon-
ding cross section for each of our parametriza-

—p =12
——— =172
28 L oeeeee Pes =172

|

A(1232) f
20n

1611

N(1520) f

Detection Efficiency (%)

o] N(1670)p N(1670)f
8 -
at ——\

b —— -

1 -]

0 04 08 O 04 08
u’ [(GeV/c)z]

FIG. 14. Detection efficiency as a function of %’ for
each of our Monte Carlo event samples.

tions of the N* decay. N; was obtained by simply
summing the corrected numbers of events for u’
<0.8 (GeV/c)?, and the cross-section errors in-
clude our over-all normalization uncertainty as
well as the statistical uncertainties.® We see
evidence for backward peaking for N(1520)p and
N(1670)p states.

In Fig. 16 we display p and f decay angular dis-
tributions for recoil p7~ mass in the 1232, 1520,
and 1670 regions. The angles of the decay 7* have
been calculated in the Gottfried -Jackson frame
with the z axis in the direction of the target pro-
ton. Decay angular distributions obtained from
detected Monte Carlo event samples are also
shown in these figures. Each of the event samples
was generated flat in 4’ and with isotropic decay
in the meson rest frame. In general, the detected
distributions are nearly isotropic, indicating that
acceptance corrections for observed distributions
are relatively constant.

We obtain values for the spin-density-matrix
elements of the p meson by fitting decay distrib -
utions using the relations

W,(cos6?) =3[ (1 =pgo) +3(pgo — 1)cos26”],

1
LA o7 [1+2p,-, -4p,-,c08%¢"],

A(1232) f
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FIG. 15. Corrected #’ distributions for the six N *p
and N *f quasi-two-body states. Observed numbers of
events were corrected using detection efficiencies re-
sulting from only p,; being nonzero in our parametriza-
tion of the N * decay.
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TABLE III. Values obtained from quasi-two-body events for the slope parameter B
’
[AN/du’ < e=B4' u’ <0.8 (GeV/c)?], the total number of corrected events N;> and the correspond-
ing cross section for each of our parametrizations of the N* decay.

Nonzero N* decay

State matrix element B [(GeV/c)™%] N, 0 (ub)
A(1232)p Py 0.2+1.1 1120+ 461 0.99+0.43
P33 0.7¢1.1 918+ 301 0.81+0.28
N(1520)p Py 3.0+0.9 972+147 0.86=0.17
P33 3.3£0.9 2106+ 322 1.85+0.36
N(1670)p P11 3.3x0.9 1208+ 162 1.06+0.19
P33 4.0+1.0 2694 + 344 2.37+0.42
Pss 9.3+1.4 12186+1624  10.72+1.94
AQ1232)f Py 1.6+1.2 631227 0.56+0.21
P33 2,0+1.1 719+233 0.63=0.22
N(1520)f P11 1.0£0.5 1567183 1.38+0.23
P 1.2£0.6 3813+ 445 3.360.57
N(1670)f Py 1.7+ 0.8 979+141 0.86+0.16
Pas 2.3+0.8 2142 301 1.88+0.35
Pss 3.9+0,9 7682+1133 6.76+1.30

and by calculating the moment — V2 (sin26°cos¢”)
to give Rep,,. We have corrected for variations

in acceptance with cos#® and ¢f using weights
obtained from the detected and isotropically gen-
erated Monte Carlo event samples. QOur errors
reflect only the statistical errors for the observed
events. The resulting values for the spin-density
matrix elements of the p are listed in Table IV.

The density-matrix elements we obtain for the p
are consistent with the hypothesis that p,, =p,,
=0, _ lz% with all other matrix elements being
zero. In addition, N* decay distributions discus-
sed previously are consistent with p,, =p_,_, =3
with other diagonal matrix elements equal to zero.
Both 7 =% and I =3 u-channel exchange is allowed
for backward N*p production. However, our ma-
trix elements are consistent with the simpler
hypothesis of unpolarized proton exchange being
the dominant production mechanism.

The cosé® distribution for the N(1520)f state
shown in Fig. 16 is considerably asymmetric. In-
vestigation of the events near cos6® =1 reveals
that many of them have a pn~n~ effective mass
near 2150 MeV /c?. If a pr~n~ resonance were
produced with cosé*(p, pr m7)~ —1 and these events
were to overlap with N(1520)f events, then the
prn "~ state should reflect into the f decay distrib-
ution near cos6® =1. Decay distributions for
N(1520)f events which do not have their pr™n~ ef-
fective mass between 1.95 and 2.35 GeV /c? are
also shown in Fig. 16 (dotted distributions). This
cut tends to make the cos6® distribution symmetric
and removes the excess of events near ¢° =0.

We parametrize the corrected decay angular dis-

tributions for the f using
W,(cos6”) = 12[3py,(cos®6” ~3)?
+4p,,sin%6” cos?4” +p,,sin?6”]

and

1
W,(¢®) = 5[1 -2(p,-, +(3)'/2 Rep,,)cos2¢”
+2p,_,cos4¢”].

The distributions with the previously described
prn~m” mass cut were used for the N(1520)f events.
Errors used in the fits again reflect only the sta-
tistical errors for the observed events. The re-
sulting values for the spin-density-matrix elements
are listed in Table V.

The negative p,, value obtained from A(1232)f
events indicates that a pure spin-2 decay dis-
tribution does not adequately describe the data.
This is not very surprising considering the amount
of background which is probably present in the
selected A(1232)f events. The N(1670)f event
sample would also be expected to contain a large
fraction of background.

Only I=3% u-channel exchange is allowed for

TABLE 1IV. p=spin-density-matrix elements obtained
from quasi-two-body N*p events.

State Pag P1 P11 Repyp

A(1232)p 0.30+£0.08 0.35+0.07 —0.32£0.15 —0.03%0.10
N(1520)p 0.23+0.07 0.39+0.06 —0.07+0.18 0.24=0.09
N(1670)p 0.27+0.07 0.36+0.06 —0.14+0.17 0.10+0.12
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TABLE V. f-spin-density-matrix elements obtained from quasi-two-body N* events.

State Poo Pyy P2y Piagt (%)l/zRepzo P2
A(1232)f 1.13£0.36 0.69%+0.10 -0.75%0.25 -0.02%+0.10 -0.07+0.09
N(1520)f 0.23£0.23 0.24%0.07 0.14+0.16 -0.02+0.10 —-0.07+0.09
N(1670)f 0.77+0.31 0.55+0.09 -0.43%+0.22 0.05%0.10 -0.07+x0.11

backward N*f production. If proton exchange is
the dominant production mechanism, then all of
the f-spin -density-matrix elements with m or m’
equal to 2 will be zero. For the N*, proton ex-
change would also predict p,, =p.,-, =3 With other
diagonal matrix elements zero. While these data
are not conclusive, we feel that they are consis-
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FIG. 16. p and f decay angular distributions for N *p
and N*f quasi-two-body states. The angles of the decay
wm* are specified in the Gottfried-Jackson frame taking
the direction of the target proton as the z axis. The
curves result from detected Monte Carlo event samples
which were generated isotropic in cos(0?) and ¢°.

tent with proton exchange being the dominant pro-
duction mechanism.

We note that the 77~ mass distribution for all
events (see Fig. 6) appears to have an excess of
events on the low-mass side of the p. From our
Monte Carlo analysis, we have found that this
effect is due to nonresonating 7* 7~ combinations
associated with N*p quasi-two-body events.

C. The three-pion final state

The detection efficiency decreases smoothly and
slowly with cos§*(rm,, 37) out to about —0.98 and
is almost independent of M, for mass values less
than 2.2GeV /c?. For events with M, < 2.2 GeV /c?
and cos6*> —0.98 the efficiency rapidly becomes
small as the acceptance falls to zero. Nearly all
of the events with large weights can be eliminated
by requiring cosg*< -0.98.

Figure 17(a) shows the effective massofthen*r 1"
system weighted and unweighted for those events
with cosf*< -0.98.7 The general features of this
distribution do not appear to be altered by correct -
ing for the acceptance. The average weight, w,
for events in each 37 mass bin is shown in Fig.
17(b). @ is essentially independent of M,, for mass
values less than 2.2 GeV /c? and has a mean value
of 3.07 over this mass region.

The most prominent feature in the 3m mass dis-
tribution is the enhancement near 1900 MeV /c2.
The solid curve shown in Fig. 18(a) is the result
of a fit to a background® plus a Breit-Wigner mod -
ified by the background. The dotted line repre-
sents the background contribution in the 1900 re-
gion. This fit gives a 4 -standard -deviation effect
at Mg, =1897+ 17 MeV /c? with a FWHM of 110+ 82
MeV/c2. Our fitted 37 mass resolution in the 1900
region is + 15 MeV/c2. The number of observed
events above background in the 37 mass interval
from 1.8 to 2.0 GeV/c? is 53+ 12. After correc-
tions for acceptance, these events correspond to
a cross section of 0.14+0.04 pb.

The unshaded distributions shown in Figs. 18(b)
and 18(c) contain events which had either n*r-
combination in the p region (670-870 MeV /c?) or
f region (1120-1420 MeV /c?), respectively. The
solid curves are the result of a fit to a simple
background parametrization.® These distributions
show no evidence for significant pr or f7 decay
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modes of the enhancement observed near 1900
MeV /c2.

The shaded distributions in Figs. 18(b) and 18(c)
show pm and fm mass distributions for those p or
f combinations whose recoil pr~ mass was in the
N* region (1425 -1725 MeV /c?). These distrib-
utions indicate that the enhancement observed near
1900 MeV /c? is not due to a reflection in the 37
mass distribution of N*p or N*f events.

In an effort to better understand the background
in the 1900 region, we show the 37 mass distrib-
ution for all quasi-two-body events in Fig. 19(a).
Here, quasi-two-body events are defined as those
with a 7° 7~ combination in the p or f region and
with recoil p7~ mass in the 1232, 1520, or 1670
region. Figure 19(b) displays the 37 mass dis-
tribution for those events which do not satisfy
this quasi-two-body requirement.

We have obtained data over a very small interval
in 4 -momentum transfer as exhibited in Fig. 20.
This figure displays %’ =um.x—u distributions for
six 200 MeV /c2-wide 37 mass intervals from the
data sample with cos6*< ~0.98. The shaded and
unshaded distributions correspond to uncorrected
and corrected numbers of events, respectively.

cos §%< -0.98
799 events
120+
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FIG. 17. (a) m*n~r" effective mass for events with
cosf*(my, mtr~r7) <~ 0.98. The shaded histogram shows
the observed distribution. The unshaded histogram has
been weighted on an event-by-event basis to correct for
our event acceptance. (b) The average weight for each
50-MeV/c? mass interval.

For each of these distributions, the last «’ bin
containing events has been depleted due to the
cosf* cut. The error bars reflect only the sta-
tistical uncertainties from the observed events
and thus should be regarded as lower limits since
contributions to the error associated with weight -
ing have not been included. We have fitted the »’
distributions for events in the 1900 region using
dN, /du'xe~B"" and obtain B=2.6+3.2 (GeV /c)™2.
We have investigated the Gottfried -Jackson decay
angular distributions using the direction of the
target proton as the z axis in the 37 rest frame.
Both cos6® and ¢ for all 31 mass intervals and

cosB*<—.98

30l (a)

Events /50 MeV bin

.0 1.5 2.0 2.5
M(rtr 7)) (GeV/cz)

FIG. 18. Unweighted m*r~r"~ effective mass distribu-
tions for events with cos6*< —0.98. (a) All 799 events:
The curve represents a background plus a Breit-Wigner
distribution (M;=1897+17 MeV/cz, FWHM=110+ 82
MeV/c?) modified by the background. (b) and (c) contain
events with either 7*7~ combination in the p region
(670-870 MeV/c?) or f region (1120-1420 MeV/c?), res-
pectively. Shaded events are those with recoil p7~ mass
in the N * region (1425~1725 MeV/c?). The curves re-
present fits to a background parametrization.
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in particular for the 1900-MeV /c2 region are con-
sistent with isotropy.

There is an indication in the pr mass distrib-
ution of an enhancement in the A, region. How-
ever, the pr mass distribution from N*p events
also exhibits a peak in this region. We have in-
vestigated this feature by generating Monte Carlo
N(1670)p events as described in the preceding
section using p,, =3 to parametrize the N(1670)
decay. Figure 21 shows detected Monte Carlo 3w
mass distributions for events which were gener -
ated flat and peripheral (do/du’ <e™3-5%’) in u'.
The peripheral events result in a pr effective
mass distribution which peaks in the A region,
unlike events generated with a flat #’ distribution.

Anderson et al.! have reported 100-MeV /c?-
wide enhancements at the A, and A, masses in a
16.0-GeV /c backward 7 ~p missing-mass experi-
ment. They also report less apparent effects at
8.0 GeV/c with total backward cross sections of
0.5%3:3 ub for both A, and A, enhancements.

In order to place upper limits on resonance
production in the A region, we have fitted the Iow-
mass part of our observed 37 mass distribution
to a smooth background parametrization plus 100 -
MeV /c?-wide Breit-Wigner distributions at 1100
MeV/c2(A,) and 1300 MeV /c? (A,) modified by
the background parametrization. This fit gives
27+ 16 events for the A, and —-13+ 15 events for

cos 6*<—.98
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FIG. 19. Unweighted 7*7~r~ effective mass distribu-
tions: (a) Events with either #*r~ combination in the p
or f region and with recoil p7~ in the 1232, 1520, or
1670 region. (b) Events not included in (a).
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FIG. 20. u’=umax—u distributions for six 200-MeV/c2-
wide 3T mass intervals. The shaded and unshaded dis-
tributions correspond to observed and corrected numbers
of events, respectively.
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FIG. 21. 37 mass distributions from detected N (1670)p
Monte Carlo event samples.
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the A, contribution to the 37 mass distribution.
These numbers correspond to 95% C.L. (confidence
level) cross-section upper limits of 0.159 ub and
0.081 ub for A, and A, production, respectively.
Our cross-section upper limits can be compared
to the results of Anderson et al. if we correct for
unobserved decay modes and use their assumption
that do/dux e~2* where B=3.16 (GeV/c) 2 as ob-
served for backward elastic scattering at 8.0
GeV/c.'® Using this prescription, we obtain oA“;'
<0.95 ub and o} < 0.70 ub which are both lower
than the 95% C.T.. upper limits of 1.5 ub obtained
from the results of Anderson et al. Removing
pN* events (which tend to peak in the A, region)
results in a lower upper limit for A, production
of 0,7 <0.50 ub.

V. SUMMARY AND COMMENTS

We observe quasi-two -body production of es-
tablished resonant states in N*p and N*f channels,
but not in the p(37) channel. The production of
N*p and N*f states can proceed by / =% u-channel
exchange while a resonance decaying to 3 pions
would require =3 exchange alone. From this
we infer that near cos6*=180° I=3 exchange is
suppressed relative to I=§ exchange.

We observe an enhancement with a statistical
significance of 3 to 4 standard deviations near
1900 MeV /c? in the 37 mass spectrum. The large
background under this enhancement is complicated
and it is difficult to establish the nature of the
effect. The effect corresponds to a cross section
of ~0.14 pb [u’'< 0.1 (GeV/c)?], which is at least
a factor of 2 smaller than the cross sections for
N*p or N*f production in an equivalent momentum
transfer interval. We do not observe strong cou-
pling to pm or fr. This would suggest that ex-
periments studying forward 7"p — (37)p, which
could proceed by p or f {-channel exchange, might
not observe this enhancement.

Our analysis of quasi-two -body N*p and N *f
channels is model -dependent. However, we are
able to make some observations which are rel -
atively insensitive to the assumptions of these
models. The spin-density-matrix elements for the
p and f mesons are consistent with # -channel
proton exchange as the dominant production mech-
anism. We reach the same conclusion studying the
decay of the N*, but this conclusion is more de-
pendent upon the details of our model. The dif -
ferential cross sections for these quasi-two -body
processes do not indicate structure (i.e., dips)
similar to that observed in the backward charge
exchange reaction 1"p-nn°.!! We do see, however,
that the differential cross sections for N*p states
appear to have larger slopes than for N*f states.

We find some evidence for A**(1232) in our data
sample. Production of this resonance would be
of special interest if it were due to exotic (I =%

u -channel exchange. However, we are unable to
make a definitive statement with regard to this
production process, nor are we able to eliminate
the possibility that pn*7~ resonances are produced
which decay to A**7~.

Finally, we mention the difficult problem of
trying to interpret mass plots when competing
channels are present. We have found that N*p
quasi-two -body events accumulate in the 37
mass distribution near 1100 MeV/c2. From this
we see that any conclusions drawn from the 37
mass spectrum require an understanding of
the background which in turn requires a complete
kinematic analysis of the final -state particles.
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APPENDIX A: GEOMETRIC EFFICIENCY CORRECTIONS

Events which were not detected because of their
geometric orientation with respect to the detection
system were corrected for by weighting the ob-
served events on an event -by -event basis.

In order to assign a weight to an observed event,
a geometric detection efficiency for the event
was calculated. Several Monte Carlo events were
generated which differed from the observed event
only in their orientation with respect to the de-
tection apparatus. Monte Carlo variables de -
scribed the azimuthal orientation of the event
about the beam direction, the vertex position in
the hydrogen flask, and the orientation of the beam
direction at the vertex position.

By methods to be discussed in the following par-
agraphs, we assigned to each outgoing particle of
a Monte Carlo event a probability for being de -
tected in our apparatus. The probability for de-
tecting each Monte Carlo event was obtained from
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the product of the probabilities assigned for the
detection of the outgoing tracks. For each ob-
served event, the geometric detection efficiency
was calculated by summing the probabilities ob-
tained for the physically equivalent Monte Carlo
events and dividing by the total number of Monte
Carlo events generated.

The outgoing proton for each Monte Carlo event
was extrapolated from the generated vertex po-
sition to the region of the Cherenkov counter -
hodoscope system. The probability that the pro-
ton would have been detected was taken as 1.0
or 0.0 depending upon whether or not the proton
trajectory satisfied the hodoscope logic require -
ments.

Two factors determined the probability assigned
to the other outgoing Monte Carlo particles: (1)
the probability that the track would not be lost
because of the target vacuum box and (2) the prob-
ability that the track would not produce a flare.

A track which could be hidden by the target
vacuum box was extrapolated to its intersection
with the back plate of the streamer chamber. The
probability that the track would not be lost was
taken as 1.0 or 0.0 depending upon whether or not
its intersection point was outside a rectangular
region called the target shadow. The boundaries
of the target shadow region were determined by
requiring a minimum observable track length in
all three views of 10 cm.

To study the effect of flaring, we chose from our
observed events two samples of tracks which did
not produce a proton trigger. One sample con-
sisted of tracks within + 10° of the horizontal (xz)
plane, the other of tracks within + 10° of the ver -
tical (xy) plane (see Fig. 22). In each of these
samples, we define ¢ as the angle between the
track and beam direction. Azimuthal symmetry
about the beam implies that the ¢ distributions
of these two track samples should be the same.
Figure 23 shows the ratio of the number of tracks
near the horizontal plane (N,) to the number of
tracks near the vertical plane (N,).

For ¢ greater than 70°, essentially all particles
in the horizontal plane produce a flare and are not
observed. For ¢ smaller than 45°, even though

vertical

beam direction
X

electric field

z

FIG. 22. Coordinate system used to study the effect
of flaring.
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flaring does not occur, N, <N, because the trigger
proton has a tendency to be in the vertical plane
and momentum conservation increases the prob-
ability of finding nontrigger particles in the same
plane. We assume that the mechansim of flaring
depends only upon the angle between the particle
and electric field direction. The probability that
a particle would not produce a flare was obtained
using the solid line in Fig. 23 with 90°- ¢ as the
angle between the particle and the direction of the
electric field.

APPENDIX B: CROSS-SECTION NORMALIZATION
Cross-section determinations were made using
0=0,N,

where N is the number of observed events cor -
rected for losses due to the acceptance of the
streamer-chamber spectrometer system and o, is
the cross-section normalization. o0, was deter -
mined from

o _N(s:wl""z
> N, ’

where

N§ =the number of scanned 4 -prong events cor -
rected for scanning accuracy and losses,

N, =the number of measured 4 -prong events,

€ =the fraction of the data sample which was
scannable,

w, =a correction factor to account for the scat-
tering of secondaries within the target,

w, =a correction factor to account for events
lost or gained in making cuts to select the 4C data
sample,

(o) 1 1 1 ® o |
I0 30 50 70 90

¢ (degrees)
FIG. 23. Distribution of the ratio of the number of ob-

served tracks in the horizontal and vertical planes. The
electric field direction is in the horizontal plane at ¢

=90°.
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TABLE VI. Summary of factors used to obtain our cross-section normalization.

Quantity

Value

p (g/cm?)

lo (cm)

a

a

€

w; ?

Wy

N§ for subsample

N, for subsample

F_Byg for subsample

N, for subsample

op for subsample (nb/event)
number of 4C events from subsample

number of 4C events from entire data

sample
oy for entire data sample (nb/event)

0.071+(1.0%)
30.0+ (1.0%)
0.947% (0.4%)
0.940= (1.0%)
0.901 (3.0%)
1.087 (1.3%)
0.92 =(9.8%)
17720 *(3.0%)
9663
9625
75741
2.465% (10.9%)
438+ (4.8%)
1227 + (2.9%)

0.880=(12.3%)

2 This number includes a correction of (1.0 +0.5)% for knock-on electrons produced in the

entrance window of the Cherenkov counter.

and n is the nb equivalent. The nb equivalent was
determined from the total path length L using

n(events/nb) = 4o pLx107%
my

where A,=Avogadro’s number, my =the atomic
weight of hydrogen, and p =the hydrogen density
(g/cm?®). The total path length of beam particles
in the liquid hydrogen flask was obtained using

L=1, Faa/tNtaxaz ’
where

l, =the average length of liquid hydrogen tra-
versed by noninteracting beam particles,

Fpyn =the average beam flux recorded at coun-
ter B3 per streamer chamber trigger,

N, =the number of triggers in the data sample,

a, =the beam attenuation between counter B3
and the downstream end of the hydrogen flask, and

a,=a correction factor to account for p con-
tamination in the beam.

The cross -section normalization was carefully
determined for a subsample which amounted to
slightly more than one -third of the total data sam-
ple. The corresponding cross-section normaliza -
tion for the entire data sample was then obtained
by scaling in proportion to the numbers of uncor -
rected 4 -constraint events observed in the two
samples. The cross-section normalization ob-

tained for the entire data sample was 0.880+0.108
nb/event. The factors which went into the de-
termination of the cross-section normalization
are listed in Table VI.

The cross -section normalization is composed
of several factors which were obtained either
indirectly from information recorded during the
data run or inferred from physics principles. In
order to check these methods, 2- and 4 -prong
topological cross sections were determined from
a 12000 -picture exposure triggered simply on
interacting beam particles. The 2- and 4-prong
topological cross sections obtained were 13.6
+1.4 mb and 10.1+ 0.7 mb, respectively. These
values are in good agreement with previously re -
ported'? values of 13.05+0.05 mb for the 2-prong
and 9.96+ 0.07 mb for the 4 -prong cross sections.

Our calculation of topological cross sections
from these data differs in some respects from
cross-section calculations using the trigger pro-
ton data sample. For the interacting beam par-
ticle data additional correction factors are neces-
sary to account for interactions which did not pro-
duce a trigger because one of the secondaries
struck counter B, (the beam veto) and to account
for events where a slow proton did not have suf -
ficient energy to escape from the target. In ad-
dition, topological cross-section determinations
do not provide a check for our method of cal-
culating the trigger proton’s contribution to the
event weight.
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