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We have studied backward meson and baryon production in vr p ~ nm+n at 8 GeU/c using a streamer

chamber triggered by the detection of the interaction of the neutron in thick-plate optical spark chambers.

Our data sample of 866 events is dominated by the quasi-two-body final states 5 (1232)m+, n p, and nf".
We study the differential and total backward cross sections for these states and the decay angular

distributions of the resonances. The results for the 5 and p indicate that both nucleon and 6 exchange

in the u channel are important in their production, while f production is, as expected, consistent with

nucleon exchange.

I. INTRODUCTION

As part of a study of backward meson and baryon
production in 8-GeV/c w p interactions we report
here on the reaction

77 P-nm'1r-

Previous results have been published on the re-
a.ction

w P ~PS jl W (2)

at 8 GeV/c (Ref. 1) which showed the production of
p', f', and baryon resonances in backward reac-
tions. Backward resonance production has also
been seen at 9 and 12 GeV/c in experiments which

triggered on fast forward protons. '
The present experiment uses a fast forward neu-

tron as the signature for baryon exchange. A liq-
uid-hydrogen target inside the University of Illi-
nois-Argonne National Laboratory streamer cham-
ber was exposed to an 8-GeV/c s beam from the
Argonne ZGS. The experimental trigger required
the detection of a neutron interaction in thick-plate
optical spark chambers downstream of the target
within a time-of-flight window which eliminated
slow neutrons, and yielded events of the type

m p-nX'.
Events with two, four, or six outgoing charged-
particle tracks in the streamer chamber, plus a
visible neutral-particle interaction in the spark
chambers, were measured and fitted to track mass
hypotheses of the form w p-n+ (all charged). Mea-
surement of the neutron's direction permitted
three- constraint fits. The streamer chamber is
especially suited for this experiment, since it

combines time resolution with good multiple-track
detection efficiency and large solid-angle accept-
ance.

Events with four or more final-state particles
will be described in a future publication. Here we
report on 866 events fitting reaction (1) and satis-
fying various selection criteria. We present evi-
dence for the backward production of p', f', and
4 (1232), and discuss differential cross sections,
decay angular distributions, and their implications
for production mechanisms.

II. DATA ACQUISITION

'The design of the experiment to study the reac-
tion m p-nX' was motivated by the goals of en-
hancing the baryon exchange signal relative to that
of the normally dominant forward reactions and of
obtaining kinematic information on all charged par-
ticles in the final state. These criteria were met
by triggering on the interaction of a fast forward
neutron in optical spark chambers, which also
permitted a measurement of the direction of the

neutron, and detecting the charged particles in the
final state in a streamer chamber.

An elevation view schematic of the experimental
layout is shown in Fig. 1. The m beam, streamer-
chamber system, and liquid-hydrogen (LH, ) target
are essentially identical to the apparatus used in

the study of reaction (2) and previously des-
cribed. "' The 1.5-m x 1.0-m x 0.6-m streamer
chamber contains a 30.5-cm x 3.8-cm-diameter
hydrogen-target flask in a polyvinylchloride vac-
uum box. ' A 14.5-kG horizontal magnetic field
deflects beam particles upward. The events are
photographed in 18 stereo by three cameras,
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yielding records of outgoing tracks as well as -20
cm of incident beam track upstream of the target.
Since the beam track could not usually be recon-
structed with adequate precision, additional infor-
mation on the direction of the incident beam was
provided by the three pairs of multiwire propor-
tional chambers (MWPC's) upstream of the stream-
er chamber.

Scintillation counter 8, was positioned over the
hole in counter 4, so that a beam particle passing
through both the hole and J3~ traversed the entire
target flask. The upstream pair of counters B,
and A, served a similar function. Noninteracting
beam particles leaving the region of magnetic field
surrounding the stxeamer chamber passed through
the array of counters labeled D. Thus, in addition
to signals from some counters further upstream
in the x beam, the logical signal for an interac-
tion in the target required signals from 8, and 8„
and no signals from A, A„or&.

Neutxons produced in target interactions were
detected by their interaction in a system of spark
chambers and scintillation counters beginning - 11
m from the target. The three spark chambers con-
tained a total of 9 aluminum and 54 stainless steel
plates with horizontal. and vertical dimensions of
121.9 cm and 91.4 cm, respectively. The apparent
location on film of the neutron interaction vertex
for events in which the neutron interacted in the
first or last plate of a chamber may be ambiguous
with events in which the neutron interacted between
chambers. This is especially true when the inter-
action pxoduces only one visible charged second-
ary track. To reduce the number of such inter-
actions, aluminum was used for the first two plates
and the last plate of chamber 1, the first and last
plate of chamber 2, and the first plate and last
three plates of chamber 3. From the known ab-
sorption length values for iron and aluminum, and
plate thicknesses of 0.305 em for the steel and
0.318 cm for the aluminum, we find that the spark
chambers contain a total of 1.0 nuclear absorption

length of material. These chambers nominally ac-
cept neutrons produced at angles up to -3' in the
laboratory, corresponding to center-of'-mass an-
gles of -165' to 180' for neutrons from np' or
nf' final states In fact there is a nonzero accept-
ance at larger laboratory angles due to the dis-
persion of the beam and the fact that neutrons pro-
duced at 0' with respect to the average beam di-
rection passed through the most upstream spark
chamber slightly above center.

The "neutron signal" was formed by the detection
of charged secondaries from a neutron interaction
in planes of scintillation counters, labeled N in
Fig. 1, located immediately downstream of each
chamber. Each plane contained four counters of
dimensions 91.5 em ~ 35.6 cm x 0.95 cm with photo-
multiplier tubes attached to both ends of each
counter. The counters mere overlapped by a few
centimeters and together they covered the active
area of each spark chamber. A neutron time-of-
flight selection was imposed on the signal to elim-
inate low momentum neutrons and background.
This eut required the neutron signal to fall within
a time gate set relative to a signal of the entrance
of an incident m into the target. It was necessary
to require a signal fxom at least two of the three
planes of scintillator in order to achieve a neutron
signal relatively free from background.

The spax'k chambers were photographed in 90
stereo from the top and side. All six views were
recorded by a single camera through the use of a
system of mirrors. This method of detection al-
lowed reconstruction of the neutron vertex in space
to within +1.5 cm. For neutrons of interest, whose
momenta ranged from -2 to -8 GeV/c, the total
spread in flight time at 11 m is -3.5 nsec. No at-
tempt was made to x'esolve the neutron time of
flight and thereby measure the momentum.

Most of the background of photons and charged
particles incident on the spark chambers was
vetoed by a lead plate and scintillation counter ho-
doscope positioned -8.5 m downstream of the tax-
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FIG. 1. Elevation view of experimental layout (not to scale). Mf @3 denote multivrire proportional chambers. A, o, f and

B3,4 are scintillation counters. 8, 1"f 2 3 N f g 3 denote scintillation hodoscopes. SCf 2 3 are spark chambers.
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get. This "y filter" was composed of 5.1 radiation
lengths of lead sandwiched between two 101-cm-
high by 137-cm-wide planes of scintillator, labeled
I, , in Fig. 1. A third 152-cm-highby 178-cm-wide
plane of counters, I'„associated with the y filter,
was located just upstream of the first spark cham-
ber and 10.5 m from the target. Additional veto
counters were placed below the first spark chamber
to reduce triggers by secondaries from interactions
in the chamber stands.

A "filtered" neutron signal was formed by a
count from any of the twelve neutron counters as-
sociated with the spark chambers in anticoinci-
dence with the y filter logic. To reduce triggering
on tube noise, a neutron counter signal required
coincident counts from both the upper and lower
phototubes. Signals from each plane were sent to
the two-out-of-three plane majority logic and the
"master coincidence" for the experimental trigger
was then formed by the signal of a ~ interaction
in the LH, target in coincidence with both a filtered
neutron signal falling inside the time-of-flight gate
and a two-out-of-three neutron majority-logic
pulse.

The minimum width of the time-of-flight window

necessary to accept backward neutrons of interest
was estimated to be -8 nsec. This represents the
sum of the -3.5 nsec spread in neutron arrival
times and -4.5 nsec which includes the finite size
of the neutron counters, timing jitter in the elec-
tronics, and timing errors. Background triggers
were studied by measuring the relative trigger
rate as a function of the rela, tive time delay bet-
ween the filtered neutron signal and an 8-nsec
time gate (Fig. 2). From Fig. 2 it can be seen that
the amount of signal outside the prompt peak is
small. This allowed the time gate for experiment-
al running to be set to 23 nsec which avoided any
possibility of timing too tightly yet did not intro-
duce a significantly higher background trigger
rate.

The fraction of triggers due to photons was
studied by measuring the master coincidence rate
as a function of the lead thickness in the y filter.
We find that in the absence of lead the photon to
neutral hadron trigger ratio is 10.8/1, while for
the 2.8 cm of lead used during normal running the
ratio is 1/4. 2. Thus the lead reduces the photon
trigger rate by 98%, while the combination of lead
and scintillator reduce the neutral hadron rate by
only 20k. We note here that this rate includes
triggers from E~'s as well as neutrons.

The data on reaction (3) were obtained in two ex-
perimental runs. " Between these runs several
improvements on the apparatus were made to re-
duce backgrounds. As a measure of improvement
we note that the target-full and -empty trigger
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FIG. 2. The relative trigger rate vs the relative time
delay between the filtered neutron signal and an 8-nsec-
wide time gate. The origin is chosen so that zero delay
corresponds to particles with P=l. Counts at negative
delay (P &1) are due to accidental coincidences.

rates of the first run, 24.0 and 8.4 per 10' inci-
dent m, became 18.0 and 4.4 per 10' m in the sec-
ond.

Many conditions were common to both runs. With
a streamer-chamber memory time of -3 p.sec and
a 600-msec ZGS spill width, the beam intensity
was maintained at -18000 targeted n 's per ZGS
pulse to inhibit the presence of extra beam tracks
in streamer chamber pictures. A picture- taking
rate of 1.5-2.0 per spill mas achieved with the
maximum of 3 per pulse being determined by the
200-msec experimental dead time necessary for
recharging the streamer- chamber high-voltage
system.

The numbers of pictures taken during the initial
and final runs with the w p-nX trigger were
180 000 and 240000, respectively. During the final
run there were also 8000 pictures taken with an
interacting beam trigger and no neutron or y filter
requirement, and 18 500 pictures taken triggering
on PP-nX". These two sets of data mere used to
check the cross-section normalization which is
discussed in Appendix B. In both runs noninter-
acting beam tracks were periodically photographed.
In addition to their use for the determination of
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the average momentum and lab angles of the beam,
the tracks served to locate the MWPC's with re-
spect to the streamer-chamber coordinate system.

The average beam momentum was determined to
be |.93 GeV/c for the first run and 6.04 GeV/c for
the final run. The beam momentum bites for the
first and second run were set to +1.7 jo and + 2.9%,
respectively.

III. DATA REDUCTION

The 420000 streamer-chamber picture triads
were double scanned for events with two, four, or
six outgoing tracks with net charge zero, as well
as vees and noninteracting beam tracks. t6% (19%)
as many four- (six-) prong as two-prong events
were found. Events were considered measurable
if all tracks and fiducial marks were visible in at
least two views.

For each measurable event of interest the cor-
responding spark-chamber frame was scanned for
a neutral interaction. The event was selected for
further analysis if it had a neutral interaction ver-
tex (up to 3 if ambiguities existed). 11% of the
neutral interactions were unambiguously identified
as electromagnetic showers. These events were
processed as if they were neutron candidates and
were found to make a negligible contribution to the
final data sample.

The streamer and spark chamber film was mea-
sured on DOLLY, the University of Illinois semi-
automatic measuring machine. The streamer-
chamber track measurements were processed as
described in Ref. 1 through TVGP and VERTEX,
which was needed to extrapolate the tracks to the
production vertex which is obscured by the target
box. Separate programs reconstructed the
neutron interaction vertex in space and determined
the direction of the incident beam using, when
available, MWPC and streamer-chamber informa-
tion. When the MWPC data was insufficient, av-
eraged values of the beam angles were used. The
averaged value of the beam momentum was always
assumed.

SQUAW was used to fit the measurements to re-
action (1) and several other mass hypotheses.
These others included elastic scattering, A~ trig-
ger s, additional m' or missing mass, etc. A fit
was tried for each possible neutral interaction
vertex determined for the event. All constrained
fits with g' ~ 60, and unconstrained (OC) "fits"
with physical solutions were kept for later consid-
eration. We note that the fit to reaction (1), lack-
ing only the magnitude of the neutron momentum,
is 3C.

From the entire film sample, 54550 two-prong
events with a neutron interaction vertex in the
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FIG. 3. The missing-mass-squared distribution for
two-prong events successfully processed by &ERTEx,

calculated assuming that the outgoing charged particles
are pions.

spark chambers were successfully measured, re-
constructed, and had a primary vertex determined.
The missing-mass-squared distribution for these
events, shown in Fig. 3, exhibits a signal for a
single missing neutron at the edge of a large back-
ground of events with additional missing neutral
particles. In all, 1663 events had a fit to reaction
(1) with a )('c 60.

For the sample of 1 663 events the distribution in
cos6)*„,where 8*„is the scattering angle between
incident and outgoing nucleons in the overall c.m. ,
shows a large peak at 8*„=180and a small one at
6)*„=0'.By requiring that the fitted neutron mo-
menta, whose distribution ih shown in Fig. 4,
exceed 2 GeV/c, all 306 forward hemisphere
events are removed from the sample, while the
backward events are unaffected. An additional
348 events were removed from the sample by a
target fiducial-volume cut, a requirement that
each measured track was well fitted in TVGP by
a space curve, and that the tracks extrapolated to
a common vertex within a specified tolerance.
These selection criteria were intended to elimin-
ate events with poorly measured tracks or in which
outgoing tracks scattered or decayed within the
target box. The ensuing loss of real events was
estimated and included in the cross-section calcu-
lation of Appendix B.

The kinematic g' for the remaining 1 009 events
is shown in Fig. 5. The solid curve is a fit to the
data incorporating a constant term in addition to
the expected 3C g' distribution. There are some
events for which we do not reliably estimate cor-
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FIG. 4. The distribution of fitted neutron momentum
for 1 663 events which fit 7r p —n7r 7r .

rections to the track parameter errors in the ver-
tex extrapolation procedure, and so we believe that
many of the events in the "tail" in Fig. 5 (y.' e 20)
are real. A study of the signal for 4 (1232) in the
nm invariant mass combination, which will be
seen in Sec. IVA to be sharp and relatively free
of background, motivated the choice of g' ~40 fox
the final event selection. %e estimate that only
-6/0 of real nm5 events have g'&40 and that only

23% of the fits with X' ~ 40 can be background.
After the g selection, 866 events remain. These

events were carefully studied to determine whether
they were contaminated by possible mass misiden-
tification with other 3C hypotheses and it was con-
cluded that such problems existed at a level of

5% a't most. This 18 not surprlslng since the
charged tracks typically have momenta less than
1 GeV,/e. The major source, then, of background
contamination is events with the final state nm'm m'0.

In the following analysis of the n~'w final state
it is necessary to weight the events to correct for
the geometri. cal acceptance of the streamer and
spark chambers. The method of weight calcula-
tion is described in Appendix A. The average
weight of observed events was studied as a func-
tion of cos8*„and-ofM(v'v ). The average weight
varied only by - y20/g ovex the entire range of ob-
served w'm mass. On the other hand, although it
varied smoothly from a value of 2 at cosa~~„=-1to
6 at cosa&*„=-0.96, the average weight increased
very rapidly for cos8*„&-0.96. This is a direct
consequence of the finite solid angle subtended by
the spark chambers. For this reason the analysis
of the features of the m'm system was performed
using a restricted angular region.

The average weights for observed events as func-
tions of the nm' invariant mass were constant to
within -+40/o. However, the direction in the lab-
oratox'y of the decay neutx'on from a baryon reso-
nance is sensitive to the form of the decay angular
distribution. This problem will be addressed in
the discussion of the & (1232)w' final state in Sec.
IV A.

|40
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FIG. 5. The kinexnatic y distribution for 1 009 events
satisfying the selection criteria described in the text.
The solid curve is a fit to a constant plus a y distribu-
tion with three degrees of freedom.

IV. DATA ANALYSIS

A, The (nm+)m' and (nn' )m+ final states

In Fig. 6 are shown the nx'and nx invariant-
ma, ss distributions for the 866-event sample, along
with diagrams indicating the allowed isospins for
baryon exchange. The only prominent feature is
the production of & (1232) over a small background
estimated to be (9 +2.5) %. An examination of the
Dalitz plot for the net final state shows that the
peaking at large nm' mass reflects the production
of 4 as well a.s p andf i.n x'r .

Because of the absence of any signal for n '(1232)
decaying to nm' the data appear consistent with the
hypothesis that nucleon exchange (I= 2) is domin-
ant over 4 exchange (f= ~) in the m channel. How-
ever, a large contribution from & exchange cannot
be ruled out. To illustrate this we write the mat-
rix elements M, and M for 4'and & production as

M =(—')"'A"

M =(~)"'A"+(—,')'~'A;,
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FIG. 6. The nx invariant-mass distributions for the
final sample of 866 events. The permitted isotopic-spin
exchanges are also shown: (a) Mgw ), (b) Mgx ).

where A", and A", are the u-channel amplitudes for
I= & and I=-,' exchange, respectively. 6'e approxi-
mate the ratio of the production of &' to 4 by the
square of the magnitude of these matrix elements,
and relate that to the ratio of observed events, r,
by including the branching ratio of 3 for 4'-nm'.
If we set &,"//I", = ae", the magnitude a may be
found for any assumption about the phase P. The
maximum possible value of e results from the
assumption that Q =0'.

We observe a d (1232) signal of 167 events with
mass &1.33 GeV/c' above a background of 16
events (estimated). If we assume the same number
of background events for M(nw') &1.33 GeV/c', we
arrive at a possible 4' signal of 14 events and the
value x=0.09. From this we find ot =0.67 (Q =0'}.
A less plausible assumption would be that all nm'

events with M &1.33 GeV/c' could be attributed to
4'decay, leading to a maximum e of 1.13. Clear-
ly, the absence of observed &' production does not
exclude the possibility that I= ~ exchange contri-
butes with a strength comparable to I=

& exchange,
Rouge et al.2 report a similar upper limit on
a(0.98) in the study of the backward reaction w p
-pw w' at 9GeV/c.

As was suggested in Sec. III, the finite size of
the neutron chambers limits the acceptance for
neutrons from the decay of a & (1232). The decay
of a spin-2 baryon into nm is described by the
density matrix p, ,„,with the normalization p»
+p»= &. The decay angles of the neutron, 8~ and
Q~, are specified in the Gottfried-Jackson frame
whose z axis is in the direction of the incident
beam and whose y axis is normal to the production
plane. ' In ordex' to compare the observed events
with M(nw }& 1.33 GeV/c' to various hypotheses
for the values of the density matrix elements,
Monte Carlo event samples were generated and
processed through the same experimental detec-
tion routines as were used to calculate event
weights. The events were generated according to
dN/d'u'~e '~, where u'=u —u and u is the four-
momentum transfer from the beam to the & . The
resulting distx'ibutions in u', cosa~, and P~ were
compared to the observed events. It was found that
no Monte Carlo distributions were sensitive to the
assumed values for Rep, , or Rep, , so these were
set equal to zex'o. Only p» (or p») then rexnains as
a density matrix element that can be varied.

Figure 7 shows the detection efficiency as a func-
tion of u' for events generated with p» =0.18, but
the efficiency is insensitive to the assumed value.
In the event generation it is assumed that the den-
sity matrix elements are independent of u'. This
assumption cannot, hoM at u = 0 since p33 Dlust
vanish there as a consequence of angular momen-
tum conservation, but from the preceding obser-
vation this has no significant effect on the u detec-
tion efflclency.

6Q

5Q—
0~O

IQ

0.2 Qp
u'[(Gev/c) j

FIG. 7. The detection efficiency for events of the type
x p 4 (1232)x', calculated as a function of u' using the
Monte Carlo described in the text. A value of p~~= 0.18
has been assumed.
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TABLE I. Values obtained from the fit of 4 events
to the form dNfdu' =Re ~" . The value of o was obtain-
ed using the cross-section normalization. The ratio R
is defined in the text.

Quantity Valu. e

A

R

91.4 + 16.5 events/0. 04 (GeV/'c)~
2.77 + 1.12 (GeV/c)
1.63~0.79 p b
0.37 + 0.12

The experimental u' distribution for & events,
corrected using the detection-efficiency curve of
Fig. 7, is shown in Fig. 8. A striking feature is
the sharp decrease in the differential cross sec-
tion for u'&0. 04 GeV/c)'. This dip, which cannot
be attributed to experimental acceptance, is simi-
lar to one seen near u'=0 for the reaction m p-& n' at lower' incident beam momenta, ' where
possible explanations were suggested. The dip
can occur in any model in which the helicity-flip
amplitude is small compared to the nonflip amp-
litude. In particular, we assume that p», which
must vanish for u'=0, is nonzero at n'~0. 04
(GeV/c)'.

The data in the interval 0.04 & u '& 0.40 (GeV/c)'
were fitted to the form dN/du'=Re '"'. The resulL-
ing fit, shown in Fig. 8, yields the numbers shown
in Table I. The cross section was determined by
adding the number of events in the first bin to the
integral of Ae '~ from 0.04 (GeV/c)2 to ~, and
multiplying by the cross-section basis, o„given

FIG. 9. The observed distributions of u', cos8, and
PD for the 4 (1232). The curves show the distributions
for events generated by the Monte Carlo described in the
text and subjected to the experimental acceptance. Ex-
cept as noted, p&& was fixed at 0.1S: (a) u', (b) QD, (c)
cos8D for &&&=0.0, (d) cos8D, (e) cos8 for pt&

-—0.2&.

in Appendix B. Also given is R, the ratio of the
number of events with u'&0. 04 (GeV/c)' to the
number predicted by the extrapolation of Ae '~
to m'=0. U one assumes that p» does not vary
with u', and that the dip is a consequence of the
vanishing of p», then R =2p». This gives the val-
ue of py 0 18 and is consistent with pyy 0 15
found for v p —6'(1232)wo at 9 GeV/c (Ref. 2). We
emphasize that the value obtained for R is insen-
sitive to the value of p» assumed for the Monte
Carlo calculation of the detection efficiency.

The values p» = 0.18, b =2.77 were used to gen-
erate a sample of Monte Carlo events that were
subjected to the experimental acceptance. The
resulting distributions were scaled to the observed
number of events and are shown in Fig. 9. We note
excellent agreement with the u', cos6), and @D

distributions. 'The shapes of the u' and ft)~ distri-
butions are insensitive to the input parameters,
being determined primarily by the experimental
acceptance. Also shown in Fig. 9 are the cos8~
distributions generated for p» =0 and p» = 0.25.
The choice p» =0 predicts too few events near
cose =-1 and is ruled out. Values of p» larger
than 0.25 predict too many events nea, r cos~ =1
and are also excluded. If the production of 4 pro-
ceeded only by the exchange of a particle with
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J p pyy would be 0.5, in clear contradiction to
our results. Thus both J'=

a (&) exchange and
J= —', (nucleon) exchange must be present.

B. The n(7r+ 7r ) final state

N 40
0
~ 50-
O
o 20
0

l0—

0 0.7

7r p-n(7r+vr }
8 GeV/c

&HZ/7 V/iz. , :ISING-;A m.

l.3 l.9 2.5
M(~+~-) (GeV/'c')

FIG. 10. The 7l 7r invariant-mass distribution for 866
events. The shaded distribution results from the remo-
val of 167 events with MQ7r ) & 1.33 GeV/c2 and 9 events
which were attributed to the final state K&A . The solid
curve is a fit of the data from 0.61 GeV/c2 to 1.81 GeVc2
to two Breit-Wigner distributions plus a smooth back-
ground.

The w'w invariant-mass distribution for the
final sample of 866 events is shown in Fig. 10 and
displays enhancements corresponding to p' and

f production. The shaded distribution results
from the removal of 167 events with M(nv ) &1.33
GeV/c' and 9 events whose w's mass was between
0.485 and 0.510 GeV/c', which were attributed to
the reaction w p-~'K~. This interval is slightly
larger than twice the experimental mass resolu-
tion of 9 MeV/ca in this region. The 4 events
that were removed had a w'w mass distribution
that was featureless and affected the remaining
data primarily above 1 GeV/c'. The solid line in
Fig. 10 represents a fit to the shaded distribution
of relativistic Breit-Wigner shapes for the p' and

f ' plus a smooth background that was constrained
to be zero at the extreme allowed values of M(v's ).
In the fit the widths of the p' and f' were fixed at
152 and 180 MeV/c', respectively. Only the data
between 0.61 and 1.81 GeV/c"" were used for the
fit, the lower limit helping to reduce the effect of
the excess of events on the low side of the p'. The
resulting masses were M,o = 729+12 MeV/c' and

M&o =1249 +10 MeV/c'. The p' mass is 30-40
MeV/c' below that typically seen in forward reac-
tions and may reflect the dynamics of baryon ex-
change.

It is clear that there is an excess of events with
M(wb ) s 0.7 GeV/c' that is not satisfactorily ex-
plained by a Breit-Wigner form for the p' plus a
smooth background. The possibility exists that
some of the low mass events are examples of
nw's i(o events that had a 3C fit to reaction (1) .

A study of the OC solutions for the fitted events
indicates the possibility of -10 events being from
the reaction w p-neo', The w'w invariant masses
from these candidates, however, are smoothly
distributed from threshold to -0.7 GeV/c', and
cannot be responsible for the excess in question.
Further studies of possible background contamin-
ation do not support the hypothesis that the excess
is due to events incorrectly fitted to reaction (1).

The u' and decay angular distributions of the p
and f ' events were studied by selecting events in
the mass regions 0.64-0.85 GeV/c' and 1.15-1.33
GeV/c'. In these regions estimates of the non-p'
and non-f' backgrounds were taken from the fit to
the mass spectrum and are -15% in both cases.
The restriction that cose~ ~ —0.96, made to exclude
events with poor detection efficiency as described
in Sec. III, corresponded to selectingu'&0. 27 (GeV/
c)' for the p' and u'&0. 24 (GeV/c)' for the f'.

Figure 11 shows the acceptance-corrected u' dis-
tributions for the p' and f'. A background subtrac-
tion has been made by subtracting the u' distri-
bution for bins adjacent to each resonance, scaled
by the number of background events given by the
fit to the mass distribution. Neither the accept-
ance correction nor the background subtraction
affected the character of either distribution. A fit
to the form do/du'=Re '~ was performed for each,
and in Table II are shown the fitted values for A,
b, and the integrated cross section o. We note
that the errors on these numbers, as well as on
the u' distributions, include the uncertainty in the
cross- section normalization and the statistical

I 0.0
(a)

7r p
—nPo

'g ..8GeV/c

b a
O M

lO—

l0.0

5.0;-

I.O—

(b)
Tr p

—nfo

8 GeV/c

0.5

u'[(GeV/c) ] u' [(GeV/c) ]
FIG. 11. The weighted distributions of gc' to p and f .

A background subtraction, described in the text, has been
performed in addition to the correction for experimental
acceptance. The solid lines are the results of fits de-
scribed in the text and whose parameters appear in Ta-
ble II: (a) po region (0.64-0.85 GeV/ot), (b) f region
(1.15-1.33 GeV/c2).
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TABLE II. Values obtained from the fit of p and f
events to the form der/du' =Ae " . Ihef cross sec-
tion refers only to the observed decay mode.

50-
p0

State A [p b/(GeV/c)2] 5 [(GeV/c) I 30-
6.09 1..20
4.31+ 0.93

4.94 + 1.44
5.12+ 1.75

1.23 + 0.43
0.84 + 0.34 ~ 20

IO

error on the events in each bin. We see from Fig.
ll that do/du' for the p' agrees well with a simple
exponential, but that the f' displays a dip near
u'= 0.1 (GeV/c)' or u -- 0.14 (GeV/c)'. We note
that this is the approximate location of the dip pre-
dicted by a simple Regge-pole model in which the

trajectory is dominant. " Since the f' has I=0,
the only allowed exchange is I= & and the domin-
ance by N is a, natural expectation.

Both I= —,
' and I= 2 exchanges are allowed for the

production of p'. In the spirit of the estimate made
for 4' vs 4 production, we compare the reaction
s p-up with the published value of o(s p-pp )
=1.86+0.2 pb at 8 GeV/c (Ref. 11). Denoting the
I=& and I=& amplitudes in this case by B3 and B"„
we find matrix elements

(2)&/&pa (2)x/aug

for np' and Pp, respectively. Using Table II we
find the ratio of p to p' cross sections to be 1.51
+0.55, and if we write B,"/8", = Pe's we find ex-
tremes of P -0.37 y0.03 if 8 = 0' and P = 1.5'o o if
& = 180'.

The decay angular distributions for the p' and
f', corrected for acceptance, are shown in Fig.
12 where ~ and fIe)D specify the direction of the
e+ in the Gottfried-Jackson frame whose z axis is
in the direction of the target proton and whose Y

30-
)0

IO-

0 I

0 I

cos (8D)
0 7r 27'

yD

FIG. 12. The weighted decay angular distributions for
p, (a}, andf, (h), events. The solid curves display the
distributions calculated from the density matrix elements
given in Table III and the functional forms described in
the text.

axis is normal to the production plane. The decay
of an object of definite J~ produces a P~ distribu-
tion that exhibits fourfold symmetry about w/2,
s, and 3s/2. This does not obtain in the case of
p and it is necessary to introduce an s-wave m'g

background that interferes with the p' in order to
fit the P~ distribution. The possibility that the
depletion of events near fIW)~ =m was due to some
experimental detection inefficiency was exhaustive-
ly studied and ruled out.

The decay angular distribution resulting from an
interference between 1 and 0' initial states has
the form

D D)V(e, p ) =
4
—[1+(px —p»)(8 cos'e —1) —8p, , sin'e cos2ps —6WRep» coses since cosmos

+2VYRep„cose" 2&Rep„sincecosysj,

where the subscripts 0, +1 refer to the spin-1
state and the subscript s to the state with spin 0.
Only the trace condition, 2p»+ poo+ p„=1,has
been imposed. The density matrix elements were
calculated using a moment analysis of the decay
angular distributions, and are listed in Table IV.
The table also presents the density matrix ele-
ments for the f, in which case a pure spin-2 state
was assumed. The solid curves in Fig. 12 give the

shape of the costa and P~ projections of the decay
angular distributions from the calculated values of
Table III.

In the case of the po, we see that the helicity-1
and -0 states are almost equally probable. The
only off-diagonal density matrix element that is
significantly different from zero is Rep„. Although

p», poo and p„cannot separately be determined
we may ask if our results are internally consist-
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TABLE III. Density matrix elements for the p and f .

Resonance Density matrix element Value

pp P pp
—Pgg

p), -g
Rep&p

Rep p,
Rep&,

-0.11+0.05
0.03 + 0.03
0.0 1 + 0.02
0.03 + 0.02

-0.1.5 + 0.0].

f p

&po

P2, -2

Rep 2&

Rep2p

Repz
Repro

0.05 + 0.03
0.39 ~ 0.02
0.13 + 0.04

—0.03 + 0.02
0.08 + 0.04
0.02 + 0.02

-0.01 + 0.02
0.06 + 0.03

—0.02 + 0.03

C. Summary and remarks

The reaction m p -nm'm has been studied in the
kinematic region where baryon exchange is ex-

ent. 'The density matrix element p„is constrained
by

~ p„~~ (p»p )'~'. With Rep„=-0.15 we find
that it is possible to satisfy the constraint, and
also the trace condition, for a range of possible
values for pyg and p„.These include p„values of
0.1 to 0.2 which are suggested by the estimate of
-15% background under the p' in the fit to the mass
distribution.

The p, density matrix elements for the f' are
all consistent with zero. This supports a model
in which the production is dominated by J= ~ (nu-
cleon) exchange. Furthermore, the other off-diag-
onal density matrix elements are also very small.
The helicity-1 state dominates, in contrast to the
p' where helicty 0 and 1 are almost equally prob-
able.

pected to be the dominant production mechanism.
The final state is dominated by 4 (1232), p', andf' production as it is in forward (meson exchange)
reactions.

Although the absence of any clear signal for
4'(1232) production suggests that the I=-, exchange
amplitude may be small compared to the I=2 ex-
change amplitude, it was shown that the 4'/n
comparison is very insensitive to the relative
amounts of the two. The data could be consistent
with a significant contribution from I= ~ exchange.
Complementary evidence is provided by the 4
(1232) decay angular distribution, where the ex-
change of a J=& baryon is required to provide the
large amount of helicity-& state present in the
data. We conclude that both nucleon and 4 ex-
change are required for an adequate interpretation
of & (1232) production in this experiment.

The cross section for backward p' production
was compared with that for the backward reaction
w p —pp and indicates that I = —,

' and I= ~ exchanges
contribute with comparable strengths. In order to
fit the decay angular distribution of the p' it was
necessary to introduce an interference with an s-
wave n'm background. The amount of such back-
ground is not uniquely determined, but is consist-
ent with the amount of background required for a
fit to the m'm mass distribution in the p' region.
It is tempting to associate the s-wave background
with the excess of low-mass events seen in the
m'm mass distribution but limited statistics pre-
clude a definite conclusion. Nor can we draw any
conclusions about the shape of the s-wave back-
ground or its possible resonant behavior.

The isotopic spin of the f' requires that it be
produced by I=

& baryon exchange and its decay
was consistent with that baryon having J= &. The
differential cross section was not consistent with
a simple exponential in u', evidencing a dip near

TABLE IV. Summary of factors used to obtain the cross-section normalization.

Quantity Value

p (g/cm3)
(cm)

A. (cm)

W(

W2

Nsc for sample
N for sample
E for sample
Nz for sample
a'& for sample (nb/event)
0& for entire data sample (nb/event)

0.073
30.5

814.2
0.955
0.38
1.051
1.25

12 212
7 578
5452

47095
17.54
2.39

s ( 1.0%)
1.0%)

~( 1.2%)
+ ( 0.5%)
+ (13.3% )
+ ( 1.6%)
+ ( 2.0%)
+ ( 2.5%)

+ ( 1.7%)

+ (13.9%)
0.33
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u'=0. 1 (GeV/cp [u- —0.14 (GeV/c)'j and reinforc-
ing the hypothesis of nucleon exchange.
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APPENDIX A: CORRECTIONS FOR EXPERIMENTAL
ACCEPTANCE

To correct for the detection efficiency of the
apparatus, a weight was calculated for each event
that fit nm'm . Monte Carlo techniques were used
to generate many events physically equivalent to
the observed event but differing in the direction
of the incident beam, location of the primary ver-
tex in the LH, target, and orientation about the
beam direction. The weight for the observed event
was then calculated from the probability of detect-
ing the generated events.

Charged tracks were extrapolated to the walls of
the streamer chamber to determine whether they
caused a flare or if sufficient track length appear-
ed outside the target vacuum box. It was also de-
termined whether or not the extrapolated track
traversed any counters used in anticoincidence in
the trigger. The specific procedures followed may
be found in Ref. 6 and are similar to those des-
cribed in Ref. i.

The probability of detecting the neutron depend-
ed on its entering the ne»tron spark chambers,
interacting therein, and producing charged second-
aries that triggered at least two of the three planes
of scintillator.

Data taken on the reaction pp-nX", a copious
source of fast forward neutrons, were used to
construct a map of the relative probability that an
interacting neutron would satisfy the two out of
three trigger requirement as a function of the
transverse position of its interaction point in the
spark chambers. The probability of detecting a
neutron in a generated event '~as then found from
the n..ap with the assignment of 100% efficiency

to neutrons incident along the central axis of the
chambers.

The on-axis neutron detection efficiency, de-
noted by E, in Appendix B, was calculated from a
Monte Carlo simulation of the response of the
chambers and counters to incident neutrons with
momenta between 2 and 8 GeV/c. This simula-
tion incorporated models of Jones" and Baron-
celli" for the description of the neutron and sub-
sequent secondary interactions. Our conclusions
were relatively insensitive to the choice of distri-
butions from one or the other model and to reason-
able variations of the parameters of either. The
result, E, =0.38+0.05, was included as a factor
in the overall cross-section normalization des-
cribed in Appendix B rather than in the weights of
individual events. The value of E, is almost in-
dependent of neutron momentum. The quoted error
reflects its sensitivity to reasonable variations in
the input parameters.

In order to check the Monte Carlo simulation, a
sample of measured PP events was fitted to the
reaction PP -nPw'. Events whose final state was
n4" were compared to bubble chamber data on

PP -n&" at 8.1 GeV/c. '~ In particular, the cross
section for this final state, calculated with the
value for E, above, agreed within errors with the
published cross section. The Monte Carlo simu-
lation was also used to generate an efficiency map
for the neutron chambers. This map was in good
agreement with the empirical map described above
and provided another check on the validity of the
simulation.

APPENDIX B: CROSS-SECTION NORMALIZATION

The cross section for a particular process ob-
served in this experiment may be expressed as

o=0,N

where N is the number of events of a given kind.
To obtain N, the number of observed events is
corrected for experimental acceptance as well as
for the effects of cuts made in selecting the sam-
ple. The cross-section basis, c~, in nb/event,
may be expressed as

NcW, W
' nNEE'

where', = the number of scanned two-prong events
corrected for scanning accuracy and losses, 1V = the
number of measured two-prong events, E, = the
fraction of the streamer-chamber film that was
scannable, E, = the probability that an on-axis
neutron will interact in the spark chambers with
secondaries satisfying the two-out-of-three logic,
W, = a correction factor for events lost due to the
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scattering of their secondaries in the LH, target,
8', = a correction factor for neutrons interacting
in the p filter, and n is the nb equivalent. The nb
equivalent, in events/nb, was calculated from

n= ~pL&(10 ",A

M~

where A, =Avogardro's number, M„=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 = M,E[1—exp(-l/A. ) j,
where l = the average length of liquid hydrogen
traversed by a noninteracting beam particle (cm),
N, = the number of triggers in the data sample, I"=
the average beam flux recorded by counter B4 per
streamer chamber trigger, corrected for muon
contamination in the beam (-6%) and for interac-

tions upstream of the target, and ~= the attenua-
tion length for the interaction or decay of 8 GeV/c
m's in the target.

The cross-section basis was determined using
about 10/0 of the data and was scaled to the total
event sample. The factors which entered the deter-
mination of o, are listed in Table IV. We find o,
=2.39+0.33 nb/event, the error being dominated
by the uncertainty in E, .

The value of 0, was checked in a study of 8000
events for which the trigger simply required an
interaction in the target. A scan was made for
two- and four-prong interactions in the streamer
chamber, and two-prong events were measured
and fitted to m p-m p. Our results on the x p elas-
tic and two- and four-prong topological cross sec-
tions were consistent with values measured else-
where. "
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