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Single-Pion Production in ~-p Interactions at 2.26 GeY/c*

B. G. RzvNOLDs, t J. R. Ai.ALRIGHT, R. H. BRADLEv, E. B. BRUczKR, B. C. HARMs, W. C. HARRIsoN,

J. D. KIMEL) J. E. LANNUTTI) W. H. SIMs) f AND R. P. WIECKOwicz

Department of Physics, The Florida State University, Tallahassee, Florida 3Z306

(Received 17 December 1968)

We present an analysis of vrrrN final states obtained from m. p interactions at 2.26 GeV/c. Strong p pro-
duction is present in both final states. In addition, significant nucleon isobar production is observed. We
observed the following cross sections: o (~ 7r p) =3.77 ~0.13 mb, a-(x ~+n) =5.67 &0.17 Inb, o (p p) =2.19
~0.09 mb, a(A+(1236)x )=0.30~0.10 mb, o (N (1650)w )=0.49~0.07 mb, o (p'n) =2.89~0.11 mb,
a(d (1236}~+)=0.11+0.06 mb, a(N+(1470)x )=0.24~0.06 mb, and o. (N+(1650)~ )=0.45~0.05 mb,
The spin-density matrix elements are determined for the p by interpreting the p asymmetry as an inter-
ference between the resonant P wave and a T=0 S wave. A search for the e' in the ~+~ n final state failed
to yield a direct observation of this effect.

I. INTRODUCTION

"N this article we present further work on ~ p inter-
actions at 2.26 GeV/c. Specifically, we were con-

cerned with the nonstrange three-body final states
m +p —+ m+x+~V. Preliminary work on the three-body
final states encouraged us to double our data sample in
an attempt to gain more information on resonance
production. "In particular, we were interested in the
detailed behavior of p-meson production and decay and
comparison with the absorption-modihed one-pion-
exchange (OPEA) model, ' ' the possible existence of a
T=O, S-wave resonance (e')' and the production of
nucleon isobars in the data. Several laboratories have
made studies of x p interactions over a range of
momenta in an attempt to study these issues. ' "Ke
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felt that a study using a reasonably large data sample
would contribute signi6cantly to the understanding of
these problems.

This experiment consisted of s. p interactions ob-
tained from an exposure of the Lawrence Radiation
Laboratory 72-in. bubble chamber to a beam of 2.26-
GeV/c n mesons. In this paper we consider the reac-
tions
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The detailed study of elastic scattering at this energy
and a discussion of the contribution of co exchange to
p production has been reported elsewhere. ""
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EE. EXPEMMENTAL DETAILS

We have scanned approximately 10 000 pictures and
found a total of 15 482 events with two charged
secondaries. These events were measured on 61m-plane
measuring machines, and geometric reconstruction and
kinematic fitting were accomplished using the Univer-
sitv of California Lawrence Radiation Laboratory
PANAL and PAcKAGE programs. PAcKAGE attempted to
fit each of the five hypotheses represented by reactions
(1)—(5). In addition, strange-particle hypotheses were
tried by PAcKAGE in an attempt to Alter out obvious
associated production events. Output from PAcKAGE

for each event was tested for measurement quality, and
any difficulties in reconstruction and htting were noted.
Events that were considered to be poorly measured or
failed to reconstruct properly were remeasured. There
were 956 events that failed to pass the quality and
reconstruction tests after three measurements. A careful
study revealed that the exclusion of these events from
the data introduced no biases and they were deleted. "
A fiducial volume restriction removed 740 events from
our sample, leaving a total of I3 786 two-prong events
for further analysis.

The events accepted were assigned to one or more
of the reactions (1)—(5) on the basis of X2. A discussion
of the assignment of events to reaction (1) has been
given elsewhere. '8 In addition, 438 events were classi-
6ed as associated production events on the basis of
topology, PAcKAGE output information, and ionization.
The remaining events were considered to fit either
hypothesis (2) or (3) (or both) if they had a X' proba-
bility )0.1%%uo. Events that failed to meet this require-

ment were classified as multiple neutral reactions, i.e.,
hypothesis (4) or (5). Events that were ambiguous
between hypotheses (2) and (3) and all of the multiple
neutral events were assigned to the correct hypothesis
using the ionization of the positive track. This ioniza-
tion technique was useful only when the momentum
of the positive track was less than 1200 MeV/c. For
positive tracks with a higher momentum, it was
impossible to distinguish a x+ from a proton. There were
267 events that were ambiguous between hypotheses
(2) and (3). A study of these events indicated that at
least 80% of these events should be assigned to hy-
pothesis (3).The various effective-mass spectra and c.m.
angular distributions strongly favored this interpreta-
tion. As a result of this analysis, we assigned all of the
267 ambiguous events to hypothesis (3). A similar
study of 290 events, with positive track momentum
greater than 1200 MeV/c, which were ambiguous
between hypotheses (4) and (5), resulted in the assign-
ment of all 290 events to hypothesis (5).

After the events were assigned to hypotheses (1)-(5),
as indicated above, there remained the problem of
removing multiple neutral events from reactions (2) and
(3). This problem occurs when an interaction of type
(4) erroneously fits hypothesis (2). Similarly, type-(5)
reactions tend to contaminate the type-(3) events. A
reasonably accurate estimate of the amount of con-
tamination was obtained using the X' probability and
unfitted missing-mass distributions for reactions (2)
and (3). The X probability distributions for reactions
(2) and (3) are given by Figs. 1 and 2, respectively.
The distributions of the square of the un6tted missing
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mass are given in Figs. 3 and 4. The shaded regions in
Figs. 3 and 4 correspond to events already assigned to
the multiple neutral catagories. Two points are of
interest: (a) the large number of events with proba-
bility less than 2%, and (b) the asymmetric distribu-
tion of the square of the unfitted missing mass about
the mass of the x' in Fig. 3 and about the neutron mass
in Fig. 4. Both of these eGects are attributed to the
existence of multiple neutral events in the data sample.

A study of these two types of distributions revealed
that the events with probability &10% were respon-
sible for the asymmetry in the mass-squared plots. Two

methods were used to estimate the number of type-(4)
events in the type-(2) sample and the number of
type-(5) events in the type-(3) sample. First, because
we believed that the proper error settings had been
made in PAcKAGK, we required that the probability
distribution be Rat. This method provided an estimate
of the number of multiple neutral events in the one-
constraint data. Second, we required that the missing-
mass-squared distributions be symmetric about the
value of the expected missing mass squared. This
procedure involved taking into account the asymmetric
nature of the beam momentum distribution, which
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TAaLE I. Final-state cross sections for x p interactions
at 2.26 GeV/c.
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tends to introduce a slight asymmetry into the mass-
squared distributions.

The two methods gave estimates of multiple neutral
contamination that were in agreement. Ke concluded
that the events with x' probability &10% were con-
taminated by multiple neutral events, while the events
with X' probability greater than 10% were essentially
free of this contaminant. For the purpose of cross-
section determinations, the event counts for hypotheses
(4) and (5) were corrected by the above methods. 237
events were transferred from reaction (2) to reaction
(4), and 648 events were transferred from (3) to (5).
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FIG. 5. Dalitz plot for the ~ ~'p final state.

IV. RESONANCE PRODUCTION

A. General Features of e—
m p and ~ ~+n Final States

In order to remove the effects of contamination due
to multiple neutral events, the following selections were
made: for the m s'p final state, P(X')&10% and—0.06& (missing mass)2&0. 11 GeV2; and for the
w s+n final state, P(X') &10%%uo and 0.68& (missing

"A. N. Diddens, K. W. Jenkins, T. F. Kycia, and K. F. Riley,
Phys. Rev. Letters 10, 262 (1963).

III. FINAL-STATE CROSS SECTIONS

In order to determine the cross sections for reactions
(1)—(5), we have double-scanned the film for events
with zero-, two-, and four-prong topologies. This
scanning procedure enabled us to determine a scan
efFiciency for each event topology. The total event
count, after corrections for scanning bias against short
recoil protons and scanning efIiciency, was normalized to
the total m p cross section interpolated from Diddens
et a/. 30 A detailed account of the elastic scattering bias
corrections has been given else~here. "A similar pro-
cedure was used to correct the number of type-(2)
events. The cross sections for each two-prong final
state and for the other topologies are given in Table I.
The errors in the quoted values of these cross sections
refIect only the statistical uncertainties in our data
sample and in the total cross-section value used.
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FIG. 6. Dalitz plot for the ~ ~0p final state.

mass)'&1. 10 GeV'. These selections further reduced
the data sample to 1517 type-(2) events and 2242
type-(3) events.

Two Dalitz plots for reaction (2) are given in Figs. 5
and 6. In both plots p production is seen to be the
dominant effect. Two additional concentrations of
points are also apparent. In Fig. 5 there is a cluster of
points corresponding to low s'p mass. Figure 6 shows
a band corresponding to the 1650-MeU vr p mass
region. These effects are even more striking when the
data are displayed in the three effective-mass spectra
given by Figs. 7—9. The Dalitz plots and effective-
mass plots for reaction (3) are given in Figs. 10—14.
Here, the p' is seen to be the dominant feature of this
Anal state. The decay asymmetry of the po is also
apparent in both Dalitz plots. The x ~+n Anal state is
also seen to have structure in the 7r-nucleon mass
spectra. The m-+n effective-mass distribution in Fig. 14
indicates three possible isobars in the 1240-, 1470-, and
1650-MeV mass regions. The peripheral nature of p
production in both charge states is illustrated by the
Chew-Low plots in Figs. 15 and f6.

Isobar production has been studied in several experi-
ments in the incident momentum interval 1.5—4.0
GeV/c. ' " " The conclusions drawn from these
experiments indicate the need for further study of
isobar production in this energy region. In general,
there does seem to be some D(1236) production. More-
over, there have been varying reports of A(1920) pro-
duction. " A detailed study of the reality of these
effects is hampered by the distortion effects from p
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production. More recently, resonance production efIects
have been reported in ~-nucleon mass spectra in the
region of 1650 MeV.""This eGect can be attributed
to any one of three reported resonances. "

In order to study isobar production in our data and
obtain estimates of the resonance cross sections, we
have htted the effective-mass distributions to a model
consisting of Breit-signer resonance shapes and inco-
herent phase-space background. The form used for the
Breit-signer distributions was that suggested in Ref.
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In expressions (6) and (7), co is the diparticle invariant
mass, q is the three-momentum of either particle in the
diparticle rest frame, and I 0, ~0, and qo are the values
of the width, mass, and three-momentum at the reso-
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particular resonance in question. For the p, the form
of f(co) used was 1/co. 32 The symbol / represents the
relative orbital angular momentum of the two particles
in the diparticle rest frame. A complete discussion of
the formulation used here has been given by Jackson. ~

For the purpose of fitting the mass spectra, we began
with the dipion mass distributions (Figs. 7 and 12).
We fitted them to a model which contained phase space
plus the Breit-Wigner form of Eq. (6); the variables
were ~0 and Fo for the p and the p, as well as the rela-
tive amounts of resonance and phase space. The result-

ing values of the position and width of each p, along with
the angular distributions for production and decay
(as observed in this experiment), were used in a Monte

Carlo program to generate pion-nucleon mass spectra
to be applied to Figs. 8, 9, 13, and 14.The next step was
to fit these four mass spectra to a model involving phase
space, p background from the Monte Carlo program,
A(1236), and (where applicable) resonant forms near
1470 and 1650 MeV; the variables in the fit were the
relative amounts of each part of the model and the
values of Fo and coo for each pion-nucleon resonance.
Equation (6) was used for the 6(1236); a simple Breit-
Wigner with constant width was used for the 1470
and 1650 peaks. The resulting positions and widths
from this fit were in turn used as input to the Monte
Carlo program, which produced the appropriate re-
Qection curves for the opposite pion-nucleon spectrum
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Fxo. 16. Chew-Low plot of the squared four-momentum transfer
to the neutron (—t/p, ') versus 3P(~ ~+) from the ~ ~+n final
state.
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and for the dipion spectrum. The last step was to do a
fit to all six mass spectra simultaneously. The masses
and widths previously determined were held fixed, and
the relative amounts of each part of the model were
permitted to vary. The results are shown as the smooth
curves in Figs. 7—9 and 12—14. Typically the X' for
each mass plot taken separately was of the order of 50
with 50 degrees of freedom. Several interesting features
of resonance production in these spectra, as well as
our method of estimating cross sections, are given fuller
discussion in the following paragraphs.

TABLE II. Resonance cross sections in m7fE 6nal states from
~ p interactions at 2.26 GeV/c.

Final
state Resonance

P
a+(1236)

o(1236)
%~0 (1470)
X*0(1650)
p0

a+(1236)
a (1236)
Ã'+(1470)
E~+(1650)

Fraction

58.1+2.5
5.4~1.1

not estimated
not estimated

12.9~1.8
50.9+2.0

1.7a0.9
2.0&1.0
4.3&1.0
8.0~1.0

Cross
section
(mb)

2.19+0.09
0.20~0.06

0.49+0.07

2.89~0.11
0.10+0.07
0.11~0.06
0.24a0.06
0.45&0.05

B. Resonance production in ~—~pp Final State

The results of the combined fit to the three effective-
mass distributions in Figs. 7—9 are displayed as solid
lines on these figures. The numerical results are pre-
sented in Table II. The model used in the fitting
assumed that the data can be reproduced by an inco-
herent superposition of p, D(1236), &Y(~1650), and
phase space. The best-fit solutions are the ones given
in Table II. When energy-independent and energy-
dependent Lwith various forms of f(&o)) Breit-signer
shapes were used in the fitting, the parameters I'p and

p were found to change appreciably. However, the
percentages of the contributing resonances were essen-
tially the same for all fits. Thus, while this technique
is most useful for determining resonance cross sections,
care must be taken in assigning physical signifj. cance
to the corresponding values of I'p and cop. The best-fit
model curves are in reasonable agreement with the
data. 6+(1236) production is seen in Fig. 8. Here we
have displayed the results of an energy-dependent
(lower curve) and an energy-independent (upper curve)
Breit-Wigner fjt. The principal disagreements between
the data and the model occur in the region of 1550—1750
MeU and the shoulder around 2100 MeV.

Figure 9 indicates that isobar production is present
in the x p mass region of 1650 MeU. We have labeled
this e6ect N'(1650) since all fits gave a value of coo near
1650 MeU. It should be noted that a slightly better X~ is
obtained if we allow for the presence of Do(1236) and

TABLE III. Relative cross sections for nucleon isobars
produced by a 1=1 exchange model.

Resonance

a(1236}
$*(1470)
$*(1650)
a(1650)

zY'(1470) production in the zr p effective-mass distribu-
tion. The presence of these resonances is suggested by
the data but the statistical significance of these effects
is negligible. Thus, for the purposes of this data pre-
sentation we have neglected these effects in the deter-
mination of resonance production cross sections. The
inclusion of these resonances in Table II and their
mention here is for purposes of comparison with similar
enhancements in the ~ x+~ final state. The excess
of events above the model curves in the region of
1950 MeU is not considered to be of statistical signi6-
cance. One is always suspicious of mass enhancements
that take place at the extremes of vr-nucleon mass
distributions in conjunction with p production. In this
analysis, the Monte Carlo event simulation, by neces-
sity, contained a fraction of nonresonant (non-p )
background. Any inability to parametrize the p
angular distributions correctly will show up in the
rejected m-nucleon mass distributions. In this experi-
ment the A(1236) and h(1920) mass regions are most
sensitive to this problem, and any overestimation or
underestimation of the "true" p decay distributions will
severely aGect these mass regions. This was particularly
a problem with the two decay modes of the 6+(1236)
accessible in this experiment. Here we invoked charge
independence as a constraint in our cross-section
determinations and required

R (6+~ zr'p)//(RD+ —+ zr+zz) = 2/1.

Table III shows the expected branching ratios
obtained from a T=1 exchange model of isobar pro-
duction. Ke see that, within the statistical accuracy
of this experiment, the D(1236) in the zr zr'p final state
is consistent with this model. Furthermore, the strong
e6ect in the 1650-MeV region of the m p eGective-mass
plot, together with the lack of signihcant structure in
the 1600—1700-MeV mass region of the happ effective-
mass plot, indicates that this eGect is due to an E(1650)
rather than a A(1650). Two such zV resonances have
been reported in the 1670-MeV mass region. " It is
worthwhile to mention that any iV(1470) production
via a T=1 exchange mechanism should appear most
pronounced in the w p e6'ective-mass distribution and
should be less obvious in the m'p plot. We see no evidence
of an enhancement in the 1470-MeU region in Fig. 8
and only a slight indication of a 1470-MeV effect in
Fig. 9.
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TmLE IV. p mass and width parameters obtained by
Gtting mass spectra.

Resonance

P
p0

Combined mass Gt

COp Fo
{MeV) (MeV)

776'4 15ia10
771a3 127~7

~ mass Gt

Cdp ro
(Mev) (Mev)

778~4 157&10
774a3 143a8

C. Resonance Production in ~ ~+n Final State

Resonance production in the x x+n final state and
the corresponding best-fit model curves are exhibited
in Figs. 12—14. Production of the f' meson is kine-
matically inhibited at this energy, and there is no
significant evidence of f' in the 1250-MeV mass region
of Fig. 12. In addition to p production in Fig. 12,
the ~ n effective-mass plot shows an enhancement
above the model curve in the region of 1230 MeV. As
indicated in Table III, this effect in the 6 (1236) mass
region cannot be ascribed to a simple 7=1 exchange
mechanism by charge conservation. Similar efI'ects have
been reported in other experiments. '0 One is again
reminded of the distortion effects due to p production
and the sensitivity of the model in the extreme +-
nucleon mass regions to an accurate parametrization
of the p angular distributions. However, since the fit
of our model to the rest of the x x+n final state seems
reasonable, we are inclined to accept this ~ n enhance-
ment at 1236 MeV as real and not an underestimate
in the model parametrization. A mh(1236) decay mode
of the nearby ~-channel 1V(2190) would contribute
most heavily to h(1236) —+ n I and thus, because of the
close proximity of this well-established resonance, a
postulated cascade mechanism could provide a possible
explanation of the x n mass enhancement at 1236
MeV.3' The cross section is given in Table II.

The m+n mass spectrum suggests three examples of
isobar production, all of which are allowed by a T=1
exchange model. Assuming such a model, a comparison
with resonance production in the m m p final state can
be made. Table III indicates that A(1236) production
would occur in the m'p and ~+n plots, and in the ~ p
mass plot to a lesser extent. This is in agreement with
our cross-section determination. The E(1650) is also
in qualitative agreement with Table III but fails to
meet the x p:m+n:x'p=4:2:1 requirement of a X=1
exchange model. The quahtative comparison of the
diferent charge states of X(1470) is less impressive.
Indications of this e6ect are totally absent in the m p
mass distribution of Fig. 8. The most pronounced
eGect should appear in the ~ p mass plot. However, we
see only a slight suggestion of X(1470) production.
The strongest support for the 1V(1470) is obtained in
the m+n mass distribution. Similar behavior is noted
by Eisner et a/. in an experiment at 4.16 GeV/c, where
a 1470-MeV mass enhancement is most visibly pro-

nounced in the x+n mass spectrum. "The large back-
ground in all isobar mass regions prohibits detailed
analysis of isobar angular distributions.

We further note, for the purpose of comparison,
the p-production ratio predicted by the OPEA modeP
is 0(p ):a(p )=2:1.Our experimental value is ~1.3:
1.0, as shown in Table II, and is in disagreement with
the OPEA-model prediction. There are three experi-
mental facts that must be considered in any attempt
to discuss this discrepancy with the OPEA model.
First, the c.m. energy of this experiment is only 70
MeU away from the 1V(2190),"and s-channel effects on
the three-body final states due to this 8-mb eAect
cannot be ruled out u priori. Second, it has already
been shown that the p production and decay angular
distribution cannot always be completely described by
the OPEA model. ""This fact allows speculation as to
the possible sects of the other allowed exchange
particles. A previous analysis has shown that the
assumption of or exchange is not simultaneously com-
patible with both the production and decay angular
distribution of the p in this experiment. "Third, there
are currently three experiments with rather good
statistics at 2.10, 2.26, and 2.36 GeV/c. The experiment
at 2.10 GeV/c has been reported by West et a/."The
experiment at 2.36 GeV/c was conducted by Schultz. 2'

The corresponding c.m. energies of these three experi-
ments are 2.20, 2.27, and 2.31 GeV, respectively. As
such, the total spread in c.m. energy is less than one
pion mass. The close proximity of these experiments
to the reported position of the X(2190) should show
what effect, if any, the formation and subsequent decay
of this resonance have on the xmE final states. Further-
more, one would expect that any deviations from an
OPEA mechanism for p production should manifest
itself in approximately the same fashion in all three
experiments.

The experiments at 2.26 and 2.36 GeV/c show a
substantial deviation from the 2:1 ratio of the OPEA
model. This effect has also been seen by Miller et al. at
2.7 GeV/c. "However, the experiment at 2.1 GeV/c is
in good agreement with the 2:1 ratio. Further compari-
son of the results of these three experiments indicates
that it is not possible to obtain consistent agreement on
several key issues such as partial cross sections, fraction
of resonance production in a given final state, and
relative amount of multiple neutral production. Thus
the attempt to study the effects of the $(2190) and
deviation from the OPEA mechanism in the xmS final
states at this energy are frustrated, to a degree, by the
disagreement among these three experiments.

We have attempted to analyze this problem in terms
of models for X(2190)—+ pX as well as co exchange as
a contributor to p production. We find nothing in any
of these results that would enable us to make compelling
arguments for either model.
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V. p-MESON PRODUCTION AND DECAY

A. y-Meson Production

The correlation between dipion mass squared and the
squared four-momentum transfer to the nucleon —f, is
given by the Chew-I. ow plots in Figs. 15 and 16. These
plots indicate that both charge states of the p are pro-
duced in the 0.6-GeV2 region by a highly peripheral
mechanism. Although both plots show that the majority
of the p mesons are produced with —t&20p, ', the efI'ect

of the p continues into the region of larger values of
—t. The quantity p is the pion mass.

In order to study the details of p production and
decay, a more restrictive selection of events was
necessary. The results of the mass-fitting procedure
(Sec. IV) for both charge states of the p are given in
Table IV. These are the results obtained both by
simultaneously fitting all three mass spectra for each
final state (combined mass fit) and by fitting only the
ss mass spectrum (s.~ mass fit) from each final state.
The values of coo obtained by the two methods are in
agreement. There is some variation in the values for
Fo. This pattern was also observed when the p mass
and width parameters were determined for various
regions of —t. Again the values of coo were in agreement
for each charge state of the p. However, the width
parameter Fo changed appreciably as a function of —t,
with the p' fits being most subject to fluctuation. In
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Fro. 17. p diAerential production cross section as a function
of cos8p-*. The solid curve is the OPEA-model prediction.

Fic. 18. p differential production cross section as a function
of cos8po*. The solid curve is the OPEA-model prediction.

our analysis we have selected events with 680&M(sz)
&880 MeV as being representative of both charge
states of the p. This selection yielded 738 m x events
and 991 x x+ events. In what follows, we shall always
mean events from this mass region unless otherwise
specified.

The OPEA model has been very successful in pre-
dicting the production and decay angular distributions
for p' mesons produced in quasi-two-body final
states. ' ' A comparison of this model with the di6er-
ential production cross sections as a function of cos8,*,
the cosine of the p c.m. production angle, is given in
Figs. 17 and 18. The solid curve is the OPEA-model
prediction in each figure. These curves were calculated
at this energy using a fit to our elastic scattering
data. ""The initial-state absorption parameters result-
ing from this fit were C+=0.827 and y+=0.065. The
final-state absorption parameters were chosen to be
C =1.0 and y =~3y+.' It should be noted that our
value of o(p')/0(p ) =1.3 necessitated normalization of
the experimental production angular distributions to
the OPEA curves for a consistent comparison of both
charge states of the p with the model. This normaliza-
tion required the p' production distribution to be
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FiG. 19. Semilogarithmic plot of the p differential production
cross section versus cos8,-*.

the two intervals farthest to the left in Fig. 17, since
at our energy a value of cos8,*=0.98 implies a labora-
tory kinetic energy for the recoil proton equal to about
32 MeV, corresponding to a range of about 5 cm in
liquid hydrogen. The data in these intervals are not
adjusted for this bias. However, it must be remembered
that the smooth curve in Fig. 17 is based on an OPEA
calculation using data from our elastic scattering
experiments. "Hence, the shape of the curve is in no
way influenced by the bias in the Grst two intervals.

In Figs. 19 and 20, we present a semilogarithmic
plot of the p diRerential production cross sections for
all values of cos0„*.Here we have been more selective
in our dipion mass selection criterion in an attempt
to reduce further the eRect of background in the large-
angle region of the p diRerential production cross
sections. The plots correspond to 353 events with
740&M(n. s')&820 MeV and 540 events with 720
&M(m s+)&800 MeV. The resulting background in
this region is estimated to be 16% for both charge
states of the p. Three points are of interest with respect
to this form of data presentation.

(a) The solid curves in Figs. 19 and 20, in the region
cos8„*&0.75, are essentially the OPEA-model predic-
tion, ~ and these graphs have the same type of normal-
ization as do Figs. 17 and 18. This presentation of the
data is in better apparent agreement with the OPEA

scaled up by a factor of 1.23 and that of the p to be
scaled down by a factor of 0.813. In addition, the non-
resonant and isobar backgrounds in the p mass region
were not subtracted from the data. The chief reason for
not subtracting the background is simply a lack of
certainty as to its distribution. For experiments at
energies of 4 GeV or greater, it is clear that some form
of forward-peaking background should be used. At
energies lower than ours, a background dominated by
s-channel resonances could be used. In this intermediate
region, the situation is not so clear-cut. For purposes
of simplicity, we chose isotropic behavior for the back-
ground and analyzed the eRects of the reflection of
w-nucleon isobar systems into the mass region 680—880
MeV. With this simplified assumption, we obtained a
background for Figs. 17 and 18 which was essentially
isotropic at about two events per interval. The true
background might be nonuniform in its distribution
and larger in magnitude. This possibility must be kept
in mind when interpreting Figs. 17—20, where back-
ground has not been subtracted.

In comparing Fig. 17 with Fig. 18, there may be
some question concerning experimental bias against p
events for values of cos8,* close to 1.0; this bias would
essentially result from inability of scanners to find

short proton tracks. The corresponding bias should not
exist for the p' events because the neutron is never
observed. This bias turns out to be serious only for
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Cy
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FlG. 20. Semilogarithmic plot of the p' differential production
cross sections versus cos8,0*.

"J.D. Kimel (unpublished).
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model for two reasons. First, the more stringent mass
selection yields production angular distributions that
are in slightly better agreement with the OPEA-model
prediction than were the data of Figs. 17 and 18.
Secondly, we note that the larger cos8,* intervals
together with the logarithmic vertical axis in Figs. 19
and 20 tend to obscure some of the fine detail presented
in Figs. 17 and 18. We conclude that the OPEA model
gives a reasonably good description of our p-production
angular distributions in the forward direction.

(b) The nearly exponential dependence of the p
differential production cross sections on —t was fitted
to the form da/dt ~ eP,t, with the results
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The values of P, are the same, within statistical uncer-
tainties, for both charge states of the p. These values of
P, are also in agreement with similar values determined
in this energy region in other experiments. "

(c) Allen et at. have reported a diffractionlike struc-
ture in the p-production differential cross sections at
1.7 GeV/c. "While the distributions in Figs. 19 and 20
suggest such structure, the effect is not so dramatic in
our data. Nevertheless, we examined this structure in
terms of a model for p production proposed by Kimel, 33

which attempts to explain some of the structures for
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cos8,*&0.7 by taking into account the modification in
inelastic di6'erential cross sections due to structure in
the corresponding elastic differential cross section. This
model divers from the conventional formulation of the
absorption model for OPE by including nucleon helicity»»
dependent initial-state and final-state absorption. The
initial-state absorption, determined by the elastic
S-matrix elements p&~, where j=l~-'„was fixed by a fit
to our elastic differential cross section'"' using the
model's parametrization,

ItI~ ——1 ae "'~" (1 Is)e "—~c" y~—e —&I —c»I'~~I'— (8—)—

The initial-state absorption parameters yielding the
best fit to the elastic data (x'=37 and 37 data points)
are R~ ——0.91F, R2 ——0.44F, +=0.25, dj. ——0.25 F, y+
=0.0, y =0.52, where kRg—=Lr+-,', kR2=—L2+-,', kdc—=D~, and k is the c.m. momentum of the initial state.
The model assumes that the final-state elastic S-matrix
elements also can be approximated by Eq. (8).The final-
state absorption parameters are taken to be equal to
those of the initial state except that (RI)f=1.1 F,
corresponding to a steeper p-nucleon diffraction peak,
and (a)y ——1.0, corresponding to somewhat stronger
absorption of the low partial waves in the final-state
elastic scattering. It should be noted that the fourth
term of Eq. (8) and the magnitude of y imply that
there are sizable helicity-flipping effects which take
place on the surface of the interaction region. Corre-
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spondingly, there is a sizable eGect on the inelastic
scattering via the absorption model. The predictions
of this model are the solid curves shown in Figs. 19
and 20.

B. y-Meson Decay

The p-decay angular distributions are most conven-
iently studied in terms of the two canonical angles 8 and
p.34 These angles are deined in the rest frame of the two
final-state pions by the following coordinate system:
The s axis is the direction of the incident pion and the
y axis is the normal to the production plane.

The general features of these decay angular distribu-
tions as a function of dipion mass are displayed in
Figs. 21 and 22. Here we have plotted only those events
with —t& 20@,'. Figure 21 clearly shows a variation of
cos8 with M(w~) for both 6nal states. The forward-
backward asynunetry (F B)/(F+—B) as a function of
dipion mass is given in Fig. 23 for —t& 20p, '. Here F is
the number of events with cos8&0 and 8 the number
with cos8&0. The correlation of cos8 and g is plotted in
Fig. 24.

In order to compare the p-decay angular distributions
with the OPEA model, we discuss the two charge states
of the p separately.
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~ K. Gottfried and J. D. Jackson, Nuovo Cimento 33, 309
(1964).
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TABLE V. Values of the p s in-p spin-"ensity matrix elements as f tis a unction of cos8, *.

cos8,-*

po, o

Pl, -1
Repl, p

1.000-0.971

0 78 +p.ps

0.07 o.p4

0.11-o.os~'~

0.971—0.943

0 55-o.os

0.14-o.oo~'pp

0.943-0.900

0 64 +p.pe

0.20 p ps~'ps

0 12 +e.o3

0.900-0.829

0 55 p ~w.p7

0.14 p.po+o P4

0.829—0.582

0.48
0.04 p p3

The elements pp, p and pi, i are related by the trace
Q pp, p+ p], i = 1. Thus thel e al e thl ee

independent parameters to be determined. The indi-
vidual angular distributions are bt

'
d bo aine y integrating

10—
8-
6 cOs8 & .971

1. p Decay

The expected decay distribut' fion or a vector meson
ecaying into two pions can be paramet dme rize ln terms

e spin-density matrix elements as ~

W(cos8, $) = (3/4e') (po o cos'8+ p~, ~ sin'8
—

p&, q sin'8 cos2&—v2 Repq, s sin28 co&) . (9)

io-

cos 8 &,971
p

p & i r I i » I & s s I r s

0 40 80 120 160
I I I ~ I I I ~ 1 I I I i I I I

200 240 280 320 360

Eq. (9), to obtain

W(cos8) = s 1—=a[i —po, o)+(3po, o—1) cos'-8$, (10)

d = (1/2 )L(1+p,—)—4p, cos'st]. (11)
lt should be noted that Eq. (9) is

The values of the p, ' were determ'
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8-
6- .971 & cos 8
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FIG. 28. po spin-density matrix
elements as a function of cosa, o*.

.2-

Eo
I-

.2

I I 1 f Ti I T 1

1
I I l

~3 -
I

2

I.Q .90
C0S 8 ,

.60

cosHp-*. Each cos8,-* interval was chosen so that it
contained 100 events. The method of maximum likeli-
hood was then used to obtain the values of the p, '.
The results of this determination are given in Fig. 25
and Table V. The solid curve in Fig. 25 is the OPEA-
model prediction. One can also allow for co exchange' by
specifying the appropriate ratio of coupling constants.
In this particular case

(=g-.-(G-;.+G-.-.)/(2g-. G-.-.) (12)

The dashed and dot-dashed curves in Fig. 25 correspond
to )=0.5 and (=1.0, respectively. "A discussion of co

exchange in p production and of possible 5'(1236)
distortion eRects in our data has been previously

reported. "The cos8 and p distributions, for events in
each cos8,-* interval used in the likelihood 6tting, are
displayed in histogram form in Figs. 26 and 27. The
solid curves in each figure are Eqs. (10) and (11)
evaluated for the best-6t p,

Z. po Decay

The principal diRerence between the p and p" decay
angular distributions is the well-known decay asym-
metry of the p'. Durand and Chiu" have proposed the
existence of a T=O, S-wave resonance e" with a mass
in the p' region as a possible explanation of the observed
asynn~etry. Other proposed explanations have con-
sisted of interference with a nonresonant S-wave

"These curves were generated for us by R. L. Eisner using a
modified version of a program coded by R. Keyser, CERN ~'L. Durand, III, and Y. T. Chiu, Phys. Rev. Letters 14, 329
Report No. DD/co/66/3 (unpublished). (j.965).
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TABLE VI. Values of the p' spin-density matrix elements as a function of cosISIpo*. An interference between the p and a T=0,
5-wave amplitude has been assumed.

cos8,o*

Po, p Pl, 1

Repl, 0

Pl, 1
int

int

1.000—0.984

0.46 0 08
*

pp7 +008

{jp9 „+0.04

—0.07 p. o2~.~
0 23—o.o4~'O4

0.984—0.962

{j53 +0.05

—0 18—0.08

0.00 p. p2—0 09—o.ol

{j3P +0.04

0.962—0.924

{j34 0 08+0 08

{j12 +0.08

Q Q4 +0.03

P P7 +0.02

0.23 p, p4~'4

0.924-0.837

Q 52 +0.0$

016
P P1 +0.04

{jP1 +0.02

P 13 +0.03

0.837-0.570

{j43 +0.09

—0.09 p.o40 04

P Q7 +P.05

—0 02-o.oa

0.07 O. O5~ 04

amplitude. "" Several attempts have been made to
observe the e' directly, and currently the evidence is
running against the existence of such a resonance. ~

If we assume the existence of a T=0, J=0 amplitude
in addition to the T= 1, J= 1 p" amplitude, the angular
distribution may be written

would have on the p' asymmetry. 9'e find that the
presence of these resonances, either individually or col-
lectively, cannot account for the observed asymmetry.

The best-fit forms of Eqs. (14) and (15) are displayed
on the individual cos0 and p histograms for the 150

W (cos8,@)= 1/4m+ (3/4n )[(po, o
—pg, r) (cos'8 ——',)

—+2 Repr, o sin28 cosg —pr, r sin'8 cos2@]

+ (K3/4gr) (—2&2 Repr, o'"' sin8 co+
+2 Repo, o'"' cos8) . (13)

I6-
l4—
l2-
IQ

8- CQS 8", & .984

Here p'"" denotes the matrix elements for 5-P inter-
ference. ' The individual decay angular distributions,
obtained by integration of W(cos8, &), are given by

I.Q 09 0.6 0,4 0.2 0 0.2 04 06 Q8 I.O

lV(cos8) = 2[1+(po, o
—pq, r) (3 cos'8 —1)

+2' Repo, o' ' cos8], (14)

W(P) = (1/2m)[1+p&, r(1 —2 cos'P)
—(-', sg 6) Repr, o'"' cosf]. (15)

In this formulation five parameters must be determined.
The likelihood method was again employed to

determine the density-matrix elements with each cos6Ipo*

interval containing 150 events. The matrix elements
were also determined using 100 events per compo*
interval. These results are presented in Fig. 28 and in
Table VI. In Fig. 28 the open circles represent the
100-event determination and the solid circles corre-
spond to 150 events per cos8po interval. The purpose
of the dual determination was to explore the dip in
the po, o

—p~, ~ distribution near cos0po =0.95. A similar
dip is seen to occur in the po 0 distribution of the p .

In view of the fact that we observe evidence for three
isobar resonances in the m+e mass distribution, we
examined what effect the presence of these resonances

"M. M. Islam and R. Pinon, Phys. Rev. Letters 12, 310 (1964).
'8 S, H. Patil, Phys. Rev. Letters 13, 261 (1964).
89 P. G. Turnauer, Phys. Rev. Letters 14, 985 (1965).
"V. Hagopian, W. Selove, J. Alitti, J. P. Baton, and M.

Neveu-Rene, Phys. Rev. Letters 14, 1077 (1965); M. Feldman,
%. Frati, J. Halpern, A. Kanofsky, M. Nussbaum, S. Richert,
P. Yamin, S. Choudry, S. Devons, and J. Grunhaus, i'. 14, 869
(1965); I. P. Corbett, G. J. S. Damerell, N. Middlemas, D.
Newton, A. B. Clegg, W. S. C. Williams, and A. S. Carroll, Phys.
Rev. 156, 1451 (1967); M. A. Jabiol, F. E. James, and N. H.
Khanh, Phys. Rev. Letters 17, 1065 (1966); H. O. Cohn, W. M.
Bugg, G. T. Condo, R. D. McCulloch, G. Lutjens, and N. Gelfand,
ibid. 15, 906 (1965).

4' P. Csonka and L. Gutay, University of California Lawrence
Radiation Laboratory Report No. UCRL-50101, 1966 (unpub-
lished).
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%e have also looked for the ~' following the method
suggested by Hagopian et al.~ In F' 3

(~ ~ ) or events with —t&4p'. The shaded events
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