
PHYSICAL REVIEW D VOLUME 1, NUMB ER 1 1 JAN UAR Y 1970

Production and Neutral Decay of the z Meson in ~-p Collisions*

W. BRUCE RICHARDS, $ CHARLES B. CHIU, 1 RICHARD D. EANDI, ) A. CARL HELIIHOLzi
ROBERT W. KENNEY, BURTON J. MOYER, AND JOHN A. POIRIERii

Lurorence Radiation Laboratory, Unsoersity of California, Berkeley, California 947ZO

AND

ROEERT J. CENCE, VINCENT Z. PETERSON, NARENDER K. SEHGAL, tt AND VICTOR J. STENGER

Unioersity of Ifuroais, Honolntn, ffuIouii 96h'ZZ

(Received 2 June 1969)

The reaction m p —+ gn has been observed through the decay mode g -+ 2p at T -=592, 655, 704, 875,
975, 1117,and 1300 MeV. The detection apparatus was a cubic array of six steel-plate optical spark cham-
bers that completely surrounded a liquid-hydrogen target. We identiied events attributed to the decay of
an q by the large c.m. opening angle between the two showers generated in the steel plates by the decay
photons. We have calculated the total cross section for q production, which is proportional to the number
of events under the large-angle peak in the opening-angle distribution. The total cross section rises steeply
from threshold to a maximum of about 2.4 mb at 650 MeV, and then falls gradually to about 0.66 mb
at 1300 MeV. The differential cross section was obtained by taking the coefficients of a Legendre-poly-
nomial 6t to the angular distribution of bisectors of selected two-shower events, and converting them to
the coeQicients of the g c.m. angular distribution. The diGerential cross section is found to be isotropic at
592 MeV, to require terms through Pu(cos8„) between 655 and 975 MeV, and to have a forward peak fitted
by terms through Ps(cos8„) at 1117MeV and through P4(cos8„) at 1300 MeV. It is suggested that produc-
tion at threshold is predominantly through an S state, with some P& and D& waves entering by 655 MeV.
We suggest that all the absorption in the S11xE state can be explained by the g production.

I. INTRODUCTION

'IRST observed in 1961,' the rt meson is the most
recently discovered meson that is stable against

d.ecay by the strong interaction. Early experiments'
showed quantum numbers of the q to be

J~IG =0—0+.

Prior to the experiment reported here, decay modes of
the g had been established, but there existed only a
few isolated measurements of its total production cross
section in. various reactions, and no significant differen-
tial cross-section determinations at all. Unusual be-
havior had been noticed in the total cross section for
the reaction E p —+ Art, namely, a value of 500&150
pb at 20 MeV above threshold, falling to 150~100 pb
at 60 MeV above threshold. ' In view of these observa-
tions, a systematic set of measurements of an p-baryon
production cross section in some other initial channel
seemed important.
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It is also important to study the interaction of the
q meson with nucleons. We chose to see if the total
rt-prOduCtiOn CrOSS SeCtiOn in Ir P —+ Itrt alSO paSSeS
through the resonances in the same energy region.
Such behavior would indicate that the excited nucleon
isobar states can also decay through an g particle.
Measurement of the differential cross section in this
region should add considerably to the knowledge of
the production process.

Systematic study of the gN interaction can also give
some insight into phenomena of ~N elastic scattering
near 600-MeV pion kinetic energy. Since xS scattering
at this energy is highly absorptive, quantitative phase-
shift analyses of the important angular momentum
states have proved complicated and have yielded con-
victing results. ~' Although there is no guarantee that
the coupling strengths will be the same, any 5-matrix
pole associated with a ~E resonance must be shared
with all communicating channels. ' Because the major
two-body channel that communicates with the isotopic
spin-~ ~lV system around 600 MeV is pe, it is possible
that the existence and position of the resonance could
be better analyzed in the pe channel. Conversely, an
enhancement in the ~E cross section might be funda-
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mentally a reflection of a strong interaction in the pm

system.
In this experiment, designed to study neutral final

states of 7r p interactions in the region of the 600- and
900-MeV peaks in the total cross section, we have
measured the total and differential cross sections for
the reaction 7r p ~ ge at seven different energies from
threshold to 1300 MeV. q mesons were detected pri-
marily by observing the decay mode p~ 2p in steel-
plate spark chambers. Our results have been briefly
reported previously. ' In this paper, we give more
details of the analysis and present final results. The
thesis of one of us (WBR) contains further details. "

Multishower events from this same run have pro-
vided data on the branching ratio R=F(g —+3vr')/
F(g~ 2y). The result has been published, " but the
method is briefly described in Sec. V.

II. EXPERIMENTAL APPARATUS
AND PROCEDURE

The arrangement of our experimental apparatus,
described in detail in previous papers on vr p —+ ~'e, i3 '4

is considered only brieAy here. As shown in Fig. 1,
six 38-gap steel-plate spark chambers formed the sides
of a hollow cube enclosing a liquid-hydrogen target at
the center of a 1-m' cavity, providing a 4~ solid-angle
detector for high-energy photons. (The inclusion of top
and bottom chambers proved important for maximum
sensitivity to details of the q angular distribution. )
The first four gaps of each chamber were made with
aluminum plates having a low photon-conversion prob-
ability. These gaps provided a visual check against
charged particles. The remaining 34 gaps were between
S-in. -thick steel plates.

Incoming pions were detected by scintillation counters
M~, M2, and M3. The signature of a neutral event in
the counters was MiM2M~AO 9. These events were
photographed in the spark chambers in order to record
the spatial location of cascade showers resulting from
materialization of final-state photons.

According to a Monte Carlo study' of the conversion
efficiency of the spark-chamber system, the probability
that both y rays from an g event of the type chosen
for analysis would materialize and produce & three-
spark showers in the chambers varied from 93 to 97%
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and W. B. Richards, Phys. Rev. Letters 19, 1393 (1967)."C. B. Chiu, R. D. Eandi, A. C. Helmholz, R. W. Kenney,
B. J. Moyer, J. A. Poirier, W. B. Richards, R. J. Cence, V. Z.
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Pro. 1. Experimental arrangement. Six spark chambers form
the walls of a cubical box. Ao 9 are anticounters; M'~, M2, Me are
m monitor counters.

over the entire range of energies of the experiment.
Thus we had high efFiciency for detecting g mesons,
via the decay q —& 2p, as two-shower events. The
opening angle between the two photons (vr p c.rn. sys-
tem) has a distribution strongly peaked at angles
larger than is observed for similar peaking of ~'~ 2y
photons (see Fig. 2).

The procedure for detecting qn final states, therefore,
was to select two-shower events from the "q region" of
opening angle.

III. ANALYSIS OF TWO-SHOWER EVENTS

A. First Selection of Events

The half-million pictures taken during this experi-
ment were scanned and measured by use of selection
criteria and techniques already discussed in detail. "'4

Briefly, two-shower events were accepted for further
analysis when (a,) each shower produced sparks in at
least three of five consecutive gaps, (b) no sparks
appeared in the first four gaps (the aluminum region),
and (c) the event appeared to originate near the hy-
drogen target.

Because of multiple scattering of electrons, the
showers did not necessarily point straight back to the
point of origin in the hydrogen target. Hence in cri-
terion (c) an event with long showers was accepted if
the line of the shower made an angle of less than 12'
with the line through the target center and the shower
beginning; this cutoff was relaxed somewhat for shorter
showers.
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FrG. 2. Experimental opening-angle distribution for T - =1300
MeV. The inset shows the region of the q peak with an expanded
vertical scale. Events were chosen from the region between the
vertical lines for the q differential cross section.



RI CHARDS et ul.

TABLE I. Opening angles of g region.

jT-
(MeV)

592
655
704
875
975

1117
1300

Lower limit
accepted for

g region
(deg)

152
136
126
106
100
92
84

Theoretical
minimum
opening

angle
(deg)

156.1
139.4
130.9
111.6
103.9
95.5
87.2

Upper limit
accepted for

q region
(deg)

168
154
148
134
126
120
110

Theoretical
fraction of

events
included

87
78
78
78
76
77
75

In a Monte Carlo calculation, it was determined that
about 9%%uo of the events would have at least one shower
beginning in the aluminum region of the spark cham-
bers, and would be thrown out by criterion (b) above.
The data were corrected for this effect.

Data were taken both with and without liquid hy-
drogen in the target flask. Full-to-empty ratios were
about 3:1 for counter data and 9:1 for acceptable two-
shower events. Both groups of film were scanned and
measured by using the same selection criteria. Thus,
properly normalized distributions based on the target-
empty data could be subtracted from target-full dis-
tributions to correct for stray interactions of the pion
beam in the target structure.

B. Second Selection of Events

TABLE II. Ratio r and partial p-production cross section.

T-
(MeV)

592
655
704
875
975

1117
1300

Fraction of
events in
g region
due to

background

8
11
14
30
21
15
23

Total
number

of q's (g/d) I

258~20
693&35
767&38
246m 29
420~36
523~38
484~44

1.190
1.027
0.955
0.992
1.093
1.167
1.089

f.~(~ P~nr)
(%) (mb)

7.8+0.06
17.1%0.9
19.5&1.1
6.4+0.8

15.5&1.4
20.7~1.6
11.8~1.1

0.60&0.06
0.93&0.08
0.93+0.08
0.41&0.06
0.46~0.06
0.45&0.05
0.25~0.03

» Gunnar Kallen, E/emeetary Particle Physics (Addison-Wesley
Publishing Co., Inc. , Reading, Mass. , 1964), p. 32.

In the sample of good two-shower events, the q
events were separated from the ~' events (from ~ p —+

m'n) by means of the distribution in opening angle of
the two decay y rays, in the ~ p c.m. system. The
probability distribution of the c.m. opening angle C,
which follows simply from decay kinematics, "is

Qs cos(-', C')

dC 2y'p sin'(-,'C')g' —cos'(—',4')$' '

where p is the c.m. velocity of the decaying meson,
and ~ = (1—P')—'~2. As seen by inspecting the denomina-

tor of Eq. (1), the most prominent feature of the dis-
tribution is a divergence at a minimum opening angle
related to P by

cos(2 C'min) =p ~ (2)

Because the c.m. velocity of a particle depends on its
mass as well as momentum, the p events may be
cleanly separated from the neutral pions arising from
charge exchange. Mass values used in calculations
were from a standard compilation. " Shown in Fig. 2
is the y-y opening-angle distribution obtained at Tv-
=1300 MeV. Note the prominent m' peak at 23' and
the g peak (see also expanded scale) at about 90'. For
comparison, the opening-angle distribution for T —=704
MeV is given in Fig. 4 of Ref. 13.

In order that the sample of q's be as clean as pos-
sible, only those events within a limited range of
angles were used for analysis (see Table I).

1.np Recoils

Usually the final-state neutron is not detected, but
occasionally it produces a visible charged knock-on
(np recoil). I.ow-energy, short-range proton tracks were
difficult to distinguish visually from short electron
showers. Hence, some true two-shower events appeared
to be "three-shower" events. Kinematic 6tting to the
np recoil hypothesis showed that S%%uo of the p events
included an additional np recoil track. In addition,
some apparent two-shower events were really one-
shower aron events with an np recoil. These latter
tended to lie near 180' in a "two-shower" opening-
angle plot, because the single shower is almost always
produced by a high-energy photon traveling in almost
the same direction as the ~'.

All possibly ambiguous two-shower events were
tested for the probability that one track was an np
recoil. If the calculated energy was low enough that
it was reasonable that the photon had been missed, and
if the length of the supposed proton track was in
reasonable agreement with its predicted range, then it
was considered an "np event. "A distribution in open-
ing angle of the two observed tracks is shown in
Fig. 3.

'6 N. Barash-Schmidt, A. Barbaro-Galtieri, L. R. Price, A. H.
Rosenfeld, P. Soding, C. G. Wohl, M. Roos, and G. Conforto,
Rev. Mod. Phys. 41, 109 (1969).

C Background Reactions

In Fig. 2, the shape of the peaks agrees closely with
the theoretical distribution function of Eq. (1) after
one has folded in the angular resolution of the detector
system (1.5'—3'), momentum spread of the incoming
beam (+2.5%%uq), and detection e%ciency. In the "g
region, " the background consisted of (a) n p recoils
and (b) multi-y two-shower events, and ranged 8—

30%%uo

(see Table II).
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(a) ~ p —+ 2~'n,

(b) ~—
p —+ 3v'n,

(c) vr p —& A.E',
(d) vr

—
p —+ a~n.

(3)

In chambers with less than 100% detection efficiency,
the above reactions can produce two visible showers
part of the time. Since the background is rather small,
it was sufficient to estimate the opening-angle distribu-
tions from the background reactions by Monte Carlo
calculations. In these estimates, the calculated photon
energy response of the chambers' was taken into
account. Three-body Lorentz-invariant phase space
(LIPS) was assumed for reaction (a), four-body LIPS
for reaction (b), and a A. c.m. angular distribution of
1—0.8coseii for reaction (c),'r and, for lack of better
information, phase space was used for reaction (d).
As suggested by the five- and six-shower data in this
experiment, in the final calculation reaction (b) was
assumed to go through an intermediate q, which then
decayed into three neutral pions. Results are shown
in Fig. 3 for T -=1300 MeV. The normalization of
various components is based on either known produc-
tion cross sections or the fitting procedure described in
the next section.

D. g-Production Cross Section

The q-production cross sections are derived from the
opening-angle distributions through the observable ratio

r =f„a(v p~ qn)/-f
—a(7r p~ ~'n),. —

(4)

where f„ is the branching ratio"

f„=F(it —+ 2y)/P (q —+ all decays) =0.38+0.02 (5)

and f is the branching ratio"

f =I'(~' ~ 2y)/I'(~a —+ all decays) =0.988. (6)

The ratio r is the ratio of the number of q —+ 2y events
in the opening-angle plot (~I region only) from p decay
to the number of events due to m' decay, corrected for
two-shower detection efficiencies in each case (see
below). The quantity r is insensitive to the errors
that arise in measuring the total neutrals cross section
measured with counters, or in scanning and measuring
two-shower events. The main errors arise from the
estimation of the detection efficiency of the chambers
and the contribution of background reactions.

"L. Bertanza, P. L. Connolly, B. B. Cuhvick, F. R. Eisler,
T. Morris, R. Palmer, A. Prodell, and N. P. Samios, Phys. Rev.
Letters 8, 332 (1962).

Z. Multi photon ()3y) Two Sho-wer Events

In addition to mi7 charge exchange and q production,
other neutral anal-state reactions yielding two or more
photons could still produce two-shower events if only
two photons materialize into detectable showers:

6 n-p recoil
3

u)
I-
Q 3

0—
9

O
6

4J
Cl 3

r

0
9

2m 4n

hK

0
9

Total background
6

Once r has been determined, it can be multiplied by
the ~ p ~ man charge-exchange cross section, also
measured in these experiments, " to yield the partial
production cross section

a „(2y)=f„a (~ p +nn) —. — (7)

To evaluate r, the technique used was to determine
the linear combination of opening-angle distributions
for z —+ 2y, q —+ 2y, and background which best fitted
the experimental distribution. These opening-angle dis-
tributions were in the form of histograms, calculated
either directly or by Monte Carlo methods. For ~'
and y distributions, a numerical integration was done
to fold the measurement error, momentum spread of
the beam, and detection eKciency of the chambers
into the theoretical distribution given by Eq. (1).The
background distributions (see Fig. 3) were calculated
as described in Sec. III C 2. The fitting procedure then
yielded the relative normalization of the different
reactions, with errors obtained from the error matrix.

The most significant background resulted from final
states containing more than two photons. The shape
of this background estimated by the Monte Carlo
calculations was checked by comparison with an ex-
perimental distribution. For this purpose, events were
selected from the experimental sample of three-shower
events in which the shortest of the three showers was
less than 3 in. long within the chamber. These short
showers were considered to be "almost missing, " and
opening-angle distributions were made from the remain-
ing two showers to simulate a background two-shower
event. The background distribution calculated by the
Monte Carlo method compared quite favorably to this
experimental estimate.

To check the sensitivity of the results to the various
assumptions, fits were also made with (a) a fiat opening-

0-
0 20 40 60 80 IOO I 20 I40 I60 I80

CENTER-OF-MASS OPENING ANGLE

(DEG)

FIG. 3. Components of the background subtraction at T—
1300. Shown in the histograms is the actual number of events

used in the subtraction from the opening-angle distribution of
Fig. 2.
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o.qdQ, ,m. ~ ~ qn) in JM,b/sr. Errors do no0./ ) (m. p q
' . not include the error

f thereaccuat 1 th th bol t l o tf n ross sect&on relative shapes are known more accuof norma iza ion
t h energy and are to be converted to sr an a'ven in units of percent at eac en

fi d the complete absolute errors.
ts. Nor a is t o e o snr areg

the tabulated errors to n e co

T -g
(MeVlgcosge

592
655
704
875
975

1117
1300

0.9

54+13
116~15
136m 15
49~12
63&10
54&9
42+6

0.7

70+16
82&12
98&13
51~14
87&12
69&10
49&6

0.5

52+13
60&12
85&13
36&13
71&11
64&9
40&6

0.3

45&15
51+11
63~11
45&11
58&10
55&9
30&6

0.1

36&12
77&12
65&10
31&12
44+9
40&8
21~4

—0.1

53&14
64&11
71&11
22+10
22&7
33&6
6+4

—0.3

47&13
61~11
60&11
17+9
14&6
19+5
2&3

—0.5

35&11
56&11
47~10
15&9
1+6

14&5
0&3

—0.7

41&11
71&12
57&11
17&9
6%6
4+6
4&3

h, z

('Fo)

44~13 10
100&13 9
61&12 9
44&11 14
0&5 13
7&5 11
4&3 12

angle backgroun, ad (b) a background proportional to
the sine of the opening angle, as would be expec e o

d o ening-angleequi. ciency corrections to the m an g op
curves. In all cases eth X' showed that these were

r fits to the data than the ones usingsignificantly poorer s o
the Monte Carlo estimates. In cases ~a& an
resulting value of the ratio rr did not vary more than

When no eS.-1 stan ar ev'd d d iation from the best fit. When no e
el oor.ciency correction wasas used the fit was extreme y p

1 f th fitting with all corrections, are
in Table II. Figure 4 is a graph of this partia g-

production cross section o.„~ y&=cr m
—f ( p its) as a function of energy= J ~0 g7l" P ~ gs

E. Differential Cross Section

h 4n--sr detector to perform a directnecessary to ave a
entconversion, our par ic at ul r experimental arrangemen

is ideal for this analysis.
To summarize the method, if the distribution o t e

bisectors is fitted by a sum of Legendre polynomia s as

=g CiPi(cos8ii),
dQ ~

then the true g angular distribution is given by

do
=2 (Ci/«) J'i(cos8 ).

dQ,

The C» are the coefficients of the bisector fit, and

~ ~

Measurement of the angular positions of the two

one of two possible directions. Attempts to
lve this quadratic ambiguity y ryingreso ve

ra s b s ark countingthe relative energies of the p rays y p
did not succeed. Instead, a s ig ya sli htl less direct metho
of analysis was used. In the pp

'
d

' th A endix we derive t e
q angular distri u iond' 'b t' from the experimental istn u-
tion of the bisector between the two y rays. ince i is

1.2

1.0-
Jh
E 0.8—

/
g Jg ' llw~

I 'i 'Jl

/
I

O
0.6—

O
Ol
40

0.4—
O
s
O

0.2—

0
500

I

700
I

900
I

1100 1300
T~ (MeV)

=0 x + 'g'Pl
p

gy The curves are due
— roduction cross section 0.„

b R f 23 (b k ] )to gall, Ref. 24 (dash-dot h e),

data of Ref. 18 are shown for comparison so i

where pmin=P cos(s@max)y C'max pw ere is the u per limit of
th ing-angle interval from which the sample was

u is the c.m. velocity of the meson. Ttaken, an P is e
A endix also contains a table of values o ~ asppen ix as
culated by numerical integration for t e g'e ener ies of
this experiment.

To form the angular distribution at each energy,
two-s ower even s wts were selected within the opening-

s ~Table I and the direction of the
in 10 b'bisector in the c.m. system was distributed in ins

of equal size in cos &. o8 Monte Carlo programs were also
used to provi e isec or d.'d b t r distributions of background
events. The primary background was from t e x n

d the approximate shape of the Monte
Carlo bisector distribution for this reaction varie rom

1—0.14 cos8) to (1—0.57 cos8) at the lowest and highest
energies, respective y.I Other backgrounds were essen-
tially isotropic.

These Monte Carlo estimates of the ac groun
b t d' tributions were compare wit pith ex erimentalisec or is

showersdistri utions o ai'0 btained from two of the t ree s
in the sample of three-shower events in which the thir
shower was very s or .h t At low energies, the angular
distribution wit in e g

' h' the region of the bisector o t ese
"pseudo-two-shower events" compared very we wi
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I 50-
120—
90-

T~ 592 MeV

TABLE lV. CoeKcients of Legendre polynomial expansion
of g differential partial cross section do„(2y)/do= f„(do/do)
(m p —+ ga). f„=I'(s~ 2y)/r (s ~ all decays).

60 -)
30-

l50
I20
90
60
30

I
I

'
I

I
t

7&8
38&6
16+4
52&5
39&2
31&1

T~- Ao A1
(MeV) (pb/sr) (pb/sr)

592 46~5
655 73&8
704 74&7
875 33&5
975 36&5

1117 36&4
1300 20&2

A2
(p,b/sr)

49&14
36&10
19&5
1&8—6&4
9&3

A3
(pb/sr)

—34+9—33~10—26&5—21&4

A4
(pb/sr)

—20&4

0
Cg

I 50-
I 20-
90
60
30

T* 975 MeV T ~ IIIT MeV
8000 Monte Carlo events having angular distributions,
given by the coefficients A, in Table IV. The resolution
parameters were allowed to vary statistically within
the following realistic limits:

I 50-
I 20-
90--
60-

T ~ I500 MeV.

0.8 0.4 0 -0.4 -0.8
cos a,

0.8 0.4 0 -0.4 -0.8
Cos e,

a. Event origins were uniformly distributed axially
throughout the target volume. Transverse positions
were measured from incoming beam tracks, as they'
were in the actual data.

b. Beam momentum was trapezoidally distributed, .

with 5% full width at half-maximum and 1% width
for the fall from maximum to zero.

Fio. 5. Partial differential cross section for q production. The
dotted line is the best 6t to the bisector-distribution data points;
the solid line is the g di6'erential cross section.

the Monte Carlo background calculation. However,
at the highest two energies there were significantly
fewer bisectors in the backward hemisphere in the
"pseudo-two-shower" sample than the Monte Carlo
calculation had predicted. The phase-space assumptions
made in the Monte Carlo calculations become more
liable to error as the energy increases. Since there was
an adequate number of events in the experimental
three-shower sample at the high energies, this experi-
mental distribution was used instead of the Monte
Carlo at T =111'/ and 1300 Me-v.

Bisector angular distributions are presented in Table
III. These differential partial cross sections are normal-
ized to the partial cross sections of Table II. Data
points in Table III and Fig. 5 are the corrected experi-
mental bisector distributions. The dotted lines in Fig.
5 are the best X' fits to the bisector distribution. The
coeKcients of the Legendre polynomial expansion of
this curve were then divided by the factors t & of Eq.
(A13) normalized in such a way that I's ——1. The solid
lines in Fig. 5 are plots of the new expansion, which
represents the true q differential partial cross section
do. „(2y)/dQ for the reaction gr p —+ re�(rl—+ 2y). Table
IV and Fig. 6 contain the Legendre polynomial ex-
pansion coefficients of the g differential partial cross
section.

The major contributions to experimental resolution
are due to finite target size, pion-beam rnornentum
spread, and film rneasurernent errors. Their effect upon
the analysis was investigated by generating a set of

The actual data-analysis scheme was followed in
reconstructing the set of Monte Carlo events. Shower
origiri measurements were Gaussian distributed in three
orthogonal directions with 0.4 in. half-width at half-
maximum. Event origins were taken at the intersection
of incoming trajectories with the target midplane
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M ESON I N m P COLLISIONS

where b(S») is the inelasticity parameter for S» state.
Choosing a value of b from the pion-nucleon phase
shifts of Bareyre, ' and evaluating 0.;, one finds good
agreement with the q-production cross section. The
S» inelasticity must then feed the pe channel very
strongly. "

Some authors" '4 have attempted to fit a(~ p -+ gn)
of Fig. 4 and various S» phases by a two-channel
scattering-length analysis using zero effective range.
Uchiyama-Campbell" used the phase shifts of Auvil

et u/. 4 and obtained rather poor fits to the crosssection,
with no indication of an S» resonance near threshold.
Dobson" obtained a good fit to Cence's S» phase
shifts, ' but the resulting q-production cross section
rose too fast above threshold to fit the data of Fig. 4.
No S» resonance pole was indicated.

BalP4 has used a dynamical model with two adjusta-
ble parameters to fit S-wave xE scattering and g-
production data (see Fig. 4). His method shows a
characteristic of the zero-range approximation in not
fitting the lowest-energy points. This model also gives
no S» resonance pole.

Other authors"" have shown that good fits are
obtained by assuming a (Breit-Wigner-type) S-wave
1V*, J =~ resonance dominating the qe state near
threshold. An effective-range K-matrix analysis" has
also been used. A bound state at invariant mass of
either 1530 or 1570 MeV "is required, well above the
threshold value of 1487 MeV.

The existence of other inelastic resonances in this
region, particularly P»(1460 MeV) and D» (1515MeV),
leads to speculation concerning the decays of these
resonances into the ge final state. Davies and Moor-
house" and Moss" have included P~~ and D~3, as well

as S», resonances in their analyses and find that small
amounts of these states improve the fit to the cross-
section data. Only =4% P and D waves is required
at T =650 MeV. The S» resonance occurs consistently
above threshold for q production.

Tripp's SU(3) considerations" predict a total con-
tribution of &0.3 mb for each of the reactions n. p~
Ni/2 (1680) ~ gn and ir p ~Nii2*(1688) ~ gn. This
cross-section contribution is clearly below our detection
threshold.

The existence of P and D waves should be shown
most directly in the angular distributions, as a depar-

"F.Uchiyama-Campbell, Phys. Letters 18, 189 (1965).
~ P. N. Dobson, Jr., Phys. Rev. 146, 1022 (1966).
~ J. S. Ball, Phys. Rev. 149, 1191 (1966);J. S. Ball and W. R.

Frazer, Phys. Rev. Letters 7, 204 (1961).
'5 A. W. Hendry and R. G. Moorhouse, Phys. Letters 18, 171

(1965)."F.Uchiyama-Campbell and R. K. Logan, Phys. Rev. 149,
1220 (1966).

'7 W. R. Frazer and A. W. Hendry, Phys. Rev. 134, B1307
(1964).

'SA. T. Davies and R. G. Moorhouse, Nuovo Cimento 52A,
1112 (1967).

ma T. A. Moss, Phys. Rev. 163, 1785 (1967).
~ R. D. Tripp, Lawrence Radiation Laboratory (private com-

munication); Nucl. Phys. B3, 10 (1967).

TAsr. E V. Number of events after full-empty subtractions.

T -lab
(MeV)

500
533
592
655
704
875
975

1117
1300

Number of showers
2 3 4 5 6

4563 8203 1240 524 59 6
2814 4966 768 321 31 4
1885 4466 752 537 133 41
2371 6730 1755 1215 382 112
2768 6373 2215 1471 384 126
1910 6107 2027 1415 360 97
1927 4841 1662 1138 293 90
1172 4461 1893 1591 580 233
1473 6486 2702 2471 802 389

ture from isotropy. Indeed, our data (Fig. 5) already
show significant deviations from isotropy at T -=655
MeV, with a large cos'0 component. Lin.ear (cos8) and
higher-order terms become prominent at increasing
energy. The coeKcients A& in the Legendre polynomial
expansion of do/dQ are plotted in Fig. 6. 2300 is
required at T -=873 MeV and above. At the highest
energy (T =1300 —MeV), A4/0 is required. The
minimum-order fit required by the data is determined
by plotting (X'/d)'~' versus d, where d is the order of
fit, as shown in Fig. 7. (The results of Ref. 18 are
drawn from perliminary data, and are consistent with
isotropy up to 1000 MeV. Final data, with extended
statistics„of those authors, however, contain more
complicated angular distributions, and there now exists
substantial agreement between their final results and
ours. ")

The analysis by Davies and Moorhouse" has shown
that excellent fits to the g-production data (Fig. 4),
the angular distributions (Fig. 5), and the phase shifts
of Bareyre et ul. ' can be obtained by assuming an S»
resonance (1534 MeV, total width 168 MeV) and a Dia
resonance (1530 MeV, total width 65 MeV). The D
wave contributes less than 10% to the cross section
at the peak. A fairly substantial cos'0 term in the
angular distribution is produced by interference of a
small D-wave amplitude with a large S wave.

V. OTHER NEUTRAL g DECAYS: BRANCHING
RATIO R= I'(g —+ Bmo)/I'(q —+ 2y)

g production and neutral decay are most readily
detected in our apparatus via the q ~2y mode, due
to the high conversion efficiency and unique opening-
angle distribution of the decay photons. All the pre-
ceding data on differential cross sections for w p —& gn
are based on detecting this decay mode.

Multishower events (three or more showers) are also
observed in significant numbers in our experiment, as
shown in Table V. Such events arise from 2x'n, 3m'e,

q(—+3vro)n, and g(—+mopy)n final states. We have been
able to derive approximate values for the production
cross sections o(n. P~2mon) (shown in Fig. 8) and
o. (m p —+3ir'n), and we have obtained a value" for

"A. E. Brenner, Harvard University (private communication).
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APPENDIX:

KINEMATICS OF 2y DECAY

T~ (MeV)

Pro. 8. Total cross sections for neutral anal states in w p
collisions. From Ref. 13 and from Particle Data Group, Rev.
Mod. Phys. 41, 109 (1969).

the branching ratio R= 1'(it ~ 3s')/F(ti —+ 2y) = 1.1
~0.2. The development of a semiempirical photon
detection efficiency ei(k) for our chambers, using s-' and
it(-+ 2y)e one- and two-shower events, has been dis-

cussed elsevhere. ""The data at all nine incident x
energies have been. fitted with an ei(k) given by ei(k)
=C(1—exp' —(k—ko)/Akj), where ko ——15 MeV and
where C varies between 0.95 and 1.00 while Ak varies
from 60 to 85 MeV under different spark-chamber
conditions.

Detection of 3z'~67 final states as "six-shover"
events thus involves the sixfold product of such effi-

ciency functions.
Detailed Monte Carlo calculations have been made" '4

by using the above ei(k) to fit the estimated yields
of 2m'e and 3m'n events to the observed shower dis-
tributions at each incident m. energy. Phase-space dis-
tributions vere assumed for the particles in 2m and
3~'e final states.

The results show good X' fits to the observed shower-
number distributions. The ratio of six- to Ave-shower
events, which arise only from 3s-srs or ti(—+ 3vrs)m reac-
tions, was fitted well with Ah=60+10 MeV over the
entire range of ~ energies" despite its sensitivity to
the shape of ei(k). A problem arose in separating the
last two modes. For il(—+3s')rc two-body final-state
Monte Carlo results, phase-space distributions for

q —+ 3x' resulted in shower distributions indistinguisha-
ble from the 3xoe four-body final state. This problem
is tractable because of the abrupt rise in the number
of five- and six-shower events about threshold for q

production (T =S60 MeV). We h-ave used this feature
elsewhere" to separate 3s'is from it (—+ 3s')I final

states, and to deduce 8=1.1&0.2. This implies a
value of F(t)~ 3m )/F(ti —& vr+s. s.s) =1.5&0.3, consist-
ent with pure I=1 Anal state in p —+3m decay. The
decay g —+ m'py was not fully investigated, since it was
clear that the 2x'e background was overwhelming in
the absence of neutron detection or accurate photon
energy information.

Here

(A1)

is the joint probability that an event occurs in which
the g meson is in the element of solid angle dQ„, and
at the same time the bisector of the decay p rays isjin
the solid angle dQ~. The directions of the bisector and
the incoming beam axis (from which the ~t-production
angles are measured) are held fixed, and the integration
is over all possible directions of production of g.

(a)

isector

Beam
Qxt S

(b)

ector
r axis)

8eam
QXIS

Fio. 9. (a) Angles used in the kinematical equations. (b) Coordi-
nate system for integration of bisector equation.

In this appendix are derived the equations used in
the analysis of y angular distributions, relating the
distribution of the bisector of the p rays t see Fig. 9(a)$
to the distribution of the y. The treatment of a neutral
meson p with a 2p decay mode is in units where @=1.
All quantities are evaluated in the s. p c.m. frame.

Now we find an expression do/dQ~ for the angular
distribution of the bisectors, given the distribution in
angle of the meson. First we put
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The joint probability may be expressed TABLE VI. Values of P& at the energies of this experiment.

dQ„dQ~ dQ, dQg

da'

dQ„=P AtPt(cos8„)dQ,
dQ~ t

(A2)

(A3)

is the probability that an g appears in the solid angle
dQ» at 8„; (dts/dQtt)dQ& is the probability of 6nding
the bisector in de at the same time, a function of the
angular separation 8 of the q and the bisector. Thus,
Eq. (A1) is expanded to

592 655
T„,—(Mev)

704 875 975

P„(c.m. )
@'max (deg)
go

$3

fs
f6
gv

0.2067
168
0.8675
0.7439
0.5489
0.3557
0.2190
0.1528
0.1372
0.1466

0.3468
154
0.7811
0.6998
0.5618
0.4059
0.2698
0.1769
0.1309
0.1201

0.4155 0.5622
148 134
0.7785 0.7811
0.7016 0.7137
0.5701 0.5963
0.4193 0.4571
0.2845 0.3261
0.1888 0.2252
0.1380 0.1632
0.1227 0.1363

of the decay p rays may be expressed

0.6161
126
0.7587
0.7024
0.6021
0.4791
0.3568
0.2545
0.1832
0.1439

0.6724
120
0.7721
0.7178
0.6207
0.5005
0.3794
0.2762
0.2019
0.1585

0.7241
110
0.7451
0.7026
0.6249
0.5250
0.4182
0.3192
0.2388
0.1822

1117 1300

=Q At Pt(cos8„) dQ, .
l dQgg

(A4)
dQ dC'

d8 dC d8
(AS)

The choice of coordinate system in which to integrate
cannot a8ect the result, so we choose the spherical
coordinate system that has its polar axis in the direc-
tion of the bisector under consideration. This system
is illustrated. in Fig. 9(b).

Thus we have

d0
= —PAt

dQgy 2'
Pt(cos8„) d(cos8)~„(A5)

d(cosh)

where p„ is the azimuthal angle of the rt meson about
the bisector as its polar axis. %e can carry out the
integration if we recall the addition theorem for
spherical harmonics, which, for the vectors of Fig.
9(b),"can be written

where dtt/dC is the well-known opening-angle distribu-
tion

cos(s~C)dQ 1

2v'p»n'(sC) 9'—cos'(sC') j"' (A9)

p cos5= (cos-', C) . (A10)

The desired result is

In Eq. (A9), P is the velocity of meson rt, and
v= 1/(1-p')"'.

To get the second factor in Eq. (AS), we must
derive the relationship between C and 8. This can be
easily done by applying energy and momentum con-
servation to the decay illustrated in Fig. 9(a). One
Ands

—(1—P') coshPt (cos8~) =Pt (cos8)Pt (cos8B) (A11)
d(cosy) (].—Cos'8)"'(].—P' cos'8)st'

(l—m)!
+2 Q Pt (cos8)Pt (cos8t))

m=i ($+m)!
XCOSLm(g„—Pt))g. (A6)

d0

Or, writing tt=cos8, and putting in distribution (A9),

(1 p')t Pt(t )dt—

u)t) - (-*e-*) (1—tt')"'(1 —P'tt')"'&
=Q (AiAgain, @)s is the azimuthal angle of the beam direction

with respect to the bisector.
If we substitute this into Eq. (A5), the integration

over d4t)„can be done. All the terms in the expansion
of Pt (cos8„), except the first, are multiplied by
COSLm(p„—tl)tt)), and these drop out when one inte-
grates over dP, from 0 to 2~. After this step, the
bisector distribution is

XPt(cos8t)) . (A12)

do de
= x l

Ai r&(c s5) Dd(cos5))
dQtt t d (cos8)

(1—P')t Pt( )dt
(A13)

~tit)) ~~(:~- *) (1—tt')'"(1 —P'tt')"'
XPt(cos8n). (A7)

The limits of integration correspond to taking 6 from
0 to some maximum angle, less than 90', which is
related by Eq. (A10) to the maximum opening angle
one wishes to consider when selecting events.

This is the result we seek. The integrals

An expression for drt/d(cos8) is now required.
This distribution in the magnitude of the angle 8

between the direction of the g meson and the bisector

"J.D. Jackson, Clossicol Etectrodyear)ties (John Wiley 8z Sons,
Inc. , Nepv York, 1962), p. 69.

have been done numerically, resulting in Table VI.
These express the relationship between the coe&cients
of a Legendre polynomial expansion of the diGerential
cross section for p production, namely, 2&, and the
expansion coefficients of the &-ray bisector distribution,
given by t tAt=Ct


