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Approximately 26 500 two-prong events were measured and analyzed by the Notre Dame and Pennsyl-
vania groups, independently. From these analyses, 2421 events of the reaction #~p — =~=*n were obtained.
The predictions of one-particle-exchange models with and without absorptive effects are compared with our
data for the production and decay of the p® and the f°. We have also observed the recently discovered g°
meson. The cross sections for o9, /9, and g° production are also given.

I. INTRODUCTION

URING the past few years, studies of single-pion
production in pion-nucleon interactions have
provided better understanding of the production
mechanism. In particular, the refined one-pion-exchange
theory with absorptive effects (OPEA) has been suc-
cessful in predicting both production and decay proc-
esses in various interactions. Studies of the production
and decay of existing resonances in higher-energy inter-

actions would furnish further tests of these theories.
In this paper we present an analysis of 2421 events

of the type

1)

produced in 8-GeV/¢ 7 p interactions. A major part of
the discussion concerns production and decay of the p°
and the f° resonances; we remark on the recently dis-
covered g° resonance.

Data presented here were combined from two
separate experiments in the Brookhaven 80-in. hydro-
gen bubble chamber by Notre Dame and Pennsylvania
groups. In the University of Notre Dame experiment,
at an incident beam momentum of 8.05 GeV/¢, about
20 500 two-prong events have been measured and 1321
events have been identified as reaction (1) on the basis
of HGEOM—GRIND fits. In the University of Pennsylvania
experiment at 7.9 GeV/c, about 6000 two-prong events
were selected from a special scan! with criteria which
exclude most types of two-prong events in which the
positive outgoing track is a proton; 1100 events of re-
action (1) have been identified on the basis of TRED-
xick fits. Selection criteria for reaction (1) in both
experiments are as follows:

Tp—=rntn
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(a) There is no allowed elastic fit,

(b) the ionization of the positive particle is consistent
with the fitted momentum,

(c) the X? probability for reaction (1) is greater than
19, (Notre Dame) or 59, (Pennsylvania), and

(d) the square of the missing mass is in the interval
from 0.30 to 1.50 GeV? (Notre Dame) or from 0.30 to
1.44 GeV? (Pennsylvania).

We estimate about 109}, contamination from mis-
classified events of type 7—p— = wtn(x?) and about
109, loss from events misclassified into the same type.
Contamination due to high-momentum-proton events
was estimated! to be about 1.5%,.

In the Pennsylvania data, there is some bias! in a
high 7= mass region [M (7*,n~) greater than about 1500
MeV] because of the special scanning criteria. It ap-
pears that 100 to 200 events have been lost, nearly all
of them having M (=+,n~) greater than about 1500 MeV
and also having a low «* laboratory momentum. Be-
cause of this effect, caution must be used in drawing
detailed conclusions from the combined data above
1500 MeV. To make the data compatible for comparison
purposes, we have analyzed the events in ways similar
to those used for previous experiments at lower mo-
menta.?

II. GENERAL FEATURES OF THE REACTION

Figure 1 shows the 7~z invariant mass spectrum for
reaction (1). Figure 1(a) is the Pennsylvania data,
Fig. 1(b) is the Notre Dame data, and Fig. 1(c) is the
combined data. The ¢° and the f° resonances are promi-
nent: About 249, of the events correspond to p° pro-
duction and 17%, to f° production. The g® meson® at
1650 MeV is observed as a peak standing more than 4

2 Aachen-Birmingham-Bonn-Hamburg-London (I. C.)-Miin-
chen Collaboration, Nuovo Cimento 31, 729 (1964); V. Hagopian,
W. Selove, J. Alitti, J. P. Baton, and M. Neveu-René, Phys. Rev.
145, 1128 (1966); V. Hagopian and Y. L. Pan, dbid. 152, 1183

1966).

( 3 Fgr a discussion of the g meson and for references to the original
report and subsequent reports on it, see G. Goldhaber, in Pro-
ceedings of the Thirteenth Annual International Conference on
High-Energy Physics, Berkeley, California, 1966 (University of
California Press, Berkeley, California, 1967).
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Fi6. 1. 7#*7~ mass spectrum (a) for the Pennsylvania data,
1100 events; (b) for the Notre Dame data, 1321 events; and (c) for
the combined data, 2421 events.

standard deviations above the nonresonant background
(about 60 events above 150 background events from
1550 to 1750 MeV). In Fig. 2 are shown the combined
wta~ mass distributions for different ranges of A2

In order to show possible isobar effects for the w+z—
mass distribution, Fig. 3 shows a Dalitz plot for the
2421 7—ntn events. The p° and the f° appear as promi-
nent horizontal bands at about 0.60 and 1.57 GeV?; the
g° band just under 3 GeV?is less clear. For #ta~ masses
above the g, events are concentrated at low 7t» mass.
This concentration of events for higher =7 mass is
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F16. 2. Combined #*z~ mass distributions for (a) 0<A*<5u?,
977 events, (b) 5<A?<15 u?, 736 events, and (c) A?>15 2, 708
events. Here p is the rest mass of the charged = meson, A? is the
four-momentum transfer between initial and final nucleon,
squared.
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associated with the clustering of events at cosf near
+1.0 (see Fig. 5 and the discussion below). From Fig. 3,
we see no evidence of 7% isobar production®; =% isobar
effects are not prominent. The absence of 7 isobar
effects could be explained in an exchange model where
the exchanged particle would have to be either doubly
charged or a nucleon.® Other evidence suggests that
such exchanges are relatively weak.$

In order to show the general features of the mo-
mentum-transfer distribution, we show the Chew-Low
plot of M (w*n~) versus A/u for reaction (1) in Fig. 4.
Here A is the four-momentum transfer between initial
and final nucleon, and g is the charged = rest mass.
This plot shows that (a) most events occur near the
minimum allowed A, (b) there is a large middle range
of A in which there are very few events, and (c) there

6, 8 noz' 2 14
M%(7%n) Gev

Fic. 3. Dalitz plot for all 7+r—# events.

are a few events at backward production angles (i.e.,
along the upper boundary of the allowed region),
which may correspond to baryon exchange.

Figure 5 shows the cosf distribution as a function of
the 77~ invariant mass, where 6 is the angle between
the incident 7~ and the final 7~ in the dipion rest
system. This plot shows that (a) there is a strong
forward-backward asymmetry for the p° region which
is similar to that observed at lower energies, (b) the
distribution is rather symmetrical for the f° region, and
(c) there is a strong tendency toward forward scattering
for high 77 mass.

The total cross section for the reaction 7=p — -tz
has been determined in two ways. At Notre Dame a

4 7~n isobar effects would appear as a diagonal band in this plot.
The position of this band shifts slightly for the two sets of data
due to small differences in the incident beam momentum.

®Y. Y. Lee, B. P. Roe, D. Sinclair, and J. C. Vander Velde
Phys. Rev. Letters 12, 342 (1964). ’

¢ Aachen-Berlin-Birmingham-Bonn-Hamburg-London (1. C.)-
Miinchen Collaboration, Phys. Rev. 138, B897 (1965); J. Orear,
R. ll}uber;&steli‘n,RD.dB. Sga;lf D. H. White, A. D. Krisch, W. R

risken, A. L. Read, and H. Ruderman, Phys. Rev. Letters 1
309 (1965). ’ e ? 15
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Fi1G. 4. Chew-Low plot for 7tz
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value was obtained by considering (a) the pion path
length corrected for beam contamination, flare loss, and
geometry; (b) the density of the expanded hydrogen;
and (c) the number of events in the fiducial volume
corrected for scanning efficiency, event selection criteria,
unmeasurable events, and systems losses. The total
cross section for all 8-GeV/¢ n~p interactions, computed
in this manner, is 28.421.7 mb, which agrees with the
Brookhaven counter value’ of 27.540.3 mb. At Penn-
sylvania a value was obtained by starting with the
counter value for the total cross section and multiplying
by the ratio of observed two-prong events to events of
all topologies in order to obtain the cross section for all
two-prong interactions. This quantity was then divided
among the various two-prong channels according to the
relative numbers of events identified in a sample of
2500 events. Corrections were applied for events with
short proton tracks and steeply dipping tracks.

The total cross sections for the #~w*z channel
determined by the two procedures are given in Table 1.
They differ by about 2.5 standard deviations, which
could be due to systematic uncertainties. The weighted
average of the two cross-section values is shown in
Table I, and is used to calculate the partial cross sec-
tions quoted in the following discussion. It should be
noted that the error given is statistical only, and does
not include any estimate of systematic errors.

The masses and widths for the p° f°, and g° mesons,
summarized in Table I, have been determined by maxi-
mum-likelihood fits to the data. We have used three-
body phase space to approximate the background and
constant-width Breit-Wigner curves (times phase
space) to approximate the g, /%, and g’ For the case
of the p° and f°, only dipion masses below 1.7 GeV were

7W. Galbraith, E. W. Jenkins, T. F. Kycia, B. A. Leontic,
R. H. Phillips, A. L. Read, and R. Rubenstein, Phys. Rev. 138,
B913 (1965).
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TaBLE I. Parameters for the reaction 7= p — 7~z n at 8 GeV/c.*

o (mb) Mo (GeV) T (GeV)

All events, Notre Dame 0.89 +0.05

All events, Pennsylvania  1.08 =-0.08

All events, weighted 0.96 -+0.05

average

p° — w*7~, combined 0.2344-0,021  0.7774:0.005  0.135:0.010
J0 - wtxr=, combined 0.16540.018  1.262-0.007 0.1630.016
% -» w*tx~, combined 0.054:-0.013  1.6804:0.020  0.226—_0.04610-068

a ‘Errors are statistical only, and do not reflect the correlations among the
variables used in the fit.

used in the combined fit; for the g-meson, the mass
interval 1.5 to 1.9 GeV was used. The central mass
values and widths with their errors as determined from
the fit are shown in Table I. We also tried Breit-Wigner
curves with mass-dependent widths® in the fitting pro-
cedure; the masses and widths were the same, within
errors.

The production cross sections for the p°% f°, and g°
were determined in the following way. To obtain the
cross section for p° production, the area of the fitted
Breit-Wigner curve for the p is divided by the corrected
total number of events for reaction (1); multiplying
this by the total cross section of 0.960 mb yields 0.234
mb for the total production cross section for o — 'tz
The error on the p° cross section is obtained by taking
the fitted error for the area of the constant-width Breit-
Wigner curve folded with the error in the total cross sec-
tion. The production cross sections for f— #*a~ and
g® — ot~ were similarly obtained. For the case of the
¢°, however, because of the previously mentioned bias
in the high dipion mass region, the cross section is
probably underestimated by about 109. The use of a
mass-dependent-width  Breit-Wigner curve yields
higher cross sections for resonance production.

III. ¢® MASS REGION
A. A? Distribution of the Production Cross Section

Figure 6 shows the A? distribution of the p° pro-
duction cross section. The p? mass interval was taken
from 675 to 875 MeV. About 199, of the events in this
mass region are non-p events. The absolute scale has
been normalized to our estimate of the total cross
section for p° production given in Table I.

The theoretical curves in Fig. 6 are (a) one-pion
exchange (OPE),? (b) one-pion exchange with form
factors (OPEF),® and (c) one-pion exchange with
absorption (OPEA).! It is seen that both (b) and (c)
give good fits to the production distribution. It should
be noted, however, that the OPEF model does not

8 J. D. Jackson, Nuovo Cimento 34, 1644 (1964).

9 K. Gottfried and J. D. Jackson, Nuovo Cimento 34, 735
(1964); J. D. Jackson, Rev. Mod. Phys. 37, 484 (1965); J. D.
Jackson, J. T. Donohue, K. Gottfried, R. Keyser, and B. E. Y.
Svensson, Phys. Rev. 139, B428 (1965).

10 7, Selleri, Phys. Letters 3, 76 (1962).

11 7, D. Jackson, Nuovo Cimento 34, 1644 (1964) ; J. T. Donohue
and J. D. Jackson (private communication).
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F16. 5. Scatter plot of cosf versus M (w).

predict the diagonal correlation between cosf and «a
discussed in the next section, which is predicted by
OPEA.

B. Decay Angular Distributions

In Fig. 7 we show a scatter plot of the cosine of the
dipion decay angle®  versus the Treiman-Yang angle?a,
together with the projections on the axes. This figure
shows the distinctive diagonal correlation in the decay
variables and the related asymmetries in the pro-
jections which have also been observed at lower beam
momenta. The asymmetry parameter in cosf, (F—B)/
(F+B), is 0.304-0.04, where F and B are the numbers
of events with cosf>0 and cosf<0, respectively. (For
A2< 15 u2, the ratio is 0.334:0.05.) The asymmetries in
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Fi1G. 6. Production cross section do/d(A%/u?) for the p° region.
The solid curves are the predictions of (a) pure one-pion exchange,
(b) one-pion exchange with form factor, and (c) one-pion exchange
Wilth absorption. A p® width of 135 MeV was used in these cal-
culations.

28. B. Treiman and C. N. Yang, Phys. Rev. Letters 8, 140
(1962).
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the projections cannot be explained in terms of pure p°
decay (JP=1") even when OPEA is applied. The
neutral p data may be contrasted with charged p decay,
both at 8 GeV/c and at lower beam momenta, in which
no asymmetries are observed.

It is interesting to note that diagonal correlations,
and the value of Re(p10), have approximately the same
character at 8 GeV/c as at lower beam momenta.?
Recent theoretical studies of Reggeized exchange for the
reaction mp— p’» indicate that the experimental
values of the pure p-wave p density matrix elements
and the ¢ distribution of the p production cross section
can be fitted for A2Z154% by including = and 4.
exchange. !

If s- and p-wave 7r interactions are considered, the

events/bin

™ T TTTT

cos(8)

-1.0 '1’ "rl . '.l T l -
0O 30 60 90 120 150 O
a (degrees)

TTTT T T T

events/bin

Fi6. 7. Scatter plot of cos versus « for the p? region with histo-
gram projections on the cosf and « axes.

decay distribution may be described in terms of density
matrix elements pm, in the following form?13.15;

W (6,a) = (3/4) Lpoo cos*+p11 sin?d—V2 Re(p10)
X sin26 cosa— p1—; sin%f cos2a ]+ (V3/4r)
X [—2V2 Re(p1o™*) sinf cosa
+2 Re(poo™") cosf ]+ (1/4m)[po’].  (2)
In this equation p® corresponds to pure s-wave effects
and pooit and pyi™ correspond to s-p interference

effects. The ratio of intensities of s and p waves is given
by

S/P=po*/ (pos+2p11). (3)
With the use of the normalization condition
poot+2p11+po*=1, 4)

B 1. Derado, V. P. Kenney, J. A. Poirier, and W. D. Shephard,
Phys. Rev. Letters 14, 872 (1965).

4R, Torgerson (private communication).

15 L. J. Gutay, P. B. Johnson, F. J. Loeffler, R. L. McAlwain,
D. H. Miller, R. B. Willmann, and P. L. Csonka, Phys. Rev.
Letters 18, 142 (1967).
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F16. 8. Density matrix elements (poo—p11), Re(o10), and pi1.
The solid curves are predictions of the OPEA model based on
pure p-wave interaction; the dashed curve is based on the OPEA
model with the addition of an s-wave resonance in the p° region.
The solid and dashed curves overlap in the top two figures.

the explicit dependence of function (2) on pe® may be
eliminated. The relevant quantities which may be
determined experimentally are (pgo— p11), Re(p10), p1,-1,
Re(p1o™t), and Re(poot). We have obtained values for
these elements from the experimental decay dis-
tributions by the least-squares method. Figures 8 and 9
show the momentum-transfer dependence of the matrix
elements. The solid curves in Fig. 8 are theoretical pre-
dictions calculated from the OPEA model" neglecting
any s-wave contribution. In comparing these curves
with the experimental data, two factors must be kept
in mind: (1) We have not made any corrections for
non-p background, estimated to be 199, of the total
events, and (2) allowance must be made for the pres-
ence of a possible s-wave contribution. To take account
of an s-wave contribution, the experimental values in
I'ig. 8 should be compared with P/(S4P) times the
theoretical “pure p-wave” (S=0) curves. The experi-
mental points are in reasonable agreement with the
“pure p-wave” curves; however, they are also con-
sistent with an s-wave contribution of a few percent.
The nonzero values for Re(pgo™) (which is a very
sensitive test for the presence of small amounts of s
wave) shown in Fig. 9 are a strong indication of the
presence of s-wave effects. Theoretically, Re(pgo™t) is
simply related to the forward-backward asymmetry in
cosf: (F—B)/(F-+B)=vV3 Re(poo™t).

The dashed curves in Figs. 8 and 9 represent a cal-
culation by Jabbur!® based on the OPEA model where

16 R, J. Jabbur (private communication).
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TasLE II. Density matrix elements obtained for 8-GeV/c
fits to the p° decay angle distributions (all A2).

_ OPEA
Matrix element Experiment prediction
po0-p11 0.37740.050 0.557
Re(p1o) —0.1784-0.020 —0.174
pL-1 0.033+0.025 0.047
Re (pront) —0.0484-0.014
Re (poc™t) 0.1694:0.024

he has assumed the presence of an s-wave resonance in
the p region. These particular curves were calculated
assuming an s-wave resonance with the same mass and
width as the p. The calculation is described in Ref. 17
by Griffiths and Jabbur. Although the experimental
evidence'® suggests that these parameters for the
resonance may not be reasonable, the curves indicate
qualitatively the effects which may arise from an s-
wave contribution. Further discussion is contained in
Sec. ITIC.

In Table 1I are listed values for the density matrix
elements averaged over all momentum transfers. For
comparison, values calculated for the OPEA (p-wave
only) model are presented. The ¢ matrix elements,
when compared with the OPEA predictions, give X2=13
for 3 degrees of freedom; this contrasts with X*=239
obtained for the p~ matrix elements at the same energy."

0.05-

°
& 0:00

2 -0.05 {._.{.;. ---- p—
- il I 1 ) o 1
0"00 4 8 1215 80

'nf)
=T

D/u?

Fi1G. 9. Interference density matrix elements Re(pooi**) and
Re(p1oi?) for the p° region. The dashed curves are predictions of
the OPEA model with the addition of an s-wave resonance in the
p° region.

17 David Griffiths and R. J. Jabbur, Phys. Rev. 157, 1371 (1967).

18 M. Feldman, W. Frati, J. Halpern, A. Kanofsky, M. Nuss-
baum, S. Richert, P. Yamin, A. Choudry, S. Devons, and J. Grun-
haus, Phys. Rev. Letters 14, 869 (1965); V. Hagopian, W. Selove,
J. Alitti, J. P. Baton, M. Neveu-René, R. Gessaroli, and A. Ro-
mano, tbid. 14, 1077 (1965).

¥ In the case of p~ production T=0 exchange is possible in
addition to one-pion exchange; this is not possible in p? production.
See I. Derado, J. A. Poirier, N. N. Biswas, N. M. Cason, V. P.
Kenney, and W. D. Shephard, Phys. Letters 24B, 112 (1967).
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C. Effects from a Possible s-Wave Resonance

The strong asymmetries observed in p° decay at
lower energies have previously been discussed in terms
of interference between the p° and a 7'=0 d- or s-wave
interaction amplitude.?®?! In recent theoretical and
experimental work, evidence has been presented for a
T=0 s-wave resonance at about 720 MeV.1:18:2 Since
the p® at 8 GeV shows decay asymmetries very similar
to those at lower energies, we discuss our data in terms
of such an s-wave interaction.

It is now generally believed that the 7=0 s-wave 7w
phase shift is large in the p mass region, but it is less
clear whether there is an s-wave resonance. Since both
experimentally®® and theoretically?® the ratio S/P seems
to be only a few percent in this region, it is difficult to
establish the nature of the s-wave effects. The small
magnitude for the S/P ratio comes primarily from an
isospin factor of 4/9 for s-wave compared to p-wave
wtr— production, and an angular-momentum factor
of 1. These factors combine to give a theoretical weight
of 4/27 for s-wave relative to p-wave resonances decay-
ing to 7t~ In addition, if the width of the s-wave
resonance were one-third the width of the p, as sug-
gested by the experimental evidence of Ref. 18, the
expected S/P ratio would be even smaller (assuming
similar A? dependence and form-factor effects for the
two resonances).

We have looked for a shift of the “p%’ peak to lower
masses as A? decreases, as reported at lower energies by
Hagopian et al.? The =+r~ mass distributions for three
different A? ranges are shown in Fig. 2. For the lower A?
region the central mass value is slightly lower, but the
shift is not statistically significant.

The experimental points for Re(poo™?), Fig. 9, seem
to fall more rapidly with increasing A? than the theo-
retical curve!® calculated assuming properties for the
s-wave resonance similar to the p° This suggests a
steeper A? dependence for the s-wave mr scattering than
for the p wave, and contrasts with the situation® at 2.7
GeV where Re(pgo™t) remains relatively constant with
increasing A2

IV. f® MASS REGION

A. A? Distribution for the f° Production
Cross Section

Figure 10 shows the A? distribution of the f° cross
section. The mass interval is taken from 1170 to 1370
MeV. The absolute scale has been normalized to our
estimate of the f° total production cross section given
in Table I.

2V, Hagopian and W. Selove, Phys. Rev. Letters 10, 533
1963).
( 21 S;clay—Orsay—Bari—Bologna Collaboration, Nuovo Cimento
29, 515 (1963).

21, Durand and Y. T. Chiu, Phys. Rev. Letters 14, 329 (1965).

% D, H. Miller, L. Gutay, P. B. Johnson, F. J. Loeffler, R. L.
Mcllwain, R. J. Sprafka, and R. B. Willman, Phys. Rev. 153,
1423 (1967).
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Fi1G. 10. Production cross section do/d(A%/p?) for the f° The
solid curves and the predictions of (a) pure one-pion exchange,
(b) one-pion exchange with absorption, and (c) one-pion exchange
with absorption and form factor.

The theoretical curves in Fig. 10 are (a) pure OPE*
(b) OPEA,? and (c) OPEA with a form factor sug-
gested by Yock and Gordon?® (OPEAF). The pure OPE
differential cross section is much larger than the ob-
served cross section. Similarly, the OPEA model gives a
cross section larger than the observed cross section by
more than a factor of two. The shape predicted by the
OPEA model is in better agreement with the data than
that predicted by the OPE model, but the experimental
data have a steeper A? dependence than predicted by
either the OPE or OPEA models. Better agreement is
provided by the calculation which includes both ab-
sorption and form-factor effects, although the agreement
is unsatisfactory for A?<2 u2. This is in contrast to the
case of the p° where both the magnitude and the A?
dependence of the production cross section are well
fitted by OPEA without introducing form factors.

It should be noted that other factors can appreciably
affect agreement between experiment and theory for f°
production. There is a substantial background in the
f®mass region (about 34%). If the background adjacent
to the f° region is primarily d wave, then our estimate of
the fraction of background in the f° region is too high
and our estimate of the experimental cross section will
increase, bringing it closer to the OPE and OPEA
curves.

A second factor which would reduce the discrepancy
between the data and the OPEA model would be in-
elastic = scattering in the f° mass region. In this case,
the curves of Fig. 10 would have to be multiplied by a
factor less than unity to account for the inelasticity.

% H. Hogaasen, J. Hogaasen, R. Keyser, and B. E. J. Svensson,
Nuovo Cimento 42, 323 (1966).

% H. Hogaasen (private communication). In this calculation,
the absorption parameters 4 and C [see Ref. 24, Eqgs. (3.4) and
(3.5b)Jare 4;=7.6, 4;=9.0, C;=0.75, and Cy=1.0. The coupling
constant (grxr)?/4w=3.8, which corresponds to the full f° width
T'yo=163 MeV.

2 P, C. M. Yock and D. Gordon, Phys. Rev. 157, 1362 (1967).
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TaBLE III. Density matrix elemeénts for the /0 at 8 GeV/e.
A5 p? Sur<AZ<15 u? A<15 w2
Exp. OPEA OPEAF Exp. OPEA OPEAF Exp. OPEA OPEAF
P00 0.9840.09 0.87 0.88 0.824-0.11 0.84 0.81 0.934-0.07 0.85 0.83
11 0.2640.03 0.06 0.06 0.264-0.04 0.07 0.08 0.26+4-0.02 0.07 0.08
P22 —0.2540.03 0.00 e —0.164-0.04 0.00 oo —0.2240.02 0.00 e
P2, -2 0.04-+0.04 0.00 0.00 —0.02+0.05 0.00 0.01 0.05+0.04 0.00 0.00
p1,-1F (34/6) Re(p20) 0.1240.09  0.01 0.01 0.054-0.05 0.02 0.01 0.1240.04 0.01 0.01

However, available evidence does not indicate any
appreciable inelasticity.?

Finally, it should be noted that the theoretical cross
sections depend linearly on the f° width, I'. We have
used I'=163 MeV in the calculations. If we use the
compilation value of 117 MeV? for the width, then the
theoretical cross sections will be reduced by a factor
of 0.72.

B. Decay Angular Distribution

Figure 11 shows the scatter plot of cosf versus a with
projections along the axes. The f° mass interval is
taken from 1170 to 1370 MeV. In contrast to the p°
case, the f° angular distributions are more symmetric in
cosf and «. The asymmetry parameter in cosf, (F—B)/
(F+B), is 0.144:0.04. (For A?<1542, the ratio is 0.10
+0.05.)

Distortion of the f° angular distribution due to forma-
tion of the N*+(1236) isobar has been discussed by
Lee et al.® The N*t production in our data is small, and
we estimate that it can only account for about one-
third of the asymmetry. The effect is probably due
primarily to 7 diffraction scattering which can be seen
to produce a cos§ asymmetry in Fig. 5 which increases
as M (rr) increases. This asymmetry has been discussed
in detail elsewhere.?

In order to compare the data with the predictions of
the OPEA model and the OPEAF model for the f° de-
cay angular distribution, we fitted our data by a least-
squares fit to the decay angular projections to obtain
some of the density matrix elements pmn. The angular
distribution for the f(J £¢=2+*) has the form*

W (0,0) = (15/16m) [ sin’0 (pao—+pa—2 cos 4a)
+ sin?26 (p11 — p1—1 COS 20[) +3p00 (COS2 - %)2
— 4 sin%0 cosf(Repy1 cosa—Reps—1 cos3e)
+(24/6) Repao sin®d(cos®—3) cos 2a

— (24/6) Repyo sin 20(cos®9—3) cosa].  (5)

Here poo, p11, and pze were obtained from our data for the
interval A2<15 u2, by fitting Eq. (5) integrated over a;

2V, Hagopian, thesis, University of Pennsylvania, 1963 (un-

blished).
puzs X H) Rosenfeld, A. Barbaro-Galtieri, W. J. Podolsky, L. R.
Price, P. Soding, C. G. Wohl, M. Roos, and W. J. Willis, Rev.
Mod. Phys. 39, 1 (1967).

2(?’N. N)f Biswas, N. M. Cason, I. Derado, V. P. Kenney, J. A.
Poirier, and W. D. Shephard, Phys. Rev. Letters 18, 273 (1967).

p2—2 and pi—14 (31/6) Repso were similarly obtained by
integrating Eq. (5) over cosf. In these calculations we
have used the normalization condition peo+2p1;
+2p2a=1. The results are presented in Table III to-
gether with the theoretical predictions of the OPEA%
and the OPEAF?¢ models.

The values obtained for poo and py_, are in good agree-
ment with the theoretical values. The values of py; and
p1-1+ (31/6) Repag, however, are not in good agreement
with either theory. Furthermore, our data show a nega-
tive value of pss, which, for a pure spin 2 state, must be
positive. (A negative value of py; was also obtained by
Cohn et al) This result indicates that there is ap-
preciable non-d-wave background present in the f°
region which may be responsible for the discrepancies
between theory and the experimental values for p;; and
p1-1+(34/6) Repzo.

V. ¢° MESON

Data on the g meson at ~1650 MeV have been sum-
marized at the International Conference at Berkeley
from a collection of many sets of relevant data.? The
isospin of the gis 7>1 and its spin is not known. Re-
cent experimental data® show that there are three

events/bin
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TTT T T TT

0 30 6 S0 120 150 ox"léd"'téél']

a (degrees) events/bin
Fi16. 11. Scatter plot of cos# versus « for the f® with histogram
projections on the cos and « axes.

3 H. O. Cohn, R. D. McCulloch, W. M. Bugg, and G. T. Condo,
Nucl. Phys. 82, 690 (1966).

3t M. N. Focacci, W. Kienzle, B. Levrat, B. C. Maglic, and M.
Martin, Phys. Rev. Letters 17, 890 (1966).
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Fi16. 12. Decay angular distribution for the g° meson. The upper
histogram is a histogram of cosf for events with M (=) in the inter-
val 1550 to 1750 MeV. The lower shaded histogram is the result of
subtracting a normalized background; see text.

resonances around the g-meson mass region; other
data® show a 4r resonance at the g-mass region.

Because of the bias in the Pennsylvania data for this
mass region (see Sec. I), we do not present an analysis of
the g° from the combined data. The following discussion
was prepared by the Notre Dame group from an analysis
of their data. It is difficult to draw detailed conclusions
due to the limited statistics and background un-
certainties.

In an attempt to determine the spin of the g® meson,
we have analyzed the cosf distribution in the g° region.
Figure 12(a) shows, in the upper histogram, the cosf
distribution for the 101 events in the Notre Dame
sample with M, in the interval 1600-1750 MeV. We
have estimated the background in the g° region by
assuming that it is similar to the combined distribution
for events in the adjoining mass regions 1500<M r
<1600 MeV and 1800 <M ,.,<1900 MeV. This dis-
tribution was then normalized to our estimate of the

2 W. J. Kernan, D. E. Lyon, and H. B. Crawley, Phys. Rev.
Letters 15, 803 (1965); F. Conte, G. Tomasini, P. Dittman, G.
Drews, P. VanHandel, H. Nagel, L. Mandelli, S. Ratti, A. Sil-
vestri, G. Vegni, P. Daronian, A. Dandin, C. Cochowski, and
C. Lewin, Phys. Letters 22, 702 (1966); T. H. Groves, J. W.
Andrews, N. N. Biswas, N. M. Cason, I. Derado, V. P. Kenney,
{1 9A67 )Poirier, and W. D. Shephard, Bull. Am. Phys. Soc. 12, 487
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total background in the 1600-1750-MeV interval (see
the cross-section values of Table I). The shaded histo-
gram is then an estimate of the g-meson decay angular
distribution after the background subtraction.

The distribution is consistent with isotropy for
cos§<+40.6, and has a pronounced forward peak.
Whether this peak represents a real asymmetry for the
g% decay due to interference effects, or is due to a large
underestimate® of a background which is very forward
scattered for high M., is difficult to determine with
the present statistics. In any case, we can draw no con-
clusions about the spin of the g° from this analysis.
Figure 12(b) shows do/dA® for the same events,
1600< M »»<1750 MeV, normalized to the g° cross
section of Table I.

VI. CONCLUSIONS

We have studied the reaction 7~ p— 7~ ntn at
8 GeV/c, and have observed the production of p%, /%, and
g° mesons. The data in the p° and f° regions have been
analyzed primarily in terms of the one-pion-exchange
model with absorption (OPEA).

The predictions of the OPEA model are in good agree-
ment with the observed differential production cross
section for the p° The p° decay angular distributions
exhibit asymmetries comparable to those observed at
lower energies. Density matrix elements for the p°
region have been determined assuming that the asym-
metries are due to a T'==0 s-wave 7= interaction. The
density matrix elements which do not involve s-p
interference are in reasonable agreement with predic-
tions based on the OPEA model. The s-p interference
term Re(po™) is definitely nonzero at low A? and
appears to decrease rapidly with increasing A2 The
data are not inconsistent with the existence of an s-
wave resonance; however, no statistically significant
conclusions about the existence or properties of such a
resonance can be drawn.

For the f° meson the experimental production dif-
ferential cross section is significantly lower, and falls
more steeply with increasing A? than the predictions
of OPEA and simple OPE models. The data are in
reasonably good agreement with a recent calculation
using OPEA along with form-factor effects. We have
obtained values for some of the density matrix elements
assuming a pure 2+ decay of the f% Our data give a
negative value for p;; which theoretically should be
positive. Disagreement between experimental and
theoretical values for the matrix elements indicates the
importance of effects from the substantial nonresonant
background present in this mass region.

% It should be noted that the fit used to determine the g pro-
duction cross section was strongly influenced by a dip in the =r
mass distribution near 1500 MeV which might be a statistical
fluctuation or might indicate f%-g° interference. As a consequence,
the background in the g’-mass region may be underestimated. A
large increase in the background would, however, be required, to
eliminate the observed forward peak in cosf. -
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The g° meson observed in our data at 1680 MeV is
consistent with the previously reported resonances.
Our data are too limited in statistical accuracy to
determine uniquely the spin of the g°
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The polarization parameter P (§*) has been measured at beam energies of 310, 400, 500, 600, and 700 MeV
over the range in the c.m. scattering angles 30 deg <6*< 150 deg to an accuracy of typically =4-0.03 for pn
scattering, and 4-0.02 for pp scattering. A polarized proton beam was scattered from an unpolarized target—
deuterium for quasifree pn and pp measurements, hydrogen for free pp measurements—and both of the
outgoing nucleons from the (quasi-) elastic scatter were detected by an array of 27 scintillation counters in
multichannel coincidences. It was found that P (6*) for pp scattering can be approximated by 4 sin6* cosf*,
where 4 varies from —0.25 at 310 MeV to —0.4 at 700 MeV in this range. A comparison of P (§*) for free and
quasifree pp scattering reveals good agreement between the two.

I. INTRODUCTION

UCLEON-NUCLEON (NN) scattering ampli-
tudes are determined experimentally by scatter-

ing experiments involving cross sections and/or polari-
zations. At low energies, where inelastic processes are
not important, these amplitudes are conveniently
parametrized at each energy and all angles by a set of
real phase shifts and mixing parameters. However, at
higher energies, not only do more phase shifts of higher
angular momentum states contribute to the scattering,
but also the phase shifts become complex because of
the opening of inelastic channels. Therefore, phase-
shift analysis becomes extremely difficult and im-
practical, and its physical significance becomes less

* Work supported by the U. S. Atomic Energy Commission.
t Present address: Virginia Polytechnic Institute, Blacksburg,
Virginia.

apparent. An alternative scheme as a meeting ground
between experimental data and theoretical models has
been proposed by Wolfenstein.! In the pp system, there
are five complex (Wolfenstein') amplitudes which are
functions of energy and c.m. angle, 6*, (0<6*<7/2).
(See Appendix.) These amplitudes have symmetry
properties about §*=4/2. In order that these five com-
plex amplitudes be determined experimentally at a
given energy and angle, at least nine linearly inde-
pendent observables (such as differential cross section,
polarization, and rotation parameters) must be mea-
sured to solve for nine of the ten real quantities in the
five complex amplitudes. (One phase is arbitrary.?)

1 L. Wolfenstein and J. Ashkin, Phys. Rev. 85, 947 (1952).

2The over-all phase is not determined from this formalism
because the amplitudes are bilinear in the observables. However,
the phase can be determined from the optical theorem relating
the imaginary part of the scattering amplitude to the total cross
section.



