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I. INTRODUCTION
In the last decade there has been great interest in studies of the reaction
T ——»7r1r. The elastic scattering of identical spinless particles attracts inquiry
in part due to its ultimate simplicity. In this paper we report on a study of both

elastic and inelastic m-7 scattering.

We study the reactions

rd — PP+ Neutrals, (D
rd — pspar+1r_ (2)

as observed in a deuterium filled bubble chamber exposed to a 7 GeV/c T beam.,
The feature of reaction (1) in which we are most interested is the reaction

rd —»pspwoﬂo . (3)

This reaction allows one to study the n-7 system in a state restricted to even
values of spin £ and isotopic spin I. We are able to reconstruct reaction (3)
using gammas from the 0 decay which were converted in two % inch tantalum
plates mounted at the downstream end of the chamber. The dominant feature of
the missing mass spectrum from reaction (1) is the £ meson. In addition to a
£© signal, reaction (2) shows strong po and go resone‘mce production.

Reactions (1) and (2) have previously been studied in bubble chamber experi-

1g 65,24.5%5.1,%6.0,°

ments with an incident 1r+ beam momentum of 2.7,
and 9.0 GeV/c. 6 In addition there have been some 1r+d experiments with
PLAB =~ 2 GeV/c searching for the €° meson. 7 The charge conjugate reaction
to reaction (3},

1r_p —*nnoﬁo , (4)
has been studied using spark chambers to measure the v directions from the n°

decay. 8



The outline of this paper is as follows. In Section II we discuss our data on
reactions (1) and (3). Our experimental procedure is outlined and results on the
;zlasti: charge exchange reaction Tn— pwo are presented. We discuss the
missing mass spectrum from reaction (1) and determine the cross section for
£© — all neutrals. Our brocedure for reconstruéting the 27r0 system using the
measured gamma directions is then introduced (see also Appendix A) and the
fitted 27° events are used to study the M(p’[ro) mass spectrum.

In Section III we discuss our data on reaction (2). Cross sections and

resonance parameters for po, fo, and go production are obtained and compared

with the data of B.Y. Oh g’ggl,g for the reaction

"p —nra (5)
at 7 GeV/c. In Section IV we determine 7-7 phase shift parameters for
0.6 < M(mm) < 1.5 GreV/c2 by fitting the o angular distributions using an
Absorption-modified One-Pion-Exchange (AOPE) model. For this purpose we
combine our data from reaction (2) with that of B.Y. Oh et al. 9 for reaction (5).
We discuss the inelasticity of the I = 0 D-wave using data on the non-2w decay
modes of £f© meson. In Section V we present evidence for constructive p-w
interference in the reaction (2) 4-prong data. The m-nucleon mass spectra in
reactions (2) and (5) are examined in Section VI, and some effects arising from

our use of a deuteron target are discussed in Section VII.



I 7d — p_p + NEUTRALS

The 7 GeV/c T d film analyzed in this experiment was obtained in a 650K
picture exposure of the Midwestern Universities Research Association ARGONNE
National Laboratory 30-inch bubble chamber using the 7° separated beam from

the ZGs., 10711

Each roll of film was scanned once within a specified fiducial
volume for 2-prong events for which both tracks were identifiable protons. All
events were examined by an editor (an experienced scanner with special training)
who checked the identification of the tracks, checked for stopping tracks, and
estimated the proton ionization. The editor also checked the tantalum plates for
associated y — He+e_ pairs, checked the alignment of the gammas with the vertex
of the event, and estimated a lower limit on the gamma energy. The editor took
a 35 mm photograph of each good event, which was used to locate the gammas
for measuring. The events were measured manually on film plane digitizers
and all 2-prong events were processed using the DIANA12 spatial reconstruction
and kinematic fitting program. The fits were checked for consistency between
the calculated and scanner-estimated ionization.

For all events with (Missing Mass)2 < 0.5 GeV2 we tried the 1-constraint

(1C) hypothesis _

rd— psp7r0 . (6)

Figure 1(a,b) shows the migsing mass and X 2 distributions for 2-prong events
accepted as fitting this reaction. Of the 250 events which fit reaction (6), 36%
had a 3-constraint fit using the measured gamma directions. This implies an
overall v detection efficiency of 0.6 for y's which hit the plates with enough
energy (3 0.2 GeV) to produce a visible shower. For these single 7° events the

average 7° momentum is 6.8 GeV/c and the average yvy opening angle is 3. 00,
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so the fraction of y's missing the plates is negligible. Figure 1(d) is a plot of

M(yy) from the 2C fit 7'd —~p_pY the 7 peak is 10 MeV wide. In Fig. 1(c)

172}
we have plotted the ratio Eyl/ E O There is a slight deviation from the expected
flat distribution.

We find the elastic charge exchange cross section at 7 GeV/c to be 67 = 10 ub
as shown in Table 1. This cross section is corrected for 1-prong events (spec-
tator proton unseen) but no allowance has been made for our upper cutoff of
1.3 GeV/c on proton momentum (apart from Fermi motion smearing this corre-
sponds to t = -1.25 (GeV/c)z). In Fig. 2(a) we have plotted the elastic charge
exchange cross section for reaction (6) vs PLAB' Our value seems to be con-
sistent with meésurements of the charge conjugate reaction m p — 7 n. 13 Also
shown are measurements of o(7r+n — wop) at 4.5, 3 and 6 GeV/ 0.5 Figure 2(b)
is a plot of do/dt for our elastic events. Fitting the data from 0.12 to 0.6
(GeV/ c)z, we find an exponential falloff with slope =~ 10 (GeV/ 05—2 in agreement
with the results of Wahlig et al. 14 for 7p — 1°n at both 6 and 10 GeV/c. The
turnover in the distribution at small t is also seen in 7 p — 7°n. Also shown
in Fig. 2(b) are the low t data points corrected for Pauli exclusion assuming all
spin non-flip and using the Hulthen wave function to describe the deuteron form
factor, 15 The differential cross section (with no correction for Pauli exclusion)
is given in Table 2.

In Fig. 3 we show the Missing Mass (MM) spectrum with single ™ events
excluded and with spectator momentum (a) l?sl < 0.3 GeV/c, and (b) I—Esl > 0.3
GeV/c. The latter plot shows little evidence of the resonant structure so prom-
inent in the former distribution. (A similar effect in the T(+d —_ ppw+1r— data is

shown in Figs. 28,29). In agreement with the impulse approximation we will

discard events with IE;SI > 0.3 GeV/e, and this cut will always be understood
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unless there is an explicit statement to the contrary. The dominant feature of
the missing mass plot is the £ at 1.26 GeV/czo Below the £° there is an no
éigna;at 0.548 GeV/c2 and a slight enhancement between 0.7-0.85 GeV/c2 from
the neutral decay 'of the w®, There is also some indication of structure above
the 9 at 1.65 GeV/oz. We estimafe our mass resolution neér the £° to be

0.05 GeV/ 2.

The Chew-Low plot for these missing mass events is shown in Fig. 4. Most
of the events, especially at the fo, are concentrated at low {( g missing mass),
while the flatter t distributions in the  and w mass regions are quite apparent.
In the missing mass distribution, Fig. 3, we observe that demanding It| <0.2
(GreV/c)2 removes most of the n and w peaks but leaves a strong £° signal. In
the Chew-Low plot there seems to be an excess of events at larger |tl > 0.2
(GeV/ c)2 just above the £° peak, probably from A; — nowo. Since we have only
measured protons up to 1.3 GeV/c, there is an effective upper cutoff at
[tl =~ 1.25 (GeV/c)z. Because we are working in deuterium, the Chew-Low
boundary is not sharp.

The total cross section for reaction (1) with MM > 2m7r is 620 60 ub as
shown in Table 1. Comparing this result to other 7 d experiments, 8-5 we find

0.9

the 2-prong missing mass cross section is falling as ~ PLP:B

For MM < 1.0 GeV/c2 the 31° phase space is negligible, thus to estimate cross

at our energy.

sections for reaction (3) we need only to correct for the neutral decay modes of
the 7 © and °, These corrections have been made by using known branching
ratios together with our determination of 7 © and w® production cross sections

in the reaction

rd —-»pspn+7r—7ro . (N



The dashed line below 0.9 GeV/c2 in Fig. 3(a) shows the result of making these

corrections.

We have determined the £ cross section by fitting the missing mass distri-

bution above 0.9 GeV/cz using a Breit-Wigner resonance form for the £, 16

The best fit, as shown in Fig. 3(a), used a background of roughly equal amounts

of peripheral 27° and 31° phase space. We also made a subtraction for A2 - noﬁo

17,18

based on data from reaction (7). The most obvious failure of the fit is the

inability to fit the high side of the £°. We find:

M(t% = 1.26 % 0.01 GeV/c,
o} 2

T(¢) = 0.18+0.03 GeV/c™,
0

o(f%) = 120 = 20 b

In missing mass data at 5.1 GeV/c Armenise 9_t_£.4 found M(fo) = 1,27 and
I‘(fo) = (0,188 GeV/cz. 19 Our cross section of 120 ub for 1r+n —» pfo is for

£© — all neutrals. The cross section for T — pf0 with £© — 7°7° is somewhat
smaller since the f° has other all neutral decay modes (see Section IV).

Figure 5 shows momentum transfer (-t) distributions for mass intervals
below, at, and above the 2, We have fit the events in the £© region to an ex-
ponential distribution of the form et Fitting the data with 0.04 < [t] <0.5
(GeV/c)z we find a slope 8 =8.0 + 1.3 (Gev/c)"2 as shown in Fig. 5(d). The
CERN experiment at 5.1 GeV/c,4 found a corresponding slope of 8 =8.8% 1.7
(GeV/c)—2 (they fit the t interval 0.04 -0.28). For the £ in react>ion (2) we
find an exponential slope of 10.0 + 1.0 (GreV/c)_2 for the t distribution in the
mass interval 1.18 <M( 7T+7T—) <1.34 GeV/cz. The lower value of the slope in
the missing mass data can come fron non-27" events, for example: A(z) — noaro,

0
or 3m .



If we observe all four gammas from the 270 decay in reaction (3), we have
an ordinary 2C fit. Because of our limited gamma detection efficiency (see
Appendix A) most 21° events do not yield four observed gammas. In Fig. 6 the
missing mass is plotted according to the number of y's measured. An upper
limit of 6 was imposed on the numbér of measured gammas pér event (=~ .003
of the events had more than 6 associated gammas). Only 10% of the events have
no observed gammas while 32% have two gammas. The £ is quite apparent in
all five categories of gammas measured in Fig. 6.

In order to fit the events with less than 4 y's we must make some approxi-
mations, since ordinarily these events would be underconstrained. The opening
angle for the deéay of a particle of mass ; and momentum p7r into two gammas
satisfies the inequality tan % g > “/pn' As P increases 6 MIN decreases
and the opening angle distribution becomes sharply peaked near 0 MIN® Our
procedure has been to construct artificial 7° tracks constrained to lie on cones

of half-angle ~1.25 6 /2 about the measured gamma direction. For the 2

MIN
and 3y events the fitting was done using these artificial 1° tracks. For 1y

. . 0
events we simply point T

This fitting procedure and our v detection efficiency are discussed in Appendix

in the 7y direction and calculate the direction of w;.

A.

Figure 7(b) shows the fitted M(7r01r0) for events with 1, 2, 3 or 4 gammas.
Except for a more rapid fall-off at large M(nm) the structure of the spectrum is
basically the same as the missing mass plot. The fitting procedure with less
than 4 v's does not improve the mass resolution. Peaks at the no and w° are
apparent. Most of the no events come from no» 31ro, since we have extracted
the 2y fits. The fitting procedure yields no discrimination against 31° events

for M(37r0) < 1.0 GeV/cz. In order to achieve such discrimination the
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individual 7°'s must have sufficient transverse momentum to be well separated
in the Ta plates. Our method offers no hope of distinguishing between 1ro'y and
21° unless we see all 3v's from the 7r0y decay. Consequently, the structure
from 0.7 - 0.85 G:eV/c2 is consistent with w° - 1r0'y.

We have chosen to iﬁclude the i‘y fits even though these évents provide no
discrimination against 31° and have an angular resolution slightly worse than
the 2, 3 and 47y events. There are two factors motivating this decision. First,
the details of the fitted 1y mass and angular distributions are nearly the same
as for the 2, 3 and 4y fits. Although the 1y mass plot, Fig. 7(a), has more
events above M(w1) = 1.5 GeV/ 02, this is not a serious drawback since we
are mostly interested in the region at and below the £°. Secondly, by using the 1y
fits we avoid having to correct the fitted distributions for the absence of these
events. We can also ignore, to a first approximation, any biases introduced by
the fitting program efficiency — a genuine 21 - 2y event which failed to fit
would probably fit with only 1vy.

Using our fitted 271° events we examine the M(p7r0) mass spectrum, M(pw(i)
o

and M(png) defined such that [H(r — o) |

(a,b). In M(pﬂ'(l)) we see what appears to be the A+(1236), particularly in the plot

< lt(7r+ - ni)l are shown in Fig. 8

with lt(7r+ — n;)l < 0.2 GeV/c2 (see for comparison Fig. 23,24). While the
peak position is slightly high, a Monte Carlo study of our fitting procedure
showed no systematic shift in M(pno), In the insert, Fig. 8(c), we plot M(7r01ro)
for events in the A+ band. There is a peak at 1.3 GeV/c2 from the overlap of
the £ and A+, otherwise the structure is quite smooth. Correcting for the fit-
ting program efficiency (see Appendix A), we estimate a cross section of

13 £ 5 pb for A+ production in reaction (3). This compares favorably with a
predicted cross section for I — A+7r0 in reaction (3) of 20+ 10 pb from data on

Tp— pr o at’ Gev/c.”



M. 7d— pspﬂ+7r—

The film was scanned for all three prong events with one proton and four
prong events with one or two protons identifiable by ionization (117 [ <1.5 GeV/c).
This scanning selection implies thafc the four prong events are essentially un-
biased as regards target proton momentum, whereas the three prong events
have an upper cutoff on target proton momentum at IE> | ~ 1.5 GeV/c. For the
4-prongs 1.6% of the events have a proton with momentum larger than 1.5 GeV/c.
The 3 and 4 prong events were processed with the BRAVE-TVGP-SQUAW -
ARROW system of programs. For the three prong events we used the standard
constraint on the unseen spectator proton as provided by SQUAW. The optical
data, beam constraint, etc. were the same as used for the two prong events.
For most of these events the best fit was selected on the basis of highest con-
straint class and lowest X 2. For the three prongs we also demanded that the fit
spectator momentum projected onto the x-y plane (z is along thé optic axis) be
less than 0.1 GeV/c. A detailed discussion of the experimental procedure can
be found in Ref. 10 and 11.

We find a total cross section of 0,95+ 0.07 mb for reaction (2) with
IE; | < 0.3 GeV/c (see Table 3). This cross section agrees well with what one
would predict from lower energy 7r+d experiments. 3-5 However, our result is
30% smaller than the cross section found for the charge conjugate reaction (5)
and the difference is too large to be accounted for simply by Glauber screening;
a correction of 3% is used for screening. In fact, our analysis sﬁggests that a
substantial part of this discrepancy may be attributed to three sources. Firstly,
the Pauli exclusion principle at small momentum transfers suppresses the 7r+n
cross section by > 6% (a lower bound obtained by assuming pure spin flip at the

nucleon vertex). Secondly, the rd scanning criteria cause the high momentum
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transfer events to be lost. A direct comparison of 7r+n and 7 p data indicates that
the 7 n cross section should be scaled up by the factor 1.06 + 0.02. Finally a
correction factor of 1.07 + 0.01 is required to account for the abnormally large
number of deuterium events with spectator momgnta > 0.3 GeV/c (see Table 3),
possibly a result of secdndary intei'actions with the spectator nucleon.

As shown in Fig. 9 the 71 mass spectrum is dominated by po, £° and go
production. For the 4 prong events we have demanded Ib—;l < 0.3 GeV/e. The
relative heights of the po and £° peaks are the same for the 3 and 4 prong sets
of data. Our mass resolution is 10 MeV near the f° peak. We have fit the com-~
bined 3 and 4 prong data with M(7r+1r_) < 2.1 GeV/c2 to 27 phase space and
Breit-Wigner resonance forms for the p, £ and g (see Ref. 18 for a description
of the fit procedure). The resulting fit is shown in Fig. 9 with M(n+1r—) in 20
MeV bins. The high mass sides of the p and f are not fit very well. The mass
plot shows what appear to be shoulder-like structures on the high side of these
peaks. The fit to the go is poor, mostly because the mass and width of the g
are not well determined by the data.

Resonance parameters and cross sections as determined by this fit are
given in Table 4. Also shown in Table 4 are the corresponding parameters for
the 7 GeV/c 7 p data using the same fitting procedure. Our pO cross section is
consistent with what one would predict from lower energy rd experiments as-

suming a Pii\B energy dependence. We find the ratio

o(f® — all neutrals)/c(f® — Ty = 0.47 £ .09

in good agreement with lower energy T d experiments at 3.65, 2 and 5.1 GeV/c. 4
In Fig. 10 we plot the momentum transfer, t, from the beam to the 7r+7r—

system for various 7-m mass intervals in the 1r+d data. The forward differential
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cross sections for pO and £° production in the combined 7 p and rd data are
given in Table 5. Both the m p and rd data show a break in the t distribution at
Altl =~ 0.25 (’GeV/c)z. Fitting the 7 d distributions for Itl < 0.24 (GeV/c)2 to
an exponential of ’;he form eﬁt we find a slope B in the range 11-14 (GeV/c)—2 for
all mass intervals shown in Fig. 10° The corre4sponding eprnential slopes from
the 7 GeV/c m p data are with one exception within errors of the 7 d values. The
exception is for 1.34 < M(mm) < 1.42 GeV/c2 where the T p data gives

B = 7.4+2,9. From comparison with the 7 p data we can make a rough
estimate of the number of small t events missing in the 7' d data because of
Pauli Exclu‘sion. It appears that for M(7r+7r_) < 0.9 GeV/c2 we lose from 30-
45% of the events with [t] < 0.02 (GreV/c)2 while the loss at larger t is negli-
gible. This loss is consistent with Pauli Exclusion assuming approximately half
spin-flip and half spin-non-flip. In the £ region the loss of events with

lt] < 0.02 (GeV/c)? is 5-10% (Ity, | = 0,014 at the {%.

MIN"
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IV. -7 SCATTERING IN 7N — N7uw

A. DProcedure

The m-7 scattering is usually parameterized in terms of phase shifts 5; and
inelasticities 7 ; A= angular momentum and I = isotopic spin of the 7-m system).
For M(nm) < 1.0 GeV/c2 the m-m phase shifts have been studied by many

authors. 20-22 Recent experiments have clarified the behavior of the phase shifts

in the p0 mass region and provided data in and above the £ mass region. 23-21

Since the reaction 7w — 77 cannot be studied directly, one is always de-
pendent on a model to extract n-7 scattering data from some other reaction.
With the OPE model as first developed by Goebel28 and by Chew and Low29 the
idea was to extfact n-m phase shifts from the reaction 7N — N77 by extrapolating
in the variable t from the physical (off mass shell) to the unphysical (on mass
shell) point at t = m12T. Other than direct extrapolation procedures the methods
for using the OPE model to study m-7 scattering fall into two géneral categories.
The first approach, as used by Ferrari and Selleri, 30 attempts to allow for off
mass shell effects by introducing form factor functions of t at the upper and
lower verticies of the OPE diagram. Durr and Pilkuhn modified this procedure
by adding angular momentum barrier penetration factors to the vertex function,
and Benecke and Durr did a relativistic Durr-Pilkuhn treatment. 31

The second method of modifying the simple OPE model is to adjust the
formalism so as to take into account the strong absorption of the low partial
waves in the entrance and exit channels of the reaction. In the Absorption-
modified One-Pion-Exchange model (AOPE) as originally developed by Gottfried
and Jacl«:son32 the absorption in the initial and final states is appoximated as
being similar to elastic w-nucleon scattering. In our analysis we have used the

AOPE formalism of Durand and Chiu. 33 For a detailed discussion of our analysis

see Ref. 9 and 10.
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For the purpose of making a phase shift analysis of the T system we have
combined the 7r+d data of this experiment with the 6.93 GeV/c T p data9 to obtain
a total‘éample of 10845 1r+7r_ events. For this study we use only the data with a
momentum transfer It| < 0.3 (GeV/c)z. In Fig. 11 we plot M(7r+1r_) for the
8039 events which Vsurvive this t cut. We confine our study to the mass range
0.58 < M(mm) < 1.5 GeV/cz. In Fig. 12-13 we plot the -7 scattering angles,
cos ¢ . and the azimuthal angle ¢, in the Jackson frame. We use 40 MeV bins
except for the mass range 1.22 < M(7r+1r_) < 1.34 GeV/c2 where we use 20 MeV
bins. The angular distributions plotted separately for the 7 p and 7' d data (not
shown) are in good agreement. In the po region of Fig. 12 we see the forward
peaking in cos 0 resulting from the S-P wave interference. Around 1.0 GeV/c2
there is peaking in the backward direction and above 1. 14 GeV/ 02 there is a
strong D-wave signal characteristic of the £, Near the po the azimuthal dis-
tributions (Fig. 13) tend to peak near ¢ = 0°. This peaking is well described by
the absorption model. Above 1.0 GeV/ c2 the data is consistent with isotropic
distributions in ¢. The curves in Fig. 12-13 are the result of fitting these
angular distributions to determine w-m phase shifts.

The differential cross section for #N — N7 can be written in the form9

4
a g = _l.<_~ .1'. 1 2
5m_5tocosd 5 C o 2 2 Zm | <pA' ITIA > | (8)
LAB H

C = normalization constant
PLAB = incident laboratory beam momentum,
k

= momentum of outgoing 7 in 77w C.M.,

i

1] helicity of the dipion system,

A', A = helicity of the outgoing and incoming nucleons.
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The amplitudes <uA'[TIA > can be expanded in terms of spherical harmonics
and the w-m phase shifts. Appendix B of Ref. 9 gives explicit forms of these
amplituges with the absorption modifications as used in this analysis.34

The only free parameters in (8) are the mm phase shifts, inelasticities, and
normalization constant, C.

For each w-7 mags interval in Fig. 12 we made a least-squares fit to the
cosf and ¢ distributions simultaneously with the phase shifts and inelasticities
as the only free parameters. Normally we used bins of 0.1 in cosf and 18° in
®, i.e. a 20 X 10 matrix. For a given trial set of phase shift parameters we
performed a numerical integration of equation (8) over the t interval
'HMIN < It} < 0.3 (GreV/c)2 for each point of the 20 X 10 matrix in cos@ and

¢ (the integratioh was carried out in terms of cosd A fit with 27 degrees

cM*
of freedom typically yielded a X 2 of 29 to 35.

The overall normalization in equation (8) was fixed so as to maximize the
agreement between the fit values for 6OD and the predictions of 4 Breit-Wigner
resonance form for the £ in the mass range 1.25 < M(7r+7r—) < 1.32 GeV/cz.
Good agreement can only be obtained on the low mass side since we find the
I =0 D-Wave to be significantly inelastic at and above the £° peak. We estimate
that this procedure allows the normalization to be determined to ~ 10%. In
order to obtain values of 6113 at the pO peak in good aéfeement with a Breit-
Wigner resonance form we had to use a normalization 13% larger than that found
at the £° peak. For M(vr+1r_) < 0.98 GeV/c2 we have used the larger normaliza-
tion found at the po peak. Occasionally we have constrained a particular param-

eter so as to maintain reasonable continuity from one mass bin to the next,

usually this was not necessary and the solutions were unique.

B. 1= 2 Phase Shifts

+ - s sps
The 7 w data is rather insensitive to the I = 2 phase shifts and inelasticities:

né, 62, 77]2)» and 6%. To fit the 7 7 angular distributions we have fixed the I = 2
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parameters at values determined from the reaction

Tp —pr . (9)

-

+ -
For M(m 7 ) < 1.2 GreV/c2 we used the I = 2 phase shifts of J.P. Baton gﬁa_l.zz
as shown in Fig. 14. Our o data in this mass region supports these results.

(>3 =4
Studies of the reaction””

Td—ppr W
also support the general features of the I = 2 analysis of Baton et al. In Fig. 15
we plot m-7 angular distributions for reaction (9) from the data of B.Y. Oh et al. 9

with P =6.93 GeV/c. Fitting this data in 80 MeV bins for 0.98 < M(1r_7r0) <

2
S

LAB

<1.22 GeV/cz, We find that the resulting 6 and 6% also agrees with the phase

shifts determined by Baton et al.

To determine the I = 2 parameters above 1.2 GeV/ c2 we have fit the 7 7°
angular distributions from the 6.93 GeV/c data as shown in Fig. 15. The over-
all normalization has been adjusted so as to maximize the agreement between
our fit results and those of Baton et al. in the mass range .98 - 1.22 GeV/cz.
The P-wave parameters were fixed so as to agree with the 7r+1r_ fit results.

The resulting fits to the T angular distributions are shown in Fig. 15, and
the fit parameters ng, 52 , and 6]2) are plotted with error bars in Fig. 14.
Although the data is consistent with 77123 = 1.0 for M(am) < 1.58 GeV/cz, we
cannot rule out the possibility that n% is somewhat smaller than 1.0 above
1.46 GeV/cz. Above 1.2 GeV/c2 we find 6:; is falling steadily and gradually
becoming inelastic. The errors are large since in addition to limited statistics
we must contend with a low S-wave unitarity bound. The D-wave, 6%, is rela-
tively constant near -16° for 1.25 < M(7m) < 1.55 GeV/cz. For the purpose
of fitting the T data we have used the smooth curves drawn through the fit

results above 1.2 GeV/02 in Fig. 14.
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C. The po Region: M(w+7r—L < 1.0 GreV/c2

For the purpose of discussing the 7 1 fit results we consider the data

above and below 1.0 GreV/c:2 separately. This division is prompted by the

1
P

1.0 GeV/cz. With the I="2 phase shifts fixed as discussed above we fit the 1r+1r_

dominance of the resonant parameters 6 and 6% for M(7r+7r_) below and above
angular distributions in the po mass region with the I = 0, 1 phase shifts and
inelasticities as the only free parameters. The resulting best fit parameters
are shown in Fig. 14 and 16. The AOPE model fits well the general deviation
from isotropy in the azimuthal angle distributions. Some details of the cos®
distributions such as the sharp forward peaking near cosf o 1.0 are poorly
fit. A previous analysis which included nucleon-pole terms in the production
amplitude was also unable to fit this forward peaking. 9

The fit I = 0, 1 phase shift parameters are tabulated in Table 6. The quoted
errors for 6; are usually taken from the least-squares fit. Occasionally the
fitting program has trouble determining the error for a particular {it parameter,
e.g. 6% near 0° in the 0.8 - 1.0 GreV/c2 region. In such cases the errors have
been estimated from fits with the particular parameter in question fixed at vari-
ous trial values. The error estimates for nOD have usually been found in the
same manner, i.e. by trial and error. Because ni and 61

[

correlated the fitting program has difficulty determining reasonable errors for

are usually highly

these two parameters simultaneously. The quoted errors do not include the

~ 10% uncertainty in the overall normalization; however, we note that a change
0 0
S and 6D

The various families of I =0 S-wave phase shifts in the ,oO mass region have

in the normalization of ~12% at the £° peak moves 6 by 5-6°.

been the subject of considerable controversy in the literature. The up-~up set

of phase shifts as shown in Fig. 17(a) was originally proposed by Hagopian and
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Selove. 36 This solution received support in the work of Malamud and Schlein, 37

and L.J. Gutay et al. 38 The now accepted up-down family was first proposed
by WE Walker et al. 39 Several experiments on the ar° system including this
one now clearly indicate that the up-down solution is correct in the pO region
(e.g. J.R. Bensinger et al. 7) . The Berkeley experiment of Protopopescu et 31_.2
which showed a sudden jﬁmp in 62 1n the 900-950 MeV mass i‘ange, finished any
controversy regarding the S-wave in the po region. In Fig. 14 and 16 we have
indicated that 6% rises rapidly through 90° by the break in the data for
0.9 < M(mm) < 1.0 GeV/ c2, although our 7 7 data cannot resolve this behavior.
Our 21° data from reaction (3) also favors the down solution for 6(8) above
the p0 peak. In Fig. 17(b) we plot do/dmmr, corrected for no and ©° contam-
ination, along with the prediction of Malamud and Schlein37 for "down-up",

"up~-down'', and "up-up" solutions for 6 For the cross section curves of Fig.

0
g
17(b) we have used the I = 2 S-wave phase shifts of J. P. Baton _e_ggl_.zz The
Malamud and Schlein predictions give absolute cross sections and are not re-
normalized for our data. For M(7r01r0) < 0.5 GeV/cz, our 27° cross section is
systematically larger than the Malamud and Schlein predictions and is inconclu-

sive with regard to the various solutions for 6 In the mass region from 0.7 to

0
g
0.9 GeV/c2 our data definitely favors the "down' branch of the "up-down' or
"down-down" solutions. In the interval 0.6-0.9 G;e\}/c2 the "down-up', 'up-
down', and ''up-up" solutions have a X2 of 12.3, 0.1, and 10. 1 respectively

(3 degrees of freedom). The upward curving branches of the "up-down'" and
""down-up'' solutions above 0.9 GeV/<32 in Fig. 17(b) show the effect of including
a D-wave as found in our 7r+1r— analysis. Below 0.9 GGV/CZ the D-wave cor-
rection is negligible. Apparently the D-wave below 1.0 GeV/ c2 is not enough to
account for the failure of the "up" branch for Gg.

As an additional check on the consistency of the °7° and 7 1~ data we com-

pare cr(wowo) with J(1r+1r_) in the p0 peak region. Using the data for
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0.7 < M(nm) < 0.8 GeV/c2 we find

o(7 n — o1 )

T ps = 13.1+4.1.
o(mn —pr7)

The large error results from the low statistics of the 21" data. Nevertheless
this ratio is consistent with that expected for P-wave to S-wave at the unitarity
limit

22
i =15.5 .

%00 %w »

16
oy <12 + '5")”

The 27° angular distributions are plotted in Fig. 18 for events which fit
reaction (3) using the measured v directions. The data shown have (t!. <0.3
(GeV/ c)2. We have fit these angular distributions with 62

eters and the overall normalization adjusted so as to maximize the agreement

and 6103 as free param-

with 5103 as determined from our 7 7~ data in the £° peak region (i.e., at the £°
peak only 63 is being determined by the fit). Low statistics demanded the use of
large mass bins and consequently the fit is often averaging over an interval where
one of the parameters is known to vary rapidly. The AOPE model fit results for
5g and 6% are given in Table 7 and the curves in Fig. 18 show the resulting fits
to the 21° angular distributions. For 0.8 < M(wn) <1.0 GeV/c2 we find 6% larger
than our 7r+7r_ results (see Table 6). However, in this mass interval 62 agrees

with the data of Protopopescu et al. 24

D. The f° Region

With the I = 2 phase shifts fixed there are six free parameters to be deter-
mined: 7 0 60 n L ) 1 7 0 and 60 Of these the I = 0 S-wave parameters
s s p? PP DY D’

are most difficult to fit because of the low S-wave unitarity bound. We find that

1

the £ = 3 partial wave, (3F, becomes important only for M(zxm) > 1.4 GeV/cz.
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As shown in Fig. 16 the I= 0 D-wave, 6%, riges steadily from 100 to 450 from

1.0-1.2 GreV/c:2 while 6%) holds in the interval 150° to 160°. In the mass

range 0.98 - 1.14 GGV/CZ the cosf distributions of Fig. 12 become sharply

0
3

lar distribution in this mass interval between the po and £° péak regions.40 In

peaked near cosf = ~1. This results in the negative Y, moment of the n-7 angu-
a plot of M(7r+1r") for cosf < -0.8 we see no statistically significant structure.
This backward peaking in cosf must be produced by the interference of two or
more states of opposite parity, e.g. S-P, P-D, or S-P-D interference. Our
results would favor P-D interference, i.e., a fairly constant P-wave interfer-
ing with a rising D-wave (B.Y. Oh et al. 9 arrived at this same conclusion).
For 0.9 < ‘M(7r+7r_) < 1.2 GreV/c2 both the S and P-wave have inelasticity
n < 1.0. Above 1.2 GeV/c2 n%) stays mostly in the interval 0.8 - 0.9 (see
Fig. 14), while the S-wave inelasticity reaches a minimum near 1.16 GeV/ c2
(somewhat above KK threshold) and is consistent with ng = 1.0 near the f°
peak. Near 1.1 GreV/c:2 the inelastic S-wave is associated with the S* (1060)

resonance decaying into KK. From data on
7p - nKK° (10)

at 4 and 6.2 GeV/c, W. Beusch et al. *! estimated 0. < 53 < 0.6 and 6
near 90° or 180° at the S* peak. From a compilation of data on reactions (10)

and
Td ~p pK'K ™, | (11)

R. Diamond et al. 42 found that the KK system is dominated by the I =0 S-wave
0
in the 1.0 - 1.3 GeV/c2 mass range. As shown in Fig. 14, we find ng = 0.74+0,2

for M(?T+7T_) ~ 1.06 GeV/cz.,
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In the lower half of the £° peak region, 1.14 - 1.28 GeV/cz, the cosf dis-
tributions are nearly symmetric about cosf = 0 and sharply peaked at cosf = =1,
mdica'?mg the dominance of the Yg term. At larger M(wnn) there is a stronger
peaking in thé forward direction at cosf = +1. The azimuthal angle distributions
(Fig. 13) are relatively isotropic throughout the ° mass region, especially in

comparison to the p. Apparently absorptive effects are more important for the

o than for £© production. 25 In the £° peak region we find 6% rising slowly through
2700, i.e., an S-Wave I'esonance.23 From a study of 7r+p — A++ 1r+1r_ at 8 GeV/e,

0
S

shift analysis using data on reaction (5) at 17.2 GeV/c, P. Estabrooks etal. 25

J.V. Beaupre et al. 43 found & near 90° at the £° peak, and in a 7-7 phase
also observe a large S-wave phase at the £© peak. This large S-wave phase
accounts for the near absence of events near cosé = 0 at the f° peak.

The 27° data (Fig. 18) agree reasonably well with the results for 62 and
6% in the £° peak region. As shown in Table 7, the AOPE model fits to the 21°
angular distributions also yield an S-wave phase shift passing through 90° near
the £° peak. The errors given in Table 7 do not include an uncertainty in the
normalization of ~25%. The cosf distribution for 1.15 < M(ﬂ'oﬂ'o) < 1.25

GeV/cZ has some peculiar structure and the fit 50D is ~15° too small. Other-

wise the 27° results for 6% agree within errors with the 7 data.

E. Non-27 Decay Modes of the £° and ﬂ%

With regard to the inelasticity of the I = 0 D-wave, n(l)), it is interesting to
look for noxi—27r decay modes of the £°. In Fig. 19(a) we plot the missing mass
from reaction (1) for events with one or more gammas which failed to fit 21°.
In addition to a definite signal at the £ there is a broad structure around 1.7
GeV/ 02 and a general background suggestive of 3w phase space. The number of

events at the f° is larger than expected from the fitting program inefficiency for
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reconstructing the 27° system. A Monte Carlo study of the 27° fitting procedure
(see Appendix A) predicts =8 events above background per 50 MeV bin in the £©
fégion‘c;f Fig. 19(a). From our 1r+1r—7ro data (reaction (7)) we estimate that the
reaction 1r+n - pA; with A; —_ nowo should contribute =6 events to Fig.

10,17

19(a). Another source of structure in Fig. 19(a) is the KK decay mode of

the £°. R. Diamond et al. %2 have estimated this branching ratio to be

o —
R = I‘fo EK_ = 0.035 % 0.007 .
T'f"— a7
Events with associated V's have been excluded from the reaction (1) data. As-
suming that the structure observed near 1.3 GeV/c2 in Fig. 19(a) results from an

all neutral f° decay mode other than 2710, we estimate the cross section to be

0'(7r+n - pfo, £ — all neutrals # 27° or Koﬁ)) = 7.5 4ub.

- . . . 0 0.0
This cross section includes the above mentioned corrections for A2 —- 7 T,

fO

~K°R°, and inefficiency in the 27° fitting.
Other possible all-neutral £ decay modes are £ — 7 ono and £ — 47°.

Reaction (1) events with four or more measured y's were fit to the hypothesis
+ 0 0
md—p.pn (12)

with n° — v (a two constraint fit). In Fig. 19(b) we plot M(n  n°) for the 15
events which fit reaction (12) — this plot includes 1-prong events. The accumu-
lation of these events near the £° suggests the possibility of a nono decay mode.
Assuming that all of the remaining 7.5 pb in the all-neutral topology (discussed
above) results from £ — nono yields a cross section of o(vr+n - %= non O) =
= 15 % 8 ub. This cross section for O nono is corrected for a branching

ratio of . 711 for 7 © _ all neutrals. However, we cannot exclude the possibility

that all or part of the 7.5 ub in the all-neutral topology results from £ — 47°.
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In addition to £° — 47° there are two other possible 4w decay modes,

o + 4+ - - o + -00
f e~ar7wmw andf — a7 T,

-

From a study of the reaction
Td — pSpTr+1r+7r_1r_ (13)

at 6 GeV/c, J.C. Anderson et al. 44 estimated a branching ratio of (5.5+1.0)%
for f —naw T (see Table 8). In this experiment we have studied the reaction

rd — psp7r+1r—1ro1ro (14)

by reconstructing the 21° system using the» measured y directions. The 21°
fitting procedure is basically the same as that used to study reaction (3) (see
Appendix A) except that TVGP and SQUAW were used for the reconstruction and
fitting. In Fig. 20 we plot M(vr+7r—7ro1ro) for events with 2, 3, or 4 gammas
which fit reaction (14). There appears to be some structure above background
at ~1.25 GeV/cz, especially in the data with H:npl < 0.3 (GeV/c)z. There

is also some structure in the g meson region. In addition to © — 11 1%
there is the possibility of B° (1235) — w°r° contributing to this low mass struc-

ture. Correcting for B® — w°7° and Ag - nO‘ITO we estimatelo

0(7r+n —pf%, - 1r+1r_1r01r0) = 6= 3ub,

This cross section must be taken as a lower limit since we have not corrected
for y-conversion and 21° fitting program inefficiencies. However, a plot of
M(1r+7r— + Missing Mass) for events with 0 or 1 y observed shows no evidence for
structure near the £°. |

Using the estimates of non-2x £© decay modes as summarized in Table 8,
we estimate 'n(])) = 0.79  0.04 in the f* peak region,4‘5 with o(f® — 1r+1r—) =

=258 & 25 pb and o(f> — 1°7%) = 110 + 20 pb. If the f° peak in Fig. 19(a) is
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interpreted as a 47° decay mode instead of £ — non o, then we obtain n% =

= 083 + 0.03. The error for 17% is simply statistical and does not allow for
any systematic error in our cross section estimates. The n-7 phase shift
analysis gave a smaller value of n]O) =0,70 £ 0.15 at M(am) = 1.27 GeV/c2
(see Table 6 and Fig. 14) . Our calculation of TIOD could be in error if we have
neglected or overestimated cr(fo-» mm. It is also possible that some final
states are more readily absorbed by the nucleon or deuteron than others. The
above value for T’(I)) does agree within errors with the results of our 7-7 phase
shift analysis. We conclude that the I = 0 D-wave is significantly inelastic near

the £° peak.
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V. p-w INTERFERENCE

Clear evidence for p-w interference has been seen in several high resolu-
tion, 1arge statistics experiments.46 In this section we discuss the observation
of p-w interference in reaction (2). In Fig. 21 we plot M( 1r+1r—) in the po mass
region and observe a four standard deviation peak for 0.78 < M(1r+1r—) <0.8 GeV/ 02.
Only 4-prong events with lfa_;l <0.3 GeV/c are plotted. The 3-prong data (i.e.
spectator proton unseen) show no evidence for a sharp peak near the w mass.
This difference between the 3 and 4-prong samples is compatible with the 7-7
mass resolution which we estimate to be 25 and 16 MeV/c2 for the 3 and 4-
prong data near the po. As shown by the shaded events in Fig. 21, most of the
w peak comes from the data with [t| > 0.1 (GeV/c)z. The w-w decay angular
distributions show no statistically significant differences for mass intervals
below, at, and above the w peak.

The surprising feature of Fig. 21 is the presence of a peak rather than a
dip, since a Regge model based on 7-B exchange degeneracy47 predicts that
we should observe destructive interference in reaction (2). While our 3-prong
data does not show a peak, there is no evidence for a dip in the w region. In a
2.15 GeV/c rd experiment J. Bensinger and A.R. E]c‘win48 also observed no
indication of a dip in M(1r+7r—). However, D.S. Ayres et al. 49 have observed
destructive interference in a study of reaction (2) using the Argonne Effective
Mass Spectrometer.

We have fit the mass spectrum in Fig. 21 to a distribution similar to that
used by Hagopian g_ga_f. and Allison 9331_.46, i.e., two Breit-Wigner resonance
forms for the p and w with a relative phase ¢ between them:

% = fg(m { A l fpw-(™ Iz * Ai I fpw- 4™ ’2 -

+ 2ozApAwRe [eicPwa_w(m) f]*3w_p(m):| + C } .
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_ + = X ;
Here m = M(w 7 ), fps(m) is a phase space factor, and the functions fBW~w and

fBW-p are P-wave Breit-Wigner amplitudes for the w and p respectively. 16

A w and Ap are the (real) amplitudes for decay into 7T+7T—, « is a coherence factor
(0 < @" < 1), and C is a constant for the phase space background.

The po resonance parameters were fixed at Mp = 0.780 GreV/c2 and I‘p =
0.18 GeV/c2 as found from a fit to the total 7 1 mass spectrum (including 3-
prong events)., For the @ we used Mw = 0.790 GeV/c2 and Fw =0,012 GeV/cz.
This slightly high value of Mw improved the fit to the peak in Fig. 21; in reac-

2-50 We must also make some choice

tion (7) we found M _=0.784%0.014 GeV/c
for the parameter «. Using @ = 1 corresponding to complete coherence, yields
a lower limit on Aw and is the usual procedure. The phase angle ¢ is rather

insensitive to o;. changing o« from 1.0 to 0.2 changed © by only 10°. With the

p
¢ and C. Performing a least-squares fit to the data from 0.5 -~ 1.0 GreV/c2 we

resonance parameters and o« fixed there are four free parameters: Aw’ A

found a best fit with X 2 = 58 for 46 degrees of freedom and a phase ¢ = -1% + 39°,
This result together with the w cross section in the 7r+7r—7r0 channelso yields a
branching ratio R(w — 27/w — 37) =(3.9 + 3.5)%. With ¢ fixed at 180° and all
other parameters at their best fit values we found )(2 =103, while Aw: 0 yielded
xZ = 67. The phase does not depend critically on the p resonance parameters,
c.g. using M =0.787 GeV/c? gave ¢ = +8°, while F =17 GeV/c? yielded

= -8% Both of these results are well within errors of the best fit value of
9 =-1°+39°, With M fixed at 0.784 GeV/c” the fit results are ¢ = -43° and
R = 2.3% with a fit X = 60.

These results aré quantitatively similar to previous observations of p-w
interference except that we find constructive rather than the expected destruc-
tive interference. As pointed out by C. QuiggSl this anomaly could be explained
by a strong natural parity exchange contribution to p-w production. The original

prediction of Goldhaber et glf“ of destructive interference in
o — A (15)
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assumed unnatural parity exchange. For natural parity exchange the Regge pole
exchange degeneracy arguments imply constructive interference for reactions
(2) and?15). This would show up in the P11 + P11 combination of the density
matrix elements. While we have found a natural parity exchange contribution

to po production with [t]- > 0.3 (GeV/c)z, 18 the p-w peak in Fig. 21 comes
mostly from lower t events. In Fig. 22(a,b) we plot M(7r+1r‘) weighted by Poo
and P11 + pi.p 282 function of mass. Essentially all of the p-~w peak structure
is associated with the Poo component. It is interesting to note that
Protopopescu et al. 24 have reported observation of constructive p-w interfer-
ence in reaction (15) at small momentum transfer and in the Poo state. This

would be quite consistent with our results.
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VI. THE n-NUCLEON SYSTEM

Although p and f production account for roughly %— of the reaction (2) events
it is aTso interesting to consider baryon resonance production. The M(p7r+)
spectrum shows little or no evidence of any low mass resonant structure. With
the other m-nucleon combination we observe conéiderable structure at small
M(p7 ) in Fig. 23(a). On top of a rapidly falling OPE background there are peaks
at approximately 1.24, 1.38, 1.5 and 1.65 GeV/cZ. The location of the first
peak is consistent with the A(1236), while the last two peaks are near the
N*(1520) and N*(1690) respectively. The explanation of the peak at 1.38 GeV/c2
is not clear since this is slightly below the usual location of the '"Roper" P11
resonance at &~ 1.47 GeV/c:z,52 (this could be the result of interference).

Much of the broad structure at small M(p7 ) is a reflection of OPE in the
p and f regions of M(7r+7r—) and perhaps the result of interference with these
amplitudes. As shown in the shaded portion of Fig. 23(a), when we demand
M(7T+Tf—) > 1.4 GeV/c2 we get a rather smoothly falling low mass structure in
M(p7 ) with a shoulder in the 1.65 GeV/ 02 region. Momentum transfer cuts on
t7r - the four-momentum transfer from Tr“.;1 to ﬁ;ut, do not help to disentangle
the overlap. It seems likely that some peculiar features of the m-w angular dis-
tributions (e.g. a sharp spike in the forward directiogl of cosf o Dear the p)
are related to the overlap between N* and p or f production. 53

Using simple non-relativistic Breit-Wigner resonance forms plus a hand-
drawn background, we have fit the mass distribution of Fig. 23(a) for M(p7 ) <
<2.0 GeV/cz. The resonance widths were fixed at 60-80 MeV/c:2 — these rather
small widths were necessary in order to reproduce the observed structure. The

fitted resonance masses and cross sections are shown in Table 9 (the fit X2 = 34

for 37 degrees of freedom). The large errors reflect both the statistical
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uncertainty of the observed peaks and the uncertainty in the background shape.
Our cross sections for A(1236) and N*(1520) agree with those of Anderson et al. o4
who obé?arve T p — 7 N* in a missing mass spectrum at 8 GeV/c.

In Fig. Zé(b) we plot M* = M(mr+) + M(p7 ) from the 7 GeV/c 7 p and xd
data respectively. VThe peaks at 1.24 and 1.4 GreV/c2 are poorly defined in the
M(mr+) distribution. The M(p7 ) mass resolution of ~8 MeV/02 in the low mass
region is probably somewhat better than for M(n7r+) . In Fig. 24(a) we plot M*
for M(vr+7r_) > 1.4 GreV/c2 and ltm_l < 0.2 (GeV/c)Z, and observe a broad low
mass structure suggesting a diffractive production process. For Itmrl > 0.2
(GreV/c)2 in Fig. 24(b) there are possible enhancements at ~1.5 and 1.65 GeV/cz.
The structure from 1.6 - 1.7 GeV/cz is most definite since it persists either as
a peak or a shoulder for most of the cuts that we have tried. This probably indi-
cates that we are observing more than one resonance in this mass region. The
tmr distributions in both experiments are well fit by exponentials of the form
eat where o depends on M*, the m-nucleon mass. In Fig. 25(a) we plot o vs
M(p7 ) and find a variation of @ with mass in good agreement with the M(mr+)
data (see Ref. 9). The slope is roughly a factor of two smaller in the 1.5 - 1.7
GeV/ 02 region as compared to the 1.2 - 1.4 GeV/ c2 region, in agreement with
the data of Anderson _e_zi_a_}_.54 In Fig. 25(b) we plot a for the combined 7 GeV/c
T p and 7 d data with M(1r+7r—) > 1.4 GeV/cz to eliminate the overlap with p
and f production. This cut is seen to reduce « slightly while leaving the same
general dependence on M*.

To study further the low mass M* system we examine the nucleon-nucleon
scattering angle, cosBNN, as defined in Fig. 26(a). We must demand
M(w+1r-) > 1.4 GeV/c2 if we want to observe features of the angular distribu-

tions which may be characteristic of the m-nucleon rather than the n-m system.
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The cos@NN distributions for M(7r+1r_) > 1.4 G:eV/c2 are shown in Fig. 27. For
ltml <0.2 (GGV/C)Z the distributions are almost flat, especially in comparison
t;) the ﬁrge l,tmrl data of Fig. 27(b). The small tm data appear to be consistent
with production via diffraction dissociation;55 cosf seems to be mostly S-

. NN
wave with the exception of M*(1.58 - 1.70). For ltml > 0.2 (GeV/c)z cosf

NN
is strongly peaked in the forward direction, and the data with M* < 1.4 GeV/02

is suggestive of S-P wave interference. In the mass interval 1.4 - 1.46 (}eV/c2
the forward peak has become sharper indicating that D-wave is becoming impor-
tant. The distribution from 1.58 - 1.7 GeV/c2 is most unusual, since in the
backward direction it looks like a spin-flipped D-wave and is fit rather well by
cosf sinf « Y;. This situation is reminiscent of the A2 which is also pro-

duced in a spin-flipped state. 17 Like the A2 the structure from 1.58 - 1.7 GeV/cz

also lies on the falling edge of a large diffractive-like background and is en-

hanced by discarding the small momentum transfer events.
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VIiI. DEUTERON EFFECTS

Deuterium is often used in experiments as a means of obtaining a neutron
f:arget‘.m Ordinarily one imagines that either the proton or the neutron is struck
by the high energy projectile and then escapes without further interaction. This
picture of the interactions is probably moderateiy accurate. Looking at the
momentum spectrum of the spectator protons, one can account for about 80 -
90% of the spectrum by means of the Hulthén wave function of the deuteron. Be-
yond a spectator momentum of ~ 200 MeV/c other processes probably constitute
a modest fraction of the nominally neutron events.

As an example of an effect that we have observed we show Figs. 28 and 29
in which the dipion mass spectrum from reaction (2) has been plotted for differ-
ent cuts on the spectator momentum. For the case of the invisible spectator the
mass spectrum shows po, £ and go peaks (Fig. 28(a)). For visible spectator
protons (lﬁ; | > 80 MeV/c) the go has disappeared and the 0 is slightly dimin-
ished as shown in Fig. 28(b). Figure 29(a,b) shows M(7r+7r—) and the p0 decay
angular distributions for events with lﬁ;l > 0.3 GeV/c. In this case the £° is
practically gone and only the po is clearly visible. The angular distribution of
the decay of the po shows a dominance of the Poo moment of the distribution
which is characteristic of the OPE process. The problem is then how to account
for an OPE dominated process and a high energy spectator.

A possible explanation of the effects observed can be given by considering
the diagram shown in Fig. 26(b). In this case the virtual T from the upper
vertex is absorbed by the deuteron producing a diproton state. The cross sec-

tion at the pion pole is given by the usual expression for the OPE process:

|

3

d o 1 2
5 AT = a5 (Km* o
dm*dM*dt 47r3P(2) E2 T Tl') (t-m>2)
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where

Po’ E = center of mass momentum and energy,

m*, M*= g-7 and p-p invariant mass,

. . + ~
K, P = virtual # momentum in 7 # and nd center of mass,

and 0o On_g 2re the "on the masé shell” crosé sections fof 7-7 and 7d — pp
interactions. Figure 30 shows our observed diproton distribution. We show also
the distribution expected on the basis of the Hulthén distribution and the distri-
bution calculated on the basis of the OPE cross section. The interesting feature
of the process rd — popp is that the reaction can go over a wide range of the
diproton mass distribution with the virtual pion very close to the real pion, i.e.,
close to the pion pole. The curve shown on Fig. 30 is close to an absolute pre-
diction. It was calculated using OPE and then normalized with respect to the
observed process 7r+p — pOAH. Beyond a diproton mass of 2.10 GreV/c2 our
experimental distribution is =~ 30 - 40% low because of cuts made at the scan-
ning level — correcting for this would tend to make the agreement better.

In Section V on p-w interference we found a large difference in the mass
spectrum depending on whether or not one observed a spectator. This effect
is perhaps larger than can be accounted for by differences in resolution. It is

possible that here we are also observing specifically dinucleon effects.
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VIII. CONCLUSIONS

From AOPE model fits to the 7 7 angular distributions we find strong
evidence of resonant behavior in the I = 0 S-wave near the £° peak. There is a
rapid change in n(S) for 1.0 < M(#m) < 1.2 GreV/c2 while near the £° peak
ng ~ 1 and 628 2.70O implying a large imaginafy S-wave amplitude. Our 21°
data is consistent with this behavior. The I= 0 D-wave is significantly inelastic
at the £° peak (77(1)) = 0.70) and this observation is supported by estimates of
non-2m £° decay modes. We find evidence for nono and 7 1 7°1° decay modes
of the £°. The branching ratio for this 47 decay mode is not consistent with that
one would predict from £ — 7r+7r+7r-7r- assuming the decay proceeds through a
pp intermediate -state.

We observe constructive p-w interference in 7r+n — p7r+1r" in disagreement
with most current theories. In the m-nucleon mass spectra there are small
signals from N* production superimposed on a OPE background. Finally the
events with If); | > 0.3 GeV/c show evidence of specifically deuteron effects in

the OPE process.
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APPENDIX A

27° Fitting With Gammas

Inq?;his appendix we discuss the procedure we used to fit the reaction
1r+ d — pspwoﬁo using the measured gamma directions. Our method is basically
the same as that u.sed by R. Morse to study the feaction T p — p1T_7TO7TO at
7 GeV/c.56 We also discuss an analysis of this fitting procedure using Monte
Carlo generated events.

As part of our normal scanning procedure all events were checked for
associated y's in the two tantalum (Ta) plates and in the deuterium. All 2-prong
reaction (1) events were also checked a second time by gamma editors, who
were expefienced scanners with special training concerning the use of the Ta
plates to detect y's. All gammas were classified as either '"definite" or
""questionable" depending on how well the v pointed at the vertex of the event,
whether or not the origin of the y was ambiguous between two or more verticies,
etc. Our procedure in fitting was never to discard definite y's, e.g., a 3y
event with 2 definite gammas would be fit to 27° using all 3y's and using only
the 2 definite y's. Approximately 54% of the gammas measured were definite.

Since we have only measured the y directions as two point tracks we loose
one constraint for each v produced. Consequently unless we observe all 4
gammas from the decay of 2 's we must make some approximations in order
to fit the event. The approximations we make are based on well known kine-
matic features of the d}ecay T~ vvY. The opening angle 6 from the decay of a

7° of mass ¢ and momentum P satisfies the inequality

1
tan 0 > /,L/p7r .
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From the opening angle distribution, 57

1-v2 COS% o 4 21 ,.-1/2
W(o) = 50 sm219 (v -cos 59)
2

we compute the probability P(6) that a 7° of veloc ity v will decay into 2 gammas
with an opening angle ¢ or larger,

(vz - cosz % 9)1/2

PH) = 1 -

vsin%@

As shown in Fig. Al(a), P(0) is sharply peaked towards the minimum opening
angle 9MIN’ and consequently if we know the 7° momentum we can make a good
estimate of the probable y—y opening angle. Conversely, if we have a measure
of the opening angle for a particular 7o — v v decay we can estimate the °
momentum. We define P(pw) to be the probability that the 7> momentum will be
p_or larger for a given minimum momentum PN In Fig. Al(b) we have
plotted P(pﬂ) as determined from Monte Carlo generated 21° events. The sharp
peaking results partly from the kinematic restrictions of this experiment, i.e.,
as PynN increases the allowed values of p_ are restricted by the finite amount
of missing momentum (=~ 6.6 GeV/c). With this introduction we proceed to dis-
cuss the 27° fitting procedure for events with 1, 2, or 3 measured gammas;

see Ref. 10, 48 and 56 for additional details.

A. 1y Events

For events with 1 measured vy we made a 0-constraint fit by pointing w({ in
the direction of the measured y and allowing the fitting program to calculate the
momentum of T(i and the direction and momentum of ﬁg. A diagram of this situa-

tion is shown in Fig. A2(a). Since this is only a calculation there is little or no
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discrimination against events with more than 2 1ro's, however the following

factors speak in favor of this procedure. For events with MM < 1.0 C}eV/c2

thé onl;r appreciable 37° contribution comes from no -~ 31°. Secondly, if we see only
1y from a 21° event it is likely to have come from the more energetic of the

two T 's. A 4 GeV/c 7 has % GMIN ~ 1.93° ana the probability is only 0.13

for 6 > 20 MIN (see Fig. Al(a)), so pointing the 7° in the v direction will often
be a good approximation. In analyzing these events we have demanded that the
calculated momentum of ﬂ(i be larger than the lower limit imposed by our
estimate of the v energy. Finally the most convincing argument for using these
1y events is that their fitted M(7r°1r0) and angular distributions are similar to
the 2-3-4 v events. The most obvious difference between the 1y and the 2-3-4 y
fits is that the former have slightly more events with M(7ro1ro) > 1.5 GeV/ 02

and show a somewhat stronger D-wave at the £© peak.

B. 2y and 3y Events

For 2y events there are two possibilities to consider: type 1 — one vy from
each ° is observed (see Fig. A2(b)), type 2 — two y's from one 7> and none
from the other are detected (Fig. A2(c)).

For type 1 events we began by taking the 7° directions to be the same as

the y directions and solve for the 7° momenta using the angles ¢ . and 6 9 between

1

the 7° directions and the missing momentum (= PM):

It

P, cosG1 + Py cosf PM

2

1l
o

Py smé’1 - Py smGz

Using these estimates of the 7° momenta we determine the corresponding mini-

mum opening angle 6 MIN for each 7° and constrain the n° directions to lie
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within cones of half angle 1.25 GMIN/ 2. Actually it might be more correct to
constrain the directions to lie within conical shells but the standard bubble
chamber kinematic fitting programs are not amenable to this type of a constraint.
We also constrain the T momentum to be Pint + 0.2 Pint where Pint is the
initial guess. |

For type 2 events, two gammas from one 7r0, we take the initial wi direction

0

along the bisector of the 2 y's and calculate the minimum L momentum from

the v~y opening angle,

p =
MIN L

2
As shown Fig. A1(b) the actual ° momentum is usually only slightly larger than
the minimum, especially for fast no's. The wg momentum was constrained to

~ o . . . s
be =1.1 PN + 0.2 PN The ™ direction was constrained -to lie in the
plane of the two gammas and allowed to vary between the vy directions in this

plane. As an aid in discriminating between 2y events of type 1 and type 2, we

defined the angles o and B as follows:

PM = Missing Momentum,

a = cos 1 l:('yleyz) . PM] 0 <a < 180°

~

5 = cos™t [y xPa - @, x P3| 0 °

IA

B < 180

i Y1 and Yy are actual}y associated with the event in question then o should be
close to 90°, Distributions of o for both fitted 21° and Monte Carlo generated
events are sharply peaked at @ = 90°, The 2y events of type 1 are all within
=90+ 120, and 94% of the type 2 events are within o = 90° + 12°. The

azimuthal angle B is very useful in deciding between 2y fits of type 1 and 2.
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Type 1 events are peaked towards g = 180° while type 2 events peak near § = 0°
with g usually less than 90°, Our Monte Carlo studies indicate that this angle
alone is sufficient to distinguish between type 1 and 2 for 0.94 of the fake events.
This agrees well with a ratio of 0.93 for real events. We found these angles to
be just as useful as the x 2 for selecting the correct fit.

For 3y events there are three possible permutations of the gammas corre-

sponding to which pair of y's is assumed to come from wi. Consider the case
in which Y1 and Y, come fron 1rcl) and Y3 from 7r(2). Initially we take 7r(1)

along the bisector of 71 and Yo and point wg in the direction of Yge Now we can
solve for the 7° momenta and find errors for the direction and momentum of 1T(2)
just as for type 1 of the 2y events. In fitting this hypothesis we demand M(yl'yz)

= u and use the artificially constructed track for n;,

C. v Detection Efficiency

We have checked our v fitting procedure with Monte Carlo generated events.
There are two points of interest: (1) what is our vy detection efficiency, and (2)
what is the program efficiency for fitting the 27° events? We should also con-
sider the effect of the non-27" background in the missing mass spectrum. We
will assume that this background is predominantly 31 for MM 2 M,

Initially we consider the problem of our 7y detect;on efficiency. There are
two efficiencies of interest, the '""Geometrical Detection Efficiency" (GDE), and
the ""Actual Detection Efficiency' (ADE). The GDE is a measure of the effective
solid angle subtended by the plates and depends simply on the fraction of gammas
which hit the plates. The ADE is the probability for detecting n out of N pro-
duced gammas from a given reaction. In addition to geometry it depends on the
v-conversion probability (which is a function of the incident photon energy) and
the "Survival Probability" (SP) of the ¢ pairs. SP is the probability that the e”
will escape from the Ta plates with enough energy to be detected.
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To determine these efficiencies we generated Monte Carlo events of the
type rd— p P +n7° withn =2 or 3. The events were generated with t distri-
bﬁtion;of the form eBt with 3= 4.0 and 2.2 (GeV/c)—2 for 27° and 37° events
respectively. In Fig. A3(a,c) we plot the GDE for 27° and 37° events. Since
the multi 7° system has a net momentum of 6-7 GeV/c our GDE is very good.
Here we have neglected the strong D~wave in the 7-7 system above 1.0 GreV/cz°

For each vy which hits the plates we decide in a random fashion whether or
not it converts and if it converts whether or not it produces a visible ei shower
(see Appendix B of Ref. 56 for details). The ADE for 21° and 37° events is
shown in Fig. A3(b,d). Obviously we cannot hope to study the 21° system using
only 4y events. “The problem is a low y conversion probability; the SP is of
secondary importance since most of the gammas are fast and SP = 1 for
Ee +* > 0.3 GeV. The two % -inch Ta plates provide 2 X 0. 76 radiation lengths
yielding a conversion probability of ~0.69 for E'y > 1.0 GeV (0.03 of the
measured v's converted in the deuterium). The increase in conversion prob-
ability for photons not incident normal to the plates is somewhat compensated
for by a decrease in the SP.

The encouraging feature of Fig. A3(b) is that most of the 21° events produce
at least one observable gamma. The fraction of events with 0 gammas is less
than 0.1 out to M(nm) = 1.7 GeV/cz. For comparison, 10% of the 2-prong missing
mass events had no measured gammas (see Section II). In Table Al we list the
fraction of reaction (1) events with 1, 2, 3, and 4 gammas for various M(wono)
intervals (these ratios have not been corrected for 0y events). For comparison
we list the corresponding ratios for the total sample as predicted from our

Monte Carlo study. The agreement is good considering that we have neglected

the fitting program efficiency and the 31° background. The largest discrepancy,
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which is for the 3y events, will be seen to be related to the fitting program

efficiency.

e

D. Efficiency and Resolution of 21° Fitting

To check our procedure for reconstructing ZWO events with less than 4 ob-
served gammas we have ﬁsed the Monte Carlo generated events as input to the
reconstruction and kinematic fitting program. The events were processed
through the 21° gamma fitting programs using the same procedure as for real
events. The program efficiency is defined to be the fraction of events which
yield a good fit by the same criteria as used for real events. The efficiency for
fake 2y and 3y events is given in Table A2. While the recovery rate for the 21°
data is quite satﬁisfactory, the discrimination against 37° events is low. The
statistical uncertainty in the efficiency within the various mass intervals is
typically £ 0.2, The reason for the rather low 3y efficiency is not known. The
x 2 distributions for the fake 21° events are similar to those for real events
whereas the 31° X2 distributions are rather flat. This would indicate a small
31° contamination in the real fitted events.

For 1y events the program recovery rate is ~ 1.0 for both 21° and 37°
events, i.e., no discrimination against 31°, The advantage of the fitting pro-
cedure for 1y events is that we get some information on the ° directions. For
M(7m) < 1.4 GeV/ 02 phase space alone yields some discrimination against 3r°.
The fitting also gives little or no increase in mass resolution since the direction
and momentum of the proton is usually much more tightly constrained than are
the 1's.

In Fig. A4 we compare the 7° directions and momenta as reconstructed by
the fitting program, with the actual Monte Carlo generated 7° directions (for 21°

events). Figure A4(a) shows the angular resolution — the angle between the

- 40 -



Monte Carlo generated and fitted 7° direction for each event — for the various
v topologies. For the worst case of the 1y events the resolution is ~ 2° in the
iabore?gory frame of reference. For 3y events the resolution is 1° or better.

In Fig. A4(b) we plot the fractional difference between the Monte Carlo and fitted
7° momentum. Agam we see the progressive irhprovement as we go from 1 to
4 measured gammas. Two 7° events of type 2(2 ¥'s from 1 1r0) are seen to be
more tightly constrained than type 1 events (1 from each 1r0)‘. Finally in Fig.
A4(c) we plot the difference in cos 6 ar 28 calculated for the Monte Carlo and
fitted 1° directions in the 77 center of mass. For 1y and 2y — type 1 the reso-
lution is ~0.2 while for 2y — type 2 and 3y the resolution is at least 0.1. For
4y events the resolution is smaller than the binning in the plot.

The above results indicate that our 2m° fitting procedure allows us to re-
cover useful information on the 1° directions. While there is little if any im-
provement in mass resolution there is some discrimination against 31r0, espe-
cially for M(3n) > 1.2 GeV/cz. The fitting procedure does not produce any
systematic shift of M(nm) with respect to the missing mass. For M(w71) > 1.0 GeV/c2
we find M(#m) is always within 0.025 GreV/c2 of the missing mass. The fitting
procedure is rather insensitive to small changes in the error assignments for

0 .. .
the 7 directions and momenta.
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TABLE 1

N
2-Prong Cross Sections in 6.95 GeV/c w d Interactions

Spectator
Reaction Momentum (GeV/c) o (ub)

+ 0 —
md —pp7 lp I < 0.3 67 + 10

> 0.3 12+ b
rd —p p+ MM( 2 m) Ip 1 < 0.3 620 = 60

S - s —

> 0.3 60 + 10
+ 0,0 -
md —~ppf” (f° — all neutrals) Ip,l < 0.3 120 =+ 20
7' d ”’PSA+(1236) %, AT — pr° Iﬁ;l < 0.3 13+ 5
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TABLE 2

Forward Differential Cross Section for 7r+n - pﬂ'o at 6.95 GeV/c

ftl

(GeVz) ' %’-(Mb/éevz)
]tminl - 0.04 190 + 40
0.04 - 0.08 290 + 55
0.08 -0.12 280 £+ 50
0.12 - 0.16 370 £ 55
0.16 - 0.20 220 + 40
0.20 - 0.24 120 + 30
0.24 - 0,28 120 = 30
0.28 - 0.36 64 + 16
0.36 - 0,44 43 £ 13
0.44 - 0.60 12+ 5
0.60 - 1.00 9+ 3
1.00 - 1.30 5+ 2
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TABLE 3

cr(1r+d — psp71'+7l‘_) at 6.95 GeV/c

Topology Events o(ub)
3-prongs : 4122 589
4-prongs (lf)_;l < 0.3 GeV/c) 2532 361
4-prongs (lﬁ;l > 0.3 GeV/e) 4717 68+ 6
Total (l{)’sl < 0.3 GeV/c) 6654 950 = 70
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TABLE 4

' ‘ : . ) . . + -
Resonance Parameters and Production Cross Sections in aN — N7n «

Mas52 r 2 o
Expt.  Resonance (GeV/c™) (GeV/c") (ub)
+ (o]
7 d o .780 £ 0. 003 .165 £ 0.010 352 70
+ O
7d £ . 264 £ 0,004 .194 £ 0,015 258 + 25
+ o
T d g .68 + 0,01 .16 = 0,04 50 % 20
T 0° 783 % 0,003 .145 + 0.010 387 + 40
T p £© .274 £ 0. 005 . 170 # 0.020 231 + 30
TP g° .65 + 0,02 L07 £0.02 28 10
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TABLE 5

Forward Differential Cross Sections for #N — pON'

and 7N — f°N' at 6.95 GeV/c.®

N “-'*pON'(b) aN »foN'(C)
[t (GeVz) gg 1b/Ge V2 It (GeVz) %tg b/GeV>
tin = 0+ 02 2.78 + 0.19 tin = 0+ 02 2.05 £ 0,27
0.02 - 0.04 3.56 = 0.21 0.02 - 0.04 2.45 % 0.15
0.04 - 0.06 2.36 + 0,14 0.04 - 0.06 1.94 + 0.11
0.06 - 0,08 1.90 + 0.12 0.06 - 0.08 1.48 £ 0.09
0.08 -o.10~ 1.44 0,11 0.08 - 0.10 1.09 = 0.08
0.10 - 0.15 0.90 % 0.05 0.10 - 0.12 0.82 + 0.07
0.15 - 0.20 0.49 + 0.05 0.12 - 0.14 0.75 + 0.07
0.20 - 0.25 0.31 0.03 0.14 - 0.16 0.58 + 0.06
0.25 - 0.30 0.22  0.03 0.16 -0.18 0.44 + 0.05
0.30 - 0.35 0.15 + 0.02 0.18 - 0.20 0.40 £ 0.05
0.35 - 0.40 0.11 + 0.02 0.20 - 0.22 0.33  0.04
0.40 - 0.50 0.078 + 0.011 0.22 - 0.26_ 0.26 = 0.03
0.50 - 0.60 0.080 + 0.011 0.26 - 0.30 0.14 + 0.02
0.60 - 0.80 0.047 + 0.006 0.30 - 0.34 0.13 = 0.02
0.80 - 1.00 0.024 + 0.004 0.34 - 0.40 0.107 + 0.014
0.40 - 0.50 0.068 :l:'0.009
0.50 - 0.60 0,044 = 0.007
0.60 - 0.80 0.020 = 0.003
0.80 - 1.00 0.014 % 0.003
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TABLE 5 (cont'd)
(a) The 7 n data have been corrected for Pauli exclusion effects assuming
pure spin flip at the nucleon vertex.

(b) The po differential cross section is normalized to an integrated cross

section of 360 ub for [t < 1.0 GeV2.
(c) The £° differential cross section is normalized to an integrated cross

section of 250 ub for Itl < 1.0 GeVZ.
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- Phase Shifts and Inelasticities (6 in Degrees)

TABLE 6

2 52 ”g 611 nE o np ;
GeV/c P D D F
. 60 44 + 20 18+ 9
.64 47 + 25 20+ 9
. 68 59 + 25 34+ 9
72 65 + 20 b2+ 17
.76 55+ 15 69+ 6 0
. 80 62 = 15 98 + 10 1.0 £.05 14+ 3
.84 67 + 15 1.0 .05 128+ 5 95,1 2+ b
.88 86 + 20 .95+ .05 138+ 5 90+ .1 3+ T
.92 145+ 5 .80 % .1 3+ b
.96 151+ 5 5+ 01 6+ 4
1.00 158 = 10 L7001 21 4+ 10
1.04 222 + 20 LT x .2 149 =+ 10 .68 £ .1 14 = 11
1.08 245 + 18 L7112 158 + 11 L5+ .1 25+ 9
1.12 242 x+ 25 .62% .15 1566+ 12 L9+, 1 28 + 10
1.16 248 + 30 .38£.35 157+ 12 .85 % .1 38+ 9 1.0 £ .05
1.20 256 = 20 1.0 = .2 159 + 10 .88 = ,1 44 + 6 L9301
1.23 257 + 40 1.0 = .2 166 + 20 894 .1 59 £ 15 .85+ ,15
1.25 263 + 30 1.0 :E.Z 177+ 7 .94 % ,15 72 + 10 .73+ .15
1.27 274 + 35 1.0 .2 176 = 10 .89 .15 93 + 10 .70+ .15
1.29 288 + 35 .95 = .2 176 + 10 .82+ ,15 100+ 15 .65+ .15
1.31 290 £ 35 1.0 .2 174+ 8 L0+ .15 117 12 b8 %

.15
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TABLE 6 (cont 'd)

M(7 1)

it TS S SR SR S
1.33 296 + 40 1.V0 + 178+ 9 .81:i:4.15 123 + 14 .59+ .15

1.36 310 + 17 .80 £, 176+ 5 .85+ .15 136+ 7 .65+ .2

1.40 308 = 34 .96 £, 175+ 6 87+ .15 147+ 10 b4 £ .2 0 =+5
1.44 291 + 30 .82+, 178 £ 12 85+ ,15 152+ 8 .60+ ,15 1.2%5
1.48 330 = 10 .68 £, 177+ 4 .86 .15 158+ 4 .64+ .15 2.4%x5
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TABLE

7

I1=0 77 Phase Shifts in 7 n — pr 7 at 6.95 GeV/c

M(Honc;) Events 62 5%(3)

GeV/c (Degrees) (Degrees)
0.8 -1.0 38 119 + 38 16 + 10
1.0 -1.15 65 256 = 30 20+ 4
1.15 - 1.25 84 269 + 26 31+ 9
1.25 - 1.35 81 319 = 12 104 + 10

(a) Partially constrained to 6% results of Table 6,
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TABLE 8

Non-27 £° Decay Modes

Decay Mode Cross Section _ rgfo—» XX)
(xx) (b) R= o +°
T — 77)
KK .035 = , 007 (&)
n°n° 15 + 8 .06 .03
R .055 = 010 (P
e 643 02 £.01

(a) Reference 42.

(b) Reference 44.
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TABLE 9

o(ﬁ+n - N*7r+)' at 6.95 GeV/c

A or N* Mass (GeV/cz) o(N* — pm ) (ub)
1.26+ .015 32 £ 15
1.37+ .02 28 + 18
1.50 £ .02 26 + 16
1.65 % .02 33+ 15
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TABLE A1

Fraction of Fittéd and Monte Carlo 27°

Events in Different v Topologies

2 1y 2y 2y 2y 3y 4y
Mmr (GeV/c") Type 1 Type 2
Min - 0.7 .20 .50 .30 .20 .25 .05
0.7-1.1 .30 .53 .25 .28 .16 .01
1.1 -1.4 .34 .49 .23 .26 .11 .06
1.4 -1.8 .41 .43 .24 .19 .16 .00
1.8 - Max .62 .37 .14 .23 .01 .00
Total .38 .46 .23 .23 .13 .03
Monte
Carlo .35 .41 —— -—- .20 .04
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TABLE A2

Fraction of 27° and 37° Monte Carlo Events

With an Acceptable 21° Fit

M(gzg) 21° Events 310 Events
(GeV/ cz) 2y 3y 2y 3y
Min - 0.7 .95 .59 —— -——
0.7 -1.1 .95 .80 1.0 .71
1.1 -~-1.4 .90 .88 .7 .24
1.4 - 1.8 .92 .79 .61 .24
1.8 - Max .83 .81 .39 ..06

Total 90 .1 L7901 .56 .1 .30 = .07
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FIGURE CAPTIONS
Event characteristics for 7 d — pspno. (a) X 2 distributions for 1-
constraint (1C) and 3-constraint (3C) fits; (b) Missing mass distribution;
(c) the fatio E71/E7T0 for 3C fits where Y1 is the first of 2 measured y's;
(d)y M(yvy) foi' 3C fits. 4
(a) Elastic charge exchange cross section vs. laboratory beam momentum

(P The 7 p data is from Ref. 13 and the 4.5 and 6.0 GeV/c T Ccross

L)
sections are from Ref. 3 and 5. (b) Differential cross section for
1r+d — pspw0 with Iﬁ;l < 0.3 GeV/c. Pauli exclusion correction assuming
- all spin non-flip is indicated by x.
Missing Mass (MM) from rd — p P + neutrals with single m° events excluded.
(a) MM for li;sl < 0.3 GeV/c; (b) MM for lE;l > 0.3 GeV/c.
Chew-Low plot of AZ (7r+ — missing mass) vs. missing mass for 2-prong
events with If)—;l < 0.3 GeV/e.
Momentum transfer (t) distributions for rd— PP + Missing Mass.
(2) 0.45 < MM < 0.65 GeV/c2; (b) 0.7 < MM < 0.85 GeV/c2;
() MM < 1.15 GreV/c2 with no and «° regions excluded; (d) 1.15 <MM <
1.35 GeV/c?; (e) 1.35 < MM < 1.6 GeV/c>.
Missing mass from 1r+d — PP + neutrals for different v topologies (no. of
associated y's observed in the tantalum plates). (a) 0vy; (b) 17v; (c) 2's;
(d) 3 vy's; (e) 4 or more y's.

00 + 0 0.,. .
Mz 7)) from7 d — PP W fitted events. (a) 1y events (0C fit); (b) 1-4
v events.,

0.0
12
o) 00 . o +
(b) M(pwz); (c) M(1r17r2) for events with M(p1r1) near the A (1236) and

(a) M(pﬂi) for 17d — P P7 with w(; defined by a momentum fransfer cut;

lt(7r+-> 7r(2))| < 0.2(GeV/c)2.
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10.

11.

12,

13.

14.

15,

16.

M(vr+7r_) from 7r+d —_ pspr+7r— with lf).;l < 0.3 GeV/c. The curve results
from a fit using Breit-Wigner resonance forms for the po, £ and go.
i\&mentum transfer (t) distributions in rd — pspvr+7r— for various M(7r+7r—)
intervals. The curves result from fits to the data with .04 < [t] <.24
(GeV/c)2 yieiding exponential slopes, 8, as shown.

M(7r+1r_) for compilation of 7 p and 7' d data with ltnpl <0.3 (GeV/ 0)2.

Cos 0 - (Jackson angle) distributions for combined 7' and 7 p data with

lt] < 0.3 (GeV/c)z., Central values are shown for the 40 MeV/c2 bins in
M(1r+7r_). The bin size is 0.1 in cos 0 except for 0.90 < M(1r+7r_) <1.06 GreV/c2
where the bin size is 0.2. The solid curves show the AOPE model fit

results.

Azimuth (Treiman-Yang) angle for 40 MeV/cz bins in M(7r+1r—). The bin

size is 18° in @ except for 0.90 < M(7r+7r—) <1.06 GeV/c2 where the bin size

is 36°. The solid curves show the AOPE model fit results.

w-7 phase shifts and inelasticities 6:, 123, ng, ng, n%,
AOPE model fits to the 7 7~ and 7 7° angular distributions. The data of

) and 77% from the

Baton et al. is from Ref. 22. The shaded bands indicate roughly the area

between the upper and lower limits. The break in n(s) for 0.9 < M(wm) <1.0

0

g has been shown to rise rapidly through

GeV/ 2 indicates the region where 6
900'24

7-w angular distributions for 7 p — p1r_7ro with {tl < 0.3 (GeV/c)z. Central

values are shownzfor the 80 MeV/ 02 bins in M(TF—HO) and the curves show

the results of the AOPE model fits.

m-7 phase shifts 60, 6%) and 6OD from the AOPE model fits to the T angular
distributions. The shaded bands indicate roughly the area between the upper
and lower limits. The break in dg for 0.9 < M(mm) < 1.0 GeV/c2 indicates
the region in which ég rises rapidly through 90° (see Ref. 24).
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17.

18.

19.

20.

21.

22,

23.

24,

25,

0
S

(b) M(vrofro) with curves showing the predictions of Malamud and Schlein

(a) Diagram of four possible solutions for &, in the po mass region.

(sze Ref. 37y. The alternate upward curving branches near 1.0 GeV/ 02

show the effect of including a small D-wave contribution.

Cos 0 - and azimuthal angle distributions for 1r+n — p'ZTOﬂ'O. The curves

0
S

(a) Missing mass for 2-prong events with one or more associated y's which

show the AOPE model fit results with §_, and 60D as given in Table 7.

failed to fit 7'd — p_pr°1°. (b) M(n°n®) for 4y events which fit

rd - PP ono with no—> vY. This plot includes 1-prong events (spectator
proton unseen).

M(r 7 7°1%) for 4-prong events which fit 7'd — prsp7r+1r'7ro1ro with two or
more measured y's. Gammas in this final state were measured and fit for
roughly 1/2 of the 650 K picture exposure.

M(7r+7r_) for 4-prong events which fit 1r+d — psp7r+7r— with l?sl < 0.3 GeV/e.
The curve shows the result of a fit with mtei'fering Breit-Wigner amplitudes
for the p and w.

M(1r+1r_) for 4-prong events which fit 7d — pSp7r+1r_ with Iﬁ;l < 0.3 GeV/e.
(a) M(1r+7r—) weighted by Poos (b) M(1r+7r—) weighted by P11 + P11t See

Ref. 18 for density matrix elements. .

(a) M(pm ) for 7r+d - pspﬂ+1r— . The curve results from a fit using a hand-
drawn background and Breit-Wigner resonance forms for the A° and N*
peaks. (b) M(n7r+) and M(pw ) for 7 p — nm 7 and Tn — pr T .

M(n1r+) and M(p7 ) for combined 7 p and 7 d data with M(1T+7T—) > 1.4 GeV/czn
(a) ltml < 0.2 (Gev/c)z; (b) It 1 > 0.2 (GeV/c)z.

Exponential slope parameter, o, from fits to the tmr distributions (fitting

the data with Itml < 0.4 (GeV/c)z). (a) Variation of a with M(p7 )
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26.

27.

28.

29.

30.

Al.

A2,

A3.

for 7d — pSp1r+1r_; (b) Variation of o for combined 7 p and rd data with
M(zm) > 1.4 GeV/cz.
(5 Diffractive scattering diagram showing the definition of tmr and the

nucleon-nucleon scattering angle, defined in the center of mass of the

o NN’
m-nucleon syétem. (b) OPE diagram for ﬂd - Pp7T.

Cos QNN distributions for the 7 p and 7'd data in intervals of M(7-nucleon)
as shown. (a) Data with It | < 0.2 (GeV/c)z; (b) Datawithlt |>0.2
(GeV/c)z. GNN and tmr are defined in Fig. 26(a). The curves show cosfsind
distributions.

M(7r+7r") from rd — psp1T+1T_. (a) 3-prong events; (b) 4-prong events with
IFSI < 0.3 (GeV/c).

The reaction rd — psp'rr+7r— with l;sl > 0.3 GeV/e. (a) M(ﬂ+1r-); (b) Cos
6 - and azimuthal angle distributions in the po mass region.

The diproton mass spectrum, M(pp), for the reaction 7r+d - pppo. The
curve is calculated using the OPE model.

(a) Pr‘obability that the vy opening angle 6 for o vy will be larger than

the minimum opening angle 6 for various 7_ momenta (u = pion mass).

MIN
(b) Probability that the 7> momentum P for 1° — vy will be larger than the

minimum momentum PMIN for a given yy openiné angle 6. The curves are

Monte Carlo results for PM in the indicated intervals.

IN

1° direction assignments for kinematic fitting using measured vy directions.
(a) onevy observeg from fri and none from wg; (b) one vy observed from each
1ro; (c) two y's observed from ﬂ‘; and none from 7rc2). MM denotes the miss-
ing momentum in 7r+d — pp + neutrals.

Monte Carlo results for v detection efficiencies. (a), (c) Geometrical

Detection Efficiency (GDE) for 21° and 31° events; (b), (d) Actual Detection
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A4,

Efficiency (ADE) for 27° and 37° events. Error bars are shown for a few
of the data points.
Momentum and angular resolution for fitted 27° events with 1, 2, 3 and 4

v's. F)MONTY = Monte Carlo generated 7 momentum, = momentum

, PrrT
found by 21° fitting programs. (a) Laboratory angle between the Monte
Carlo and fitted n° directions; (b) The fractional error in the magnitude of

the fitted 7° momentum; (c) Difference in the 7-7 scattering angle, cos 0 T

in the m-w center of mass, between the Monte Carlo and fitted 21° events.
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