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We have studied the reaction Pd ~3m@, at a number of incident momenta between 0.40 and G.92 GeV/c.
A full partial-wave anal'ysis of the 3+ system is presented. The Dalitz-plot density distribution is compared
with that observed in other experiments at higher and lower momenta,

I. P~ TRODUCTION

We have made a "complete" spin-parity analysis
of the reaction

(la.)

Rt incident antiproton momenta between 0;42 and
0.95 GeV/c. The partial-wave-analysis program
developed at the University of Illinois by Ascoli
and co-workers' has been slightly modified for this,
purpose. In the absence of information on helici-
ties, the method utilizes all available kinematic
information.

Several groups have published data and analyses
of NN-3& annihi]. ations at rest. ' ' Such analyses
are comparatively straightforward; the initial state
is usually assumed to be an 8 wave (singlet only for
Pn, singlet and triplet for pP) and the final state
may be described by two variables (i.e. , Dalitz
plot). Following the discovery of a "hole" in the
Balitz plot for pn -3m, ' analyses of that channel
have been oriented 'towards Veneziano models"
and a rising-phase-shifts resonance model. ' The
channel pp 3r has been studied" within the
framework of an isobar or final-state-interaction
approach. Hettini et a/. ,

' have studied Pn -3m be-
tween 1.0 and 1.6 GeV/c with the Veneziano model;
they use the Dalitz-plot distribution plus the mo-
ments of the angular distributions, The present
study is, as far as we are aware, the first to be
published at nonzero inomenta below 1 GeV/c.

Section II discusses data selection and Sec. III
the Balitz-plot distribution. A summary of the
partial-wave method is given in Sec. IV and the re-
sults of our analysis are given in Sec. V.

pions, either with or without a short, heavily ion-
izing, proton track (stub). Events with proton
tracks longer than 5 cm were rejected. Part of the
film was independently rescanned and the single-
scan efficiency was calculated to be 83%. After
measurement, data were processed using MLGgoM, a
version of the Rutherford Laboratory geometry
program, and GR~D, the CERN kinematics pro-
gram.

A elean sample of 3& events was selected on the
basis of fit probability. Events were required to
fit reaction (la), a four-constraint hypothesis,
with a probability greater than 0.59o. Of the events
so selected, 18% also fitted the hypothesis that an
extra wc was present and 7% fitted hypotheses with
KK production. Except for cases where the ioniza-
tion of R charged secondary favored the EE hy-
pothesis, all ambiguous events were'retained in
the. 3» saxnple, which totaled 2038 events.

Considering reaction (la) as a quasi-two-body
reaction,

pd-(3&) p, ,

then it may be kinematically defined by three vari-
ables. We chose s, t, and M (see Fig. 1), where
s, t have their usual meaning and M is the mass of
the 3rr system. Figure 2(a) is a plot of s vs M for
the selected data; Rll events occurred at very
small values of t'= t —t' . The structure seen in
the projection onto the s axis [Fig. 2(b)] is due to
the nine beam momenta used in the experiment.
The two broad bumps in the M distribution [Fig.

II. DATA SKI.ECTION

The present analysis is based on an exposure of the
BNL 30-in. bubble chamber, filled with deuterium.
A total of 150000 photographs were taken in an
antiproton beam at 10 incident momenta between
0.40 and 0.92 GeV/c.

The film was scanned for antiproton interactions
producing three charged tracks, consistent with

FIG. 1. Diagram for reaction (lb) illustrating the
meaning of the kinematic variables used.
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2(c)] are a manifestation of the relative amount of
data of low- and high-beam momenta.

As will be discussed-in the next section, the par-
tial-wave analysis (PWA) program performs a fit

2.I

M limits (GeV/e2)
s limits (GeV )
t' limits (GeV )
No. of events

1.91-1.99
8.24-9.04

&0.01
884

1.99-2.07
8.74-9.44

&0.01
616

TABLE I. Event samples used in the analysis.
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We use the following set:
s l 3 and s», the invariant fnas se s squared of the

combinations (~, mrs) and (m, n~+).

8, and y, three "Euler angles, "defined in the
(3&) rest frame Pan.d 8 are, respectively, the
azimuthal and zenith angles of the m' meson with
respect to the axes z=p(p), y=p(p, )xz, x=yxz.
y is the azimuthal angle of &, with respect to the
axes 2'= p(z'), y'=z xz', x'= y'x2'. A further
description of these angles may be found ih Appen-
dix B of Ref. 1.

The Dalitz plot for the 2038 selected events is
given in Fig. 3. Figure 4 shows the distribution in

to the spin-parity states of the 3& system, aver-
aged over intervals of s, M, and t (or t'). Since
the program can only handle rectangles in the S-.M
plane, we define for the purpose of analysis the two
data samples shown in Fig. 2(a). In addition, the
cut t'&0.01 GeV' is made. The two samples are
defined in Table I.

In principle, five kinematic variables are needed
to define the break up or decay of the three-meson- .

system-,
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FIG. 2. (a) Scatter diagram of M(37t) vs s(Pd) for all
events. The rectangles show the event samples selected
for further analysis. (b) and (c) projection onto the
M(37r) and s(pd) axes.
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FIG. 3. The Dalitz plot for all accepted eVents.
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FIQ. 5. Histograms of cosa and y for the data.
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B. The curves are the results of fits discussed in the-
text.
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dipion masses for the events of samples A and B
separately. These distributions are discussed in
Sec. III.

The angle P implies the existence of a production
normal in the (Iuasi-two-body reaction (1b). This
requires that the direction of the recoiling proton
stub (P,) be well known. In about two-thirds of our
data, p, was unobserved and its direction was in-
ferred from four-momentum balance. In the re-
maining one-third, P, was observed but with a
scanning bias. %e therefore consider that the dis-
tribution in P is likely to be biased. We remove
this bias, 'together with any information carried by
the Q distribution, by making a random rotation of
the whole event about the beam direction (z axis).
The experimental distributions in the other angles,
cos8 and y, are given in Fig. 5.

1.0, 2.0
M'(n'n' ) [Gev j

FIG. 4. Histograms of invariant mass squared for
dipion combinations. (a) and (b) show ~2(w x ) and
M2(x m ) for-event sample A, and (c) and (d) for
sample B. The curves are the results of fits as dis-
cussed in the text. 2

III. THE DALITZ PLOT FOR pn ~ m n n+

The first statistically significant experiment' an
reaction (la) at rest (M-1878 MeV) revealed a
striking absence of events (hole) near s»= s»= 1
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QeV', however, a sample of 114 events with. anti-
proton momenta between 100 and 300 MeV/c gave
an i.sotropic Dalitz plot. Bettini et aL, studying
reaction (la) at incident momenta above 1 GeV/'c,
found a simil. ar hole at a 3& mass of M-2.15 QeV.
The hole mas much less apparent when averaged
over the i.nterval 2.08&M & 2.32 QeV.

An early, although far from rigorous, explana-
tion of the structure of the Dalitz plot was provided
by Lovelace' within the Veneziano model. Odorico'
has suggested that the "maxing and waning" of the
hole of sj3 s23 1 QeV' may be produced by narrow
s-channel resonances.

In the present experiment, , -the data span the re-
gion 1.9 &M & 2.1 Qe7. The D'alitz plot for all ac-
cepted events, Fig. 3, show's only meak evidence
for a hole at s,3 s2 1 QeV The events occur-
ring in that region have been carefully studied to
ensure that they do not suffer from any pathology
which woqld set them apart from the rest of the
sample. The events occurring in the region of the
putative hole were carefully examined by physi-
cists, both on the scan table and post fitting. None
of the events had a kinking track which might have
biased its measurement, nor did they occur near
the edge of the fiducial volume. The numbers of
these events with an unseen spectator or with, a
competing kinematic fit mere about as expected
when compared to the complete &ample. Finally,
within the limited statistics, these events did not
come from a particular range of beam momenta.

In conclusion, if a hole had not been previously
observed in annihilations at rest and at 1.2 GeV/ct
then any structure in the present Dalitz plot would
have appeared to be quite consistent with resonance
production corresponding to the p and f mesons.

IV. THEORY

The partial-wave analysis (PWA) program used
here was written at the University of Illinois by
Ascoli. and co-morkers. A detailed description of
the method and its assumptions is to be found in
Ref. 1. We restrict ourselves here to outlining the
method and describing certain modifications that
were necessary to analyze reaction (1a).

A. The "standard" version

The original program was written to study in-
elastic pion diffraction at high energies,

m'p —(3n)'p'

Although the total energy is high, this reaction may
be pictured, Fig. 6(a), as an annihilation of the in-
cident m with an exchanged object (e.g. , a Pomer-
eron) at M» & 2 GeV; The 3& system of spin parity
J", is consideged to breakup or decay via a dipion

(a)

FIG. 6. A schematic diagram of angular momentum
states in (a) gp-3@ and Ib) pg-3~p, .

resonance of spin j with angular momentum l rela-
tive tb the third pion. The quantum numbers A"
also enter the analysis, A being the projection of
J on the z axis (lA l

~Z) and q the eigenvalue of the
reflection operator in the production plane. The
amplitude for the reaction (f~„., where &, &' are
the nucleon helicities) is expanded into partial
waves with definite values of J~A "/j. The observed '

differential distribution is written
t

&a(sMt; s»s», Q gy) = E+g M,*p, , M,. .

where i represents all quantum numbers li)
=

l
J~A "Ij), the kinematic var iables are as defined in

Sec. II, M(s»s»$6y) is a known matrix element,
p, , (sMt) is the unknown density matrix, and E
stands for a "flat" or phase-space term (its signif-
icance is discussed below). The program fits, in
each interva. l of (s, M, t), the elements p,.; . In that
no information on nucleon helicities is available,
each p, , ~ is a bi1inear combination arising from
flip and nonf lip terms and consequently the partial
waves are incoherent in the sense that

The fit employs the maximum-likelihood method,
utilizing all kinematic information, including cor-
relations betmeen variables. The results of the fit
are the values of the complex density matrix ele-
ments (p, ,'). However, with a suitable normaliza-
tion, the quantity

fs=&w

where the integral dx extends over all of phase
space, may be interpreted as the fraction of events
associated with the state li). Alternatively, a num-
ber of events may be quoted,

Nq =Nf;
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where N is the total number of events in the sam-
ple.

The term I" in the differential distribution, Eq.
(3}, represents an incoherent uniform phase-space
distribution (hence "flat"). Ideally, such a term
should not be needed as the partial-wave expansiog.
is a complete description of the reaction amplitude.
In practice, it is necessary to limit the expansion
to low angular momentum values, to parametrize
it, to average over extended kinematic regions,
etc. The I" contribution is intended to allow for.
these approximations to a complete partial-wave
expansion; one expects that the number of associ-
ated events will be small.

B. The "modified" version

Reaction (1) may also be pictured [Fig. 6(b)] as
an annihilation of the incident antiproton with neu-
tron, slightly off the mass shell, leading to a
three-pion system with mass -2 GeV/c'. The same
partial-wave expansion may be made. Strictly, the
amplitude now depends on the helicities of the P, d,
arid p, ; in practice, in the spirit of the spectator
model, the neutron can be considered as free and
the amplitude depends on the helicitieS of the p (A)
and the n (A.').

A considerable simplification now occurs. The
axis of quantization (2) in the 3~ rest frame is de-
fined to be the common line of flight of the P and n.
As a consequence, A=~ —~', and

(i) A = 0 states can be produced only when the he-
licities of the incident nucleons are equal. There-
fore, all such states are coherent, i.e. , ~p, , ~

=(p, ,p, , )'~' if A, =A, =0,
(ii) ~A ~

= 1 states arise when the incident helici-
ties are opposite and, once again, are all coher-
ently produced,

(iii) p;;~ = 0 if A, &A;.,
(iv) (A

~

& I states cannot be produced.

These conditions greatly reduce the number of
parameters to be fitted. They also permit the un-
ambiguous measurement, via the density matrix,
of the various amplitudes and their phases.

The invariance of the reaction Pn -3& under G

parity. places further restrictions on the permitted
states. These restrictions are stronger than those
normally derived from G parity in that they take
into account the spin projection (A) of the system.
The inciderit Pn system has G parity (-1) ' ",
where L, S are the relative Pn angular momenta
and their total spin. The 3r final state has G =-1, .

and so we obtain the usual condition that

L, + 8= even .
In addition,

(i}A=0 requires X=&' =+-,',

therefore J= even (0 2 "2 4'4 . . .);
(ii) A=+1 requires A. =-4'=a —'„and S=1, there-

fore L is odd, and J~=1'2'3'4'. . . .
The absence of a production plane for our data
(see Sec. II) means that q has no physical. meaning
and that equal populations are expected in the
states A" = 1" and 1 (other quantum numbers being
unchanged). This was observed within errors,
and references to a,

~
DOPA=1) state in what follows

implies a sum of A=+1 and A=-1 contributions.
Lastly, a word about errors. The P%A pro-

gram assigns errors to the parameters (p;, , ) on
the basis of the covariance matrix formed by the
inverse of the matrix of the second differentials
of the likelihood function with respect to these
parameters.

V. ANALYSIS

A. Selection of resonant states

The limited number of events in each of our
data samples and the large number of possible
partial waves make -some restrictions necessary.
The dimeson state produced in the breakup of the
3m system is restricted to spin values j = 0, 1, 2.
The states with j= 1, 2 were parametrized using
Breit-signer amplitudes with masses and widths
corresponding to the accepted values" for the

p and f mesons. The j=0 state (e meson) was
parametrized using the results of a mm phase-
shift analysis. " As will be discussed below, all
states with J &4 were considered, although not
simultaneously. For each combination of J and j,
only the lowest (or two lowest) allowed values of
E were tried. Changing to an obvious spectroscopic
notation [in which, for example, the state with

j= 1, / = 2 is written D(p~}] we list in Table II the
quantum numbers of the states used.

We first made a series of fits to test if certain
states dominate reaction (1). The fits described
below were made independently on each event
sample. Reference to a state

~

8~A& is understood
to include all decays of that state, as listed in-
Table II. The density matrix at this stage was
constrained to behave as predicted for a free-
neutron target (see Sec. IV). That is,

All states with A=O (1) were assumed to be
produced coherently.

No interference between A = 0 and A = 1 was per-
mitted (p„., =0 if A,.4A, , ). But see Sec. V(F) be-
low.
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TABI E II. Angular momentum states used. in the an-
alysis.

gP j=1 (px) j=2 (f&)

0
1'
2"
3'
4

1
2+

3
4+

S
P

~ ~ 4

p
S,D
P
D

D
P

S,D
P
D

D
P
D

B. The dominant /~ A& states

In our first set of fits we included only those
states with Z ~ 3 which were allowed by G parity;
there are six such states, plus the flat or phase-
space term. These will be seen later to dominate
the reaction. All decays of each state were in-
cluded. The program had n6 difficulty in fitting a
"good" fit to each event sample (we consider later
what is a good fit). The results of these fits are
summarized in the next two tables.

Table QI presents the percentages of events as-
signed to each

~

J~A) state, summed over the de-
cays of that state. The following points may be
immediately remarked:

The ~J~A) = ~0 0) state is strong and increases
at higher masses.

The ~2 0) state, needed in the lower interval,
has almost vanished at higher masses.

4~= 2' waves are required but only in their A=o
spin projection, A =1 being insignificant.

The ~3'I) state, insignificant at low masseS, is
the dominant ~ = 1 state at high masses.

Our procedure was as follows:

(1) To fit using all sta.tes with J ~ 3 which are
consistent with G-parity conservation.

(2) Starting from fit (1) as a base, to try adding,
one at a time, states with 4 =4 and states forbid-
den by G parity.

This procedure is similar to that commonly em-
ployed in other partial-wave analyses and, while
obviously not completely satisfactory, is made
necessary by the data sample available. It has
the drawback that the number of events attributed
to the particular decay of a definite

~

J~A) state
will fluctuate slightly depending on the presence
in the fit of a quite separate state. However, the
broad features of the fits yresented below are
stable with respect to the inclusion or not of ad-
ditional marginal states.

TABLE III. The percentages of events attributable to
the ~V+A) states.

Sample A; fit A1
low mass

Sample B; fit B1
high mass

00
2'0
2 0

1'1
9'1
3'1

19.1 + 5.5
16.2+ 2.7
21.8 + 6.8

16.5 + 5.9
2.4 + 2.8
3.2 6 3.7

20.8 + 5.4

32.4+ 9.0
15.2 +3.3

2o3 6 2e3

9.0+4.5
0.7 z 1.6

26.7+ 4.7

Bettini et al. ,e in the interval 2.08&M &2.32 QeV,
find that the single Veneziano-type four-point
function which best fits their data corresponds to
8~=2'. In our lower mass intervals, the ~J~A)
= ~2'0) state accounts for about 16/~ of the events.

We turn our attention now to the decay of' these
dominant ~8~A) states, as summarized in Table
IV. For each event sample (A and B) we first in-
cluded all the lowest-order decays (Table II) to
to obtain fits A1 and B1. We then refitted ex-
cluding decays which were not required by the
data (fits A2 and B2). In both samples this leads
to a reduction of 18 in the number of parameters
fitted. The corresponding reductions in the loga-
rithmic likelihoods were 15 and 11 units, respec-
tively, for samplers A and B.- This small ratio of .

likelihood reduction to parameter saving justifies
the exclusion of these states. We may then see
the following:

~0 0) decays strongly into S(~tt). Owing to the
large width of the z meson, this decay looks very
similar to phase space. A significant D(fm) is
seen but no P(ptt).

2 0) decays into many channels at low masses.
2'0) decays about equally into the two lowest-

order-allowed channels [D(ptt) and P(ftt)].
At low masses ~1'I) is almost pure P(ett). At

higher masses some p~ is seen but as a D wave
rather than an S wave.

3'1), strong only at higher masses, has as its
dominant decay the E(&tt) channel. .
From Table Dr" it is evident that, if we sum over
spin-parity, then the final states ett, ptt, ftt, and
phase space contribute about equaQy to sample
A. At higher masses, sample B, this is still
broadly true although g~ has gained somewhat at
the expense of phase space.

It may be noticed that the percentages in ea.ch
column of Table IV do not quite sum to 100%. This
is because states with the same values of

~

8~A)
but different ~/j) can interfere even after integra-
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TABLE IV. The percentage of events attributable to the separate decays of the main
~
J+A)

states.

fZ A;Zq& Fit A1

Sample A
low' mass

Fit A2 Fit B1

Sample B
high mass

Fit B2

0 0 s (&7r)

P(p7r)
D(f7r)

2 0 D(c7r)
P(p7r) -'

8 (f~)
, D(fm)

2 0 D(pm)

P(f~)

9.8+ 4.8
0.9 + 1.4
7.2 +2.4

2.1+ 2.0
5.9 + 2.4
5.0 + 1.9
5.5+ 2.0

10.5 + 3.0
9.9+ 2.8

8.9+3.3

7.9+ 2.4

2.5+ 2.0
6.7 + 2.0
5.7 + 1.8
6.0+ 1.7

11.4+ 2.6
9.5+ 2.7

24.4+8.0
1.8 + 2.3
5.2 +3.1
0.2 + 1.1
1.1 + 1.8
0.2 + 0.5
1.0 +1.6
8.9 +.3.6

11.4 + 4.1

23.6+ 6.5

7.0 +2.9

8.5 + 3.4
12o3+3 7

1'1 P(~~)
~ (p7r)

D(p7r)

P(f7r)

2'1. D(p~)
P(f7r)

3'1 I.(~~)
D(p7r)

P(f~)

14.5 + 5.0
1.2+ 1.8
0.1+0.6
0.0+ 0.2

2.0+ 2.2
1.4+ 1.5
2.3 + 2,0
1.2 + 1.1
0.2+ 0.6

17,0+ 5.2 3.4+ 3.3
0.3 + 0.8
3.1+ 2.1
0.8 +1.0
0.3 + 0.5
1.1+1.4

15.3 +3.6
4.5+ 1.8
6.5+2.1

5.5 + 2.9

3.4+ 2.0

16.2 + 3.9
5.0 + 2.0
7.0+ 1.9

flat 20.3 + 5.5 25.8 + 5.9 13.8 y 7.0 15.6 + 6.5

tion over all of phase space. (This is not true of
states with different

~

8~A) which can only inter-
fere in the differential distribution. }' As a result,
the number of events attributed to a certain

~

J~A)
state is not in general the sum of the individual

~

V~A) substates. In some cases large interference
effects were observed, which will be discussed
later. (a) A;A=O (c) B; A=O

J =kR+1, when k is the c.m. momentum and
R= I fm is the interaction radius (see, for ex-
ample, Montanet"). It also agrees with the ob-
servation of Carter et a/. ,"for the reaction

C. J= 4 and 6-parity-violating states
30-

[/. l

20-

30-

We have searched for states with J=4 and for
states forbidden by G parity. The statistical lim-
itation of the data does not permit a simultaneous
fit to all such states. We took, as a base, fits
A2 and B2 which included the important decays
of allowed states with 8~3. We made a series
of fits, adding, one at a time, the new states. The
results of these fits are given in Fig. 7;

The percentages of events attributed to the six
~
J A) states in the base fits were given in Table

III and are repeated in Fig. 7. The percentages
of events in the new (J= 4 and G forbidden) states
are also shown. Because of the way the fits were
done, the percentages in Fig. 7 sum to a little
more than 100%.

Qne may remark immediately that J= 4 states
are not required at these energies. This confirms
the simple prediction that J =3 obtained from

IO-
T

x

O- I+ I- 2+ 2- 3+ 3- 4' 4-

Io-

. .. !.&if~&
0 I+ I 2+2 3+ 3 4+ 4

30-

[o/o]

20-

(b)A;A= I

30-

20-

(d) 8;A=I

IO-

O I+I-2+ '-3 3 4+"
2 4

IO—

I
J

:O-
I

I- 2+2,-
v

3I- 3- 4+ 4-

FIG. 7. The percentages of events fitted to various
spin-parity states. (a) and (b) refer to sample A (low
mass) with A= 0 and 1, respectively; (c) and (d) refer
to sample B (high mass) with A=0„1. Open circles
(Q) refer to states allowed by Q parity and crosses (x)
to forbidden states.
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PP-m'm, where states with J ~4 are found 'to be
insignificant at laboratory momenta below 1.0
Cev/c.

G-parity forbidden states are clearly sup-
pressed. (The nature of the fitting program re-
quires that the number of events in any state be
non-negative. ) In the low-mass data with A=0,
the forbidden 4=1 states are much lower than the
allowed J =0, 2 states. In the high-mass data the

= 3' state is present in its allowed 4=1 pro-
jection and is consistent with zero in its forbidden
A=O projection. In other places, the results are
less statistically convincing but no G-parity-for-
bidden state is seen at more than 1.5 standard
deviation as compared to the seven allowed states.

D. Search for resonant behavior

In order to be able to assert that a state is res-
onant, the number of events should be seen to pass
through a maximum, and preferably the relative
phase of the state should be seen to exhiBit the
expected change. These effects are clearly im-
possible to observe with only two mass intervals.
In order to search for resonant behavior we di-
vided our data into five smaller samples. Each
sample was fitted with the same set of waves,
namely all those required either in fit A2 or in
fit 92. g7ithin our statistical precision, no res-
onant. behavior could be seen.

E. Goodness of fit

A general feature of maximum-likelihood an-
alyses is that they provide a "best fit" without any
indication that it is a good fit. %e generated large
numbers of Monte Carlo events corresponding to
fits A2 and 82. These Monte Carlo data, normal-
ized to the numbers of events, are shown super-
imposed on the real data in Figs. 4 and 5. The
general agreement is good. In both samples, a
small excess of events may. be seen in M '(m ~ )
close to 1 GeV'. We conclude that fits A2 and B2
provide good descriptions of the data with a min-
imal number of partial waves.

Both of the final fits, A2 and B2, require 20
real parameters to describe the density matrix.
This is many more than for Pn-3m at rest (four
for the Veneziano model3 and 14 for the phase-
shift resonance model' ). But it shouldbe remem-
bered that, at rest, only one spin-parity state
(J~= 0 ) contributes, while here we must consider
at least six states (see Table III).

F. Test of the spectator hypothesis

In all of the fits made above, the density matrix
was constrained such that p;;.=0 if A,.4i~,'. This
requirement would be exactly satisfied for a free-
neutron target.

%e refitted the data, in samples A and B, start-
ing with the results of fits A2 and B2, but allowing

p;; to be nonzero. The fitted values obtained were
quite consistent with zero, indicating that the
spectator hypothesis is valid.

G. Relative phases

The off-diagonal elements of the density matrix
are complex numbers. Since all states with A. =O
(or A=1) are produced coherently, see Sec. IV,
the argument of this ma. trix element (p, ,') is the
phase difference between the amplitudes (h, , h, ,),

Arg p '= 4 —0' ~

Thus, in principle we may determine relative
phases. In practice when the number of events
associated with a given state is small, then the
errors ori the phase differences become very
large. However, we can measure the phases be-
tween the decays of the dominant states. It should
be noted that for A =0, parity conservation im-
plies that the natural (2') and unnatural (0, 2 )
spin-parity series cannot interfere, and so no
information on phases bebveen these groups of
states is possible.

Our results may be seen in Fig. 8. They are
taken from fits A1 and B1 discussed earlier. ' For
each of the three groups of states (0, 2 with A

=0, 2" with A=O, A=1) we must arbitrarily fix
one phase. For the sake of clarity, we have only
shown those states for which the relative phase
was determined to within +40 . Each state is
shown as' a vector in the complex plane, the length
of each vector being proportional to the square
root of the fraction of events in that state (Table
IV). The following conclusions may be drawn, in
spite of the large errors:

(i) A = 0, J~ = 0, 2 . We fix the most important
partial wave, 0 S(cm), on the positive real axis.
In both mass intervals the D(fv) decay of the J~
=0 is close to the negative real axis. At lower
masses, all the decays of J =2 are grouped near
the negative imaginary axis. At higher masses,
2 states are greatly diminshed but the only well-
determined phase, for 2 D(fv), puts that state
near the negative imaginary axis also.

(ii)
~

V~A) = ~2'0). In both mass intervals the
relative phase between D(pm) and P(fm) is about
-45 . This leads to strong destructive interfer-
ence. Averaging over the two mass intervals, the
approximate numbers of events due to pm, fm, p-f
interference are in the ratios 1, 1,

(iii) A= 1. The dominance of differ'ent states in
each mass interval (1' and 3', respectively) makes
it hard to make any meaningful statements here
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s (f)

-(c)

(0.40 to 0.92 GeV/c), many spin-parity states are
found to contribute, and each of 'these states'is
observed to decay via„.several dimeson intermedi-
ate states. Data at least a.n order of magnitude
better than that currently available are clearly
desirable; however, one may already draw cer-
tain conclusions. For two intervals of 3~ 'm.ass,
from 1.91 to 1.99 and 1.99 to 2.07 GeV, we find
the following:

(I) States with total angular momentum J ~ 4 are
not required.

(2) All lJ~&) states forbidden by 6-parity in-
varlance are suppressed.

(3) J =0 pionlike states make important con-
tributions in both mass intervals.

(4) The same conclusion holds for J~=2' but only
for spin projection 6 =0 (same helicities for in-
cident p and n); the & =- I state (opposite helicities)
is hardly required.

(5) Th«ontributi« from I&'&&= I2-0) decreases
between the mass intervals analyzed while that
for l3'I) increases sharply.

(6) In the breakup of the Sm system, roughly
equal qv, pv, and fw contributions are found.

(7) Those phases that we are able to. measure
FIG. 8. Amplitudes in the complex plane, see text for

details. The left-hand column refers to low-mass data
(fit A1), the right-hand column to high-mass data (fit
Bl). (a) states with A=O, J~=O, 2" (b) A=O, J+
=2' (c) &=1. States marked with an asterisk had their
phases arbitrarily fixed.

VI. SUMMARY AND INCLUSIONS

We have demonstrated the feasibility of making
partial-wave analyses of three meson states in
nucleon-antinucleon annihilation. Even at the
relatively modest energies of this experiment

are consistent between the two samples; we know
of no model to predict these.
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