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The reaction $p — m+=~x® was studied for antiprotons stopped in the Columbia-Brookhaven National
Laboratory 30-in. bubble chamber. For this reaction, 1193 events were selected after applying stringent
criteria to reduce the contamination of the sample. Analysis of the distribution of events on the Dalitz plot
shows a pr contribution in addition to the dominant 3 contribution from the 1S, fp state. The annihilation
from the3S; pp state has contributions from both a pr and 3 final states.

INTRODUCTION

HE annihilation of stopped antiprotons in hy-

drogen has been the subject of considerable
investigation, both experimental'™ and theoretical.*
The annihilation at rest has been shown experimentally
to take place principally from an S state of the pp
system.®

We report here results obtained in an analysis of the
annihilation p+p— 7+ ~7° The data were obtained
by analyzing pictures taken of the Columbia-BNL
30-in. liquid-hydrogen bubble chamber exposed to a
stopping # beam. A fraction of these pictures have been
analyzed previously.® The results presented here are
based on measurements of events made at the Uni-
versity of Chicago. These events did not form part of
the earlier sample.

The object of this experiment was to produce a sample
of events of the kind pp — wtr—x® larger than and
containing less background than earlier experiments.
The event selection was similar to that performed
earlier® with the following modifications:

(1) The X2 limit on the kinematic reconstruction
(Grind fit) of an event was 4 in this experiment (previ-
ously it was 6).

(2) All measured two-prong events were fitted to the
hypothesis p+p — ntr. Events which fitted this
hypothesis were excluded from the sample of =tz —=®
events. This criterion certainly rejects some wtr~r°
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events but not in such a way as to bias the distribution
of events on the Dalitz plot. The advantage is that
events with poorly determined momenta are eliminated
from the analysis. Since poorly determined events from
other reactions are more likely to fit the incorrect hy-
pothesis of p+p— wt47"4x° than well-measured
events, this criterion reduces the percentage of other
reactions plotted on the Dalitz plot.

(3) A histogram of events versus the cosine of the
angle 8 between the incident $ and the sum of the
measured 7+ and 7~ momenta from events that fit the
reaction pp— wt+7r+x° showed a deviation from
isotropy with an excess of events with cos6>0.99. (The
excess is presumably due to the reaction $p — w7~ in
flight.) To eliminate this background, no events with
cosf>0.99 were accepted.

The experimental results are shown in Fig. 1 in
terms of normalized Dalitz plot variable X = (T, —T_)/
V3Q and Y=T,/Q, where Ty, T_, T, are the kinetic
energies of the pions and Q= 2m,—m o—2m,+. Projec-
tions of the data onto the E,*, E.-, and E,o axes are
shown in Fig. 2. Charge conjugation invariance in the
annihilation requires that the energy distribution of the
7t and the »~ be the same. Applying a X? test to the
data, we find an 849, probability that the distributions
are the same. The same X? test when applied to the =°
energy spectrum and the average of the =+ and =~
spectra gives only a 0.29, probability of the distribu-
tions being the same. The #° energy spectrum is seen
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Fic. 1. Dalitz plot for the reaction p+p — xt4x~+a%.
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F16. 2. (a) =" energy distribution, (b) =~ energy distribution, and (c) #° energy distribution.

to be significantly different from the #+ or =~ energy
spectra.

It is known that the annihilation of stopped anti-
protons in hydrogen takes place from the .S state in the
Pp system.’ Since protons are fermions this means that
the parity of the initial pp system and hence of the final
three-pion system is negative. The angular momentum
J of the system is just the spin s of the pp state; hence
J=0 for the singlet state, and J=1 for the triplet state.
The charge conjugation C is (—1)Z+® and is therefore
+1 when J=0 and —1 when J=1. The pp state is a
coherent superposition of states with definite isotopic
spin. Each of these component states has G parity
equal to CX (—1)7. Since the final state of three pions
has G=—1 it can come only from the 1Sy, T'=1 and
351, T=0 components of the pp system.

In the analysis, we attempt to find the amplitude for
the annihilation of $4p into three pions from the ex-
perimental distribution of energies on the Dalitz plot.
The total amplitude is the incoherent sum of the
annihilation amplitudes, 4, from the 1S¢ and 43 from
the 351 pp states.

ANALYSIS

The amplitudes 4, and A4; are functions of the
momenta and charge coordinates of the pions and the
spin coordinates of the $ and the p. Since no measure-
ment is made of these spin coordinates, the observed
amplitudes are functions only of the pion variables. The
spatial properties and isotopic spin values of these
functions are the same as for the initial pp state, i.e.,
the function of the pion variables appropriate to anni-
hilation from the 1S, $p state must be a pseudoscalar
with 7'=1 while the function appropriate to the anni-
hilation from the 35y pp state is a vector function with
T=0.

The construction of these functions is facilitated if
we consider the final three-pion state as composed of a
dipion system and the third pion (Fig. 3). Taking this
point of view, we let / represent the orbital angular
momentum of the dipion and L the relative orbital

angular momentum of the dipion with respect to the
third pion. Angular momentum conservation implies:
I+ L=1J, where J=0 for 1S, annihilation and J=1 for
551 annihilation. Parity conservation requires (—1)*%
=1. Together the two conditions require /=L for both
S0 and 35y annihilation. It is therefore natural to expand
the amplitudes 4, and 43 in a power series in L, i.e.,

A= 1, CiEAE,

where ¢=1or 3, Lnin=0for i=1, and Lyin=1 for :=3.

The isotopic wave function for three pions with 7’=0
is totally antisymmetric in the isotopic spin coordinates
of the three pions. Bose symmetry then requires that
under the interchange of the momenta of the pions the
amplitude 43 be antisymmetric. For T=1, the three-
pion isotopic spin-wave function either is symmetric
under interchange of the pions or is of mixed symmetry
under interchange of the pion momenta.

We have analyzed our data in terms of the following
functions for the amplitudes:

A’=e", ¢=atBp.,

Ait=(Pyo- p_e?®+sind, o— Py_- pre?-0sind_o),
where$

Pij= (pi— )+ (Ei— E;)/ (Eit Ej+mij)
tandi;=1I'(m;) /2 (msj—m,)
T(mqj) =T & (mi;) /(1K (mi) ],
and
k(mi)=[ Gmip—m) 2] /m,.
At (pm) = pp X p_[€?+05ind, o+ €**-0sind_o+e?+=sind; |,
A3 (37) = py X p_[ €%+ cosdyo+ %0 cosd_g

+e#+ cosdy—],
4d=A4 31(p7r)—I—C3A:,~1(31r) ’

¢ B. Barsella and E. Fabri, Phys. Rev. 126, 1561 (1961).
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where py, p—, and po are the momenta of the =+, =,
and 7° in the pp rest system.

The Dalitz-plot densities resulting from the presence
of symmetric functions 4; or the antisymmetric func-
tions in A3 in the annihilation will not result in any
difference in the energy distributions between charged
and neutral pions. The observed difference in the en-
ergy distributions requires some contribution from the
states of mixed symmetry in 4;. The amplitude 4,°
was constructed as a symmetric state in agreement
with what was done in earlier analyses™ and as is
suggested from 7 decay. The amplitude 4 ;! must belong
to a state of mixed symmetry if C is equal to 1. Since
the dipion system has /=1 and T=1 it is natural to
assume that the dipion system forms a p meson. Since
the three-pion system has 7'=1 only charged p mesons
can be produced. The relative phase of 4,° and 4 is
not known a priori. There is no reason to expect that
it will remain constant over the Dalitz plot since it
certainly involves final-state 7= interactions. A con-
venient though by no means unique choice of this
relative phase is ¢=a-+Bpo. With this choice of phase,
A,° satisfies all our conditions for the amplitude.

All the amplitudes could, in principle, be multiplied
by arbitrary symmetric scalar functions of the mo-
menta. The functions 4% could also be multiplied by
scalar functions of Py and | P,— P_|. Except for the
relative phase of 4,° and 4! these functions are all
taken to be constants.

The variation of the p width, T',, with M, is that
suggested in Blatt and Weisskopf.” It corresponds to an
elastic p-wave resonance without Coulomb corrections.
The radius of interaction which appears in the expres-
sion for the width was chosen to be %/M ,¢ since the p
is thought to dominate the p-wave wr interaction.

The form of the background contribution in 44! is
suggested by noticing that time reversal and unitarity
require that when a 77 combination has the mass of the
p meson it must form a p. Since the p is a completely
elastic resonance, this saturates the two-particle uni-
tarity and requires that the background vanish when
two of the pions have a mass equal to ,.8

In fitting the experimental distributions the mass and
width of the p may be considered either as free param-
eters or as constrained by previous measurement. The
apparent position of the p peak ~730 MeV/¢? is very
far from any currently accepted value of the p mass.
The shift in position must be due to the background
term proportional to C;. Since there is no previous
knowledge about Cj it is unlikely that a meaningful
value of m, could be found since it will be strongly cor-
related to the value found for Cs.
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F16. 3. Angular-momentum description of the three-pion system.

The difficulty in the second approach is that the
analyses of the p do not give consistent values for its
mass and width. The analysis of Rosenfeld ef al.® finds
that both charged and neutral p mesons have a mass
m,= 760 MeV/c? and a width T',=134 MeV/c2. Roos,°
using a different analysis procedure, finds for the
charged p a mass m,=774 MeV/c? and for the neutral
p a mass m,=780 MeV/c%. In both cases he finds
T',=128 MeV/c%. We have tried to find fits with the
charged p mass different from the neutral p mass. All
the fits found have very similar masses for the charged
and neutral p mesons. This experiment cannot support
Roos’s evidence for different values for the mass of the
charged and neutral p.

Since we do not know how to choose between the
values of Rosenfeld et al.,® Roos,!® or Auslander ef al.*
(from a colliding beam experiment), we have searched
for fits with the p mass and width fixed at the values
given in these different analyses.

The fit was made simultaneously to the w0 energy
spectrum and the average of the =t and 7~ energy
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Fic. 4. (a) Charged-pion energy distribution with the curve
representing the fit; (b) #° energy distribution with the curve
representing the fit.
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spectrum with the following function:
IA |2=01|A1°+C1A1112+031A31|2,

with a4, as, C1, Cs, a, and B as free parameters to be
determined.

The fits are:

m,=764 MeV/&, T,=93 MeV/&, x=50 (48 d.L.),
2;=0.5240.02, a;=0.48+4-0.02,
C1=—0.284-0.05, C3=0.33+0.01,

=10.2840.03 rad,
B=(1.9+£0.1)X 1073 rad/(MeV/c).

m,=760 MeV/c, T,=134 MeV/c, x2=40 (48 d.f.),
0:=0.410.02, 03=0.59--0.02,
C1=—0.504-0.03, C3=0.444-0.01,

@=0.164-0.02 rad,
B=(1.720.1) X103 rad/(MeV/c)

m, =766 MeV/, T,=128 MeV/&, x2=45 (48 d£.),

0:=0.46-:0.02, 23=0.54-£0.02,

C1=—0.384-0.04, C3;=0.4540.01,
a=0.134-0.09 rad,
8= (1.862-0.02) X 102 rad/ (MeV/c).

(The normalization chosen is |A4|2=|A4.°|2=|4!|?

=|A44'|2=1.) The fit is shown in Fig. 4, with m,=764
MeV/c? and T',=93 MeV/c210

CONCLUSIONS

The principal result of this experiment is that a fit
has been obtained to the experimental distribution with
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the functions we have assumed for the amplitudes for
all three values of m, and T',. The fit differs from earlier
ones'® in the large contribution from the three-pion
(as distinguished from the pr) final state in the ampli-
tude As. The effect of this term is to shift the peak in
the w7 mass spectrum due to the p from the p mass to a
lower value. The large value of the coefficient C4, corre-
sponding to pr production from the 1S, state, is another
new feature of our analysis. It is this term that produces
the difference between the charged and neutral pion
energy distributions.

The fit we have found is almost certainly not unique.
We cannot rule out the possibility of a nonresonant 37
contribution to 4;!. A possible o or ¢ meson, while not
necessary to obtain a fit to the data, also cannot be
ruled out. The freedom available in constructing 4,
makes it seem reasonable that fits could be found which
incorporate the o or the e. We have not constructed
such an 4, since we have found a solution for 4, which
fits the data and seems to have very desirable proper-
ties. In particular, for 4,° the three pions are in a sym-
metric state. In the decay of the n meson or in 7 decay
the symmetric three-pion state dominates. We might
expect it to dominate also at these higher energies and a
fit consistent with this assumption is found.
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