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We have measured a sample of 2785 events of the reaction p+n— 21~ +7" which are
due to antiproton capture at rest in deuterium. An analysis of the (I GJP =1—0~) three-
pion final state has been attempted in terms of the m-m interaction.

The objective of this Letter is the communi-
cation of our present® data on the reaction

pn =21~ +7" (1)

initiated by antiprotons brought to rest in a
deuterium bubble chamber. This is possible
since events with slow outgoing protons can

be considered as being due to p annihilation

on free neutrons. Reaction (1) is of particular
interest because the three pions are in a pure
quantum state (/ GJP =1707) which is identical
to the final state of the n and K decays into three
pions, and thus provides an opportunity of study-
ing the m-w interaction up to a center-of-mass
energy (1736 MeV) much higher than in 1 and

K decays. The uniqueness of the quantum num-
bers is a consequence of G conservation if we
assume S-wave absorption of antiprotons at
rest. This assumption is supported by theory
and experiment.?

Reaction (1) has also been studied, on the
basis of 252 events, by the Padova-Pisa groups.3
Our data, statistically more significant, are
similar to theirs, but we do not agree with their
interpretation. They concluded that Reaction
(1) proceeds by 40% 7~ p°, 40% 7~ f°, and 20%
constant background. We shall show that the
37 state has a complex structure, very sensi-
tive to the detailed energy dependence of the
m-7 interaction, but we have not yet been able
to find a satisfactory interpretation.

Data. —Our groups are continuing the analy-
sis of pd film obtained with the BNL-Columbia
30-in. bubble chamber exposed to a separated
beam of stopping p 4t the alternating-gradient
synchrotron. About £ of our sample of Reac-
tion (1) comes from part of a special scanning
for three-prong stars with no obvious unbalance
in momentum. The remaining third comes from
a portion of the film where all (about 70000)
pn annihilations have been measured; from this
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subsample and imposing the selections stated
below, we get the frequency for Reaction (1):

p+rn—=2r—+7qt

total pn =2.4+0.4%. (2)

On the basis of kinematical fits,* we were
able to identify the events belonging to Reac-
tion (1). The analysis has been done in an in-
dependent way in the two laboratories, but the
data are in good agreement. We therefore pre-
sent the combined sample and we are confident
that the possibility of systematic errors has
been substantially reduced.

About 44% of all pn annihilations show a vis-
ible proton track; when the proton was too short
to be seen, it has been treated either as an un-
measured track (1-constraint fit) or as a mea-
sured track with all three Cartesian components
of the momentum equal to zero within suitable
errors (4-constraint fit). The two procedures
gave the same result. The proton momentum
distribution is in good agreement with the Ha-
mada-Johnson deuteron wave function up to
200 MeV/c.® We have selected 2785 events
with proton momentum less than 150 MeV/c
and, according to the impulse model, we con-
sider them as being due to Reaction (1).

We have considered the following possible
sources of contamination: (1) events from the
reaction p+d— 21"+ 7" + m°+p, with a very slow
7°; and (2) annihilations in flight. We have com-
pared the 7° spectrum of all 47 annihilations
with the corresponding 7t spectra. The events
which fitted both the 37 and the 47 hypotheses
(15% of the sample) contribute a clearly spu-
rious peak at the very beginning of the 7° spec-
trum. We have then estimated that only (3 +3)%
of the events can be assigned to the 47 channel.
An analysis based on the ratio of the probabil-
ities for the 37 and 47 hypotheses gave 1.5%.
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On the basis of the symmetry of the visible
momentum relative to the antiproton direction,
we have estimated a contamination of annihi-
lations in flight of 3 +2%.

The previous analysis of the m° spectrum and
an analysis of the missing-mass distribution
give us confidence that our selection criteria
do not reject more than 2% of the 37 events.

The Dalitz plot for the 37 system is shown
in Fig. 1(a). Each event has been plotted twice
(because of the two #~), and therefore the plot
is completely symmetric with respect to the
diagonal. The plot contains all the information
about Reaction (1) as long as we consider the
proton as a true spectator.® It shows consid-
erable structure, mainly: (i) strong enhance-
ment in the low M?(m,~, n,”) region where M?(r*
m,~) = M*(n, m,~) ~1.64 GeV? (about f° mass);
(ii) absence of events in the region M2(nt, m,7)
=~ M*(nt, m,~) ~1.08 GeV? (hole near the center
of the Dalitz plot); (iii) lack of events in the
region where one M?(r*, 77) is small and the
other one is large; and (iv) apparent abundant
production of p° and f, as seen in the M?(r",
7=) distribution [Fig. 1(b)].

We have also selected a sample of 243 events
with proton momentum higher than 200 MeV/c
and another sample of 114 events enriched in
annihilations in flight®; both samples give a
rather isotropic Dalitz plot, indicating that the
structures we observe in Fig. 1 are typical of
Reaction (1) following atomic p capture. We
note also that the presence of the “hole” near
the center of the Dalitz plot per se supports
the evidence that we are dealing with a pure
state. Any incoherent admixture of other chan-
nels would likely fill the hole.

Interpretation. — We have attempted to fit the
Dalitz-plot distribution by writing the amplitude

for Reaction (1) as a superposition of amplitudes:

Ay, b, Fy (5)-S,6,9), (2
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where £, t;, and ! are the isospin, its third com-
ponent, and the angular momentum of the di-
pion formed by 7, and 7,, D is their relative
momentum in the di-pion c.m. system, { is

the momentum of 7, in the over-all c.m. sys-
tem, and

s,6,@=111/(21-1)! !]Pl(cose)plql,

where cos6=p-4/pq, and Pj is a Legendre
polynomial.” Fy 1(p) are scalar “form factors”
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FIG. 1. (a) Symmetrized Dalitz plot of the n~r— 7+
final state, with its projections (b) on the M2(z*, 77)
axis, and (¢) on the M2(r~,7™) axis. The curves cor-
respond to fit 1 (dashed line), fit 5 (solid line).

characterizing the interaction between 7, and
7. The p, f°, and “0” resonances have been
introduced as Breit-Wigner amplitudes

moLy
mE-mP—im,T(1,p)’

Ft, l(i)) =
where

m= 2(m1rz +p2)1/2’

I(l,p)= 1“(,(mo/rrz)(p/f)o)y+ 1;

= 2 2\1/2
m, Z(mTr +p0 )

and I’y are the resonance mass and width. The
form of the effective range amplitude is

F, (p)=2/Grap*~1-ipa),

where a and 7 are the scattering length and
effective range. The b’s are products. of Clebsch-
Gordan coefficients.® All amplitudes are sym-
metrized with respect to the two negative pi-

ons. The total amplitude is then

A= ), C VA
t
t, 14,1

explio, (3)

,1 't v

403



VoLUME 20, NUMBER 8

PHYSICAL REVIEW LETTERS

19 FEBRUARY 1968

where C; 7 and ¢; ; are constants to be opti-
mized by a fitting program. The normalization
is [123 1AL, t,, 11°dm12°dm13°=1 and J 14 12dm, 2
Xdm,2=1. With this normalization the differ-
ence

»ic, 12-1
i bl

is the contribution of the interference terms.
We started introducing the amplitude corre-
sponding to the p and f meson production. How-
ever, the di-pion decay angular distributions
in the p and f mass bands do not agree with
those predicted for the decay of a free resonance
[Figs. 2(b) and 2(d)]. The addition of a constant
coherent background does not improve the fit.
We have also considered a {=0 S-wave reso-
nance with mass and width optimized by the
program. Moreover, we have introduced a
t=2 S-wave low (7, 7) mass enhancement in
the form either of an effective range or of a
Breit-Wigner amplitude.
The results of these fits are shown in Table
I and some of them are compared with the ex-
perimental distributions in Figs. 1 and 2. None
of these fits gave a good x2. We have also tried
several other possibilities and refinements,
for example, addition of the g meson, addition
of S-, P-, and D-wave (7, 1) interaction in the
energy region above the known resonances;
none of them improved appreciably the 2.
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FIG. 2. Angular distributions of the 7™ relative to
the (n*,7™) di-pion line of flight, in the di-pion c.m.
system for various M (r+,7—) regions. The curves are
as in Figs. 1(b) and 1(c).
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Conclusion. — The difficulty of treating a three-
body system and the lack of a simple parame-
trization of the energy dependence of the pion-
pion phase shifts are most likely the reasons
for which we have not been able to find a satis-
factory fit to the data. We feel, however, con-
fident that the foregoing analysis allows the
following conclusions.

(i) From the analysis of the reaction p+p — 7"
+7°+ 77 at rest,’ it has been concluded that
the singlet S state gives a uniform Dalitz plot,
and accounts for (3.5+0.6)% of all pp annihi-
lations. Our data are incompatible with a uni-
form distribution; furthermore, from the ob-
served frequency of Reaction (1) we can con-
clude’ that the singlet S-state contribution to
the reaction pp — 7"+ 7~ + #° accounts at most
for (1.4+0.3)% of all pp annihilations.

(ii) p production seems to be very small and
may even be consistent with zero. Comparing
this result with those on the reaction p+p — 7+
+ 7%+ 77,9112 we confirm their conclusion that
the (p, 7) branching ratio, while large for the
triplet state, is small for the singlet.

(iii) f° production seems to be rather large.
The shape of the decay angular distribution in
the f° mass region requires the presence of
other, largely unknown, amplitudes: ¢=0, 2
S waves, and {=1 P or F waves; consequent-

Table I. Results of some of the fits tried. The fol-
lowing values were used for the p, and f ¥ masses and
widths: p(0.77,0.16); £°(1.25,0.16) GeV/c. Typical
error on ICy 1 is 0.02.

No. of Fit 1 2 3 4 5

©%7) lcy 4 0.39 0.04 0.06 0.02 0.02
@14 23°  147° 146° 271° 165°
2, 17) ICy2* 0.53 0.36 0.33 0.17 0.36
@09 0° 0° 0° 0° 0°

a [Co ol ++¢ 0.65 «-- ces ces

1 eee 270° cee cee cee

@, 770 ICy o2 eee eee 077 eee 0.30
@00 e oo 282°  ees 152°

c [Cyolt  eee eer ees 0.84  0.47

@240 e ees —91° —45°

X2 1917 877 453 434 190
No. of intervals 71 71 73 71 75
No. of parameters 3 5 7 7 11

AConstant, coherent background.

brhe fitted m,, Ty) in GeV/c? for the o® were (1.2,
0.86) for fit 2, (0.48,0.38) for fit 5.

CAn effective range formula (p coté=—1/a +3p27r) was
used for the £t =2 (m, 7) interaction; the fitted values in
units m ;1 for the scattering length and the effective
range were (0.36,0.44) for fit 4, (0.40,0.81) for fit 5.
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ly, the (f°, n7) frequency is rather uncertain.
However we note that the most recent data on

pp annihilation'® show an (f°, 1°) frequency which
is consistent with our best fits.

Although our analysis seems to require rath-
er strong S-wave (m, 7) interaction both in =0
(very wide Breit-Wigner with m, ~2500 MeV/c?
and I'; >~ 400 MeV/c?) and in ¢=2 (low energy
enhancement), we cannot exclude that a com-
bination of other amplitudes could also give
an equally good or better fit to the experimen-
tal data.

This result for the S-wave (m, 7) phase shifts
should be compared with that obtained from
pion production,’® pion-nucleon scattering,
and n and K decays.® We note, in particular,
that the =2 phase shift obtained from the anal-
ysis of pion production reactions®*® is small
(18,21<20°) below M(m, m)=1.0 GeV, in contrast
to the behavior obtained from our best fit. We
note, however, that the (7=, 7~) enhancement
could be due to a rescattering effect of the type
discussed by Aitchison!” and Month.!®
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Phase contours are curves along which the
phase of a collision amplitude is a real constant.
In their simplest form they describe the phase
as a function of real energy and momentum
transfer and provide a convenient summary
of experimental results for a scattering pro-
cess. More generally they can be used to pro-
vide consistency tests in the dynamics of strong
interactions of elementary particles.

We will give a brief discussion of the follow-
ing topics: (1) properties of phase contours,

(2) phase contours for pion-nucleon scattering
below 1.4 GeV, (3) phase contours in a Regge
model for pion-nucleon scattering, and (4) the
use of phase contours for studying consisten-
cy between resonance poles, zeros, and high-
energy behavior in a crossing symmetric model.

(1) Properties of phase contours.—The phase
¢(s, t) of an invariant scattering amplitude F(s, t)
is defined by

o(s, ) =Im[InF(s, )], (1)

where Im denotes the imaginary part, and s, ¢
denote the invariant energy and momentum trans-
fer variables. It is also necessary to define
the phase at an initial point (s, f,). When the
amplitude has zeros or poles on the physical
sheet, the phase depends on the route taken
from (s, t,) to (s,%), so we must always spec-
ify the route.

A phase contour is defined by

@(s, ) =C, )

where C is a real constant. It is useful to study
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phase contours both for real s and £, and for
complex s and fixed £, etc. Their properties
include the following:

(a) Phase contours, for different values of
C, do not meet each other except at zeros and
poles of the amplitude and at certain other sin-
gularities.

(b) The phase change clockwise in the com~
plex plane round a zero is —-27, and round a
pole is 27.

(c) For fixed f, and s =s, +is,, the phase is
a harmonic function of s, and s,, and the phase
contours are orthogonal to the modulus contours
in this complex s plane.

(d) From the optical theorem,

ImF(s, 0)>0, for s>(m+M)>2. (3)

Assuming an asymptotically constant total cross
section and the Pomeranchuk theorem,

F(s,t)~isB, as s—+w, (4)

We choose our initial point (s, f,) as the lim-
it along (s +i0,¢=0) as s — +x, and take

@(s =+, 0) = 37. (5)

(e) The phase contours ¢(s,?) =0, or m, can-
not enter the region 0 <¢<4m?, when s >4m?>.

(f) If the scattering amplitude has power be-
havior as s -, the phase is asymptotically
constant. In the particular case of a symmet-
ric amplitude, or a Regge term of even signa-
ture, we can write

a(t)

F(s,t)~B()s explir{l-a(t)}]. (6)



