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New data are presented for antiproton capture in deuterium for the reactions (a) jd—2m 7 *p, at rest with
spectator proton, (b) pd—27 ~m * p, with the antiproton in flight (~0.35 GeV/c momentum), and (c) pd—27 ~7*p at
rest but with nonspectator protons. The striking features of the 27—+ Dalitz plot for (a) are compared with
Pp—3m°, wm ~x° at rest, with jd—27 7 *p, at other energies, and with predictions of dual models. No consistent
and satisfactory interpretation has been found. The possible quantum numbers of the 27 ~7* final state are

discussed.

L. INTRODUCTION

Nucleon-antinucleon annihilations into three
pions have been of considerable interest in the
past. The new antiproton facilities under con-
struction are expected to bring them again into
focus during this decade. It is the purpose of this
paper to bring up to date all the available experi-
mental results in suitable forms for further analy-
ses, point out the lack of any consistent under-
standing, and raise questions which can be an-
swered by future experiments.

The extended phase space and the existence of
four possible 37 charge states naturally suggested
them for the investigation of the 77 interaction.
These states are

m— T, (1)
pn— 1 1°7°, v (2)
pp— m°1°1°, (3)
p— . (4)

The first three reactions are pure in I-spin (=1)
while (4) is mixed (I=0,1). Although it is in prin-
ciple more attractive to study the pure I-spin
states, experimently they are harder to study be-
cause they require deuterium or/and >1 7°. Con-
sequently the reaction (4) was studied as soon as
antiproton beams became available to the bubble
chambers at CERN (Refs. 1 and 2) and BNL (Ref.
3) followed with the study of (1) by the Rome-
Syracuse collaboration? and later by the study of
(3) by the Columbia-Syracuse collaboration.®
There are no data on reaction (2).

These studies have been made at rest where ad-
ditional constraints on the overall quantum num-
bers were expected to be valid. Based on the
theory for nuclear capture from atomic states by
Day, Snow, and Sucher,® it was expected that an-
nihilations at rest would occur from S states in
liquid H, (D,). Their theory was successful in
predicting” 77 ,K~,%" captures, while the early ob-
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servation® of a small pp— K K¢ /pp— K K, ratio
was considered as confirmation that the pp cap-
tures as well go via S states. In this case, since
Gy ==-1=Ggy=(-1)1*5*1 the I=0,1 states are
associated with the 3S,,S, states, respectively.
Zemach® parametrized the 37 amplitudes in terms
of the 77 interaction for all possible 37 quantum
numbers. It was therefore first hoped that the
study of these annihilations at rest would yield the
7w interactions in all /-spin states.

The pp — n*7 n° data revealed abundant and equal
p',p ,p° production superimposed on a uniform
background. The equality of p*,p”, p° production
implies via I-spin conservation (r%?° is forbidden
from I=1) that the pr is produced in I=0; the uni-
form background was interpreted!-® as resulting
from I=1. The pn— r*7"7" data,* however, did not
support these conclusions. Instead of an expected
uniform Dalitz plot it exhibited spectacular struc-
tures. Moreover, as shown in Ref. 4, analysis
in terms of the 77 interaction in the manner of
Zemach (final-state-interaction model) gave un-
acceptable solutions, particularly since the fits
required an exotic (I=2) n7 resonance near
threshold. These unphysical results led Love-
lace'® to an application of the Veneziano model
which was claimed to reproduce the essential fea-
tures of the n*7" 7~ final state without requiring a
m n resonance. The apparent success of this
model gave great impetus to the study of dual
models and several!?'!® improved ones have been
tested claiming better fits to this reaction. The
observation of the reaction pp — 31° revealed® sim-
ilarities to pn— 7*7 7~ but was not helpful in un-
derstanding the 7*7" 7" structures.

The measurement of the (pp— 21°)/(pp~ r*7")and
(pd~ " 1°p,)/(Pd~ m* 7" n,) branching ratios at rest in
hydrogen®®?! and deuterium?? implies that (40-75)%
of all NN annihilations into 27 go via odd NN angu-
lar momenta. Further, inclusive tests of I-spin
conservation in pd annihilations at rest showed
large I-spin-violating effects.?® The consequences
of these phenomena to the interpretation of 37
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annihilations are difficult to entertain. For ex-
ample, in spite of these observations the 37 may
still come from S states and conserve /-spin but
it cannot be taken for granted. In any case, the
sharpness of the structures in 277 7" at rest strong-
ly suggest that it has unique spin, parity, and I-
spin.
In Sec. II of this paper all the available data

* (about twice that first published?®) on pd— 7*7 7 p,
at rest will be presented in suitable forms for
analyses. Also, for the first time data will be
presented on this reaction in flight (0.2-0.4 GeV/
¢) and at rest with high-momentum (>0.2 GeV/c)
recoiling “spectator” protons. In Sec. III, we
compare the reaction pd— 7*1 7 p, at rest with pp
— 11 °, °7°7° as well as with predictions of dual
models. Furthermore, we raise questions on the
quantum numbers of the 27 7" final states at rest
and attempt to get model-independent restrictions
on them. In Sec. IV, we summarize our observa-
tions and appeal for further experimental and the-
oretical work.

II. EXPERIMENTAL RESULTS

A. Measurements and analysis

The data presented here on pd annihilation into
77" come from an analysis of about 3 X10° pd
events. These events have been collected from
exposures of the 30-in. bubble chamber filled with
deuterium to a stopping antiproton beam produced
by the Alternating Gradient Synchrotron at Brook-
haven.

The yield per - annihilation of events of interest is
rather small (~1%). In order to reduce the mea-
surements, events with three prongs which did not
show clear momentum imbalance on the scanning
table were measured. The momentum-conserva-
tion criterion was based only on angles and re-
duced the measurements of the three-prong events
by a factor of 3. Further, it was required that all
except stopping tracks have projected lengths in
the three views of >5 cm. Measurements were
also made on a limited sample without any of
these cuts including events with visible protons
(four-prong). Comparison of the 7*7" 7 Dalitz
plots for these types of measurements showed no
evidence of biases.

The measurements after reconstruction were
subjected to kinematical fits assuming no missing
neutral particle or one 7° and zero p momentum.
The contamination of the pd — 27" 7*p events by in-
flight and/or 17° events has been estimated* to be
<1%.
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B. Spectator spectrum

Figure 1 shows the momentum distribution ob-
tained by fitting the three- and four-prong events
with 2777°p. The spectrum has been fitted with a
Fourier transform of the deuteron wave function
fudged with the experimental resolution and a
Maxwellian distribution [«cp? exp(-E/T)]. Maxwel-
lian distributions fit 7*,K*,K°, A inclusive spectra
in pd annihilations at rest?* adequately. The non-
spectator, Maxwellian contribution amounts to
(25 +2)% and the temperature T is 80 MeV. The
extrapolation of the Maxwellian distribution to the
three-prong events, which represent the bulk of
our measurements, yields a 0.7% contamination

* by nonspectators.

In order to shed some light into the nature of the
nonspectator events, the invariant 7*p mass dis-
tributions are presented in Fig. 2 for the events
with protons of momentum >0.2 GeV/c. Proton
spectra from pd annihilations in flight have been
interpreted® as due to initial- and final-state (mp
rescattering) effects. At rest only 7p rescattering
can affect the proton spectrum. In this case,
however, the presence of a strong A* is compul-
sory. The absence of any A evidence suggests
that this is not the principal mechanism of the non-
spectator protons. We favor an interpretation
based on a three-body initial-state mechanism 26,27
In either case, these considerations will not af-
fect the conclusions of this paper.

C. pd—>2n"n*p at rest

The 277 7* Dalitz plot for all events with a spec-
tator proton is shown in Fig. 3. The total number

Events/l02 Gel/e/

“Spectator” Momentum (GeV/c)

FIG. 1. Proton momentum spectrum in pd — 27" 7*p
at rest. Shaded events are due to three-prong events.
Solid line is a fit with the Fourier transform of the
deuteron wave function and a Maxwellian distribution.
The Maxwellian distribution contributes (25+2)% and
the temperature is 80 MeV.
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FIG. 2. M(r*p) distributions for pd — 27" n*p at rest
with p,>0.2 GeV/c. The 7°p scale has been normalized
to the n*p. Curves (a) and (b) are predictions of final-
state scattering between the pions from annihilation and
spectators: (a) for 7*p and (b) for 7" p. Curve (c) is
“phase space” prediction from a three-body initial-
state interaction. Open circles 7 p, closed circles 7*p
mass spectra.
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of events is 5512 including 2785 from Ref. 4. Its
projection on the 7*7", 7"n" axes are presented in
Figs. 4and 5. The resolution in M 2(y7) is ~0.05
GeV?2/c* over the entire plot. In Fig. 6, in anal-
ogy to the 37° data,® the data of Fig. 3 are presen-
ted in tabular form for the convenience of those
who would like to test other models.

In Fig. 7 the 247" Dalitz plot is presented for

1
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FIG. 3. 27 7* symmetric Dalitz plot for all (5512)
pd—21" 1'pg at-rest events (Q =2m,— 3m,). There are
two points per event corresponding to the interchange
of the two negative pions. The hole is at (or near) the
center where all pions have equal momenta. At the
castle (see text) the negative pions have equal momenta
(magnitude and directions).
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FIG. 4. M%x* ") distribution of the events in Fig. 3.

The positions and widths of the p, f, and f’ mesons are
indicated.

nonspectator events with proton momenta 0.2-
0.4 GeV/c while Fig. 8 shows the M2(z 7)) distri-
bution for those events. The total energy of these
events is 32-127 MeV below the NN threshold and,
as indicated, the boundary is not well defined.

D. pd-2r w*p, in flight

We have identified among our three-prong mea-
surements the 2777* events from annihilations in
flight. In the fiducial region about 20% of all an-
nihilations are expected to occur in flight with p
momentum of < 0.45 GeV/c. Their identification
has been made as follows.

The events which did not fit as either 2777 or
27" m'n° at rest have been considered as in-flight
candidates. The in-flight 27" n*p, events are ex-
pected to (a) yield a missing mass squared (MM?)
~ —|p5/%, (b) have a measured momentum @_,,)
in the direction of the beam, and (c) have a total
energy =~(2m,+0.02 GeV). In Fig. 9 the distribu-

3001
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Events /(.05 GeV¥/c?)

100

O
M (v 1) (Gev¥c!)
FIG. 5. M2(r" n") distribution of the events in Fig. 3.

The enhancement starting at threshold is related to the
castle (see text) or the f peak of Fig. 4.
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FIG. 6. Event distribution within the 27~ r* symmetric
Dalitz plot. Radial-azimuthal cells have same areas.
Note that the density over the plot varies by at least two
orders of magnitude.

tion of the events as a function of the measured
energy squared is shown for those candidates with
MM? < -0.02 GeV?/c*, |p,,..12>0.03 GeV2/ct,
and an angle between P, ,,, and beam of <30°. The
clear peak in Fig. 9 at the right energy for in-

flight events is absent (Fig. 10) for events which

0 5 10 15 20 25 30
Mzhigh (115 ) (G eVt

FIG. 7. 27 7 Dalitz plot for pd — 27" r*p at rest for

nonspectator protons with a momentum between 0.2 and
0.4 GeV/c.
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FIG. 8. M%) distribution for the events in Fig. 7.
Dashed histogram is expected distribution from Fig. 5.

The castle effect seems to be absent in the nonspectator
events. )

have an angle between p_ ., and the beam >30°.
The distribution of the events with measured ener-

y squared (3—4 GeV?) (Fig. 9) as a function of

Preas! 18 Shown in Fig. 11. Since the maximum p
momentum is ~0.45 GeV/c, a cut has been made
at this value.

In Fig. 12 the 27 7" Dalitz plot for these in-
flight events is shown in comparison with an equal
-sample of 277 7" at rest. The boundary of the in-
flight Dalitz plot at high masses is not well defined
because of the spread in beam momentum. Their
projections on the M2(r*r ), M?(n" 7" ) axes are pre-
sented in Fig./ 13.

From the limited measurements in which the
beam and both three- and four-prong pn events
were measured, we have extracted a small sample
of 27" 7'p, in-flight events by performing kinemati-
cal fits includirig both beam and spectator. Fig-
ure 14 shows the distribution of these events as a
function of » momentum and Fig. 15 shows their
distribution in terms of the angle of the normal to
the 27" 7" plane (in its ¢c.m. system) with the beam.

(2mp++ 02)?

o
(=3
T

Events /] GeV?
3

accepted.

1 [ |

1 2 3 4
Measured 2r n* Energy (GeV?)

FIG. 9. Distribution of events, which did not fit to
either 27 r* (p,) or 27 =" 71'(p) rest, and which has for-
ward (<30°) measured 27~ 7* momentum and negative
missing mass, as a function of the 27 7* measured

w

‘energy squared.
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FIG. 10. Same as in Fig. 9 except that measured mo-
mentum made an angle to the beam >30°.

E. Branching ratios
1. pd-2n"n*pg at rest

Branching ratios have been obtained from 52706
pd events in which each event was classified either
as pn or pp and the topology and kaons were re-
corded. 1684 events had kaons. The event was
measured only if the tracks (7*) had projected
lengths >5 cm. About 25% of the three- and four-
prong events were unmeasurable and 18% failed
to be reconstructed. We have evaluated the
27 " p, branching ratio at rest as follows:

Fer iy, = L)
s)=(all + p,)
_ (three prongs)® (27 7 ps)®
~ (odd prongs)® ~ (three prongs)Z’

(5a)

where R refers to at-rest events. The ratio of
three-prong to odd-prong events is 0.59 and is
independent of energy. We identified 438 27~ 7" p,
among the 10522 analyzed three-prong events in-
volving ~8733 at rest. It was found by Monte
Carlo simulation that 19% of the 27 n"p, events are
rejected by the projected length criterion while the
rejection rate for 277 7*7%, is only 9%. This has

S
(=)

|- occep'ed—’l

Fvents/[02 Gelre)
S

1 1 W Wl

15 25 35 45 55 65

Missing Momentum (GeV/c)
FIG. 11. Distribution of accepted events (Fig. 9) ver-
sus 27 7" measured momentum. The accepted events in
this figure are assumed to be in-flight 27" 7*p events.
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M (r-m+ ) (GevZe?)

M? () (Gev/ct)
FIG. 12. Dalitz plot of the pd — 27" 7* (p,) in flight
compared with an equal but random sample of the at-rest

events. The hole among the in-flight events has disap-
peared.

been confirmed from the angular distribution of the
normal to the 277 c.m.-system plane with the
optic axis which showed a 16% rejection. Using
these factors we get

438x1.16

FR@r ntp) =0.59 X —cas

=(3.410.2)%,
(5b)
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FIG. 13. Comparison of the in-flight (solid) and at-
rest (dashed) M?(rm) distributions. Note that the castle,
showing as an enhancement at low-mass 7 7 mass, is
absent among the -in-flight events.
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FIG. 14. Distribution of pd — 27 7*p in—flight events
as a function of the  momentum obtained kinematically.

the error being statistical. This result is higher
than the one of Ref. 4 [(2.4+0.4)%] reflecting our
corrections due to measuring biases and in-flight
contamination.

2. pd—>2n"n*pin flight

In the same measurements (IID and Figs. 14 and
15) 125 27" 7" p, in-flight events were identified.
Thus

@rap) /@ratp)¥=0.20+0.02. (6)

Using pd cross sections ~20% of the annihilations
in the fiducial region are expected to be in flight.
Consequently, there is no evidence for variation
of the 27" 7" p, branching ratio from at-rest to in-
flight captures.

IIL. DISCUSSION
A. Features of 37 annihilations
1. pd—2nn'p, at rest

The most important features of the 2777* final
state can be seen in Fig. 3 and they have been
pointed out in Ref. 4. For convenience in discus-
sing them they will be identified as follows.

“Hole”. Absence of events near or at the 37
symmetry point[M(r*7;) = M?(r*7;) ~ 1 GeV2/c?].

Events

cos @

FIG. 15. Angular distribution of the events in Fig. 14.
0 is the angle between the normal to the 27" 7* plane
(in their c.m. system) and the  momentum. Dashed
line represents isotropy.

“Castle”. Principal enhancement centered at
M*(r*m}) =~ M*(r* ) =m,2~1.6'GeV?/c'. The rela-
tive density in the castle region to that in the hole
(see Fig. 6) is greater than ~100:1.

“Tower A”. An enhancement centered at
M*(r*ny) = M*(n*m}) =m 2~ 0.5 GeV2/ct.

“Tower B”. An enhancement at M*(r*n})=~m ?,
M3(w*m3)=m 2 =2.3 GeV2/c.

The M3(rrn) distributions (Figs. 4 and 5) are re-
flections of these important features. The castle
is responsible for the f peak (Fig. 4) and the en-
hancement at low 7°7~ mass (Fig. 5). The tow-
ers are responsible for the peaks at the p and f
masses. The p and f peaks have also been en-
hanced by the hole which is half way between the
p and f peaks. '

Other suppressions and enhancements are also
evident. For example, there is suppression at
Mz(w*nz'z)———Z and M3(r*n; ,)=0, 1 GeV2%/ct, Fur-
ther, a narrow peak is shggested near the Dalitz-
plot boundary and within the castle.

Variations of the density of events along various
strips and around interesting points are shown in
Figs. 16 and 17. The castle, hole, and tower A

T o- Lovelace
160+ e e-Gopal et al
X = *
- + > e
140 Y
1207 () (bl
1001
§ 80' °
& ca
60F
40r
20r X
%o
O 1 1 1 1 N 1 | L | i
0 10 20 30 0 10 20 30

GeVc

FIG. 16. Distribution of the 27 n* at-rest events along
(a) the X strip or M m)=constant, (b) the Y strip or
M?*(r" 77) decreasing. The large peaks are due to the
castle while the smaller one in (b) is due to tower A.
The data are compared with the dual models using
parameters obtained by Lovelace and Gopal et al. In
(a) a narrow peak within the castle is suggested as a
~4¢ effect.
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FIG. 17. Same as in Fig. 16(b) emphasizing the region
around the hole. Curves are fits to two polynomials.

effects, and their relative densities are well seen
in Fig. 16(b). The narrow peak within the castle
is shown in Fig. 16(a) as a ~40 effect.

2. 2w versus n*n~w® and 31° at rest

In Fig. 18 our 27 7" data at rest are compared
with the CERN-College de France® n*n 7° at-rest
data. In contrast to the 277 7" the n*7 ™ #° Dalitz
plot is structureless, except for the uniform and
equal intensity p*, p~, p° bands. In particular,
there is no evidence for the hole or the castle,
which are the most impressive features of the
27 7* Dalitz plot.

The equality of the p*, p~, p° production in pp

35 25 RE) .05 .05 15 25 .35
(-T,) A3Q

FIG. 18. Comparison of the 27~ n* at-rest (left half)
with the 7* 7" 7° (right half) at-rest data from Ref. 2. The
"7~ n° does not show any evidence for either the castle
or the hole effects.
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implies that the reaction NN— pr is produced from
the I=0 initial states. This is consistent with the
conclusion of Ref. 4 that in spite of the impressive
“p peak” (Fig. 4), due primarily to the tower A
and hole, it does not fit with a p°7~ amplitude. The
suppression of the pr from I=1 is surprising be-
cause if one assumes that the 37 comes from S
states then all kinematical variables, including
internal relative angular momenta, are the same
for both I-spins.

In Fig. 19 the 27 7" data are compared with the
Columbia-Syracuse® 37° data. Since these two re-
actions come from /=1 NN states one hopes to
identify some common features. Indeed, and as
already pointed out,’ the castle and hole are pre-
sent in the 37° but not as impressively.

3. 2n~n* versus center-of-mass energy

It is interesting to explore the dependence of
27 7" main features as a function of energy below
and above the NN threshold. If the strong features
are associated with initial-state phenomena they
would depend on energy while if they are conse-
quences of 77 interactions then slow variations
with energy are expected.

The in-flight events presented in Fig. 12 repre-
sent the smallest energy change from at rest (see
Fig. 11). Another sample has been studied by the
Melbourne group®® at p incident momenta ~0.40 to
0.92 GeV/c. Bettini et al.?® studied this reaction
at ~1.2 GeV/c and Susinno et al.*® at ~3.0 GeV/c.

1 1 1

i
35 .25 a5 .05 .05 5 .25 35

(T,-T,) A3Q

FIG. 19. Comparison of the 2r~ 7* at-rest (left half)
with the 37° (right half) at-rest data from Ref. 5. The
31° show some evidence for the castle and hole.
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The striking features of our in-flight data are the
absences of the hole and the castle structures
which are evident in Figs. 12 and 13. One may
argue that the emergence of L;, >0 waves are re-
sponsible for these qualitative changes. The angu-
lar distribution (Fig. 15), however, does not sup-
port such an assumption. Similar conclusions,
particularly the absence of the hole, have been
reached by the Melbourne group. Although not as
pronounced as at rest, Bettini ef al. see the dual-
model regularities (holes-enhancements) including
the at-rest hole. Susinno et al. at much higher
energies observe more or less-a structureless
Dalitz plot. The Dalitz plots of all presently
available 277" data as a function of antiproton
momentum are presented in Fig. 20 for compari-
son.

The annihilations at rest in deuterium, even with
a spectator of zero momentum, are below the pn
threshold. Owing to the binding of nucleons, these
annihilations are a few MeV below threshold and
by taking into account the spread in spectator
energy the data on pn— 27" 7" at rest have a spread
of a few MeV in total energy. To study this reac-
tion, or any other, much lower in energy one has
to use® higher-energy spectators but it is not
clear then how to select these events because of
initial (pn) and final (7N) effects.?® At any rate,
the data in Fig. 7 give a first look on the behavior
of the main features of the 27 7" at energies below
(32-127 MeV) threshold. Within the limited sta-
tistics and the spread in the position of the sym-
metry point over the events, the hole seems to be
present. However, the castle as seen in the M?
(7 7*) distribution (Fig. 8) has definitely disap-
peared. Note that the low 77 mass spectra are in-
sensitive to the variations in total energy.

B. Comparisons with models

Many attempts have been made in the past in or-
der to understand the features of the annihilations
at rest into three pions. These attempts fall into
two categories: final-state-interaction and dual
models.

1. Final-state-interaction models

The interactions of the particles are complicated
and any simple approach can only hope to get
broad agreements.’® Nevertheless, this has been
the standard approach® in analyzing three-body
final states. In this model the amplitude is ex-
pressed as a supperposition of two particle res-
onances and a structureless background. This
model was applied?? to the pp— 7*7"7° and, due to
its simple structure (Fig. 18), the model was
successful in the interpretation of the data. The

application* of this model, however, to the pn

— 27 7* at rest failed notably. In particular, it
was found necessary to introduce an I=2 (exotic)
nm resonance at threshold to account for the castle
and even then the fit to the data was marginal. A
modified Breit-Wigner amplitude used by Gleeson
et al.* using 14 parameters again gave marginal
fits.

2. Dual models

The gross failure of the final-state-interaction
model to describe the 27 7* data at rest led Love-
lace'® to an application of the dual-model ampli-
tudes!! that seemed to describe these data success -
fully without introducing exotics. The amplitude
which was used is

I'(l —a,)rQ -a,)
re-a,-a,) ’

A(s,t) o (M
where s,t are M*(r*7] ,) and M*(r"m, ,), respective-
ly. a,and o, are the known Regge-trajectory par-
ameters. For example,

a,=0.483+0.0885s +10.28(s/4m,2)* /2. (8)

This amplitude generates peaks and valleys at the
singularities of the I" functions (see Fig. 21) and
in particular predicts peaks at the castle and
tower A, and a suppression at the hole. This ini-
tial qualitative success led to increased efforts in
understanding the details. Altarelli and Rubin-
stein'? pointed out the deficiencies in the one-term
dual amplitude and constructed a more general
amplitude by adding “satellite” terms. They fitted
the projections (Figs. 4 and 5) of the Dalitz plot
and defined a three-term amplitude which was
later'® justified by considering factorization of the
five-point function. A more general approach
based on five-point functions was made by Bender
and Rothe.'* Many other attempts'®!” were made
without improved results. The best fit to the data
has been made by Gopal et al.!®* They were the
first to fit the Dalitz plot instead of the projections
in which many details were washed out. They used
the Altarelli-Rubinstein amplitude and by careful
consideration of the coefficients and of the imagin-
ary part of the p trajectory succeeded in getting
the best fit so far to the data.

It may be useful to illustrate the kind of fits that
these models achieve by comparing the data with
the Lovelace and Gopal ef al. amplitudes. Using
their parameters and Monte Carlo techniques as
many 27 7" events were generated as the data and
are compared vis a vis in Figs. 22 and 23 and Fig.
16. Neither fit reproduces the depth of the hole
and other details.

The qualitative interpretation of the most prom-
inent features of the data by the dual models is
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FIG. 20. Comparison of all available pd —27~ 7*p¢ Dalitz plots as a function of energy. At-rest and 0.2—0.4 GeV/c
data, this work; 0.42-0.92 GeV/c, Ref. 28; 1.2 GeV/c and 1.0-1.6 GeV/c, Ref. 29; 3.0 GeV/c, Ref. 30. Note the sharp
structures of the at-rest data are unique. The region 1.0~1.6 GeV/c shows dual-model-like regularities.
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0

FIG. 21. The 27" r* at-rest Dalitz plot compared with
dual amplitudes. The solid lines correspond to the
maxima of the T functions at the numerator of the Eq.
(7) while the dashed ones correspond to the maxima of
the I function at the denominator. The castle, hole,
and tower A are consistent with such an amplitude but
not tower B.

indeed remarkable. However, since these models
depend on s and ¢, they will fail in interpreting
our in-flight 27" 7* data (Fig. 12). Further they
fail badly when applied to the pp— 37° data (Fig.
24).

=35 =25 -15 -05 .05 15 25 .35

(Tv:TTr-)/ﬁ Q

FIG. 22. Comparison of the 27" r* at-rest Dalitz plot
according to Lovelace (left half) with the data (right
half).

-3 =25 15 -05 .05 15 25 35

(TFTIABQ

FIG. 23. Comparison of the 27” * at-rest Dalitz plot
according to Gopal et al. (left half) with the data (right
half).

C. 27 7* quantum numbers

The intriguing 27" 7" at-rest Dalitz plot for which
no satisfactory interpretation has yet been found,
the observations on 27 annihilations®*2? in regard
to S capture, and the I-spin-violating neutral ex-
cess?? invite the following questions.

-35 -.2IS -.115 -05 05~ 1S .25 35
(T T V3 Q

FIG. 24. Comparison of the 37° at-rest Dalitz plot
according to Lovelace (left half) with the data of Devons

et al. (right half).
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1. Do the 2n~n* come from S states?

It was generally believed on good theoretical
and experimental grounds that the capture of anti-
protons at rest proceed via S Bohr states until the
observation of the 27° by Devons et al.?° confirmed
recently by Dalpiaz et al.2* Gray et al.,? by mea-
suring the m7°/7* 7" in deuterium, reached similar
conclusions. Thus, on the basis of the 27 annihil-
ations, there is no evidence in H, or D, that the
annihilations proceed via S states. However, the
annihilations® into K°K° are in agreement with the
S capture hypothesis. These observations on
channels with branching ratios of ~(1-3)X1072 can-
not be extrapolated to the total or to other chan-
nels. Therefore, the question of the capture lead-
ing to any channel is open. We would like to argue
here that the 27~ 7* Dalitz plot is not inconsistent
with S capture.

The sharp features of the Dalitz plot and in par-
ticular the hole make very probable the hypothesis
that they belong to definite quantum numbers.
Comparison of the data (Fig. 3) with the zeros of
the matrix elements implied by the symmetry®
excludes J¥=1-, 2*, 3-. These J¥ states have
zeros all along the boundary and there is no such
evidence in the data. Further, J¥=1*, 3* imply
zero for zero 7" kinetic energy and this is not
supported by the data. Thus, independent of iso-
spin considerations, the only possible J* assign-
ments are 0-, 2, etc. The pp intrinsic relative
parity has been confirmed® to be negative and
thus we conclude that the only possible pn states
are 'S, 'D,,... .

2. Is the hole a consequence of symmetry suppression?

The depth and the proximity of the hole to the
symmetry point raises the question of whether it
may be due to symmetries. The only possible 37
state that can produce a zero at the center of the
Dalitz plot is I, J¥=2,0-. It is therefore impor-
tant to locate the exact position of the minimum
to eliminate such a possibility. In Fig. 17 an at-
tempt is made to identify the position of the min-
imum independently of specific models. Although
it seems that the minima of the polynomial fits
are outside the symmetry point, we believe that
on the basis of statistics, diffusion of the sym-
metry point due to the spectator, and the uncer-

tainties in the parametrization of the density it is
premature to exclude the possibility that the mini-
mum coincides with the symmetry point.

IV. SUMMARY AND CONCLUSIONS

The 27 7" Dalitz plot from pd at-rest annihila-
tions is revisited with almost twice the original
events. They are presented in convenient forms
that allow independent studies. The striking hole-
enhancement structures originally seen have been
further enhanced and new “microstructures” are
emerging requiring more data on this channel.

We have looked at the dependence of the most
pronounced features (hole and castle) of the 27" 7"
Dalitz plot at rest as a function of the 27" 7* mass
and in other charged states (37°, 7*7"7°). For the
first time, data on this channel above and below
threshold are presented. These data and other
data at higher energies show that the hole and
castle are principally characteristic of the at-
rest annihilations. The 37° at rest seem to have
these structures, although less pronounced, but
not the 7' 7" 7%,

Final-state-interaction models require an unac-
ceptable I=2 77 resonance near the 27 threshold.
Dual models of Lovelace and others appear to have
the right structure for the hole and castle but they
fail in getting the depth of the hole and making
overall good fits. Further, they do not consis-
tently fit at other energies and other channels
(37°, 77" 1°). We thus conclude that there is no
satisfactory and consistent model describing NN
— 3.

Based on general symmetry principles we con-
clude that J¥=0" or 27, etc., for the 27 7 at rest.
Further, if the hole is interpreted as the result of
symmetries then J¥ =0 and I=2. If this were
true then the “minimum” of the hole has to coin-
cide with the symmetry point. The present data
do not exclude this possibility.

Further experimental and theoretical studies of
37 annihilations, particularly around threshold,
are imperative in order to understand these in-
triguing features of the 27" 7" annihilations at the
NN threshold.
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