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Results on antiproton absorption at rest in gaseous nitrogen and deuterium are presented from an
analysis of approximately 10° events each taken with a magnetic spectrometer. Inclusive features
such as pion and proton multiplicities and spectra are presented. Data relating to absorption modes
requiring more than one nucleon, such as the A yield, the A spectrum, and the exclusive deuterium
channels pd—sm"p, AK*m~ are discussed. The fully reconstructable channels
pd—atr o p,m w7 m 7 p also show a high-energy proton tail unaccounted for by single nu-
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cleon rescattering mechanisms.

I. INTRODUCTION

The ASTERIX spectrometer' (antiproton stop experi-
ment with trigger on initial x rays) was operated at the
low-energy antiproton ring (LEAR) at CERN to study pp
annihilation at rest in hydrogen gas. The ongoing
analysis of the several million events focuses on meson
spectroscopy, > while the published data have dealt with
protonium x rays* and two-body annihilation channels.?’
In this paper we report on a smaller data sample with

gaseous nitrogen (7X10° events) and deuterium (10°

events) targets. Our interest in this deviation from the
main goals of the experiment was stimulated by a pilot
study of p-annihilation events in argon,® which appeared
as an unwanted background in our 1983 run, when the
minimum antiproton momentum accessible at LEAR was
300 MeV/c and the p-stopping distribution showed tails
extending into the argon circulating through our inner-
most drift chamber. This study made us realize that,
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apart from early bubble-chamber’ ~!! and emulsion!? data
of limited statistical significance, nearly no data exist for
nuclear antiproton absorption at rest into exclusive chan-
nels and that even the single-particle inclusive spectra for
pions and nucleons are known for but a few nuclei.!* The
experimental situation is slightly more favorable for an-
nihilation in flight at 600 MeV/c, where LEAR experi-
ments have furnished data on pion, proton, and other
charged particle multiplicities and spectra for °Ne (Ref.
14), °C, ¥Y, and *U (Ref. 15).

The shortage of data on nuclear antiproton absorption
is particularly noticeable if a serious attempt is being
made to test an increasing number of theoretical calcula-
tions dealing with this subject. Extensive predictions ex-
ist from three variants of an intranuclear cascade model
originating from Moscow,!®!7 Liege (Belgium),!®!° and
Los Alamos.?® The basic philosophy of these codes is
similar and also in agreement with the main features of
the nuclear annihilation process, which is pictured as a
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quasifree annihilation on a bound nucleon at the nuclear
surface and the subsequent interaction of the annihilation
products with the remaining nucleus. The initial pion
and kaon multiplicities and momentum distributions are
modeled after the existing hydrogen and deuterium data.
The observed distributions in the nuclear case, as our
data also show, do not differ very much from the nucleon
case. The pion multiplicity, at least for the lighter nuclei,
decreases only by 5 to 10% and the seemingly thermal
nature of the pion, proton, and lambda spectra reflects
essentially the Maxwell-Boltzmann-type distribution of
the corresponding proton and deuterium distributions,
which are well described by a single temperature parame-
ter.!>21723 However, it is also apparent that the exam-
ination of these global features will not suffice, if a more
detailed understanding of how the multimeson final state
propagates through the nuclear environment is to be
achieved. The influence of pion absorption (on two nu-
cleons) versus the scattering of the pions on single nu-
cleons, the role of the A resonance, issues which tradi-
tionally have also been debated for pion-nucleus interac-
tions, are also appearing here.!%171%2425 Ip this context
the study of correlations between the particles in the final
state may be particularly useful. Invariant mass distribu-
tions of pion-proton pairs may signal the A resonance'®
and two-nucleon invariant mass distributions, the pion
absorption,?* or even the more exotic absorption mecha-
nisms of meson resonances such as 7 and w, first advocat-
ed by Iljinov et al.'® For this purpose a large solid angle
spectrometer, as the ASTERIX detector was well suited,
and our study may provide guidance for the more ambi-
tious program of the OBELIX experiment?® planned at
LEAR. The direct comparison with the proton and deu-
terium data taken with the same detector eliminates to a
large extent the experimental uncertainties in the nuclear
to nucleon comparison, in particular those arising from
the incomplete solid angle.

A certain class of antiproton reactions at rest is only
possible with 4 =2, since it involves the interaction of
the p with at least two nucleons. It includes all channels
with a hyperon in the final state, such as
PN(A,Z)—>N(A—2,Z—1)AK(mw) and ‘Pontecor-
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vo0”?" reactions like pd — " p. These reactions can occur

via conventional mechanisms, normally described by tri-
angular graphs (Fig. 1), where pp or pn annihilation on a
bound nucleon (baryon number B=0) is followed by ab-
sorption or charge exchange of the primary pion (or
kaon) on another nucleon. They can also occur as a
direct B=1 process with—on the quark level—
rearrangement, annihilation, or creation of gg pairs start-
ing from a (6¢3g) system. Predictions exist within a sta-
tistical model?® and a model where pions produced in the
annihilation may be off the mass shell creating nuclear
particle-hole pairs.?’ Already the first bubble-chamber
study of p '>)C contains one very nice example of a A
event.” We have studied inclusive A production for “N
and exclusive channels for H, for which limited previous
data exist.!»3® The inclusive strange-particle yield has
also been mentioned in connection with speculations that
the p annihilation may transfer enough energy to the nu-
cleus®! to create a new phase of nuclear matter, the quark
gluon plasma phase.3?”3* These models were stimulated
by the observation of a high yield of A’s from p Ta in-
teraction at 4 GeV/c (about 10% of the total cross sec-
tion)*® and a substantial high-energy tail in the spectator
proton distribution in pd —KK (m)p,.>® For the chan-
nels pd —27 7t p, and pd — 37 2wt p, we have recon-
structed the proton spectrum either from visible protons
or from the pions only. The high-energy tail is observed,
too, as has been shown previously with less statistics in
bubble chambers,?! ™2 i.e., associated strangeness pro-
duction is by no means a prerequisite for this tail. How-
ever, a satisfactory explanation does not exist yet.3’ For
complex nuclei the high-energy proton tail was also unac-
counted for in early intranuclear cascade calculations.?®
It has, however, been argued!® that enough uncertainty
exists in these models for a conventional explanation of
this feature. Off-shell pion production in pN may also
enhance high-energy nucleon emission,*® but again a
description of the complete spectrum has not been
achieved. Only more precise data on more nuclei will
help to solve these problems.

The deuterium data also yielded, as a byproduct, -
branching ratios for the following channels:

P K (77)
n mesons
p-——b

d A(p)

FIG. 1. Possible mechanisms for nuclear p absorption illustrated for deuterium. a: Annihilation on the neutron with a low
momentum proton spectator. bl: Rescattering with a resulting high momentum proton. b2: Charge exchange. cl (c2): A produc-

tion by 7 (K) rescattering. d: Two-nucleon annihilation.
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FIG. 2. Radial (left) and axial (center and right) distribution of annihilation vertices. Left and center: 200 MeV/c p: solid curve:
¥N,; dashed curve: 'H,. Right: 100 MeV/c p; solid curve: 2H,; dashed curve: 'H,. The 'H, distributions are multiplied by an arbi-

trary factor.

pd —»77_p,7r+77_n5, KK “ng, which are reported below.
Lastly we have also used Bose-Einstein correlations of
identical pions to study the space-time evolution of the
pion source in pd and p "*N (compared to pp). These re-
sults, reported elsewhere®> in general support the con-
clusion of a peripheral annihilation with only mild
influence on the nucleus.

II. EXPERIMENTAL DETAILS

A. Setup

For our nitrogen data antiprotons were extracted from
LEAR with a momentum of 200 MeV/c. After passing
through suitable degraders and a beam defining scintilla-
tor they entered a gas target (length 80 cm) with a residu-
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al momentum of 68 MeV/c and then stopped near the
center of the target. The range straggling produced a
Gaussian annihilation depth of 20 mg/cm? full width (see
Fig. 2). At this momentum the hydrogen stopping distri-
bution was three times wider in length and also extended
radially into the drift chamber, which surrounded the
target. To avoid acceptance corrections we prefer to
compare our nitrogen data to the deuterium and hydro-
gen data taken one year later with 100 MeV/c p momen-
tum, which showed similar radial and axial distribution
of annihilation vertices. The average antiproton intensity
used was 3 X 105 sec ™.

For completeness we show our spectrometer in Fig. 3,
but limit its discussion to those features relevant to the
data presented here. The drift chamber (XDC) was
equipped with a 6 um Mylar inner window transparent to

i

FIG. 3. The ASTERIX spectrometer. (1) Hydrogen (nitrogen) gas target. The small disks at the end and at the entrance are the
scintillators defining the incoming p and vetoing a nonstopping p, respectively. (2) Spiral projection chamber (50% Ar, 50% C,H,
gas). (3) Lead foils to convert photons. (4) Cylindrical multiwire proportional chambers; C,,C,,Q,,Q,,Q; with anode (wires parallel to
beam axis) and cathode readout (helical strips); P;,P, anode readout only. (5) Coils and (6) yoke to produce a 0.8 Tesla axial field. (7)
Endcaps with hexagonal multiwire proportional chambers for position-sensitive photon detection.
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FIG. 4. Top: Truncated mean of pulseheight in the XDC
(N,). Left: Negative particles; right: positive particles. Center
and bottom (left): pd —37 2wt ma°p, scatterplot total energy
(—3m,) versus total momentum (|p|) of the pions with no pro-
ton seen (center) in the five-prongs data sample and versus the
proton momentum (bottom) in the six-prongs data sample with
one detected proton. Right: Projections onto the energy axis.
The dashed line indicates the polynomial fit to the background
under the peak.

low-energy x rays. We observed the higher principal
quantum number lines of the antiprotonic nitrogen atom
cascade (n=10 to n=6, see Ref. 6), but not those im-
mediately preceding the absorption from the n=3 level,
since the XDC, which was designed for the detection of
the Lyman and Balmer series in protonium,* was not
efficient for the 56 keV, n=4 to n=3 transition.** How-
ever, the integrated charge collected on several sense
wires in the XDC also gave multiple samples of the ener-
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gy loss per path length. We used this information to
discriminate protons against pions. The truncated mean
energy loss versus momentum of the particles is shown in
Fig. 4 for positive and negative particles; the proton band
is clearly visible. Kaons could in principle be dis-
tinguished too,! but in the nuclear case they disappear in
the tails of the pion and proton distributions, which are
somewhat wider than reached in other runs,! because
during the N, runs less calibration data were taken. The
energy-loss distribution for positive particles shows no
peak indicating the clear presence of deuterons or heavier
particles. Comparison of the deuterium target data with
the nitrogen target furthermore show that these heavier
particles could contribute at most 10% background to
the proton spectrum; below 300 MeV/c deuterons cannot
be observed due to insufficient range. These findings
are consistent with the '>C results of Ref. 13 which
give a deuteron to proton rate of 9%. With the
seven cylindrical multiwire proportional chambers
(C1,C5,Q1,Q,,P1,Q3,P,) surrounding the XDC the pion
momentum could be determined in the 0.8 T magnetic
field with a typical resolution of 7.5% full width at half
maximum (FWHM) (deduced from exclusive channels in
H,, Ref. 1), while the proton momentum could only be
measured to 15% due to multiple scattering (estimated
from the width of A signal, see below). Our complete
data sample comprises 3.4X10° events for N, and
1.3X 10° events for D, taken with the minimum bias p-
stop trigger condition, requiring only the disappearance
of an antiproton in the target. 3.3X10° and 4.0X10°
events, respectively, were taken with a multiwire propor-
tional chamber (MWPC) multiplicity trigger,! which re-
quired at least two hits in chambers C,, C,, Q,, and P,.
For ?H, an additional sample of high multiplicity ( > four
tracks) sample of 5X10° events was taken, too. All in-
clusive spectra and particle multiplicities are derived
from the minimum bias data. The information from the
v detectors mounted on the endcaps of the solenoid was
ignored in our analysis.

B. Pion and proton spectra

After pion and proton separation the projection of the
two-dimensional spectra shown in Fig. 4 onto the
momentum axis is displayed in Figs. 5 and 6. For pions
(Fig. 5) the acceptance of our spectrometer reached a pla-
teau of 70% (see next chapter) for p, >80 MeV/c; the
minimum detectable momentum was 40 MeV/c. At
these low momenta pattern recognition was found to be
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FIG. 5. Pion momentum spectra for 'H, ?H, and '*N. The curves show the Maxwell-Boltzmann distribution fits to the spectrum
(see text for limits). For hydrogen and deuterium the low-energy part is not in agreement with this ansatz (see also Fig. 7).
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FIG. 6. Left and center: inclusive proton spectra for nitrogen and deuterium; top: proton candidates and pion contamination ex-
trapolated from fitting the 7~ spectrum to the proton spectrum in a selected subregion of the energy loss; bottom: background sub-
tracted spectra. Right: complete proton spectra for pd — 37 27 p; (top) and pd — 27~ 7" p, (bottom); dotted curve: Fourier trans-
form of Hulthén wave function; solid curve: Maxwell-Boltzmann distribution.

unreliable, because normally only four track points were
seen. Thus we exclude the region below 80 MeV/c from
all our considerations and also do not attempt to inter-
pret possible structures seen there. The probability for
pion decay before chamber Q, was less than 5% for
p,>150 MeV/c. For a relativistic Maxwell-Boltzmann
distribution the momentum spectrum follows

dN /dp = A(p®/E)exp(—E /E,) ,

where the normalization constant 4 and the temperature
E, are experimental parameters. For hydrogen and deu-
terium such a parametrization only describes the pion
spectra above p, > 300 MeV/c, whereas in N, the lower
limit is 100 MeV/c (Fig. 7). Table I lists the parameters.
The proton spectra require two adjustments. First, at
least 130 MeV/c of transverse momentum is required to
reach P;. This includes the energy loss in the XDC outer

shell and in the MWPC’s (270 mg/cm?) and explains the
sharp low momentum cutoff in the proton spectrum. We
determined the proton momenta from the track sections
between chambers C, and P, and corrected for the energy
loss before C, by tracking the protons back to the target.
Secondly, the spectrum of proton candidates (Fig. 6) had
to be corrected for the pion contamination (see Figs. 4
and 6). The background free spectra can also be fitted
with a Maxwell-Boltzmann ansatz and the temperatures
are listed in Table I.

For two exclusive channels in deuterium the recon-
struction of the complete proton spectrum is possible, be-
cause all pions are charged and detected. Figure 4 shows
the total energy carried by the five pions and by the pro-
ton (E=3’_E,;+E,—3m,) versus the total pion
momentum (|pp |=]3?_,p;|) or the measured proton
momentum for the channel pd —27 37 (p,). Since the
spectator proton carries only momentum, but nearly no
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FIG. 7. Maxwell-Boltzmann fits to the momentum spectra: E /p>*dN /dp ~e " £/T. The temperatures are given in Table I. Top
left: pions, top right: protons, bottom left: pd — 37~ 27 p,, bottom right: pd — 27~ 7" p,.
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TABLE 1. Parameters for the fits to the pion and proton spectra of Figs. 5 and 6. E,: Temperature characteristic for the
Maxwell-Boltzmann distribution; Y, Yyp relative yields for the spectator and thermal part of the spectrum respectively; u: Range

parameter for the Hulthén wave function.

Results
Range of fit This Other
Target Channel Particle (GeV/c) Parameter experiment experiments
'H all o 03<p,<09 E, MeV) 128+1 128+1, Ref. 21
H T 0.3<p,.<09 E, (MeV) 1261 12411, Ref. 21
“N T 0.1=p,.<0.9 E, MeV) 131+1
2c T E, (MeV) 136+3, Ref. 13
H all p 02<p,<09 E, (MeV) 64+1
N )2 02<p,<09 E, MeV) 6611
2c )4 E, (MeV) 78+4 Ref. 13
H 3r2mt p pp =02 Y, (%) 7912
n (MeV/c) 87+2
P,z0.2 Yup (%) 21+£2 23+1, Ref. 54
E, (MeV) 55+1
’H pX p p, <02 Y, (%) 75+2
© (MeV/c) 105+2
p,20.2 Yup (%) 2542 25+2, Ref. 22
E, (MeV) 98+3 80, Ref. 22

kinetic energy, the events without any missing 7° produc-
tion cluster along the E=0 line, for higher momentum
the proton is actually seen in most cases. Projecting
slices in momentum onto the energy axis and fitting a
third-order polynomial to the #° background, as indicat-
ed in Fig. 4, yields the background free spectra shown in
Figs. 6 and 7. The pd —m 27 (p,) channel is treated
similarly. The spectra can be fitted with the Fourier
transform of an exponential Hulthén wave function
{(f(p)~[(p/u*+p?)]?} and a Maxwell-Boltzmann distri-
bution. Other features of the pd —27 " 37 (p,) data re-
lated to the possible existence of broad mesons states*!
have been presented elsewhere. *?

C. Meson multiplicities

Our detectors covered between 89% (innermost wire
chamber) and 52% (outermost wire chamber) of the solid
J

1 fora=b=r=s5s=0

B, =

abrs —

r—a S —

0 otherwise .

The second matrix A corrects for the empirical fact that,
for high multiplicities, i.e., low average momenta and
consequently short tracks, our pattern recognition pro-
gram tends to mislabel a certain fraction of the tracks
and furthermore even for low multiplicities and Monte
Carlo generated tracks sometimes unphysical tracks are
found, if the noise hits were mixed in with their observed
frequencies.

1—(r +s)a for r=i,s=j

A= 13r+s)a for r=i+1,s=j;r=is=j+1

rsij =

0 otherwise .

angle seen from the center of the detector. The effective
threshold (corresponding to the point where 50% of the
average efficiency is reached) for pions is 80 MeV/c, for
protons 170 MeV/c. With the open cylinder geometry
two tracks are less likely to be observed, if they are per-
pendicular. We recall these facts to indicate why the
measurement of multiplicities could not reach the abso-
lute accuracy of bubble-chamber experiments. However,
the relative trends in the multiplicities for different tar-
gets could be determined quite well. The true multiplici-
ties of charged mesons (m,,,a=number of
w+,b=number of 7~ ) are obtained from the multiplici-
ties of the observed tracks (n, ) through a linear trans-
formation: n,,= Z}j Xgpijm;j- The transformation ma-
trix X is the product of two matrices 4 and B, where B
contains binomial coefficients multiplied with powers of
the mean acceptance parameter gq.

r ][ Sb]q(r+s>(1__q)(’+5_”_b) for r=a,s=b

[

For a+b <8 (total observed pion multiplicity) and
la —b| =3 (net charge limited to |Q| <3e) the 27 experi-
mental quantities are fitted with six parameters for
hydrogen: the geometrical acceptance factor
(g =0.72540.008), the probability that a track was un-
physical (¢=0.038+0.006), and the four true multiplici-
ties mgyy, my;, m,,, and ms;. The inclusion of the param-
eter a changes the average multiplicity by approximately
a factor 1—a, but does not affect the distribution very
much. It, however, significantly improves the fits to
those components of the vector n,, with large values of
laxb|. For deuterium the m,;;,,; components (net
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charge —1) also have to be included in the fit to account
for annihilation on the neutron. Here the entries into the
multiplicity distribution for positive tracks are weighted
for w1 and protons, according to their measured energy
loss. Since we fix the acceptance (and a) at the hydrogen
values we are left with eight free parameters. Since for
nuclei secondary charge exchange processes like
7t n—u° or m~p—7°n are possible, the net charge dis-
tribution is not limited to Q=0 or —e, but may extend,
e.g.,, from Q =2e to Q = —3e, if one allows up to two
charge exchanges per event and does not include protons.
For N therefore the fit includes 22 parameters m;;, with
i —jl £3,i,j <4,i +j<7. The results for the total pion
multiplicities are summarized in Table II, while the net
charge distributions are given in Table III. For hydrogen
we find a slightly higher multiplicity than previously ob-
served in bubble chamber. This could be due to the fact
that we have used a gas target with 50% p-wave and 50%
s-wave absorption, while in a bubble chamber s wave
dominates. In deuterium the difference to previous
values is small, for *N the multiplicities and net charge
distributions are quite similar to the previously observed
ones for !C.

The proton multiplicities listed in Table IV were ob-
tained in a similar manner. In a first step the proton can-
didates (|p,| <170 MeV/c) are corrected for the pions
surviving the dE /dx cut (33% in *H, 17% in *N). In a
second step the geometrical acceptance is unfolded as de-
scribed above, but including the fraction of protons lost
by the dE/dx cut (g,=0.51%0.04 for *H and
g,=0.58+0.03 for '*N). We observe similar frequencies
as previously seen in a propane bubble chamber for '2C
(Ref. 9, threshold not given, but typically 140 MeV/c can
be deduced from other experiments’).

2723
D. Lambda production

Figure 8 shows the invariant mass distribution of p7~
pairs in the deuterium (top, left) and nitrogen (top, right)
full data samples. The signal in the invariant-mass range
[1112,1118] MeV/c? (90% confidence interval) contains
717 events in deuterium (664 events in nitrogen) superim-
posed on a background of 3665 (5585) events. This corre-
sponds to 11 (8) standard deviations. The signal can be
enhanced by requiring a long decay path for the A.
When asking for the primary vertex to lie in the back-
ward direction of the A momentum (see Fig. 8) the signal
is reduced to 204 (198) events and the background to 182
(353) events. Figure 8 shows the spectrum for deuterium
and nitrogen with this additional cut, the significance
remains the same while the signal/background ratio is
strongly enhanced. Since additional cuts can produce an
unknown systematic bias, we use the original sample to
calculate the A yield. For the deuterium sample we used
only the p-stop and two-prong data. In the four-prong
trigger, channels like pd —AK % K°=K; or K°—27° are
suppressed. There is no such suppression of the signal in
the two-prong data compared to the p-stop data. Howev-
er, the equivalent p-stop number for the two-prong
trigger needs to be determined for normalization. For
this purpose we scale with the rate of all p7~ combina-
tions in the larger mass interval [1110,1120] MeV/c?,
where the background dominates the A signal.

The geometric acceptance of a pm~ pair with an in-
variant mass in the A window is calculated using Monte
Carlo simulation. Events are drawn for pd —AKnw
(n=2,3), assuming phase-space distribution. The decay
products of the lambda are tracked through the detector,
using the known efficiencies of the wire chambers. The

TABLE II. Observed and corrected multiplicity distribution (%) (both charge signs included). The statistical errors of the input
quantities are less than 0.1%. For comparison, data from previous bubble-chamber experiments are given.

IH IH lH IH ZH ZH ZH 12C 14N MN

Seen Real Ref. 552 Ref. 562 Seen Real Ref. 23 Ref. 7 Seen Real

0 8.6 2.9 3.7 4.5 5.7 1.7 3.7 1.8 8.0 2.5
+0.5 +0.2 +0.2 +0.6 +0.2 *+1.0 +0.2

1 21.8 19.5 2.7 7.2 14.7 23.8 10.1
+1.2 +0.4 +2.5 +0.5

2 324 39.8 45.6 43.0 314 234 24.2 22.9 32.7 26.0
+1.8 +0.5 +0.6 +1.7 +0.6 +2.8 +0.9

3 20.8 25.4 30.2 25.5 30.0 21.9 30.7
+1.9 +0.9 +2.9 +1.0

4 13.0 52.7 46.9 48.4 13.2 27.1 26.8 19.4 10.4 21.5
+1.7 +0.5 +0.6 +1.7 +0.7 +2.7 +0.7

) 2.5 3.7 7.8 9.8 10.0 2.5 7.0
+1.1 +0.5 +1.8 +0.5

6 0.9 4.6 3.8 4.1 0.9 2.8 2.5 1.2 0.6 1.4
+1.0 +0.2 +0.2 +0.8 +0.2 +0.8 +0.3

7 0.2 0.5 0.3 0.1 0.8
+0.5 +0.1 +0.2
(n_1) 3.18 3.02 3.04 3.10 3.05 2.85 2.89
+0.10 +0.03 +0.03 +0.12 +0.05 +0.10 +0.09

“Based on number of charged prongs given in the reference.
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TABLE III. Net charge distributions (in %) observed in our and other experiments.
ZH lZC
Ref. 23* Ref. 57° “N Ref. 8 Ref. 9 Ref. 7 Ref. 10°
3 1.2 0.2 0.9 0.0 0.0
+0.2 +0.1 +0.1
2 3.9 2.1 1.8 5.3 22
+0.4 +0.2 +0.2 +1.7
1 14.2 17.5 12.5 15.2 12.0
+0.8 *0.5 +0.4 +2.5
0 55.0 57.2 57.1 39.5 383 43.0 39.2 42.8
+2.6 *1.1 £3.0 *1.0 +0.8 $0.8 +2.9
-1 45.0 42.8 42.9 31.1 33.7 345 37.4 34.7
+2.6 *1.1 *3.0 +0.8 +0.7 +0.7 +2.9
-2 8.0 7.8 6.5 2.9 8.0
+0.5 +0.3 +0.3 *1.3
-3 2.1 0.6 1.0 0.0 0.7
+0.3 +0.1 +0.1
n(r )—n(mz") 45.0 42.8 429 27.8 34.5 33.0 17.4 35.9
All events +2.6 *1.1 +3.0 +0.6 +2.1 +2.5 +5.7
ni/n__ 0.758 0.754 0.753 0.800 0.780 0.784
+0.008 +0.007 +0.012 +0.08 +0.012 +0.015
(n_+) 3.10 3.05 3.07 2.89 2.79 2.72 2.85
+0.12 +0.05 +0.08 +0.09 +0.04 +0.03 +0.10
mean value 3.06 2.89 2.75
+0.04 +0.09 +0.02
Aln 4) 0.06 0.10
— +0.03 +0.02
( n -t >

#Derived from pn /pp =0.749+0.018.
*Derived from pp /pn =1.33+0.07.
“Intranuclear cascade model predictions.

main reasons for losing an event are too low pion energy
and too low proton energy. Furthermore we correct for
the unobserved neutral decay mode (n7°) and for protons
lost by the dE /dx cut. The loss is 29% for deuterium
and 19% for nitrogen. In deuterium a higher cut needs
to be set, because the pion to proton ratio is larger. Last-
ly we correct for those A’s, which decay in the XDC or
beyond (14%), where no dE /dx value can be determined.
These quantities are listed in Table V. The background is
calculated from a fit to the sidebins of the A with a third
degree polynomial. Figure 8 shows the signal after back-
ground subtraction for deuterium and nitrogen. The ra-
tio

B(p “N—A+X)/B(p’H—>A+X)=2.1+0.4

is only slightly affected the different acceptance factors;
without corrections one obtains a value of 2.4.

Because of insufficient vertex resolution, it is not possi-
ble to select a clean sample of lambda events. To con-
struct a A-momentum spectrum we subtracted from the
events in the signal region a background spectrum, using
the sidebins in the invariant-mass spectrum. Within the
albeit large statistical errors no striking difference be-
tween deuterium and nitrogen was found. The shape of
the deuterium spectrum follows published bubble-
chamber data.?” The A spectrum may also be fitted with
a Maxwell-Boltzmann ansatz. The temperatures

5746 MeV (D,) and 6210 MeV (N,)

are similar to the proton case. The temperature and A
yield for deuterium agree with previous data.2"3’

The search for events in the exclusive channel
pd—AK,—(pm~ )wT7™) yielded one single candidate,
consistent with a background event from pd —AK t7~

TABLE IV. Multiplicity distribution of protons with momentum bigger than 170 MeV/c (*H, '*N) in
%. Propane bubble-chamber data with visible protons are shown for comparison in the last column.

’H “N 2C Ref. 9
0 protons 89.0+£1.0 54.2+1.5 47.61+0.9
1 proton 10.6+0.9 27.3+£1.0 29.3+0.7
2 protons 0.3+0.1 12.8+0.8 15.0+0.5
=3 protons 5.7+0.6 8.2+0.4
(n,) 0.70+0.03 0.84+0.02
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FIG. 8. The A signal in pd (left) and pN, (right). Top and center: 7 p invariant-mass spectra using the total statistics. Center:
same as top, but with a cut around the A direction requiring the primary vertex to lie within a cone of opening angle a. Bottom:
Used data samples for the calculation of the absolution cross sections after background subtraction (polynomial of third degree fitted

to the sidebins).

with a K+ misidentified as a 7. This one event corre-
sponds to an upper limit at a level of 10~° for this chan-
nel. :

The analysis of the channel pd —AK T~ uses the full
data sample, corresponding to 2.1 X 10° stopping antipro-
tons. The event selection required four tracks (one pro-
ton candidate), zero total charge, and a p7~ pair with an
invariant mass in the A region. Under the assumption
that the second positive charged track was a kaon, the
energy balance Ey, =E,+E, ++E__—3m, is calculat-
ed. The remaining 19 events with |E,,| <120 MeV and a
missing momentum |p,; | <120 MeV/c have been
scanned optically. The Dalitz plot is shown in Fig. 9. In
the K spectrum we also included the seven events seen
with a branching ratio of (3.2+1.7)X 1073 in a bubble-

TABLE V. Quantities leading to the absolute branching ra-
tios for A production in deuterium and nitrogen.

Data H N

N (Signal) 281 738
Error from the fit 32 80
Acceptance 0.135+0.004 0.154+0.005
Number of p 691400 768 100
B(pd —A+X) 3.0+0.4 6.2+0.8

(107%)
Bizarri et al.*° 3.6+0.6

chamber experiment®® and seven AK%7° events from the
same experiment. We discuss the implications of these
distributions for A production models below.

E. Collinear events in p ?’H annihilation

The selection of collinear (pd—pm ,p,=1247
MeV/c) and nearly collinear events
(pd >m*tm n;m =m,K;p,~930 MeV/c, pg==800
MeV/c) is quite similar to the treatment to
pp—m 7w ,KTK~ data described in Ref. 5. In the
plane containing the beam axis both outgoing tracks are
collinear. The variable

1 2
r=2L 2L
b P:

is a measure of the collinearity of the tracks, where ot
denotes the momentum component parallel and p, the
component perpendicular to the beam axis.

In the perpendicular plane both tracks lie on a circle
traversing the whole detector. The centers of curvature
of both tracks should coincide. As a measure we used

X; XX,
X: ———

|X1| X |X2|
where x designates the vectors pointing to the centers of
curvature.
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FIG. 9. Left: K momentum in pd —AK "7~
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Open boxes: Ref. 30, hatched boxes: this experiment. Right: scatter plot pion

versus kaon momentum, our data. The horizontal (vertical) band shows the regions of the two modes with the experimental momen-
tum resolution indicated. ppn,—K (K “n,)—K t77 A is expected with px =800 MeV/c; pnp,—m (1°p,)—7 K T A with p,~930
MeV/c. The hatched areas show the region allowed from phase space pd —AK 7.

After a preselection of all events with two tracks and
different charges and both momenta larger than 500
MeV/c the variables ¢ and ) are calculated. Figure 10
shows the region [ —0.2,0.2] in ¢ and [0.996,1.0] in Y for
annihilation in hydrogen. The very sharp signal stems
from 7t7~ and KTK~. As these channels are not
strictly collinear in deuterium due to Fermi motion, the
same signal is broadened there (Fig. 10). The collinear
events in deuterium for pd —pm~ are suppressed by or-
ders of magnitude and are not directly visible.

To understand the background we simulated the chan-
nels pp—>wt7, K"K~ ,pd —pw~ and compared them
to the data in hydrogen. The agreement is good. In deu-
terium the low-energy part of the spectator nucleon
momentum spectrum can be approximated by a Gaussian
distribution with center at 65 MeV/c and width of 32
MeV/c. The resulting Monte Carlo spectra for the chan-
nels pd — 717 (ny) and K *K ~(n,) reproduce the shape
of the observed deuterium spectrum. The background
comes from processes like pd —7 7~ 7°(n,), where the
spectrum is uniform in ¢ while rising in }¥. A fit with
the sum of both contributions in the region [¢|
<0.2,x¥=20.996 fixes the background ratio of 37n; and
the total ratio of pd -7 7 (n;) and K YK ~(n,). The
same region is used to determine the number of
equivalent antiproton annihilations N, =776 800
151 500 used for the absolute branching ratios.

In the next step events with |¢| <0.032,y>0.999 are
selected and the appropriate fractions of N [# 7 (n,)],
N[K*K " (ny)], and N (37n,) surviving this cut are cal-
culated by Monte Carlo simulation. For the selected
events the average of both momenta is calculated and
plotted in Fig. 10. The 7" n,,K *K ~7, Monte Carlo
simulations for this spectrum are fitted with Gaussian
distributions which describe well the observed distribu-
tion within 30. The fit of the model curves contains a
single free parameter, the relative fraction of
B(K"K™ng)/B(m m n;). The results are listed in
Table VI. The acceptance for kaons is smaller due to de-
cay. Since our event selection requires a low momentum
spectator, but our results for the 37 and 57 channel de-
scribed above show a channel-independent high-energy

spectator tail, a correction of 24% is applied. For a com-
parison to annihilations in pure hydrogen the rates are
normalized to annihilation on the proton in deuterium
(56%). The relative ratio

B(K"K "ng)/B(m"m ng)=0.36+0.08

is insensitive to the high-energy spectator tail or to the
normalization to proton events and agrees with the value
found for s-wave absorption in hydrogen. >

H,

(0.2,1.0)

(-0.2,0.996)

events / 0.02GeV

06 08 10 12 14
P (GeV/c)

06 08 10 12 14

FIG. 10. Top: Collinearity spectra for hydrogen and deuteri-
um (for an explanation of the variables see text). The sharp sig-
nal of the final states with two mesons in hydrogen in broadened
in deuterium due to the spectator neutron. Bottom: Momen-
tum spectra for pd -7 p,7 7 n, K"K “n,. Left: average of
the measured momenta and fit on ww/KK fraction (7w 7~ #°
fixed from the selection criteria, shapes of the various contribu-
tions from Monte Carlo simulation), right: single helix fit to
both tracks for selection of 77 p events. The dotted lines with
maximum at 1250 MeV/c represents the shape of the expected
pw~ signal, calculated with Monte Carlo simulation.
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TABLE VI. Branching ratios for two mesons in the final state in deuterium (pd —7 7' n,,

pd—K* K " n;) and for comparison in hydrogen.

Branching ratios

wr /KK ot K*'K~

Events: y>0.999, ¢/ <0.032 22349, + 1510 5549+ Tspa

Acceptance 0.1917 0.1305

Events with low-energy neutron 1163 421

Total number of events 1564 566

B(pd—>M"*"M n;)Xx1073 2.01+0.27 0.73£0.16

B(pd —>M*M " n;)/B(pd—Xn,)X107? 3.59+0.40 1.30+0.28

Ref. 58 4.2+1.2

B(pp—>M*"M™): s wave, Ref. 5 3.33+0.17 1.01+0.05

B(pp—>M*"M™): p wave, Ref. 5 4.81+0.49 0.287+0.051
Eleven events are observed in the momentum region x (pp)—p P

[1150,1500] MeV/c. The Monte Carlo simulation for the
three background channels gives 5.5 events for this re-
gion. With the known total number of antiprotons and
an acceptance of 0.51 we obtain an absolute branching
ratio of

B(pd -7 p)=(1.4%+0.7)X107° .

To get a good separation of the channels
pp—mt 7 ,KTK ™~ from the background in hydrogen,
all measured hits are combined into a single helix fit. The
same algorithm is applied now for deuterium to reduce
the background in the region of the p7~ signal. With the
additional requirements that both tracks reach at least
the MWPC P, and have a measured momentum larger
than 1150 MeV/c, none of the 100000 generated events
appear in the narrower signal region [1200,1300] MeV/c.
Three events remain in the data. With an acceptance of
0.3 this leads to an absolute branching ratio of
(1.3+0.8) X 1077 in agreement with the previous number.
The simulated background corresponds to a branching
ratio of 2X 1078 and therefore the probability to find
three events within 776 800 annihilations is less than
1078, In nitrogen the collinearity criteria cannot be used
to look for the 7~ p channel, because the residual nucleus
carriers momentum too. A possible signal for this pro-
cess can therefore not be distinguished from the back-
ground.

F. Multimeson absorption

The term “multimeson absorption” refers to the in-
teraction of a resonance, such as 7, o, or p with the
remaining nucleons in the nucleus. Iljinov et al.!® sug-
gested to investigate 1 (and w) absorption on a correlated
nucleon pair via the process n(pp)—pp, a reaction not
unlike the well-known pion absorption 77d—pp. As
long as the 7 momentum is not too large, the proton pair
will be emitted at large opening angles (6,, >150°) and
with high energies (7,>150 MeV). Of all nitrogen
events 8.5% had two detected protons and 3.0% three
protons, leading to a data sample of 10° proton pairs. We
tried to identify the mass of the absorbed resonance x via
the relation

m3=E3—pf=(E1 +E,—m,y, )2_(P1+P2)2
=(T;+T,+Q0)—(p;+p,)* .

Such a procedure would be correct for a free diproton
target at rest, or for the reaction 7td —pp, i.e., the ab-

500
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20014

Rate / (4x10°MevZ/ct)

Difference

-60 {
0 100 200 300
Mass Squared (10°Mev?/c*)

Rate /10°

160 120 160 120
Angle (deg)

FIG. 11. Top and center: Reconstructed squared mass of
meson absorbed on two nucleons in *N giving two protons in
the final state. The dashed line (top) shows the background
fraction based on two single protons with empirical momentum
and random opening angle. Center: Background subtracted
spectrum with pion absorption (solid line) according to the
remaining fraction and 7 absorption (dashed line) with arbitrary
scale. Bottom: Opening angle of two protons. Left: Data with
background (solid histogram) scaled on (90°,120°) and predic-
tion of 7 absorption in carbon.!® Right: Comparison of simple
Monte Carlo calculations for 7 absorption (solid line), 1 absorp-
tion (dotted line), and the prediction of Ref. 16 (dashed line).
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sorption on an (mp) pair. For the peak of the 7 (7)
momentum distribution in pp annihilation p,_~300
MeV/c (p, ~500 MeV/c) the proton angular distribution
would peak at the minimum opening angle of 150° (149°)
with p, =p, =580 MeV/c (912 MeV/c). However, in our
case the diproton is bound in a mass-13 system, and is
moving with a momentum of the order of the Fermi
momentum. Since the exact state of a unobserved eleven
remaining nucleons is not known, one can only approxi-
mately correct for the binding energy (Q =22 MeV), but
not for the missing momentum and fortunately small ki-
netic energy. The absorption signal in the two-
proton—invariant-mass distribution will therefore be
broad. Figure 11 shows this distribution after a cut elim-
inating events with cosf,, > —0.9. The peak near m2=0
arises as a consequence of the angle cut. The observed
distribution can be reproduced by pairing at random two
protons, each with its measured momentum distribution.
Hence we do not find evidence for resonance assumption.
To estimate upper limits, we have tried to obtain a simple
guess of the expected signal shape in the m?2 distribution
with the following method. Events were generated ac-
cording to phase space for the reaction
x+my—my+p+p, with mi;=1[mN)+m(30)]
and m;=1[m (!'B)+m (''Be)] and a x momentum dis-
tribution given by Maxwell-Boltzmann distribution as
measured here for pions and in Refs. 43 and 44 for 7, if
one ignores the influence of the np channel (14% of all).

For the reconstruction of the mass spectrum only
events were retained for which the unobserved m;
momentum did not exceed the Fermi-momentum limit of
270 MeV/c and where the protons were within the
geometrical limits of our detector and above the momen-
tum threshold. The resulting curves are given in Fig. 11.
As expected, they are quite broad, namely
A(m2)/m2(FWHM)=23 and A(m2)/m2(FWHM)
=0.5. The calculated width for the pion curve, however,
is quite similar to that measured in pion absorption
experiments [e.g., *He 7+ —ppp, A(m?2)/mi(FWHM)
=2.7, p,=270 MeV/c, Ref. 45]. If we ascribe all events
seen within a 42% confidence interval around the expect-
ed peak position to the (7, @) absorption process we ob-
tain the following upper limits B(x) for resonance ab-
sorption on two protons:

B (1) <6%,B(71)<0.09%,B (©) <0.008% .

More realistic limits are obtained if the random distribu-
tion (adjusted at m? <0) is subtracted first, namely

B(7)<0.3% and B(7)<0.05% .

This is shown in Fig. 11 together with the two-proton an-
gular distribution for T, > 150 MeV to facilitate compar-
ison with the curves computed by Iljinov et al.!®

III. DISCUSSION OF RESULTS

A. Comparison with intranuclear cascade model calculations

Unfortunately, calculations have not been performed
for A=14 and antiproton absorption at rest. However,
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the results available for various nuclei, e.g., for the pion
and 7 absorption probability at pﬁ=608 MeV/c,* indi-
cate that the dependence on target mass is weak, e.g.,
proportional to A!/3 in this case. Since calculations and
some supplementary data exist for 4=12 and 20 we may
suitably interpolate to compare with our data. Similarly,
the dependence of relative branching ratios on the p
momentum is smooth,*® thus extrapolation to p at rest is
acceptable, too. For the high-energy tail of the pion and
proton inclusive spectra the intranuclear cascade (INC)'®
would thus predict for “N at rest the temperatures
To(p)=69 MeV (Ne value) and 111 <T,(7) <140 MeV,
while we measure 66 MeV and 131 MeV, respectively. In
view of the uncertainties of the INC calculation and the
failure of microscopic calculations to predict the high-
energy proton tail in the deuterium case (see below), we
do not rate this agreement very high. Furthermore, we
have used a Lorentz-invariant form of the Maxwell-
Boltzmann distribution, while the theoretical results ap-
ply for the nonrelativistic form (without the factor E ~},
see Sec. IIB). Our data, however, do not show the
change in slope near p, =200 MeV/c, appearing in the
predictions, and the data for = =608 MeV/c on '2C (Ref.
15) and °Ne (Ref. 14). Such a reduction has been inter-
preted as evidence for 7N interaction in the A re-
gion.!>2425 In our (7~ p) invariant-mass spectrum con-
structed for the A signal no strong A° signal appears ei-
ther. In the absence of a model for the uncorrelated
background in the 7~ p mass spectrum, no quantitative
upper limit for such a signal can be given.

A quantity, which has been used to compare the treat-
ment of pion and resonance absorption in the models,
with the data, !° is the decrease of the mean pion multipli-
city for different targets. This approach is, however, not
sensitive for the following reasons: The measured multi-
plicities come from different experiments, e.g., the '>C
data from propane bubble chamber,”® where the ratio of
P absorption in 'H and '?C needs to be known, or from
solid targets placed in liquid hydrogen,® where target
shadowing effects lead to large corrections and the an-
tiprotons are not necessarily at rest. Comparison for a
Z =N nucleus must be made to deuterium bubble-
chamber results.?> We avoided this problem by compar-
ing directly 14N and d in the same detector, but the in-
complete solid angle increased our uncertainty, too. Con-
sequently the comparison made in Table III shows that
the reduction of multiplicity for the light systems
(A=12,14) is only measured with large error bars.
Furthermore the loss of 7 and 7~ due to absorption is
partly offset by charge exchange (CE), where more 7+
and 7~ are expected to be produced by 7° than converted
into 7% In the very naive ansatz, where an average
77,77 conversion probability (fcg) is multiplied
with the remaining number of nucleons, and the ratio of
pn to pp absorption is taken from deuterium
(r=pn/pp=3) with pn—w"2r 27° and pp
—1.5771.57727° (on average), one expects the number
of 7~ [7" ] to increase by =3 fg(Z —1) [=2Zfg] for
Z =N systems. That the average exchange probability is
fairly large is apparent from the net multiplicity distribu-
tions (Table II), which show rather large entries for
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Q ==2e. Iljinov et al.'® have computed this distribution
for >C and found fair agreement; however, their calcula-
tion started from r=1, which is different from deuterium
and not justified for >C and !*N either in view of the fact
that the measured 7% /7™ ratio varies little from *H to
14N, In fact this ratio, which is the best measured quanti-
ty, may be used to estimate fg. In our naive model, this
ratio varies as

ot (

+
Z)=T—_(2H)
T

7

T
The increase with Z is indeed observed and consistent
with fog=(1.8+0.6)%. This naive model also explains
why the difference between the number of observed 7~
and 7" decreases with Z and can therefore not be taken
as evidence for a decrease of r in nuclei, as done in Refs. 8
and 9, and further as evidence for a neutron halo around
the nucleus, an interpretation which Iljinov et al.'® ques-
tioned, too. Within this reasoning a 10% increase of
(n”i ) due to charge exchange is then expected while the
overall decrease of (n_1) is only 6+3%. For 600
MeV/c the available predictions vary between 4.7 and
17 % for this reduction. Future cascade calculations
should have no problems addressing these points in
greater detail by looking both at multiplicity as well as
net charge. Furthermore the use of direct absorption sig-
nals, like we have tried with the (pp) correlations, seems a
more promising route, at least for pions, once more
statistics and better predictions are available.

For 7 absorption our data do not support the optimism
of the early calculations, 10 which lead us to expect a
strong signal. In fact these predictions (e.g., angular dis-
tributions shown in Fig. 11) do not agree with our data
and our simple Monte Carlo model. However, we are
quite in agreement with the statement*® that, “a possible
signal will be lost in the background of the pairs of pro-
tons produced in the cascade process.”

Since 0.07 7 are created per annihilation (Bp),* the
prediction*® that 28% of these will be absorbed would be
more directly and easily measurable with a dedicated 7
detector, such as the proposed Crystal Barrel.*’ Disap-
pearance of 7 and » has also been suggested*S to contrib-
ute to the A yield, via oN—>AK,nN—AK. At 608
MeV/c the predicted yield 54 — AX via these processes
account for roughly 1 of the observed yield of
1.95+0.43% (Ref. 14) in *°Ne (in !*C for P; S459 MeV/c,
2.31+0.6% is measured'!). At p;=0a yield of 0.5% is
calculated for Ne. Scaled by 4'”3 this would correspond
to 70% of the yield measured by us. This large estimate
precludes at present the interpretation of the A yield as a
signal for two nucleon absorption. For B=1 (pNN) the
strange particle yield increases compared to B=0. In-
cluding = decays 4.7% A per annihilation could be pro-
duced in this absorption model.?® OQur data would there-
fore limit the B=1 contribution to less than 13% of the
B=0 contribution. We will return to this problem in the
following section.

B. Two-nucleon absorption channels in deuterium

The relative yield for events with high-energy protons
from *N and *H
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B(p “N—p +x)/B(p2H—p +x)=4.240.4

is compatible with the ratio of nucleons on the surface.
The restriction to exclusive channels in antiproton deute-
ron annihilation, like pd —37p, or S5wp, allows a closer
view, because realistic nucleon potentials and pion
scattering amplitudes can be used. Here the inclusion of
the A resonance, first studied by Alberi et al. at inter-
mediate energies,*® is a debated issue and could change
the fraction of rescattering processes. Apart from simple
models using incoherent two-step processes, there exists
one detailed calculation®” for pd — 5mp,, where all possi-
ble triangle diagrams are included. Because this work
still ignores spin effects and other small corrections, the
results are not considered final, but they underestimate
the experimental spectrum by a factor of 4, a fact which
has been seen in the channel pd —KK2mp, to0o.%®
Zemany et al.*’ found 28.1+1.7% (31.6+1.6%) of all
Swp, (3mp,) events with a high momentum spectator pro-
ton. However since they measured at an initial antipro-
ton momentum of 1.3 GeV/c, they ascribe 6.4+0.7%
(5.31£0.4%) to initial-state interaction, which should be
strongly suppressed at rest.

From these considerations it is clear that to find evi-
dence for possible nonstandard annihilation mechanisms
one should look at exclusive channels, where predictions
include realistic properties of the deuteron. A promising
channel in this respect is p7~, which allows to compare
different approaches. The first six events seen in a bubble
chamber®® at a branching ratio of (0.940.4)X 10™° were
interpreted as originating from a three-body interaction.
This statement requires an overlap of the proton and the
neutron wave function. This can be visualized as a con-
tinuous shrinking of the triangle in Fig. 1 to a single ver-
tex with total baryon number B=1. In more fashionable
language this overlap arises from the quark compound-
bag model,”® where the deuteron exists at a level with
10% probability as a six quark state. On the quark level
a rearrangement and an annihilation graph of the quark
lines, analogous to pp—m 7", can be drawn. Alterna-
tively this reaction may be viewed as a two-step process
where in the first step the antiproton annihilates on a sin-
gle nucleon giving two mesons and in the second step one
meson is absorbed on the remaining spectator nucleon.
The calculations® depend strongly on the off-shell meson
form factors and the deuteron wave functions. Realistic
models (Paris or Reid Potentials) lead to branching ratios
less than 1075, and so this mechanism cannot describe
the measured values (1.4+0.7)X 1073, (0.94+0.4)X 1073
(Ref. 30), and (2.840.3)X 107> (Ref. 13). On the other
hand Oset and Hernandez argue>? that the absorption on
the free spectator nucleon can only proceed via virtual
mesons, which they call meson exchange current mecha-
nism (in contrast to final-state interaction with on-shell
mesons). As the phase between ppn—m 7t n—7"p
(7% intermediate) and pnp -7 7'p —7w p (#° inter-
mediate) is not known, they find a branching ratio within
the interval [0.6 X 107°,14.7X 107°] in the correct order
of magnitude.

The high rate of A production in pd at rest has been in-
terpreted as evidence for a three-body interaction, be-
cause scattering of primary kaons on the remaining spec-
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tator creating A7 could not explain the yield. In nitro-
gen, neither the angular momentum nor momentum of
the spectators is necessarily low, making a prediction
more difficult. In this context, however, the similarity of
the A-momentum spectra for 2H and *N is worth noting.
The channel pd —AKm is particularly well suited to
study incoherent rescattering in unique kinematical situa-
tions. The possible two-step production mechanisms for
a A can be written as

(pp)n—>K T (K " n)—>Ktr A (1)
(pp)n -7 (wtn)—>7"KTA (2a)
(pn)p —>m (7%)—>7 K TA (2b)

with |pgx|=797 MeV/c in the first case and |p,|=928
MeV/c in the second cases. This type of analysis was
pioneered by Bizarri et al.,’® who neglected processes
(2a) and (2b) because of the low cross sections for
mn —KA at p_ =928 MeV/c. Figure 9 shows the kaon
momentum of the 12 entries from the latter experiment
and our 19 candidates. No strong enhancement at 800
MeV/c is visible. But since the production rate for 7w
exceeds that for KK by a factor of 3 and # as well as p can
contribute, pion rescattering should be taken into ac-
count. A quantitative calculation’” of both modes and a
comparison to the A-momentum spectrum could not fit
the data but gave only a small fraction for the pion re-
scattering mode. Figure 9 shows a two-dimensional plot
of both momenta. From nineteen entries nine can be as-
signed to process (1) and three to reaction (2). The
remaining seven events could then be regarded as evi-
dence for a direct production mechanism of the A. It is
clear that dedicated deuterium experiments at LEAR
should be promoted to answer these questions seriously.
Then it would be possible to find out whether virtual ex-
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change particles do increase production rates as in the
p7~ channel. Also, the influence of resonances like 7, o,
or even p on the spectator,®® with less restricted phase
space for A production could be tested. For future calcu-
lations it may be helpful to bear in mind that our results
for the #* 777, /K TK ~n, branching indicate that the pp
initial state in deuterium is dominantly s wave for gas
(STP).

In our opinion the most successful way to look for
unusual annihilation mechanisms in the future lies in the
spectroscopy of exclusive channels where precise theoret-
ical predictions can be made. General features like
baryon production or particle multiplicities are consistent
with simple rescattering processes in first order and no
striking effect can be found. The same holds for mul-
timeson interactions.
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