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Using modularized NaI~Tl! detectors, we carried out a high statistics measurement of inclusiveg-ray, p0,
and h spectra, and determined the branching ratios or upper limits of Pontecorvo reactionsp̄d→p0n,
p0D0, hn, andhD0 from the corresponding monochromatic peaks in them. The obtained branching ratios are
B( p̄d→p0n)5(1.0360.41)31025, B( p̄d→p0D0)5(4.6761.66)31025, B( p̄d→hn),8.9431026 ~95%
C.L.!, andB( p̄d→hD0),6.4931025 ~95% C.L.!. @S0556-2821~97!04305-1#

PACS number~s!: 13.75.Cs, 25.10.1s

I. INTRODUCTION

At least two mesons are produced in the annihilation of an
antiproton with a single nucleon into hadrons. In the annihi-
lation of an antiproton with deuterium, however, reactions
associated with only one meson in the final state are possible.
Pontecorvo@1# studied the possibility of such unusual pro-
cesses which are allowed only on bound nucleons. The so-
called Pontecorvo reactions mentioned above have mostly
been treated theoretically in two-step processes~Fig. 1!, for
example,p̄d→pMN8→pN with M a meson in the interme-
diate state such asp, r, etc., andN(N8) a nucleon. The
primary interest in the Pontecorvo reactions is whether they
can be explained in two-step processes. If the explanation by
two-step processes fails or is insufficient, the question is
whether the Pontecorvo reactions are dominated by two-step
processes or by some other~more interesting! processes due
to the formation of the quark-gluon plasma@2#, etc. In case
the two step processes can explain the experimental result,
one can still probe the deuterium wave function. The branch-
ing ratios of Pontecorvo reactions should be sensitive to the
deuterium wave function at small internucleon distances, i.e.,
the high momentum components, where non-nucleonic de-
grees of freedom may play an important role. They should
also be sensitive to the behavior of the meson-nucleon form
factors, as the momentum transfer at theMNN8 vertex is
large. A short review on the Pontecorvo reactions can be
seen in Ref.@3#.

Experimental data@4–7# on the Pontecorvo reactions are

scarce except for the reactionp̄d→p2p, which has also
been studied theoretically@8–15#. The experimental values
reported for the branching ratioB( p̄d→p2p! are in the or-
der of 1025; ~0.960.4!31025in a bubble chamber experi-
ment@4#, (2.860.3)31025 in PS183 experiment~at LEAR!
@5#, (1.460.7)31025 in the ASTERIX experiment@6# and
(1.260.14)31025 in OBELIX experiment@7#. A prelimi-
nary result@8# of B( p̄d→p2p)5(1.4660.13)31025 has
been deduced from the Crystal Barrel experiment on
p̄d→p0n assuming the isospin invariance. The result of cal-
culations in two-step models strongly depends@9–11# on the
choice of deuterium wave functions~Hulthen, Paris, Bonn,
etc.! as well as on the meson-nucleon form factors~mono-
pole or dipole type, cutoff parameterL2!. Typical values
obtained forB( p̄d→p2p! are 2.731026 @9#, 3.831025

@10#, and 8.531026 @11#. Since calculations based upon the
two-step approaches usually give smaller values@12# than
the experimental ones, alternative approaches@3# have also
been elaborated, including a statistical model of evaporation
of a fireball@13#, a Reggeon diagram technique@14#, a rela-
tivistic two-step model@15#, etc. Interest in other channels
than p̄d→p2p is discussed in@3,14#. A preliminary result
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FIG. 1. Two-step processes for the Pontecorvo reaction

p̄d→p0n or p2p with M5p, r, etc.

PHYSICAL REVIEW D 1 MARCH 1997VOLUME 55, NUMBER 5

550556-2821/97/55~5!/2577~7!/$10.00 2577 © 1997 The American Physical Society



on some other channels (p̄d→hn, vn, h8n! have also been
reported in@8#.

We have carried out an experiment onp̄p@16–18# and
p̄d @19# annihilations at rest with the main aims of searching
for baryonia below theN̄N threshold and measuring the
branching ratios ofp̄p and p̄n annihilations into different
two meson channels. In the above experiment with a deute-
rium target, we have carried out a high statistics measure-
ment of inclusiveg-ray,p0, andh meson spectra. The reac-
tions p̄d→p0n andhn should show up as a monochromatic
peak in thep0 spectra at an energy ofE(p0!51253 MeV
and in theh spectra atE(h)51304 MeV, respectively. The
reactionsp̄d→p0D0(1232)andhD0, which are expected at
E(p0)51141 MeV andE(h)51191 MeV, respectively, can
also be assessed in the present experiment. Since some
amount of high energyp0 were registered as singleg rays
due to the limited modularity of theg-ray detectors, the re-
actionsp̄d→p0n andp0D0 should show up as monochro-
matic peaks also in the inclusiveg-ray spectra. We therefore
estimated the yields~i.e., branching ratios! or the upper lim-
its of p̄d→p0n andp0D0 from the inclusivep0 andg-ray
spectra, and ofp̄d→hn andhD0 from the inclusiveh spec-
tra. It is the aim of the present paper to describe the result of
the above-mentioned measurement.

II. EXPERIMENT AND DATA REDUCTION

The experimental setup was described in@16,19#. A sec-
ondaryp̄ beam at 580 MeV/c from the KEK 12 GeV proton
synchrotron~PS! was made to stop inside a liquid D2 target
of 14 cm~in diameter! 3 23 cm~length!. The emittedg rays
were measured with a modularized NaI~Tl! calorimeter as-
sembled into a half barrel covering an effective acceptance
of 22% of 4p sr. Charged particles were tracked with cylin-
drical as well as flat multiwire proportional chambers
~MWPC’s! covering 93% of 4p sr.

We obtained 1.923107 event in total under the triggering
condition of ~i! ‘‘stopping antiproton’’5 a slow antiproton
being incident on the liquid D2 cell and ~ii ! ‘‘clustering
logic’’ 5 one or twog rays falling on the NaI.

The instrumental energy resolution forp0→gg
~h→gg! should be better than that@16# of single g rays
having the same energy asp0(h), since the energy resolu-
tion DE/E of eachg ray is approximately proportional to
E20.25 for the present detector. The energy resolution de-
pends on the energy partition intog rays, but is better by a
factor of 0.89 in average. For the Pontecorvo reactions on
deuterium, it is not necessary to take into account the Dop-
pler smearing@19# of g-ray energies, which has to be taken
into account for reactions on single nucleons in deuterium.
Consequently, the full width at half-maximum~FWHM! en-
ergy resolution of thep0(h) energyE was taken as

DE/E50.055/@E ~ in GeV!#1/4 ~1!

by multiplying the energy resolution 0.062/
@E (in GeV)#1/4 @16# for g rays with the above mentioned
factor ~0.89!. The instrumental energy resolution for
p0→2g→1g ~mistaken! was also taken to be the same as
above.

The saturation of each module, typically 5% at 650 MeV,
was taken into account using data of the excitation curve
obtained for an electron beam@16# at 200, 400, 650, and 900
MeV. Overall energy scale was determined to within 2%
using 129 MeVg rays produced inp2p→p0n and 750
MeV p0 mesons inp̄p→p0r0/p0v. With the above cali-
bration, thep0 peak due top̄d→p0p2ps was clearly ob-
served near the right position of 938 MeV@20#. For the
present measurement of Pontecorvo reactions, the maximum
energies of interest~1253 MeV forp0 and 1304 MeV forh!
are substantially higher than 938 MeV. However, the energy
deposited in a single NaI module is mostly well below half
of thep0 or h energies due to the minimum opening angles
of two g rays ~discussed later! and the configuration of the
calorimeter@16#. Consequently, the maximum energy depos-
ited in a single module is less than 700 MeV, i.e., well within
the range where the gain calibration as well as the correction
for the saturation effect is precise for each NaI module. The
accuracy of the energy scale within62% is expected to be
valid at least up to thep0 energy of 1253 MeV for
p̄d→p0n ~1304 MeV for p̄d→hn! since the energy regis-
tered in each module is mostly much less than 938 MeV.

A. p̄d˜p0n and p0D0
„1232… from p0 spectra

In the data analysis, we first removed those events which
have hardware errors in readout or ambiguous tracks of the
incoming slow antiproton. The vertex was then determined
using the tracks of the antiproton and the outgoing charged
particles. For all-neutral events, the vertex was determined
from the track of the antiproton and its range estimated from
the energy loss in the 3-mm thick Si solid state detector
~SSD! @21#, which was mounted just downstream of the
beam degrader. Requiring that~i! the vertex should not be
located outside the target cell by more than 2 cm radially and
1.5 cm longitudinally and~ii ! the rms distance from the ver-
tex to the charged tracks should be less than 3 cm, we ob-
tainedNv56.933107 events with two ore moreg rays hit-
ting the NaI detector. Thegg invariant massM (gg) was
calculated@17# for any combinations of theg rays. The
M (gg) spectra for 60% of the total statistics are given in
Figs. 2~a! and 2~b! for two cases of the energy sum of twog
rays larger than 825 and 1035 MeV, respectively. For the
former case@Fig. 2~a!#, bothp0 andh peaks are clearly seen,
showing that the calculation of the invariant mass, including
the energy calibration, is good even for pairs ofg rays whose
energy sum is large. For the latter case@Fig. 2~b!#, however,
no clear peaks are seen; the absence can be explained by the
fact that the energy threshold of 1035 MeV is above the
kinematical limit of p0 or h energy in usual annihilation
processes ofp̄p or p̄n. Thep0’s andh’s in this high-energy
region are mostly fake; they must be due to accidental com-
bination of twog rays coming from differentp0’s. We se-
lected p0’s by applying an invariant mass cut of631
MeV/c2, which corresponds to about61.8s if s
;17.6 MeV/c2is taken from the energy range above 825
MeV @see Fig. 2~a!#. The above value ofs is larger than 14
MeV/c2 @20# which was obtained for allp0’s with any en-
ergies; most ofp0’s have much lower energies than 825
MeV. The degradation of the invariant mass resolution for
high energyp0’s is qualitatively explicable in terms of small
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~gg! opening angles at high energies. The obtainedp0 spec-
tra above 1000 MeV are presented in Fig. 3 separately for the
charge multiplicity of 0, 1, and 2. Thep0 spectra below 1000
MeV will be given elsewhere@20#. The peaks due to the
reactionsp̄d→p0n andp0D0 are expected to appear at 1253
and 1141 MeV with a width~in FWHM! 565.1 MeV @from
Eq. ~1!# and G561.6 MeV ~see below!, respectively. The
minimum opening angle of twog rays from p0 is 12.4°
~13.6°! at 1253 MeV~1141 MeV!.

The Breit-Wigner width for the final states involvingD0

~1232! was determined in the following way; if one ignores
the instrumental resolution, thep0 energy spectrum for the
reactionp̄d→p0D0 has a Breit-Wigner shape of

1/@E2E0!
21~G0/2!2], ~2!

where E0 is the center energy~1141 MeV! and G0
5G(D0)M (D0)/(M p̄1Md)550.4 MeV with G ~D0!,
M (D0!, M p̄ and Md the full width ~115 MeV! of
D0~1232!, mass ofD0, masses of~anti!proton and deuterium,
respectively. The instrumental resolution ofp0 energy was
then taken into account by numerically folding the above
Breit-Wigner shape with it. The folded shape was approxi-
mated again by another Breit-Wigner shape similar to Eq.~2!
with G0 replaced byG. TheG was found to be 61.6 MeV.

B. p̄d˜hn and hD0
„1232… from h spectra

The constraints on the vertex reconstruction were the
same as for thep0 spectra.h’s were selected with an invari-
ant mass cut of657 MeV/c2 which corresponds to about
62.5s with s523 MeV/c2 @see Fig. 2~a!#. The above value
of s for high energyh’s ~>825 MeV! is smaller than that

~25 MeV/c2! obtained with allh’s included. This tendency is
contrary to the case ofp0’s. When the energy increases,
there must be two effects on thegg invariant mass resolu-
tion; one is an improving effect due to an improvement of
eachg-ray energy resolution, and the other a degrading ef-
fect due to decreasing opening angles of twog rays. The
observed improvement is explicable in terms of dominance
of the former effect. The degrading effect will be small since
the opening angle is always much larger than the minimum
separation angle which is 10° with the present detector@15#.
The obtainedh spectra above 1000 MeV are presented in
Fig. 4 separately for the charge multiplicity of 0, 1, and 2.
Most of h’s have energies below 1000 MeV; theh spectra
below 1000 MeV will be given elsewhere@20#. The peaks
due to the reactionsp̄d→hn andhD0 are expected to appear
at 1304 and 1191 MeV with a Gaussian width~in FWHM! of
67.1 MeV @from Eq. ~1!# andG of 61.6 MeV, respectively.
TheG for p̄d→hD0 is almost the same in magnitude as for
p̄d→p0D0~see Sec. II A!. The minimum opening angle of
two g rays from h is 49.8° ~54.9°! at 1304 MeV ~1191
MeV!.

FIG. 2. Thegg invariant mass spectra for twog rays with the
total energy larger than~a! 825 MeV and~b! 1035 MeV. Only 60%
of the total statistics is included in the figure.

FIG. 3. Inclusivep0 spectra fromp̄d annihilation at rest. The
0-pronged spectrum is given in the fractional binning~see the text!.
A solid curve gives the fit~see Table I for the fit and the text for
x2/NDF!. The horizontal arrows at thep0n and p0D0 positions
show the instrumental widths~see the text! of 632.6 MeV in
6FWHM/2 and630.8 MeV in6G/2, respectively.
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C. p̄d˜p0n and p0D0
„1232… from g-ray spectra

The same constraints as for thep0 spectra were adopted
in the vertex reconstruction. The statistics of the incident
antiprotons for theg-ray spectra was about 6% higher than
for thep0 andh spectra, due to an accidental loss of some
data tapes for the latter. We obtainedNv57.323106 events
and Ng56.703106 g rays above 10 MeV. The obtained
inclusive g-ray spectra below 1000 MeV are given in@19#
separately for each charge multiplicity as well as for their
sum. For the Pontecorvo reactions, however, the relevant en-
ergy is much higher. Theg-ray spectra above 1000 MeV are
given in Fig. 5 separately for the charge multiplicity of 0, 1,
and 2. The expected positions and the widths of the mono-
chromatic peaks should be the same as in thep0 spectra
described in Sec. II A.

III. RESULTS

The branching ratio B( p̄d→MN) of the reaction
p̄d→MNwith M5p0 or h and N5n or D0 satisfies the
following relation:

Np̄«B~ p̄d→MN!5A, ~3!

whereA is the area~total number of events! of the mono-
chromaticp0 or h peak~above the background! due to the
assumed reaction,Np̄ the number of stopped antiprotons and
« the overall detection efficiency.

We estimatedNp̄ in two different ways@17,20# ~i! divid-
ing the totalp0 ~or g-ray! intensity by the detection effi-
ciency and~ii ! dividing the number of events after vertex
reconstruction~ Nv! by the efficiency of the cluster logics
~one or twog rays falling on the NaI!. The efficiencies were
obtained by a Monte Carlo calculation. Both methods gave
consistentlyNp̄51.253107 and 1.323107 antiprotons for
the final states with the charge multiplicityNch>1 forp0 ~or
h! andg rays, respectively, within an ambiguity of 5%. The
Np̄ for Nch50 was taken to be larger than the above by 31%
due to the looser vertex cut, as already described in Sec. II A.

The efficiency« is given as a product of the following
four factors:

~i! «g5geometrical acceptance for the detection ofp0 ~or
h!→gg. Loss ofg rays due tog→e1e2 conversion~6% per
g ray! in target and vacuum chamber walls is taken into
account. It was obtained by a Monte Carlo calculation and is
given in Fig. 6.

FIG. 4. Inclusiveh spectra from p̄d annihilation at rest. The
horizontal arrows at theh n andhD0 positions show the instrumen-
tal widths ~see the text! of 633.6 MeV in6FWHM/2 and630.8
MeV in 6G/2, respectively.

FIG. 5. Inclusiveg-ray spectra fromp̄d annihilation at rest. The
0-pronged spectrum is given in the fractional binning~see the text!.
A solid curve gives the fit~see Table I for the fit and the text for
x2/NDF!. The horizontal arrows at thep0n and p0D0 positions
show the instrumental widths~see the text! of 632.6 MeV in
6FWHM/2 and630.8 Mev in6G/2, respectively.

2580 55M. CHIBA et al.



~ii ! «15efficiency of invariant mass cut forp0 ~h!50.93
~0.98! for the cut at61.8s ~62.5s!.

~iii ! «ov50.90 due to the decrease in the detection effi-
ciency caused by the existence of additional charged par-
ticles ~for D0→p2p! or p0→gg ~for D0→p0n! overlap-
ping the monochromaticp0 or h. It was estimated by a
Monte Carlo calculation for the final states involvingD0.

~iv! «br5branching ratiosB(D0→one- or two-pronged
state!50.41, B(D0→0-pronged state!50.59 and
B(h→gg)50.39. The former two values are obtained by
correcting the branching ratiosB(D0→p2p!50.33,
B(D0→p0n!50.67 forg→e1e2 conversion~6% perg ray!
before entering the NaI calorimeter. Registration of
D0→p2p into 0-pronged spectra due to an inefficiency of
charged particle tracking~7% per charge! is negligibly small.

The values of« are listed in Table I. Its overall ambiguity
is about 10% of«.

To obtain the areaA, thep0 of h spectrum was fitted with
a narrow Gaussian shape~or a Breit-Wigner shape for the
case of recoilD instead of neutron! centered at about the
expected energy superimposed to a background ofa
1b exp(cE), wherea, b, andc are constants andE is the
energy. Forg rays, the constant term (a) in the background
was changed to a linear function of energy to get a good fit.

The scattering from bin to bin in the spectra is not small
due to the low statistics. The scattering is not a serious prob-
lem to obtain the upper limits of the yields. For the
0-pronged spectra ofp0 andg rays, however, we determined
finite yields by fitting. To improve the stability of the fit for
different choice of the bin width, fitting region and function,
etc., we adopted the fractional binning. For any event with an
energyE between two bin centersEk andEk11, the event
was registered to both bins by an amount (Ek112E)/d and
(E2Ek)/d, respectively, whered denotes the bin width. The
0-prongedp0 andg-ray spectra are given in Figs. 3 and 5,
respectively, in the fractional binning. From comparison be-
tween the fractional and ordinary binnings for a simplest
example of uniform random distribution of events in a cer-
tain energy range, we can see that thex2 of the fit in the

FIG. 6. Geometrical acceptances~«g! of the NaI:Tl detector for
detectingp0→gg separately, mistaking them for a singleg ray,
and detectingh→gg separately. The acceptance for singleg rays is
also shown by a dotted curve. Loss ofg rays due tog→e1e2

conversion~6% perg ray! in target and vacuum chamber walls is
taken into account. Invariant-mass cut forp0(h)→gg is not in-
cluded.

TABLE I. Obtained result on Pontecorvo reactions. Area~A! gives the number of events in the peak obtained by fitting. Fors ~the rms
error ofA!, see the text. When fitting does not give any clear peaks,Nbg~see the text! is given instead ofA. The last column gives the fitted
energy and the width of thep0 or h peak in MeV.

Reaction~Nch!
p̄d→MN

Stoppedp̄
Np̄

Efficency ~«!
(«g ,«1 ,«ov ,«br)

Area ~A)6s(A)
or Nbg

Branching ratio
B( p̄d→MN)

Energy
~width!

p̄d→p0n ~ Nch50) 1.643107 ~0.076,0.93,...,...! 10.165.4 (8.7164.66)31026 1269.369.8
(p0→2g) ~s518.965.9!
9 9~Nch50) 1.733107 ~0.088,...,...,...! 23.6613.0 (1.5560.86)31025 1221.866.7
(p0→2g→1g mistaken! ~s519.567.4!

p̄d→p0D0 ~ Nch50) 1.643107 ~0.088,0.93,0.9,0.59! 33.3611.8 (4.6761.66)31025 1141.569.5
(p0→2g, D0→p0n! ~G/2521.666.2!
9 9~Nch51,2) 1.253107 ~0.088,0.93,0.9,0.41! Nbg59 ,7.3731025

(p0→2g, D0→p2p! ~95% C.L.!
9 9~Nch50) 1.733107 ~0.072,...,0.9,0.59! 32.3618.2 ,9.3931025 1132.6624.2
(p0→2g→1g mistaken,D0→p0n! ~95% C.L.! @G/2530.8 ~fix!#

9 9~Nch51,2) 1.323107 ~0.072,...,0.9,0.41! Nbg519 ,1.4931024

(p0→2g→1g mistaken,D0→p2p! ~95% C.L.!

p̄d→hn ~Nch50) 1.643107 ~0.062,0.98,...,0.39! Nbg51 ,8.9431026

(h→2g! ~95% C.L.!

p̄d→hD0 ~Nch50) 1.643107 ~0.054,0.98,0.9,0.230! Nbg53 ,6.4931025

(h→2g, D0→p0n! ~95% C.L.!
9 9~Nch51,2) 1.253107 ~0.054,0.98,0.9,0.160! Nbg54 ,1.5331024

(h→2g, D0→p2p! ~95% C.L.!

55 2581PONTECORVO REACTIONS IN ANTIPROTON . . .



fractional binning is23 times that in the ordinary binning. The
center values and the standard deviations of the fitting vari-
ables are essentially unchanged when the statistics is large.
We used the above conversion for the present analysis while
the statistics was not large enough.

We searched for narrow monochromatic peaks with a
width between 0.7 and 1.0 times the instrumental one~or the
Breit-Wigner width corrected for the instrumental width!. A
peak with the statistical significance as large as or larger than
2s was obtained forp0n and p0D0 in the 0-prongedp0

spectrum~Fig. 3! and g-ray spectrum~Fig. 5!. The solid
curves give the obtained fit. For the 0-pronged spectrum of
p0 ~g rays!, x2/NDF ~degree of freedom! was 62

75 ~7780! when
converted into ordinary binning according to the discussion
given in the previous paragraph. The peak areaA obtained
by the fit is given in Table I together with its rms error
s(A). Thes(A) was taken to be the larger one of the fitting
error given by the minimization routineMINUIT @22# or the
rms fluctuation of the background events. The latter can be
written as~Nbg)

1/2/k, whereNbg is the total number of events
lying within the FWHM of the Gaussian peak~or G for the
Breit-Wigner peak!. Thek50.76~0.5! is the area factor, i.e.,
the fraction of the Gaussian~Breit-Wigner! peak lying within
the FWHM ~G!. Nbg was calculated assuming the instrumen-
tal FWHM or G. We adopted the above definition ofs(A)
since theMINUIT error varied sizably depending on the fitting
condition due to the low statistics. Both errors,
~Nbg)

1/2/k and the MINUIT error, however, were roughly
similar in magnitude to each other.

For the other final states, no narrow peaks were obtained
with the statistical significance above 2s. So, only the upper
limit was estimated. If the copious background exists in the
peak area, the upper limit of the peak area can be given as

A,1.64~Nbg!
1/2/k ~95% C.L.!. ~4!

However, for all the final states under consideration, the in-
tensity in the peak is so small and the tail of the background
spectrum already falls to a level low enough at a little lower
energy than the peak position~see Figs. 3–5!. So, we cannot
exclude the possibility that the intensity in the peak is not
dominated by background but by true events. Consequently,
we took for safety, instead of Eq.~4!,

A,@Nbg11.64~Nbg!
1/2#/k ~95% C.L.!, ~5!

and give theNbg in Table I instead ofA.
The branching ratios or the upper limits~95% C.L.! cal-

culated according to Eq.~3! are given in Table I. Branching
ratios B( p̄d→p0n)5(8.7164.66)31026 and B( p̄d
→p0D0)5(4.6761.66)31025 were derived from the
0-prongedp0 spectrum. The upper limit of the latter quantity
derived from the one- or two-prongedp0 spectrum is con-
sistent with the obtained finite value. The 0-prongedg-ray
spectrum includes a larger background than thep0 spectrum.
A peak is seen forp̄d→p0n with the statistical significance
as large as 2s. By combining both results from thep0 and
the g-ray spectra, we obtainedB( p̄d→p0n)5(1.03
60.41)31025. Although there is a small peak in the
0-prongedg-ray spectrum corresponding top̄d→p0D0, the
statistical significance is less than 2s and the fit significantly
depended on the fitting conditions. The width is visibly too

narrow compared with the prediction. Consequently, only the
upper limit was derived~see Table I!. The upper limits for
B( p̄d→p0D0! derived from theg-ray spectra are consistent
with the finite value obtained from the 0-prongedp0 spec-
trum. For B( p̄d→hn! and B( p̄d→hD0!, only the upper
limits were derived from theh spectra.

IV. SUMMARY AND DISCUSSIONS

Summarizing the above we obtained the following
branching ratios or upper limits:

B~ p̄d→p0n!5~1.0360.41!31025,

B~ p̄d→p0D0!5~4.6761.66!31025,
~6!

B~ p̄d→hn!,8.9431026 ~95% C.L.!,

B~ p̄d→hD0!,6.4931025 ~95% C.L.!.

The obtained yield for the first reactionp̄d→p0n should be
compared with the half ofB( p̄d→p2p! mentioned in Sec. I.
The present result is consistent with all the four results@4–7#
and also the preliminary one given in@8#. The obtained upper
limit on B( p̄d→hn! is consistent with the preliminary result
of B( p̄d→hn)5(2.9160.44)31026 obtained at LEAR by
Amsleret al. @8#. To the authors’ knowledge, neither experi-
mental results nor predictions are found in publications on
the other two reactionsp̄d→p0D0 andhD0.

We will discuss below the p0D0/p0n ratio
5B( p̄d→p0D0)/B( p̄d→p0n) under the assumption of two
step processes. If the experimental value cannot be ex-
plained, it may suggest existence of more interesting pro-
cesses related to, for instance, quark-gluon plasma. We con-
sider the differences in the available phase space, the isospin
coefficients and the vertex factor, by assuming the magnitude
of the dynamical part the same. The phase space is propor-
tional @23# to the final state momentumq in the c.m. system
~c.m.s.!. Its contribution to the above ratio is given by 1132.5
~MeV/c!/1246.0 ~MeV/c!50.9089. The contribution of the
isospin part to the above ratio is unity, since the amount of
I51/2 ~initial state! is the same for both final states. Refer-
ring to Fig. 7, the vertex factor has a form off pNN

2@(L2

2mp
2)/(L22q2)#2n at the pNN vertex in p̄d→p0n and

f pND
2 @(L* 22mp

2)/(L* 22q2)#2n at the pND vertex in
p̄d→p0D0, respectively. The coupling constantsfpNN and
f pND were taken as@24#

f pNN
2/4p50.08 and f pND

2 /4p50.37. ~7!

We follow the conventional choice of monopole form factor
(n51) with the cutoff parametersL andL*;1 GeV/c ac-

FIG. 7. Kinematical quantities used in the discussions of
p̄d→p0n andp0D0.
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cording to@24#. The four momentum squaredq2 of the pion
~see Fig. 7! is not unique in general. In the two step model,
however, the initial-state nucleon at the vertex can be ap-
proximately taken as on-mass and at rest, givingk1q50 in
Fig. 7. Then we have

q25mn
21mN

222mNEn521.1674 GeV2 for p0n,

and

q25mD
21mN

222mNED520.7431 GeV2 for p0D0,

whereEn andED are the energies of the final state baryon
n andD0, respectively. Using the above numbers, the con-
tribution of the vertex factor to thep0D0/p0n ratios be-
comes (0.37/0.08)(0.5629/0.4527)257.151. Multiplying the
above three contributions, we obtain 6.50 forB( p̄d

→p0D0)/B(p̄d→p0n). The above number can roughly ex-
plain the obtained ratio of~4.6761.66!/~1.0360.41!54.53
62.42 in the present experiment.
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