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To search for baryonium states, a highly sensitive experiment with good statistics has been carried out at
KEK by using an antiproton beam, deuterium target, and time-of-flight counter together with a modularized
NaI~Tl! detector. At the 4s level, no narrow peaks due to the production of baryonia in thep̄d→Bn reaction
have been observed in the neutron spectra. At lower significance levels, however, we have observed four
narrow peaks with 3.7s23.5s, and two at an even lower significance level, in different charge-multiplicity
final states. The recoil momentum distribution of the neutrons has been extracted for the channel with zero
charge prongs. The energy spectra forg rays in coincidence with the neutron have been also obtained.
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PACS number~s!: 13.75.Cs, 14.20.Gk, 14.40.Cs, 21.10.Dr

I. INTRODUCTION

Baryonia, diquark-antidiquark bound states, have been ex-
tensively sought for more than a decade. Their existence is
theoretically predicted both in the quark model and in the
nuclear potential model~see the references in@1,2#!. The
baryons below theN̄N threshold are expected to have sur-
prisingly long lives. The existence of such states below the
threshold was first reported by Grayet al. in 1971 in an
experiment at BNL usingp̄ stopped in the deuterium bubble
chamber@3#. An enhancement of 5s has been found in the
mass distribution of four and six pion system, indicating the
existence of a negatively charged baryonium of 1795 MeV/
c2. Since then, to study these states, many experiments have
been carried out, especially in thep̄p→B0g reaction channel
associated with emission of a monochromaticg ray, since
the measurement of theg-ray energy with high precision is
relatively easy.

Kalogeropouloset al., however, failed to see a baryonium
state in a bubble chamber experiment at BNL in the mass

range between 1670 and 1820 MeV/c2 @4#, but then, in an
experiment at the CERN Proton Synchrotron, Pavlopoulos
et al. have observed three monochromatic lines in the inclu-
sive g-ray spectrum fromp̄ stopped in the hydrogen target
@5#. The yields were (123)31023 per annihilation and the
statistical significance was 2 to 3s. Later, two of these levels
~1684 and 1646 MeV/c2) have been confirmed, and two
more states~1771 and 1210 MeV/c2) have been newly found
by the same group at CERN with the use of an improvedg
detection system with 54 pieces of modular NaI crystals@6#.
Brandoet al. also confirmed at BNL the 1771 MeV/c2 state
@7# using a magnetic pair spectrometer for theg measure-
ment.

Ever since, however, these levels have not been confirmed
in the p̄p→B0g reaction channel in experiments with higher
sensitivity. We carried out also an experiment with a good
statistics at KEK@1,8#. The result was negative, and a 4s
upper limit of (1.220.2)31023 per stoppedp̄ in the mass
range of 1040 to 1795 MeV/c2 has been obtained. Two ex-
periments at the CERN Low Energy Antiproton Ring
~LEAR!, one using BGO crystals@9#, and the other using
magnetic pair spectrometer@2,10#, have been performed, and
they both gave negative results too.

However, the possibility of the observation of baryonia
depends on the production process looked at. It is worth-
while to investigate also thep̄p→Bp strong interaction pro-
cess, because its yield per annihilation can be larger, and it
can selectively populateI51 baryonium states. Bertiniet al.
measured thep2 spectrum from thep̄p→B1p2 reaction
using 1.3 GeV/c p̄ and failed to see narrow states@11#. Later
two experiments at CERN with higher precision, one using
magnetic spectrometer@12#, and the other using a gaseous
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hydrogen target and ASTERIX spectrometer@13# looked at
chargedp from the p̄p→B6p7 reaction. The result was
negative in both of them. We also carried out an experiment
at KEK using modularized NaI crystal to detectp0 from the
p̄p→B0p0 reaction, and obtained a negative result@14#.
Another process one can look at is a detection of neutrons

from the p̄d→Bn reaction on a deuterium target. The use of
a nuclear target rather than hydrogen may help the produc-
tion and observation of the baryonia. In fact, Grayet al.who
first reported a baryonium state used a deuterium target@3#.
Also, detection of two narrowg-ray lines has been reported
by Adiels et al. in the p̄4He→XBg experiment, indicating
two baryonium states: 1687 and 1640@15#.

The objective of the use of thep̄d→Bn process in three-
fold: ~1! As far as a liquid hydrogen target is used, the Stark
mixing makes it difficult to bring in a nonzero angular mo-
mentuml to theN̄N system. But the ‘‘heavy’’ nucleon spec-
tator can take out a nonzero angular momentum and thus
allows us to observe states withlÞ0. The centrifugal force
is supposed to be essential to keep theqq and q̄q̄ or N and
N̄ apart to make the life of the baryonia long~see the discus-
sion in Ref.@16#!. ~2! The baryonium states are expected to
be really narrow just below theN̄N threshold. However, to
detect the corresponding small energyg rays in the large
background stemming from abundantp0 decays is extremely
difficult, whereas, although the experiment itself is not easy,
the detection of low energy neutrons is not much more dif-
ficult if the environmental background level is low enough.

Amsleret al.have measured the neutrons arising from the
absorption ofp̄ by a liquid deuterium target at BNL@17#.
They measured the time of flight of the neutrons with a reso-
lution of 6500 ps for a flight path of 1.4 m. They failed to
observe any significant baryonium states. But we believed
that this process was worth being studied again with a better
statistics and a better precision for the following reasons.~1!
It is desirable to obtain the charge prong information for
each neutron event. This must give information on the decay
of the baryonium states. Also if a baryonium decays prefer-
entially into a specific charge prong state, its identification
could improve the sensitivity of the measurement.~2! It is
also interesting to measure the events with zero charge
prong; namely, all associated outcoming particles are neutral.
~3! It would be desirable to measure alsog ray in coinci-
dence with the neutrons. In fact, this interesting measure-
ment, which can shed light on the electromagnetic transition
from an excited baryonium state to the ground state, has been
already tried by Kalogeropoulos in their bubble chamber ex-
periment. They counted theg→e1e2 conversion and con-
cluded that thêNg& excess is due to baryonia@18#.

Thus we undertook a measurement adding a time-of-flight
neutron counter to the already existingg-ray-detector system
@1#, and using a liquid deuterium target. The aim of the work
is to clarify the situation of the baryonium production in the
p̄d channel, where the experimental result is still not conclu-
sive, by achieving a good statistics and neutron energy reso-
lution. For this purpose, we put the neutron time-of-flight
counter at about 1.2 m from the target to cover a large solid
angle. Thus, given the time resolution, this experiment is
sensitive in the heavy baryonium region, not far from the
p̄p threshold. To minimize the error coming from the flight

path length of the neutrons, we used all the outgoing charged
particles as well as the incomingp̄ to reconstruct the vertex
point, and make the time-of-flight counter modules thin
enough.

We have kept all the existing detection devices for the
g ray, so we can detectg rays in coincidence with neutrons
with a resolution as good as the results in Refs.@1#, @8#, and
@16#. We have achieved a good energy resolution for neu-
trons despite the congested environment surrounding our tar-
get.

For each neutron event, the vertex charged particle topol-
ogy has been reconstructed by using the chambers covering
93% of the whole solid angle.

II. EXPERIMENTAL PROCEDURE

The detector system, schematically shown in Fig. 1, con-
sists of two parts: a time-of-flight counter which detects neu-
trons and the counters surrounding the target used for the
detection ofg rays and charged particles. The latter consists
of an NaI~Tl! counter covering 22% of 4p str, subdivided
into 96 modules, and a hodoscope covering 4p geometry
used to measure the multiplicity of outcoming charged par-
ticles. These counters have been used in experiments detect-
ing g rays andp0 from a hydrogen target~see@1,8# for the
results!, andg rays from a deuterium target~see@16,19# for
the results!. The detail of these counters is published in Ref.
@1#.

The time-of-flight counter, 72 cm high, 1.5 m long, and 9
cm thick, is made of NE110 plastic scintillator subdivided in
height and in depth in 636 modules, each isolated optically
with the aid of black paper. Each module is viewed from the
ends by a couple of Hamamatsu R1828 photomultiplier tubes
through adiabatic light guides used to match the 12 cm
31.5 cm scintillator section to the 2 inch photomultiplier
cathode. The counter was placed with its surface parallel to
the beam at a distance of 1.135 m, and with its middle line at
the height of the beam. All the modules are parallel to the
beam, with their center 54.2 cm downstream from the center
of the target cell. The counter covers 4.07% of 4p str and, as
shown later, its counting efficiency is larger than 10% for
neutrons above 20 MeV even with a threshold as high as 5
MeVee ~MeV electron equivalent!. An anticounter to reject
charged particles consisting of 8 plastic scintillators~1 cm
thick! was placed vertically in front of the time-of-flight
counter.

The anode signal of the photomultiplier was amplified
with a timing-filter amplifier~5 ns integration, 20 ns differ-
entiation! and then fed to the KEK type constant-fraction
discriminator. The timing signal was encoded with a LeCroy
2228A and KEK type CAMAC time to digital converter
~TDC!. To make a residual walk correction due to the pulse
height variation, the amplitude of the 11th dynode signal
inverted was also recorded with a CAMAC analogue to digi-
tal converter~ADC’s!. The efficiency for counting neutrons
of a time-of-flight counter depends critically on the discrimi-
nator threshold applied, especially for low energy neutrons.
Thus for the measurement of the absolute yield, it is impor-
tant to have the threshold under a precise control. During the
data taking, the pulse-height threshold determined by the dis-
criminator threshold level was kept below 1 MeVee at any
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point of the counter. Later in the data evaluation, a uniform
software pulse-height threshold, independent of the position,
has been applied with a light attenuation effect for each mod-
ule taken into consideration. To measure the nonuniform
light attenuation and the light propagation velocity in each
module, a calibration measurement was carried out in which
the counter was irradiated at 11 different points on each
module with a 1 GeV electron beam. A typical rms timing
resolution of 250 ps has been obtained for the prompt
g-ray peak~explained later! including the broadening com-
ing from 10 cm310 cm31 cm thick start counter and from
the uncertainty in the flight path length. As the prompt peak
contains more low pulse height components than the signal

from the neutrons, except for very slow neutrons, and the
timing resolution improves with larger pulse heights, we ex-
pect this value to be the typical time resolution for the neu-
trons whose time of flight is less than 40 ns~above 5 MeV
neutron kinetic energy!. The light propagation velocity in the
modules was found to be constant with in62% and was
16.1 cm/ns in average. It was no longer constant within 12
cm from each end of the module. The neutron impact point
was obtained from the difference in timing in the signals
from both ends. Thus the spatial resolution of the neutron hit
point is about 1.3 cm rms horizontally~parallel to the beam!
and 3.4 cm rms vertically. When the neutron signal was re-
corded by more than one adjacent module of the time-of-
flight counter, the timing signal was taken from the module
which yielded the largest signal, and the flight path was cal-
culated up to that module, while the signal sizes of all the
modules were added to obtain the pulse height.

The subdivision in depth of the counter into slabs 1.5 cm
thick keeps the uncertainty in the flight path length to 0.43
cm rms in the direction perpendicular to the surface of the
counter. As the pulse shape discrimination was not used,g
rays were also recorded.

Antiprotons from the K4 beam line were focused on the
liquid D2 target of 14 cm in diameter and 23 cm long. The
momentum of the incident beam was 580 MeV/c with a
spread of62% full width at half maximum~FWHM!. The
beam line has a two-stage separator and provides 510 anti-
protons per 1012 ppp with an e,p,m/ p̄ ratio as small as
about 8. The beam antiprotons are degraded in slabs of
graphite, momentum-analyzed with a 1 cmplastic and a 3
mm silicon solid statedE/dx counter, tracked with multiwire
proportional chambers~MWPC’s!, and then stopped in the
target. When the multiplicity of the outcoming charged par-
ticles is higher than 1, the vertex is reconstructed from those
tracks and the incomingp̄ track. Otherwise, the information
from the above-mentioned MWPC’s and the signal from the
solid-state detector is used to determine the vertex. The un-
certainty in the vertex reconstruction is 0.9 cm rms, and the
uncertainty in the flight path length is 1.0 cm rms at the
closest point of the time-of-flight counter to the target.

A hit signal of the time-of-flight counter by a neutral par-
ticle combined with a signal of goodp̄ stop in the target area
formed the trigger. About 2.53106 events have been col-
lected.

III. DATA EVALUATION AND RESULTS

A. Reduction

In the data evaluation procedure, only events with a well
reproduced vertex point within the target volume were kept
for further analysis. With the spatial resolution of the vertex
reconstruction taken into account, events with a vertex point
up to 1.5 cm outside the target volume were also accepted.
The events with a neutral particle hitting the last 12 cm on
both ends of the time-of-flight counter were rejected. As the
data taking took a fairly long period of time, we have ob-
served some drift in the TDC signals. Out of 36 modules of
the time-of-flight counter, we have observed large drifts in
timing in two modules and have discarded the events involv-
ing those modules. Also, for some period of time, we have
experienced a large drift in TDC output in all the modules;

FIG. 1. Experimental setup is shown schematically. S1-S6 are
plastic scintillators. W1-W9 are flat MWPC’s, and C1-C4 are cy-
lindrical MWPC’s. The barrel hodoscope S6 consists of 36 scintil-
lator slabs, each subtending 10° of azimuthal angle. The antiproton
is slowed down in 8.7 g/cm2 graphite degrader, then its energy loss
is measured with S4~1 cm thick! and 3 mm thick Si solid state
detector. The time-of-flight counter, used to detect mainly neutrons,
is placed at 1.135 m from the beam axis, and covers 4.07% of the
whole space. 1 cm thick plastic anticounter is placed in front of the
time-of-flight counter to reject charged particles.
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thus we discarded the data from those runs~24 out of 210!.
This was partially due to the instability of the air condition-
ing system in the counting house. Also in 5 modules we have
seen a large drift in 94 runs out of 186, and the correspond-
ing data were discarded. As the result, about 78% of the raw
data (1.983106 events! have been kept for further analysis.

By knowing the vertex and the impact point of the neutral
particle on the time-of-flight counter, its flight path length
was calculated, which spreads between 114 cm and 135 cm.
The time of flight for each particle was multiplied by the
ratio of 1.2 m to the actual flight path length. We have de-
cided to make use of these flight-path-length-corrected time-
of-flight spectra to search for narrow resonances by fitting.
Alternatives would be to do the fitting on the neutron mo-
mentum or energy, or on the missing-mass spectra. The ad-
vantage of our method is that the resolution is almost con-
stant in terms of the time-of-flight, and also the deduced
physical quantities about the neutrons like their momenta,
etc., in the alternative methods have no meaning if the ana-
lyzed event is not due to a neutron, but a delayedg contami-
nation.

A huge peak at 4.0 ns (b51) was observed, which is due
to the promptg rays originating from the decay ofp0’s
produced in the annihilation of the antiprotons. Charged
pions are also produced in the annihilation process, and if
they interact with any material, they can emitg rays or neu-
trons. Theseg rays are delayed in average byD, which is the
time necessary for those charged pions to stop. When ap2

stops in the target and is absorbed by a deuteron, two neu-
trons are emitted back-to-back with an energy of 68 MeV.
This must produce a monoenergetic peak at 11 ns in the
time-of-flight spectrum. No other neutrons except for the
ones coming from the two-body decay of thep̄d system into
Bn or Mn (M is a meson! are expected to exhibit a narrow
peak in the time-of-flight spectrum in the region of interest
~5 to 35 ns!. To check the position of the 68 MeV neutron
peak, we have taken data with an incident 160 MeV/cp2

beam on the same target. After being degraded, these pions
stop in the target and emit either promptg rays associated
with neutrons stemming from radiative capture by the deu-
teron~the contribution from thep2d→p0nn process is very
small!, or two neutrons emitted in opposite directions with
an energy of 68 MeV. The result is shown in Fig. 2. As the
times of flight between the start counter and the vertex are
different for the incidentp̄ and for the incidentp2, we can-
not use the position of the neutron peak for the absolute
calibration, but its timing with respect to the promptg-ray
peak must be the same also in thep̄ data. As the distance
between the two peaks in Fig. 2 turns out to be 7.4 ns, we
expect the peak in our data corresponding to that background
monoenergetic neutron to appear at about 11.4 ns1D.

Figure 3 shows the time-of-flight spectra of the neutron
candidates in thep̄d reaction for the range of 5 to 35 ns with
different thresholds applied. In Fig. 4 we show the neutron
detection efficiency of the time-of-flight counter calculated
with a Monte Carlo program@20#. By comparing Figs. 3 and
4, one notices that~1! although the efficiency does not
change much between 5 and 10 ns with these different
thresholds, the yield changes to a large extent. This indicates

FIG. 2. The time-of-flight spectrum for the threshold of 1
MeVee obtained with the incidentp2 beam. The flight path-length
correction is done~see text!. The prompt peak appears at 4 ns, while
a large peak, due to the 68 MeV neutron from thep2d→nn reac-
tion, appears at about 11.4 ns. The peak due to the 8.86 MeV
neutrons fromp2p→gn reaction on the hydrogen contamination
in the deuterium target, which should appear at 29.3 ns, is not
visible.

FIG. 3. Time-of-flight spectra from thep̄d reaction for the range
of 5 to 35 ns. Different thresholds~1.0, 1.5, 3.0, 5.0 MeVee! are
applied to examine the neutron components in the spectrum~see
text!.

FIG. 4. Neutron detection efficiency of the time-of-flight
counter. The efficiencies are calculated with a Monte Carlo program
for different thresholds~1.0, 1.5, 3.0, 5.0 MeVee!.
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that in the time-of-flight range between 5 and 10 ns, a fairly
large amount of delayedg-ray events, or indirect neutrons,
are recorded. Here the indirect neutron means a neutron
originating from the absorption of a particle like a pion the
surroundings of the target. We will discuss this more exten-
sively later.~2! In the middle time-of-flight range from 15 to
25 ns, the ratio of the efficiencies is almost equal to that of
the yields with different thresholds.~3! At a large time of
flight, the yield with a 5 MeVee threshold is assumed to be
zero according to the efficiency curve. In fact, the yield is
small, but there is still some remaining component. The re-
maining component, however, is not due to the room back-
ground neutron. The background neutron level is very low,
which can be seen in the time-of-flight range preceding the
promptg-ray peak in the figures shown later.

The time-of-flight spectra for all events, for events with
multiplicity of the outcoming charged particles (Nch) 0, 1 or

2, 3 or 4, and 5 or 6 are shown in Figs. 5~a!–5~e!, respec-
tively. All the spectra shown in Fig. 5 are for the software
threshold of 1 MeVee. A fractional binning method is used
in the spectra throughout this paper in order to make the
fitting easier. This method is explained in the Appendix. In
the spectrum showing the all events@Fig. 5~a!#, one notices a
peak at 4 ns, which is mainly due to the promptg rays. The
peak shows a tail on the slower side which is due to the
delayedg rays. One also notices a shoulder starting from
about 5 ns. That is where the neutron enhancement starts.
The neutrons originating from thep̄d→Mn reaction, where
M is a known light meson, should fall into this part.
(M5p0 at 5.01 ns,M5r0 at 5.23 ns,M5v at 5.24 ns, etc.!

Among the next four spectra in Figs. 5~b!–5~e!, the spec-
trum for events with charged particle multiplicity zero@Fig.
5~b!#, namely all neutral events, attracts our special attention
for the following reason: As explained later, this is the only

FIG. 5. Time-of-flight spectra for thep̄d re-
action are shown for~a! all events,~b! events
with multiplicity of the outcoming charged par-
ticles (Nch)50, ~c! Nch51 or 2, ~d! Nch53 or 4,
~e! Nch55 or 6, ~f! events with ‘‘nog in coinci-
dence’’ ~see text!, respectively. Spectra~g!–~j!
are for events withg in coincidence where~g! all
g, ~h! Eg520274 MeV, ~i! Eg5742144 MeV,
~j! Eg.144 MeV, respectively. All the spectra
shown are for the threshold of 1 MeVee.

44 55M. CHIBA et al.



channel where the contribution of the indirect neutrons is
absent. The neutron time-of-flight spectral shape reflects well
the momentum distribution of the spectator neutron in the
case where the (p̄p) system decays into only neutral pions.
In fact, the shape of the distribution is quite different from
other channels; the events filling the valley between the
prompt peak and the neutron enhancement in other spectra
are missing.

B. Narrow peaks in the time-of-flight spectra

A search for narrow peaks in the spectrum has been tried
in the time-of-flight range of 5 to 35 ns. This corresponds to
the neutron energy of 630 MeV to 6 MeV, or the baryonium
mass of 0 to 1872 MeV/c2 if a direct two-body production is
assumed. A fit is carried out to the data with narrow peaks in
Gaussian shape plus background using the CERN library
MINUIT program. The background consists of a fifth degree
polynomial and a Gaussian tail which is necessary to de-
scribe the rapid fall in the small time-of-flight region. Thus
the background comprises 9 parameters. In this fit and in
most of the fits described later, this background reduces the
x2 per degree of freedom to almost 1. The Gaussian distri-
bution used to describe narrow peaks is parametrized with its
center position, width~rms!, and area. The variance of the
converged value of each parameter is calculated from the
error given byMINUIT which increasesx2 by unity. The
starting values of the parameters describing peaks are chosen
from the visual inspection of the data. If the introduction of a
new peak does not reducex2 by more than 3, that candidate
was discarded.

The result of the fit is shown in Fig. 6. In the first figure,
6~a!, which shows the result of a fit for the all events, the
only peak which has a large statistical significance is the one
at 11.9 ns, with a significance of 5.7s. This must be the peak
corresponding to the 68 MeV background neutrons men-
tioned earlier. We discuss this peak more extensively later.

Three other peaks observed, all with small statistical sig-
nificances, are at 9.6, 14.1, and 29.4 ns with significances of
2.2s, 3.0s, and 1.9s, respectively. The result of the fit is
summarized in Table I. As our instrumental resolution is
estimated to be about 250 ps, we put a constraint on the
width such that it be larger than 250 ps. Thex2 for 301
experimental points changed from 353.1 without any narrow
peak~degree of freedom is 292! to 285.9 with 4 peaks~de-
gree of freedom is 280!.

The position of the 29.4 ns peak~corresponding to the
neutron energy of 8.82 MeV! is not far from the monoener-
getic neutron from thep2p→gn reaction~8.86 MeV! which
could take place on a contaminating hydrogen in the deute-
rium target. We can, however, show that the contribution of
this reaction to our neutron spectrum is small in the follow-
ing way: The rate of the reactionp2p→gn is about 0.25/
stoppedp2, whereas the rate of thep2d→nn process on
the deuterium target is nearly 1 neutron/stoppedp2. There-
fore we should count 2 neutrons/stoppedp2, and in reality,
we observe 13.831023 neutrons/stoppedp̄ in our data. The
hydrogen contamination in the deuterium target is estimated
to about 0.9% in mol@16#. Thus the yield of neutrons from
the reaction p2p→gn is estimated to be less than
1.531025/stoppedp̄, or 3 events. Thus the 29.4 ns peak,

which has a yield of (0.87660.401)31023/stopped p̄
(132.2660.6 events!, is not due to this background process.
In fact, this can be confirmed from the neutron spectrum
from thep2d reaction in Fig. 2. The enhancement near 29.3
ns, if there is any, is at most 170 times smaller than the
p2d→nn peak.

The same fit has been carried out on the spectra for dif-
ferent charge multiplicitiesNch, and the results are listed
also in Table I.

The peak at 11 ns seems to be weakly populated in the
Nch50 channel@Fig. 6~b!#. Its statistical significance, how-
ever, is small and its width is much smaller than the instru-
mental resolution. It should be noted that in theg-ray spec-
trum from thep̄1D2 reaction, the 125 MeV peak due to the
Panovskyg from the p2d→gnn reaction was missing in
Nch50 and 1 or 2 channel, but was clearly seen inNch>3
channels@1#. We also fail to see the 11 ns neutron peak in
Nch51 or 2 channel. The population of the 11 ns peak is
large inNch53 or 4 channel, weaker inNch55 or 6 channel.
This agrees well with the result of theg-ray data@16# where
the ratio of the yieldsY(Nch) of the 125 MeV peak for
different charge multiplicitiesNch is

Y~0!:Y~1,2!:Y~3,4!:Y~5,6!50:0:2.18:0.47.

Thus the dependence of our yield of the 11 ns peak on the
charge multiplicity is similar to that of theg rays given in
Ref. @16#. This fact supports the assignment of the peak at
about 11 ns to be due to the monoenergetic neutrons coming
from the absorption ofp2 in the target deuterium
(p2d→nn), produced in thep̄ annihilation. This peak, how-
ever, must appear at 11.08 ns, whereas in our fit, the position
of the corresponding peak is 11.8560.11 ns ~width:
0.5460.11 ns!. The 0.77 ns shift is noticeable taken the reso-
lution of 250 ps of the time-of-flight counter into consider-
ation. To account for the shift, we estimatedD, the flight
time of the absorbedp2 in the target deuterium, by using a
Monte Carlo method. The shift is about 330 ps with a peak
broadening from 250 ps to 390 ps; therefore, it explains only
a part of the discrepancy. We have thought of the possibility
of the contribution of thep2d→gnn process. But this yield
is only one third of thep2d→nn process, and also the en-
ergy of theg ray is known to peak very near its high limit.
Angelopouloset al. @10# also observed that the timing of the
g ray from thep2p→gn process observed in thep̄H reac-
tion is delayed by 800 ps with respect to the directg ray
from the annihilation. They state that the delay is due toD,
the flight time needed for thep2. We ran our Monte Carlo
code under their target condition, but the result was that the
flight time in their case seems even smaller than in our case.
It should be also noted that as mentioned earlier, the distance
between the prompt peak and the peak due to the
p2d→nn process was 7.4 ns in the calibration run using a
stoppedp2 beam~see Fig. 2!. This value again seems to be
a little larger than the predicted value of 7.08 ns~11.08–4.0!.
In this case, theg ray should come mainly from the
p2d→nng process; thus there is no contribution of the time
needed for thep2 to stop. Therefore, in this case also we
observe a discrepancy, though not as large as in the case of
the p̄ data.

The peak at 18 ns with a relatively large significance,
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although broad, was observed only inNch50 channel. In
Nch55, 6 channel, enhancements with rather small statistical
significances were observed at 9.42, 23.89, and 30.19 ns.
However, they are not seen in other charge multiplicity chan-
nels.

In case the emission of a neutron is associated with the
emission ofg rays, we have recorded their energies. About
28% of the events are associated with at least oneg, detected
by theg-ray counter which covers 22% of the whole space.
Figures 5~f! through 5~j! show the events withoutg, with
g, with a low energyg, with a medium energyg, and with a
high energyg, respectively. Here the low, medium, and high
energy means 20 to 74 MeV~minimum energy of theg from
the p2d→gnn process!, 74 to 144 MeV~maximum!, and

above. When more than oneg ray are emitted, the most
energetic one was used for the event classification. Here, the
events ‘‘withoutg ’’ only mean that we have not detected
g rays with our NaI~Tl! counter which covers 22% of 4p
solid angle in coincidence with those events. The results of
the fit on these spectra are shown in Figs. 6~f! through 6~j!.
The enhancements which have been observed only in
Nch55 or 6, namely 9.42, 23.89, 30.19 ns are also observed
a little more abundantly in the events withoutg at 9.58,
25.52, 29.31 ns. But they are also seen in the events with
g, although less clearly. The peak at 8 ns was seen only in
the events in coincidence with low energyg, although the
significance is very small.

The results of the fit are also summarized in Table I, and

FIG. 6. The results of the fit are shown for~a!
all events,~b! events with multiplicity of the out-
coming charged particles (Nch)50, ~c! Nch51 or
2, ~d! Nch53 or 4, ~e! Nch55 or 6, ~f! events
with ‘‘no g in coincidence’’ ~see text!, respec-
tively. Spectra~g!–~j! are for events withg in
coincidence where~g! all g, ~h! Eg520274
MeV, ~i! Eg5742144 MeV, ~j! Eg.144 MeV,
respectively.

46 55M. CHIBA et al.



TABLE I. The results of the fit. As explained in the text, fit has been performed on the time-of-flight spectra for all events, events with multiplicity of the outcoming charged particles

(Nch!50, Nch51 or 2,Nch53 or 4,Nch55 or 6, events with ‘‘nog in coincidence’’~see text!, events withg in coincidence, in coincidence with low energy(Eg520274 MeV! g, in
coincidence with medium energy(Eg5742144MeV! g, in coincidence with high energy(Eg.144MeV! g. Several peaks have been observed in each spectrum except for the one for
Nch51 or 2 channel, which was almost structureless. Peaks observed at approximately the same position are listed in the same row. For each peak, the time-of-flight position, the efficiency
of the counter, number of events involved in the peak, reduced yield of neutrons~unit: 1023/stoppedp̄), statistical significance~in the unit of standard deviation!, and width of the peak are
indicated. The width of 0.25 ns means thatMINUIT gave the minimumx2-value at the lower limit of 250 ps for the width parameter~see text!. Also in the bottom, thex2 value, the degree
of freedom, andx2 per degree of freedom are indicated.

Spectrum All Nch50 Nch51,2 Nch53,4 Nch55,6 Without g With g w/low Eg w/medEg w/high Eg

Position~ns! 8.0760.24

Efficiency 0.102

8 ns Number of events 41.0625.9

peak Yield(1023) 0.76460.483

Statis. significance 1.58

Width ~ns! 0.2860.12

Position~ns! 9.5560.15 9.4260.23 9.5860.012 9.2160.20 9.6060.16

Efficiency 0.113 0.111 0.113 0.109 0.113

10 ns Number of events 218.6697.7 48.4641.3 169.3674.1 80.3664.2 36.0621.5

peak Yield(1023) 3.67461.642 0.82460.703 2.8461.24 1.3961.11 0.60260.359

Statis. significance 2.24 1.17 2.29 1.25 1.67

Width ~ns! 0.25 0.25 0.25 0.25 0.25

Position~ns! 11.8560.11 11.0760.09 11.8760.09 11.7460.15 11.8460.10 11.9060.29 11.1060.13 12.3660.09 11.9460.22

Efficiency 0.151 0.136 0.151 0.148 0.150 0.152 0.136 0.161 0.153

11 ns Number of events 997.06170.1 53.75618.94 653.16112.6 134.8673.8 609.46123.4 349.16110.3 49.4621.0 71.7620.7 87.8641.4

peak Yield(1023) 12.5062.14 0.74960.264 8.2061.41 1.7260.943 7.7061.56 4.3561.38 0.68860.293 0.84460.244 1.08660.513

Statis. significance 5.86 2.84 5.80 1.83 4.94 3.17 2.34 3.47 2.12

Width ~ns! 0.5460.11 0.25 0.4560.09 0.2860.12 0.4560.11 0.6260.23 0.25 0.25 0.3760.25

Position~ns! 14.0960.13 14.0460.12 13.4960.46 14.3460.16 13.8660.17 13.6560.14 14.0860.09

Efficiency 0.195 0.194 0.184 0.200 0.191 0.187 0.195

14 ns Number of events 332.56111.8 361.36101.3 439.06129.3 182.4675.9 189.9680.7 36.3619.4 66.9619.9

peak Yield(1023) 3.2361.09 3.5360.988 4.5261.33 1.7360.721 1.8860.801 0.36860.197 0.65060.193

Statis. significance 2.97 3.57 3.40 2.40 2.35 1.87 3.36

Width ~ns! 0.3260.10 0.3960.14 1.3260.37 0.3060.10 0.3260.15 0.25 0.25

Position~ns! 18.1060.18

Efficiency 0.231

18 ns Number of events 72.6620.3

peak Yield(1023) 0.59660.167

Statis. significance 3.58

Width ~ns! 0.5460.12

Position~ns! 23.8960.10 25.5260.14 23.1660.29 23.8360.11 24.0560.10

Efficiency 0.24 0.255 0.235 0.240 0.241

25 ns Number of events 75.6627.9 192.5665.6 356.3696.4 32.0614.6 87.2624.7

peak Yield(1023) 0.59760.220 1.4360.489 2.8760.777 0.25360.115 0.68560.194

Statis. significance 2.71 2.94 3.70 2.19 3.54

Width ~ns! 0.25 0.3460.12 0.9060.21 0.25 0.2960.08

Position~ns! 29.3760.11 30.1960.27 29.3160.09 28.5960.15 28.2360.14 29.9060.26

Efficiency 0.286 0.290 0.286 0.282 0.279 0.289

30 ns Number of events 132.2660.6 26.82625.70 151.0643.5 48.9639.1 23.3614.4 22.7615.2

peak Yield(1023) 0.87660.401 0.17560.168 1.0060.288 0.32960.263 0.15860.0978 0.14960.0998

Statis. significance 2.18 1.04 3.47 1.25 1.62 1.50

Width ~ns! 0.25 0.25 0.25 0.25 0.25 0.2960.13

x2 255.9 185.4 314.5 292 275.3 257.6 311.3 270.2 234.2 296.8

deg. of freedom 281–18 211–11 301–9 301–15 301–18 301–21 301–18 301–18 301–21 301–15

x2/deg. of freedom 0.973 0.927 1.077 1.021 0.973 0.92 1.1 0.955 0.836 1.04
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the information relative to each ‘‘level’’ is summarized in
Table II.

From the known time-of-flight resolution and the statis-
tics, the 4s upper limits of the yield of neutrons per stopped
p̄ leading to narrow states~baryonia! are calculated, and
shown in Fig. 7, together with the yield for the observed
peaks. The formula~1! explained in the next chapter was
used to calculate the yield per stoppedp̄, in which the time-
of-flight counter efficiency for the neutron detection was
evaluated at the neutron kinetic energy calculated from its
time-of-flight. The upper limit for the yield is 531023 for
baryonia with massMB.1800 MeV/c2, and 1.031022 for
1800 MeV/c2.MB.1700 MeV/c2 per stoppedp̄. If the
baryonia decay preferentially into specificNch channels, then
the upper limit is smaller as shown in Fig. 7.

In the region near thep2d→nn peak~68 MeV neutron
energy, 1750 MeV/c2 MB), the 4s upper limit for the yield
is 7.231023 per stoppedp̄. This value is consistent with the
fact that the peak due to thep2d→nn process, whose yield
is estimated to be 13.831023 neutrons per stoppedp̄, shows
up as a 5.9s. The above result can be compared with the
result by Amsleret al. obtained in an experiment at BNL
@17#. In the same region, their 4s upper limit was about
2.831023, actually smaller than the present value. This
value, however, is difficult to understand, since~1! the sta-
tistics of the present experiment are more than 2 times better,
and the time-of-flight resolution is 2.7 times better than that
of Ref. @17#, and that ~2! the peak corresponding to the
p2d→nn process is hardly visible in the spectrum of Ref.

@17#, while that yield is estimated to be about 131022 per
stoppedp̄ or larger in their experimental condition, therefore
the peak would have shown up as a 14s peak with their
4s upper limit.

C. Various rates

Assuming that the 11 ns peak is due to thep2d→nn
reaction, we used the number of events included in this peak
to evaluate the yield of different peaks.

In our previous paper@16#, the yield ofg rays from the
radiative capture processp2d→gnn has been determined to
be 2.331023 per p̄ stop in our experimental condition. On
the other hand, it is known that the ratio of the rates
R(p2d→nn)/R(p2d→gnn) is very close to 3@21#. This
means our peak at 11.9 ns in Fig. 6~a!, which contains
997.06170.1 events, corresponds to a yield of
236.931023 neutrons per stoppedp̄. As the efficiency of
the time-of-flight counter for 68 MeV neutrons is 0.137, the
yield Y per stoppedp̄ of a state corresponding to a peak
containingS events can be calculated as

Y50.13731.3831022S/@997«~ t !#51.9031026S/«~ t !,
~1!

where«(t) is the efficiency of the time-of-flight counter at
time-of-flight t. On the other hand, the yield per stoppedp̄ of
the 68 MeV peak should be expressed as:

TABLE II. Characteristics of the observed ‘‘levels’’ are summarized. The position, statistical significance, number of events in the peak, efficiency of the counter, yield of

neutrons/stoppedp̄, peak width, corresponding neutron energy, mass, and the width of the level are listed. When the same peak is observed in spectra of events in different categories

in Table I, the parameters for each level are taken from the fit of the spectrum which gives the largest statistical significance.

Time of flight Statistical Number N counter Yield Width En Mass Width

~ns! significance of events efficiency (1023) ~ns! ~MeV! ~MeV/c2) ~MeV/c2) Comment

8.0760.24 1.58 41.0625.9 0.102 0.7660.48 0.2860.12 142.2610.5 1647.0617.9 20.969.0 Seen only with low energyg.

Seen withNch55,6.

9.5560.15 2.24 218.6697.7 0.113 3.6761.64 0.25 95.1363.5 1725.665.6 9.8 Not seen with medium or

high energyg.

Peak due to neutron back-to-back

11.8560.11 5.86 997.06170.1 0.137a 13.8 0.5460.11 58.661.2 (1784.261.9) (9.261.9) emission from the

p2d→nn reaction

Seen withNch53,4

14.0460.12 3.57 361.36101.3 0.194 3.5360.99 0.3960.14 40.660.7 1812.361.2 3.761.3 andNch55,6.

Also with medium energyg.

18.1060.18 3.58 72.63620.3 0.231 0.6060.17 0.5460.12 24.060.4 1838.060.7 2.260.5 Seen only withNch50.

Seen withNch55,6.

23.1660.29 3.70 356.3696.4 0.235 2.8760.78 0.9060.21 14.3360.4 1852.760.6 1.860.4 Stronger in events withg

than in without.

Seen withNch55,6.

29.3160.09 3.47 151.0643.5 0.286 1.0060.29 0.25 8.8760.05 1860.9660.09 0.40 Stronger in events

without g.

aTo calculate the yield for the 11.85 ns peak, the efficiency for 68 MeV neutron energy was used rather than the efficiency for the peak position in the time-of-flight spectra.
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Y68 MeVn523Np̄stop3
DV

4p
3«~ t for En568 MeV!

3« reconst3h~ p̄p2d→nn!, ~2!

whereDV, « reconst, andh are the solid angle covered with
the time-of-flight counter, the event reconstruction effi-
ciency, and thenn rate (6.931023/stoppedp̄), respectively.
Then« reconst3Np̄stop becomes 1.173107 which turns out to
be consistent with the total number of stoppedp̄ estimated in
the p̄d→Xg reaction @16#. The yields shown in Table II
have been calculated in this manner.

1. The prompt peak

In the time-of-flight spectrum for all events@Fig. 5~a!# the
number of events between 3 and 5 ns is about 2.63105. The
Nch distribution of those events shown in Fig. 8 is very close
to theNch distribution of theg-ray events in thep̄d annihi-
lation @16#. Thus we infer that these events are mainly due to
the promptg rays from thep0 decay. In fact, the number of
g rays from this decay is estimated as

Ng5ng3
DV

4p
3«g3« reconst3Np̄stop ~3!

whereng53.77 is the average number of emittedg rays per
stoppedp̄ from the deuterium target given in the Ref.@22#,

FIG. 7. From the known time-of-flight resolution and the statis-
tics, the 4s upper limits of the yield of neutrons per stoppedp̄
leading to narrow states~baryonia! are calculated. The results are
shown for all events, events with multiplicity of the outcoming
charged particles (Nch)50, Nch51 or 2,Nch53 or 4,Nch55 or 6,
events with ‘‘nog in coincidence’’ ~see text!, and for events in
coincidence withg, respectively. The yields for the observed peaks
are also shown.

FIG. 8. The dependence of the integrated number of events on
the charge multiplicity of the outcoming particlesNch. The grey
data bars are for events in the prompt peak~time of flight53–5 ns!
whereas black bars are for neutron components~time of flight 5
5–35 ns!. The solid line represents theg-ray yield from the
p̄d→Xg reaction, taken from Ref.@16#. In Ref. @16#, the g-ray
yield is decomposed into the contribution fromp̄p annihilation
~shown with dotted line! and p̄n annihilation ~dashed line!, using
the result from Ref.@14# on thep̄p→Xg reaction. The dotted line
shows a zigzag trend indicating that the yield for oddNch is rela-
tively small, whereas the neutron~black bars! distribution is rather
smooth, and the center is shifted to a largerNch compared to the
g-ray-yield distribution.
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and«g is the detection efficiency of 10–140 MeVg rays by
a 9 cm plastic scintillation counter, and can be roughly esti-
mated to be 15%. By using the number« reconst3Np̄stop

51.173107, Ng becomes 2.73105, thus the above-
mentioned interference is justified.

2. Neutrons and their Nch distribution

In the time-of-flight spectra, events between 6.5 and 40 ns
are considered to be predominantly neutron events. This
time-of-flight range corresponds to the neutron energy range
of 4.7 to 252 MeV if these neutrons are produced directly
from the absorption ofp̄. The number of neutrons involved
in this range is 2.93105, and this corresponds to a yield of
3.13 neutrons per stoppedp̄ calculated using Eq.~1!. On the
other hand, if we estimate the rate for the process:
p̄d→( p̄p)1nspectator, assuming (p̄p)/( p̄n)51.33~see@16#!,
then we obtain that the number of spectator neutronsnn
~spectator! '1.33/(111.33)50.57 per stoppedp̄, which is
only one fifth of the detected neutrons. The remaining neu-
trons should come from the absorption of stoppedp2 and
from the reaction ofp2 in flight in the environment, mainly
the NaI detectors and the iron supports, covering roughly one
third of the solid angle. In fact, if we assume thatng53.77
@23#, and furthermoreng>2np0, np0>np2, then the average
number ofp2 emitted is estimated to be about 1.9 per
stoppedp̄. Andersonet al. @24# report that in the stopped
p2 absorption, the average numbers of neutrons above 1.8
MeV emitted from C, Al, Cd, and Pb targets are 2.860.3,
3.260.3, 3.660.4, and 3.560.4, respectively. Thus in our
case, as the emission ofp2 as well as neutrons is isotropic,
the time-of-flight counter is estimated to record about 1.2
neutrons per stoppedp̄ in the whole time-of-flight range with
the threshold set to 1 MeVee. Neutrons originating from the
reaction of the pions before stopping should also increase the
number of indirect neutrons. When the neutron is a spectator,
the total charge of the residual system is 0. Thus we can
expect that the amount of neutrons for the channelsNch5
even is much larger than that forNch5 odd. In fact, in the
Nch dependence of theg-ray emission in thep̄p annihilation
from the p̄d→Xg reaction published in Ref.@16# ~repro-
duced in Fig. 8!, the contribution ofNch53 is considerably
small compared to the contribution ofNch52 and 4. Our
distribution given in the same figure, however, shows that
the rate forNch53 is much larger than that forNch52, and
is almost equal to that forNch54. This can be accounted for
by the fact that there are many more indirect neutrons than
the spectator neutrons.

It is known that the neutron emission from stoppedp2 in
a nuclear target is mainly through two-nucleon processes in
the high-energy region, and evaporation in the low-energy
region. Therefore the energy spectrum of the emitted neutron
is free from fine structure@25#. Also, as the variation of the
distance between the time-of-flight counter hit position and
the suspected origin of the background neutrons is quite
large, this should smear out any remaining fine structure in
the time-of-flight spectrum of the indirect neutrons which
constitute the background in our narrow-peak search. It
should be noted, however, that for these indirect neutrons,
the kinetic energy is different from that calculated from the
observed time of flight. As the neutron-counter efficiency,

and the counter acceptance to some extent, are not correct,
the yield of the continuum neutrons calculated using Eq.~1!
contains some error.

Further, note should be taken regarding the following.
~1! In the Nch50 channel where all the outcoming par-

ticles are neutral, there is not contribution from the above-
mentioned indirect processes. The observed neutrons consist
of ~a! a spectator neutron leaving a (p̄p) system,~b! a mono-
chromatic neutron from the (p2,2n) reaction induced by the
p2 from (p̄n) annihilation, and~c! very few neutrons from
the target vessel~0.2 mm thick SUS! and supporting walls~4
mm thick aluminum!, which absorbp2 from the same anni-
hilation.

~2! In Nch51 channel, there is no contribution of the
spectator neutron, except for the miscounting ofNch52 case.
This channel must be dominated by the indirect neutrons.

Figure 8 shows theNch dependence of the neutron events.
Note should be taken that the distribution shows a maximum
betweenNch53 and 4, and that it is shifted to the larger
Nch side compared to theNch dependence of theg-ray events
@1# or of the prompt events mentioned in Sec. III C 1. This
supports the above-mentioned assumption since larger num-
ber of pions~largeNch) should promote emission of more
indirect neutrons. In addition, a largeNch results in smaller
average energy of pions which also should boost the process.

When thep2’s are absorbed at rest by~or p1’s interact
in flight with! anything,g rays are also emitted. Some of
theseg rays are also detected by the time of flight counter.
Theseg rays are delayed with respect to the promptg ray
due to the flight time of the pions. Therefore theseg rays
should contribute to extend the slower-side tail of the prompt
peak.

D. Spectator neutron momentum distribution

Riedbergeret al. @26# have found a ‘‘shoulder’’ at about
400 MeV/c in the spectator proton (ps) momentum distribu-
tion in the p̄d→3p22p1ps and p̄d→2p2p1ps reactions.

In Fig. 9, we show the neutron momentum distribution
over a wide range in the channelNch50(p̄d→mp0ns ,
m>2) observed in the present experiment. This channel is
the most free from the indirect neutrons. A clear sign of a
shoulder at about 400 MeV/c is observed, and in fact the
overall shape is rather similar to the result of Riedberger
et al. for the protons from the above-mentioned reactions.
However, in our case, the kinetic energy of the neutrons
contained in the peak atpn,60 MeV/c is very small; thus
the counting efficiency of the time-of-flight counter for them
is also very small, and the error in rate becomes large in the
pn,60 MeV/c range. So we cannot deduce the ratio of the
height of the ‘‘shoulder’’ to that of the quasifree peak. On
the contrary, we can evaluate the height of the shoulder in
terms of absolute rate. It is clear that the shoulder is present;
it is at about 400 MeV/c, and the dip in between is clearer
than in case of Ref.@26#.

In that momentum range, the neutron is no more a simple
‘‘spectator.’’ Figure 9 also draws the distribution calculated
with a simple spectator model using deuteron wave functions
due to Hulthe´n and Sugawara@27#, and Hamada and
Johnston with a hard-core andD-wave contribution@28#.
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The simple spectator model is obviously not valid in the
momentum range around 400 MeV/c.

Kudryavtsev and Tarasov@29# argued that an inclusion of
the simple diagram with absorption of a pion~triangular dia-
gram! allows to reproduce the shoulder observed in Ref.
@26#. Their calculation includes a free parameter and also the
result is now shown in terms of absolute rate.

E. g-rays in coincidence with the neutron

We also measuredg rays in coincidence with neutrons.
Theg rays in coincidence with neutrons in this reaction was
observed by Kalogeropouloset al. @4# and also by Amsler
@30# with limited statistics.

Figure 10 shows the energy spectra of theg rays emitted
in coincidence with the neutrons whose time of flight is be-
tween 5 and 70 ns. The entries to the spectra are multiple
when more than oneg ray were detected in an event. In this
figure, events are also classified according toNch. We ob-
serve the general trend that the averageg-ray energy be-
comes smaller with increasingNch, as was already observed
in the measurement of theg ray from thep̄d→Xg reaction
@16#. In fact, the distributions are very similar to those which
are measured in thep̄d→Xg reaction. A small difference is
observed in the smallg-ray energy region (,150 MeV!,
where the present~coincident! spectrum seems more sup-
pressed. The distributions are rather smooth; we do not ob-
serve any significant structure in them. Theg-ray energy
distribution measured by Amsler@30# shows a rather similar
trend, although it goes only up to 300 MeV, and the statistics
are limited. Compared to the present measurement, the high-
energy component is smaller in their case~the ratio of the
yield at 75 MeV and 300 MeV is 3:1 in the present measure-
ment, whereas it is about 5:1 in@30#!. Assuming that accep-
tance is corrected in both cases, we infer that their trigger
condition favored largeNch. ~In the present measurement,
the above-mentioned ratio is 3.4:1 forNch53, 4, and 6:1 for
Nch55,6.!

Theg-ray energy spectra summed overNch are shown in
Fig. 11 separately for different neutron time-of-flight ranges.
The ranges are chosen so that the corresponding baryonium
mass MB is between 1.865–1.872 GeV/c2, 1.8–1.865
GeV/c2, 1.621.8 GeV/c2, and 1.421.6 GeV/c2. No clear

signal of structure is observed either in these spectra.

IV. CONCLUSIONS AND SUMMARY

To search for baryonium states, a highly sensitive experi-
ment with a good statistics has been carried out at KEK by
using an antiproton beam, deuterium target, time-of-flight
counter together with modularized NaI~Tl! detector to mea-
sure the neutrons from thep̄d→Bn reaction andg rays in
coincidence with the neutrons. This permitted measuring the
neutrons together with the coincidentg rays and obtain also
the charge prong information. The neutron spectrum in the
Nch50 channel, where all outcoming particles are neutral,
has been obtained for the first time.

A fit has been performed in the time-of-flight spectra to
search for narrow peaks due to the formation of baryonium
states. Apart from the promptg-ray peak at 4 ns, the only
peak statistically significant is the one at 11 ns, which is
assigned to the neutrons created in thep2d→nn reaction
where thep2 is produced in the annihilation ofp̄ and
stopped in the target.

Four more peaks with a statistical significance above
3s, and two with lower significances, were also found.

Events have been classified according toNch the number
of outgoing charged tracks, and for each, the time of flight
spectrum was studied. The spectrum forNch50 is particu-
larly interesting since this shows the distribution of the spec-
tator neutrons leaving a (p̄p) system decaying into all neu-
tral particles. In other channels, the spectra are contaminated
with the neutrons following the absorption ofp2 by the
material in the environment.

The origin of the observed neutrons can be considered
roughly as follows: Initially 1.173107p̄’s stop in the deute-
rium target. In 57% of the cases (6.73106) a spectator neu-
tron is emitted leaving a neutral system (p̄p). In the rest, a
spectator proton is emitted leaving a (p̄n) negative charge
system, but the low energy proton stops inside or outside the
target.

The (p̄p) or (p̄n) system annihilates mainly into multiple
pions of different charges. Thep0 decays into 2g, and
(223)3105 g rays are detected by the time-of-flight
counter as the prompt peak. Most of thep2’s leave the

FIG. 9. Momentum distribution of the neu-
trons with time of flight between 5 and 50 ns for
Nch50 channel. A shoulder at about 400 MeV/
c is observed. Events for very small momenta are
omitted because of the inefficiency of the
counter. Also shown are the momentum distribu-
tion calculated with a simple spectator model us-
ing deuteron wave functions due to Hulthe´n and
Sugawara ~dashed curve! and Hamada and
Johnston~dotted curve!. They are both normal-
ized arbitrarily.
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target and are absorbed by the environment, mainly the NaI
counter. Each stop ofp2 produces about 3 neutrons together
with someg rays; 3.73105 neutrons are detected by the
time-of-flight counter. On the other hand, a part of the
p2’s are absorbed by the deuterium in the target, and pro-
duce 68 MeV neutrons; about 1000 of them are detected by
the time-of-flight counter. A part of thep1’s interact in
flight with the environment, and some of the produced neu-
trons are also detected by the time-of-flight counter. The
contribution of K2 produced in the annihilation of (p̄p) or
( p̄n) system~2.4%! decaying intop2p0 (21%),p0→2g is
much smaller~estimated to be about 1023) than theg rays

from the other processes mentioned above.g rays stem also
from thep2 decays intomng, but the contribution is very
small.

From the measured time-of-flight spectra and the known
resolution, 4s upper limits for the yield of neutrons leading
to narrow baryonium states per stoppedp̄ are deduced for
eachNch channel separately as well as for all theNch chan-
nels added. The added yield upper limit is 531023 for
baryonia with massMB.1800 MeV/c2, and 1.031022 for
1800 MeV/c2.MB.1700 MeV/c2 per stoppedp̄. If the
baryonia decay preferentially into specificNch channels, then
the upper limit for the yield is smaller, as shown in Fig. 7.

FIG. 10. Energy spectra of theg rays associated with the neu-
trons whose times of flight are between 5 and 35 ns. The entries to
the spectra are multiple when more than oneg rays were detected
in an event. Spectra are shown for all events, events withNch50,
Nch51 or 2, Nch53 or 4, andNch55 or 6, respectively. For
g-ray-energy resolution, see Ref.@1,14#.

FIG. 11. Energy spectra of theg rays associated with the neu-
trons in the time-of-flight range of~a! 12.92 to 35.0 ns,~b! 7.53 to
12.92 ns, and~c! 6.31 to 7.53 ns, respectively. The events are
summed overNch. The entries to the spectra are multiple when
more than oneg ray were detected in an event. These neutron time
of flight ranges corresponds to the ranges of baryonium massMB of
~a! 1.8–1.872 MeV/c2, ~b! 1.6–1.8 MeV/c2, and~c! 1.421.6 MeV/
c2, respectively. Forg-ray-energy resolution, see Refs.@1,14#.
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g rays in coincidence with the neutron were also mea-
sured. The energy spectra are very similar to those obtained
in the p̄d→Xg reaction. Events are also classified according
to the mass ranges of the possible baryonia. No significant
structure has been observed.
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APPENDIX: FRACTIONAL BINNING

In a normal binning, when an event falls between centers
of two adjacent bins, the contents of the bin, whose center is
closer to the event are incremented by one, and the other bin
is left intact. In the fractional binning which we used here,
‘‘one event’’ is shared between the two adjacent bins. Sup-
pose the centers of the two adjacent bins 1 and 2 arex1 and
x2, if an event falls atx wherex1,x,x2, then the contents
of bin 1 are incremented by (x22x)/(x22x1), whereas the
contents of bin 2 by (x2x1)/(x22x1). The closer the event

to bin 1, the greater the fraction bin 1 gets. This method of
binning is known to reduce the statistical fluctuation of the
number of events in a bin. It can be shown theoretically that
the fluctuation is reduced by a factor of 0.81 when the parent
distribution is flat. It can be demonstrated by numerical
simulations that even when the parent distribution has a
structure~like peaks!, the fluctuation is reduced almost by
the same amount if the bin width is narrow enough.

This effect therefore makes the fitting easier. This is not
like a normal smoothing where one reprocesses already
binned events. When there is an isolated peak in the parent
distribution, the parameters such as the center and the width,
and of course, the area of the peak, are rather well repro-
duced in the spectrum if the binning is not too coarse. For
these reasons, we used the fractional binning to create spec-
tra throughout this paper.

To calculate thex2 of a fit, terms which consist of the
square of the deviation of the contents of a bin from the fitted
value, divided by the square of the fluctuation of the bin
content, which is usually replaced by the contents them-
selves, assuming a Poisson distribution, are summed over all
the bins. In our case, these terms are further multiplied by
1.524(51/0.812) to compensate the reduction of the fluctua-
tion in the spectrum.
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@25# J. Hüfner, Phys. Rep., Phys. Lett.21, 1 ~1975!.
@26# J. Riedlbergeret al., Phys. Rev. C40, 2717~1989!.
@27# L. Hulthén and M. Sugawara,Handbuch der Physik~Springer-

Verlag, Berlin, 1957!, Vol. 39, p. 1.
@28# T. Hamada and I. D. Johnston, Nucl. Phys.34, 382 ~1962!.
@29# A. E. Kudryavtsev and V. E. Tarasov, Sov. J. Nucl. Phys.54,

36 ~1991!.
@30# C. Amsler,Advances in Nuclear Physics~Plenum Press, New

York, 1987!, Vol. 18, p. 183.

55 53MEASUREMENT OF MONOENERGETIC NEUTRONS FROM . . .


