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Measurement of monoenergetic neutrons from thepd reaction at rest
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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
Nal(Tl) detector. At the 4 level, no narrow peaks due to the production of baryonia inpithe> Bn reaction
have been observed in the neutron spectra. At lower significance levels, however, we have observed four
narrow peaks with 34— 3.50, 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 fprrays in coincidence with the neutron have been also obtained.
[S0556-282(197)03901-5

PACS numbds): 13.75.Cs, 14.20.Gk, 14.40.Cs, 21.10.Dr

I. INTRODUCTION range between 1670 and 1820 Me¥[4], but then, in an

experiment at the CERN Proton Synchrotron, Pavlopoulos

Baryonia, diquark-antidiquark bound states, have been et al. have observed three monochromatic lines in the inclu-
tensively sought for more than a decade. Their existence isjye y-ray spectrum fronp stopped in the hydrogen target
theoretically predicted both in the quark model and in the[5]_ The yields were (+3)x 10~2 per annihilation and the
nuclear potential modefsee the references ifi,2]). The  gayistical significance was 2 tar3Later, two of these levels
baryons below théNN threshold are expected to have sur- (1684 and 1646 Me\t?) have been confirmed, and two
prisingly long lives. The existence of such states below the,, . state$1771 and 1210 Me\&?) have been newly found
threshold was first reported by Gragt al. in 1971 in an by the same group at CERN with the use of an improyed

experiment at BNL using stopped in the deuterium bubble d . . .
; etection system with 54 pieces of modular Nal crysféls
chamber{3]. An enhancement of & has been found in the Brandoet al. also confirmed at BNL the 1771 MeM state

mass distribution of four and six pion system, indicating the, 71 usi i . ¢ ter for t
existence of a negatively charged baryonium of 1795 MeV,[ ] using a magnetic pair spectrometer for themeasure-

c?. Since then, to study these states, many experiments hay&ent i ,
been carried out, especially in th@— By reaction channel Ever since, however, these levels have not been confirmed

associated with emission of a monochromagiaay, since i the pp— By reaction channel in experiments with higher
the measurement of thg-ray energy with high precision is sen_sn!wty. We carried out also an experlme_nt with a good
relatively easy. statistics at KEK[1,8]. The result was negative, and ar 4
Kalogeropoulogt al, however, failed to see a baryonium upper limit of (1.2-0.2)x 10”3 per stoppedp in the mass
state in a bubble chamber experiment at BNL in the massange of 1040 to 1795 Me has been obtained. Two ex-
periments at the CERN Low Energy Antiproton Ring
(LEAR), one using BGO crystalf9], and the other using
*Present address: Kochi Medical School, Nankoku, Kochi, 783magnetic pair spectrometg®,10|, have been performed, and

Japan. they both gave negative results too.
"Deceased. However, the possibility of the observation of baryonia
*Present address: Dept. Environm. Info., Keio University,depends on the production process looked at. It is worth-
Fujisawa, 252 Japan. while to investigate also thep— B strong interaction pro-
SPresent address: KEK, National Laboratory for High Energycess, because its yield per annihilation can be larger, and it
Physics, Tsukuba, 305 Japan. can selectively populate=1 baryonium states. Bertigit al.
lpresent address: Institute for Nuclear Study, University of Tokyomeasured ther” spectrum from theopp—B™ 7~ reaction
Tanashi, Tokyo 138, Japan. using 1.3 GeM p and failed to see narrow statilsl]. Later
TPresent address: Naruto University of Education, Narutotwo experiments at CERN with higher precision, one using
Tokushima, 772 Japan. magnetic spectrometgd?], and the other using a gaseous
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hydrogen target and ASTERIX spectromef&B] looked at  path length of the neutrons, we used all the outgoing charged
chargeds from the pp—B“x" reaction. The result was particles as well as the incomingto reconstruct the vertex
negative in both of them. We also carried out an experimenpoint, and make the time-of-flight counter modules thin
at KEK using modularized Nal crystal to deteel from the ~ enough.
pp—B7° reaction, and obtained a negative re$aH]. We have kept all the existing detection devices for the
Another process one can look at is a detection of neutrong ray, SO we can deteqt rays in coincidence with neutrons
from the pd— Bn reaction on a deuterium target. The use of With a resolution as good as the results in R, [8], and
a nuclear target rather than hydrogen may help the produd16l- We have achieved a good energy resolution for neu-
tion and observation of the baryonia. In fact, Gegtyal. who trons despite the congested environment surrounding our tar-
first reported a baryonium state used a deuterium tdgjet
Also, detection of two narrowy-ray lines has been reported
by Adiels et al. in the p*He— XBy experiment, indicating
two baryonium states: 1687 and 16Hi%].
The objective of the use of thed— Bn process in three-
fold: (1) As far as a liquid hydrogen target is used, the Stark Il. EXPERIMENTAL PROCEDURE

mixing makes it difficult to bring in a nonzero angular mo- . -

— . N The detector system, schematically shown in Fig. 1, con-
mentuml to theNN system. But the “heavy” nucleon spec- giqtq of two parts: a time-of-flight counter which detects neu-
tator can take out a nonzero angular momentum and tug,ns and the counters surrounding the target used for the
allows us to observe states with0. The centrifugal force  yetection ofy rays and charged particles. The latter consists
is supposed to be essential to keepdfieandqq or N and ¢ 40 NalTI) counter covering 22% of # str, subdivided
N apart to make the life of the baryonia lo(gee the discus- into 96 modules, and a hodoscope covering geometry
sion in Ref.[16]). (2) The baryonium states are expected toysed to measure the multiplicity of outcoming charged par-
be really narrow just below thBIN threshold. However, to ticles. These counters have been used in experiments detect-
detect the corresponding small energyrays in the large ing vy rays andx° from a hydrogen targefsee[1,8] for the
background stemming from abundarft decays is extremely results, andy rays from a deuterium targésee[16,19 for
difficult, whereas, although the experiment itself is not easythe results The detail of these counters is published in Ref.
the detection of low energy neutrons is not much more dif{1].
ficult if the environmental background level is low enough.  The time-of-flight counter, 72 cm high, 1.5 m long, and 9

Amsleret al. have measured the neutrons arising from thecm thick, is made of NE110 plastic scintillator subdivided in
absorption ofp by a liquid deuterium target at BN[17].  height and in depth in 86 modules, each isolated optically
They measured the time of flight of the neutrons with a resowith the aid of black paper. Each module is viewed from the
lution of =500 ps for a flight path of 1.4 m. They failed to ends by a couple of Hamamatsu R1828 photomultiplier tubes
observe any significant baryonium states. But we believedhrough adiabatic light guides used to match the 12 cm
that this process was worth being studied again with a bettex 1.5 cm scintillator section to the 2 inch photomultiplier
statistics and a better precision for the following reas¢bls. cathode. The counter was placed with its surface parallel to
It is desirable to obtain the charge prong information forthe beam at a distance of 1.135 m, and with its middle line at
each neutron event. This must give information on the decaghe height of the beam. All the modules are parallel to the
of the baryonium states. Also if a baryonium decays preferbeam, with their center 54.2 cm downstream from the center
entially into a specific charge prong state, its identificationof the target cell. The counter covers 4.07% af dtr and, as
could improve the sensitivity of the measureme@). It is  shown later, its counting efficiency is larger than 10% for
also interesting to measure the events with zero chargreutrons above 20 MeV even with a threshold as high as 5
prong; namely, all associated outcoming particles are neutraMeVee (MeV electron equivaleit An anticounter to reject
(3) It would be desirable to measure alsoray in coinci-  charged particles consisting of 8 plastic scintillat¢tscm
dence with the neutrons. In fact, this interesting measurethick) was placed vertically in front of the time-of-flight
ment, which can shed light on the electromagnetic transitioounter.
from an excited baryonium state to the ground state, has been The anode signal of the photomultiplier was amplified
already tried by Kalogeropoulos in their bubble chamber exwith a timing-filter amplifier(5 ns integration, 20 ns differ-
periment. They counted the—e*e~ conversion and con- entiation and then fed to the KEK type constant-fraction
cluded that thgN,) excess is due to baryonja8]. discriminator. The timing signal was encoded with a LeCroy

Thus we undertook a measurement adding a time-of-flighe228A and KEK type CAMAC time to digital converter
neutron counter to the already existipgray-detector system (TDC). To make a residual walk correction due to the pulse
[1], and using a liquid deuterium target. The aim of the workheight variation, the amplitude of the 11th dynode signal
is to clarify the situation of the baryonium production in the inverted was also recorded with a CAMAC analogue to digi-
pd channel, where the experimental result is still not conclutal converter(ADC’s). The efficiency for counting neutrons
sive, by achieving a good statistics and neutron energy res@f a time-of-flight counter depends critically on the discrimi-
lution. For this purpose, we put the neutron time-of-flight nator threshold applied, especially for low energy neutrons.
counter at about 1.2 m from the target to cover a large solid’hus for the measurement of the absolute yield, it is impor-
angle. Thus, given the time resolution, this experiment igant to have the threshold under a precise control. During the
sensitive in the heavy baryonium region, not far from thedata taking, the pulse-height threshold determined by the dis-
pp threshold. To minimize the error coming from the flight criminator threshold level was kept below 1 MeVee at any

For each neutron event, the vertex charged particle topol-
ogy has been reconstructed by using the chambers covering
93% of the whole solid angle.
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from the neutrons, except for very slow neutrons, and the

—_— timing resolution improves with larger pulse heights, we ex-
:.‘_‘fv‘z pect this value to be the typical time resolution for the neu-
40 deg. bent —;: trons whose time of flight is less than 40 @bove 5 MeV
- ws neutron kinetic energy The light propagation velocity in the
T modules was found to be constant with 2% and was
S2

— 16.1 cm/ns in average. It was no longer constant within 12
pegrader cm from each end of the module. The neutron impact point
84 (dE/dx) was obtained from the difference in timing in the signals

TOF (neutron)

counter - Nel(T) from both ends. Thus the spatial resolution of the neutron hit
! % | point is about 1.3 cm rms horizontal(parallel to the beain
5 and 3.4 cm rms vertically. When the neutron signal was re-

corded by more than one adjacent module of the time-of-
Z flight counter, the timing signal was taken from the module
= VA 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
Liq. He Target cm rms in the direction perpendicular to the surface of the
counter. As the pulse shape discrimination was not uged,
o er rays were also recorded.
Antiprotons from the K4 beam line were focused on the
liquid D, target of 14 cm in diameter and 23 cm long. The
860 momentum of the incident beam was 580 MeWtith a
Nal(T) spread of+2% full width at half maximum(FWHM). The
beam line has a two-stage separator and provides 510 anti-
protons per 1% ppp with an e, u/p ratio as small as
about 8. The beam antiprotons are degraded in slabs of
graphite, momentum-analyzed tvia 1 cmplastic and a 3
K mm silicon solid statel E/dx counter, tracked with multiwire
2 %’;’///,,Z/// 7 proportional chamber@MWPC's), and then stopped in the
///////// target. When the multiplicity of the outcoming charged par-
2%/ ticles is higher than 1, the vertex is reconstructed from those
tracks and the incoming 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
FIG. 1. Experimental setup is shown schematically. S1-S6 argncertainty in the flight path length is 1.0 cm rms at the
plastic scintillators. W1-W9 are flat MWPC'’s, and C1-C4 are cy- c|gsest point of the time-of-flight counter to the target.
lindrical MWPC’s. The barrel hodoscope S6 consists of 36 scintil-  p it signal of the time-of-flight counter by a neutral par-

lator slabs, each subtending 10° of azimuthal angle. The antiprotoHcle combined with a signal of goq?stop in the target area

is slowed down in 8.7 g/cigraphite degrader, then its energy loss formed the trigger. About 2810° events have been col-
is measured with S41 cm thick and 3 mm thick Si solid state lected '

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 Ill. DATA EVALUATION AND RESULTS
time-of-flight counter to reject charged particles.

Scintillating Glass

Cylindrical
MWPC )
{C1-4}

)
i

L1
0100200
mm

A. Reduction

point of the counter. Later in the data evaluation, a uniform In the data evaluation procedure, only events with a well
software pulse-height threshold, independent of the positiorreproduced vertex point within the target volume were kept
has been applied with a light attenuation effect for each modfor further analysis. With the spatial resolution of the vertex
ule taken into consideration. To measure the nonunifornteconstruction taken into account, events with a vertex point
light attenuation and the light propagation velocity in eachup to 1.5 cm outside the target volume were also accepted.
module, a calibration measurement was carried out in whiciThe events with a neutral particle hitting the last 12 cm on
the counter was irradiated at 11 different points on eachboth ends of the time-of-flight counter were rejected. As the
module with a 1 GeV electron beam. A typical rms timing data taking took a fairly long period of time, we have ob-
resolution of 250 ps has been obtained for the prompserved some drift in the TDC signals. Out of 36 modules of
vy-ray peak(explained laterincluding the broadening com- the time-of-flight counter, we have observed large drifts in
ing from 10 cmx 10 cmX 1 cm thick start counter and from timing in two modules and have discarded the events involv-
the uncertainty in the flight path length. As the prompt peaking those modules. Also, for some period of time, we have
contains more low pulse height components than the signaxperienced a large drift in TDC output in all the modules;
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FIG. 3. Time-of-flight spectra from thed reaction for the range
FIG. 2. The time-of-flight spectrum for the threshold of 1 of 5 to 35 ns. Different thresholdd..0, 1.5, 3.0, 5.0 MeVeeare
MeVee obtained with the incident™ beam. The flight path-length applied to examine the neutron components in the spectaa®
correction is dongsee text The prompt peak appears at 4 ns, while texf).
a large peak, due to the 68 MeV neutron from thed—nn reac-

tion, appears at about 11.4 ns. The peak due to the 8.86 Me . .
neutrons froms ™ p— yn reaction on the hydrogen contamination %eam on the same target. After being degraded, these pions

in the deuterium target, which should appear at 29.3 ns, is no?t_Op in the target an(_:l emit either_ promptrays associated
visible. with neutrons stemming from radiative capture by the deu-

teron(the contribution from ther~d— #°nn process is very

thus we discarded the data from those r(@% out of 210. small, or two neutrons emitted in opposite directions with
This was partially due to the instability of the air condition- an energy of 68 MeV. The result is shown in Fig. 2. As the
ing system in the counting house. Also in 5 modules we havéimes of flight between the start counter and the vertex are
seen a large drift in 94 runs out of 186, and the corresponddifferent for the incidenp and for the incidentr~, we can-
ing data were discarded. As the result, about 78% of the rawiot use the position of the neutron peak for the absolute
data (1.9% 10° events have been kept for further analysis. calibration, but its timing with respect to the promptray

By knowing the vertex and the impact point of the neutralpeak must be the same also in thedata. As the distance
particle on the time-of-flight counter, its flight path length petween the two peaks in Fig. 2 turns out to be 7.4 ns, we
was calculated, which spreads between 114 cm and 135 craxpect the peak in our data corresponding to that background
The time of flight for each particle was multiplied by the monoenergetic neutron to appear at about 11.4-As
ratio of 1.2 m to the actual flight path length. We have de- Figure 3 shows the time-of-flight spectra of the neutron
cided to make use of these flight-path-length-corrected timecandidates in thed reaction for the range of 5 to 35 ns with
of-flight spectra to search for narrow resonances by fittingdifferent thresholds applied. In Fig. 4 we show the neutron
Alternatives would be to do the fitting on the neutron mo-detection efficiency of the time-of-flight counter calculated
mentum or energy, or on the missing-mass spectra. The agvith a Monte Carlo prograrf20]. By comparing Figs. 3 and
vantage of our method is that the resolution is almost con4, one notices thatl) although the efficiency does not
stant in terms of the time-of-flight, and also the deducedchange much between 5 and 10 ns with these different

physical quantities about the neutrons like their momentashresholds, the yield changes to a large extent. This indicates
etc., in the alternative methods have no meaning if the ana-
lyzed event is not due to a neutron, but a delaysmbntami-
nation. hﬂu | 1i7 1.‘8 | 184 185 1.86 Mg (GeVic2)

A huge peak at 4.0 ns8= 1) was observed, which is due 0.4 i i prrr et T
to the prompty rays originating from the decay of%s 20100 %030 10 Tn (Me)
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 emjirays or neu-
trons. Thesey rays are delayed in average Ay which is the
time necessary for those charged pions to stop. When a
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 0 o 45 20 25 s0 a5
ones coming from the two-body decay of thé system into Time of flight (ns)
Bn or Mn (M is a mesohare expected to exhibit a narrow
peak in the time-of-flight spectrum in the region of interest FIG. 4. Neutron detection efficiency of the time-of-flight
(5 to 35 ng. To check the position of the 68 MeV neutron counter. The efficiencies are calculated with a Monte Carlo program
peak, we have taken data with an incident 160 Me¥/ for different threshold$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 fairly2, 3 or 4, and 5 or 6 are shown in Figgab-5(¢), respec-
large amount of delayeg-ray events, or indirect neutrons, tively. All the spectra shown in Fig. 5 are for the software
are recorded. Here the indirect neutron means a neutrareshold of 1 MeVee. A fractional binning method is used
originating from the absorption of a particle like a pion thein the spectra throughout this paper in order to make the
surroundings of the target. We will discuss this more extenfitting easier. This method is explained in the Appendix. In
sively later.(2) In the middle time-of-flight range from 15 to the spectrum showing the all evefiig. 5a)], one notices a
25 ns, the ratio of the efficiencies is almost equal to that ofpeak at 4 ns, which is mainly due to the promptays. The
the yields with different threshold$3) At a large time of peak shows a tail on the slower side which is due to the
flight, the yield with a 5 MeVee threshold is assumed to bedelayedy rays. One also notices a shoulder starting from
zero according to the efficiency curve. In fact, the yield isabout 5 ns. That is where the neutron enhancement starts.
small, but there is still some remaining component. The reThe neutrons originating from thed— Mn reaction, where
maining component, however, is not due to the room backM is a known light meson, should fall into this part.
ground neutron. The background neutron level is very low(M =7 at 5.01 nsM=p° at 5.23 nsM = w at 5.24 ns, etg.
which can be seen in the time-of-flight range preceding the Among the next four spectra in Figs(6—5(e), the spec-
prompt y-ray peak in the figures shown later. trum for events with charged particle multiplicity zefBig.

The time-of-flight spectra for all events, for events with 5(b)], namely all neutral events, attracts our special attention
multiplicity of the outcoming charged particledl{) O, 1 or  for the following reason: As explained later, this is the only
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channel where the contribution of the indirect neutrons iswhich has a vyield of (0.8760.401)x 10 3/stopped p
absent. The neutron time-of-flight spectral shape reflects we(l132.2+ 60.6 eventy is not due to this background process.
the momentum distribution of the spectator neutron in thdn fact, this can be confirmed from the neutron spectrum
case where thepp) system decays into only neutral pions. from the s~ d reaction in Fig. 2. The enhancement near 29.3
In fact, the shape of the distribution is quite different fromns, if there is any, is at most 170 times smaller than the
other channels; the events filling the valley between them d—nn peak.

prompt peak and the neutron enhancement in other spectra The same fit has been carried out on the spectra for dif-
are missing. ferent charge multiplicitiedN,, and the results are listed

also in Table I.

The peak at 11 ns seems to be weakly populated in the
N,=0 channel[Fig. 6b)]. Its statistical significance, how-

A search for narrow peaks in the spectrum has been triegver, is small and its width is much smaller than the instru-
in the time-of-flight range of 5 to 35 ns. This corresponds tomental resolution. It should be noted that in theay spec-
the neutron energy of 630 MeV to 6 MeV, or the baryoniumtrum from thep+ D, reaction, the 125 MeV peak due to the
mass of 0 to 1872 Me\¢? if a direct two-body production is Panovskyy from the =~ d— ynn reaction was missing in
assumed. A fit is carried out to the data with narrow peaks ilN,,=0 and 1 or 2 channel, but was clearly seerNig=3
Gaussian shape plus background using the CERN librarghannelq1]. We also fail to see the 11 ns neutron peak in
MINUIT program. The background consists of a fifth degreeN,,=1 or 2 channel. The population of the 11 ns peak is
polynomial and a Gaussian tail which is necessary to delarge inN.,=3 or 4 channel, weaker iN.,=5 or 6 channel.
scribe the rapid fall in the small time-of-flight region. Thus This agrees well with the result of theray data[ 16] where
the background comprises 9 parameters. In this fit and ithe ratio of the yieldsY (Ng,) of the 125 MeV peak for
most of the fits described later, this background reduces thdifferent charge multiplicitiedN, is
x? per degree of freedom to almost 1. The Gaussian distri-
bution used to describe narrow peaks is parametrized with its Y (0):Y(1,2:Y(3,4):Y(5,6)=0:0:2.18:0.47.
center position, widtHrms), and area. The variance of the
converged value of each parameter is calculated from th&hus the dependence of our yield of the 11 ns peak on the
error given byMiNnUIT which increasesy® by unity. The charge multiplicity is similar to that of the rays given in
starting values of the parameters describing peaks are chos&ef. [16]. This fact supports the assignment of the peak at
from the visual inspection of the data. If the introduction of aabout 11 ns to be due to the monoenergetic neutrons coming
new peak does not redugé& by more than 3, that candidate from the absorption of7~ in the target deuterium
was discarded. (7~ d—nn), produced in the annihilation. This peak, how-

The result of the fit is shown in Fig. 6. In the first figure, ever, must appear at 11.08 ns, whereas in our fit, the position
6(a), which shows the result of a fit for the all events, theof the corresponding peak is 11:88.11 ns (width:
only peak which has a large statistical significance is the on8.54+0.11 ng. The 0.77 ns shift is noticeable taken the reso-
at 11.9 ns, with a significance of &7 This must be the peak lution of 250 ps of the time-of-flight counter into consider-
corresponding to the 68 MeV background neutrons menation. To account for the shift, we estimatad the flight
tioned earlier. We discuss this peak more extensively later.time of the absorbeer™ in the target deuterium, by using a

Three other peaks observed, all with small statistical sigMonte Carlo method. The shift is about 330 ps with a peak
nificances, are at 9.6, 14.1, and 29.4 ns with significances dfroadening from 250 ps to 390 ps; therefore, it explains only
2.20, 3.00, and 1.9, respectively. The result of the fit is a part of the discrepancy. We have thought of the possibility
summarized in Table I. As our instrumental resolution isof the contribution of ther™d— ynn process. But this yield
estimated to be about 250 ps, we put a constraint on this only one third of ther™d—nn process, and also the en-
width such that it be larger than 250 ps. Tké for 301  ergy of they ray is known to peak very near its high limit.
experimental points changed from 353.1 without any narronAngelopouloset al.[10] also observed that the timing of the
peak(degree of freedom is 2920 285.9 with 4 peak¢de- vy ray from thew™ p— yn process observed in tipH reac-
gree of freedom is 280 tion is delayed by 800 ps with respect to the dirgctay

The position of the 29.4 ns pedkorresponding to the from the annihilation. They state that the delay is duéto
neutron energy of 8.82 MeMs not far from the monoener- the flight time needed for the ™. We ran our Monte Carlo
getic neutron from ther” p— yn reaction(8.86 Me\) which ~ code under their target condition, but the result was that the
could take place on a contaminating hydrogen in the deuteflight time in their case seems even smaller than in our case.
rium target. We can, however, show that the contribution ofit should be also noted that as mentioned earlier, the distance
this reaction to our neutron spectrum is small in the follow-between the prompt peak and the peak due to the
ing way: The rate of the reaction™ p— yn is about 0.25/ 7~ d—nn process was 7.4 ns in the calibration run using a
stoppedw~, whereas the rate of the " d—nn process on stoppeds~ beam(see Fig. 2 This value again seems to be
the deuterium target is nearly 1 neutron/stoppmed There-  a little larger than the predicted value of 7.08(t4.08—4.0.
fore we should count 2 neutrons/stopped, and in reality, In this case, they ray should come mainly from the
we observe 13.810 2 neutrons/stoppeg in our data. The 7 d—nny process; thus there is no contribution of the time
hydrogen contamination in the deuterium target is estimatedeeded for ther™ to stop. Therefore, in this case also we
to about 0.9% in mo[16]. Thus the yield of neutrons from observe a discrepancy, though not as large as in the case of
the reaction w p—yn is estimated to be less than thep data.
1.5x 10 %/stoppedp, or 3 events. Thus the 29.4 ns peak, The peak at 18 ns with a relatively large significance,

B. Narrow peaks in the time-of-flight spectra
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although broad, was observed only My,=0 channel. In above. When more than ong ray are emitted, the most
Ne=5, 6 channel, enhancements with rather small statistica#nergetic one was used for the event classification. Here, the
significances were observed at 9.42, 23.89, and 30.19 nsvents “without y” only mean that we have not detected
However, they are not seen in other charge multiplicity chan-y rays with our Na(Tl) counter which covers 22% of#
nels. solid angle in coincidence with those events. The results of
In case the emission of a neutron is associated with théhe fit on these spectra are shown in Fig§) éhrough &)).
emission ofy rays, we have recorded their energies. AboutThe enhancements which have been observed only in
28% of the events are associated with at leastgraetected N =5 or 6, namely 9.42, 23.89, 30.19 ns are also observed
by the y-ray counter which covers 22% of the whole space.a little more abundantly in the events withowtat 9.58,
Figures %f) through %j) show the events withouy, with  25.52, 29.31 ns. But they are also seen in the events with
v, with a low energyy, with a medium energy, and witha vy, although less clearly. The peak at 8 ns was seen only in
high energyy, respectively. Here the low, medium, and high the events in coincidence with low energy although the
energy means 20 to 74 Mevhinimum energy of they from  significance is very small.
the #~d— ynn proces§, 74 to 144 MeV(maximur), and The results of the fit are also summarized in Table I, and
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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
(New =0, Nep=1 or 2, No,=3 or 4, N¢,=5 or 6, events with “noy in coincidence”(see text, events withy in coincidence, in coincidence with low ener@,=20—74 MeV) v, in
coincidence with medium enerd{ = 74— 144 MeV) v, in coincidence with high energ§E ., > 144 MeV) y. Several peaks have been observed in each spectrum except for the one for
N¢p=1 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 neutroits10~ %/stoppedp), statistical significancéin the unit of standard deviatignand width of the peak are
indicated. The width of 0.25 ns means thatuir gave the minimumy?-value at the lower limit of 250 ps for the width parameteee text Also in the bottom, the¢? value, the degree
of freedom, andy? per degree of freedom are indicated.

Spectrum All Nch=0 Nch=3,4 Nch=5,6 Without y With y w/low Ey w/medEy w/high Ey
Position(ns) 8.07+0.24
Efficiency 0.102
8ns Number of events 41.0£25.9
peak Yield(10™%) 0.764+0.483
Statis. significance 1.58
Width (n9) 0.28+0.12
Position(ns) 9.55+0.15 9.42:0.23  9.58:0.012  9.21-0.20 9.60-0.16
Efficiency 0.113 0.111 0.113 0.109 0.113
10 ns  Number of events 218.6+97.7 48.4-41.3 169.374.1 80.3-64.2 36.0:21.5
peak Yield(10™%) 3.674+1.642 0.824:0.703 2.84-1.24 1.3%-1.11  0.602:0.359
Statis. significance 2.24 1.17 2.29 1.25 1.67
Width (n9) 0.25 0.25 0.25 0.25 0.25
Positior(ns) 11.85-0.11  11.020.09 11.87#0.09 11.74-0.15 11.84-0.10 11.98:0.29  11.16-0.13 12.36:0.09  11.94-0.22
Efficiency 0.151 0.136 0.151 0.148 0.150 0.152 0.136 0.161 0.153
11 ns  Number of events 997.0+170.1 53.75:18.94 653.1:112.6 134.873.8 609.4-123.4 349.%+110.3 49.4:21.0 71.720.7 87.8-41.4
peak Yield(10™%) 12.50+2.14 0.749-0.264 8.20:1.41  1.72:0.943  7.7:1.56 4.35-1.38  0.688:0.293 0.844:0.244 1.086:0.513
Statis. significance 5.86 2.84 5.80 1.83 4.94 3.17 2.34 3.47 2.12
Width (n9) 0.54+0.11 0.25 0.45+0.09 0.28-0.12 0.45-0.11 0.62:0.23 0.25 0.25 0.37+0.25
Position(ns) 14.09+0.13 14.04:0.12 1349046 14.340.16 13.86:0.17 13.65:-0.14 14.08:0.09
Efficiency 0.195 0.194 0.184 0.200 0.191 0.187 0.195
14 ns  Number of events 332.5+111.8 361.3101.3 439.6:129.3 182.475.9 189.9-80.7 36.3-19.4 66.9-19.9
peak Yield(10™%) 3.23+1.09 3.53-0.988 452133 1.730.721 1.88:0.801 0.3680.197 0.656:0.193
Statis. significance 2.97 3.57 3.40 2.40 2.35 1.87 3.36
Width (n9 0.32£0.10 0.39-0.14 1.32-0.37 0.30-0.10 0.32:0.15 0.25 0.25
Positior{ns) 18.10+0.18
Efficiency 0.231
18 ns  Number of events 72.6+20.3
peak Yield(10™%) 0.596+0.167
Statis. significance 3.58
Width (ns) 0.54+0.12
Positior(ns) 23.89+0.10 25.520.14 23.16:0.29  23.83%0.11 24.05:0.10
Efficiency 0.24 0.255 0.235 0.240 0.241
25ns  Number of events 75.6+27.9 192.5-65.6 356.396.4 32.0:14.6 87.2024.7
peak Yield(10’3) 0.597£0.220 1.430.489 2.870.777 0.25%0.115 0.685:0.194
Statis. significance 2,71 2.94 3.70 2.19 3.54
Width (n9) 0.25 0.34+0.12 0.90-0.21 0.25 0.29+0.08
Positior(ns) 29.37+0.11 30.190.27 29.31%0.09 285%0.15 28.23-0.14 29.96:0.26
Efficiency 0.286 0.290 0.286 0.282 0.279 0.289
30 ns  Number of events 132.2+60.6 26.82225.70 151.0:43.5  48.9-39.1 23.3-14.4 22.715.2
peak Yield(10™%) 0.876+0.401 0.175:0.168 1.06-0.288 0.32%-0.263 0.158:0.0978 0.149:0.0998
Statis. significance 2.18 1.04 3.47 1.25 1.62 1.50
Width (n9) 0.25 0.25 0.25 0.25 0.25 0.29+0.13
X2 255.9 185.4 292 275.3 257.6 311.3 270.2 234.2 296.8
deg. of freedom 281-18 211-11 301-15 301-18 301-21 301-18 301-18 301-21 301-15
x2/deg. of freedom 0.973 0.927 1.021 0.973 0.92 11 0.955 0.836 1.04
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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/stopped, 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 E, Mass Width
(n9 significance of events efficiency (18) (n9 (MeV) (MeVi/c?) (MeVi/c?) Comment
8.07+0.24 1.58 41.8625.9 0.102 0.760.48 0.28:0.12 142.22105 1647.6:17.9 20.9:9.0 Seen only with low energy.

Seen withN,=5,6.
9.55+0.15 2.24 218.6-97.7 0.113 3.621.64 0.25 95.1335 1725.6:5.6 9.8 Not seen with medium or
high energyy.
Peak due to neutron back-to-back
11.85:0.11 5.86 997.66170.1 0.137 13.8 0.54:0.11 58.6:1.2 (1784.2:1.9) (9.2:1.9) emission from the

7~ d—nn reaction

Seen withN,=3,4
14.04-0.12 3.57 361.3-101.3 0.194 353099 0.3%-0.14 40.6:0.7 1812.31.2 3.7+1.3 andN,=5,6.
Also with medium energyy.

18.10+0.18 3.58 72.6320.3 0.231 0.680.17 0.54:0.12 24.0:0.4 1838.6:0.7 2.2£0.5 Seen only wittN,=0.

Seen withN,=5,6.
23.16:0.29 3.70 356.3-96.4 0.235 2.820.78 0.90-0.21 14.3%30.4 1852.70.6 1.8-0.4 Stronger in events witly
than in without.

Seen withN,=5,6.
29.31£0.09 3.47 151.:43.5 0.286 1.0&0.29 0.25 8.8%20.05 1860.96:0.09 0.40 Stronger in events
without .

®To 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.

the information relative to each “level” is summarized in [17], while that yield is estimated to be abouk10 2 per

Table II. stoppedp or larger in their experimental condition, therefore
From the known time-of-flight resolution and the statis-the peak would have shown up as aclpeak with their

tics, the 4 upper limits of the yield of neutrons per stopped 4o upper limit.

p leading to narrow stategbaryonia are calculated, and

shown in Fig. 7, together with the yield for the observed

peaks. The formuldl) explained in the next chapter was C. Various rates

used to calculate the yield per stoppedn which the time- Assuming that the 11 ns peak is due to thed—nn

of-flight counter efficiency for the neutron detection was gaction, we used the number of events included in this peak

evaluated at the neutron kinetic energy calculated from it§y ayaluate the yield of different peaks.

time-of_—flight. The upper limit for the2 yield is 510*2 for In our previous papef16], the yield of y rays from the
baryonia W't? masdig>1800 MeZVb ,and 1.<10°“for  4qiative capture process d— ynn has been determined to
1800 MeVt™>Mg>1700 MeVL* per stoppedp. If the  hg 5 301073 perp stop in our experimental condition. On
baryonia decay preferentially into specific, channels, then  ina other hand, it is known that the ratio of the rates
the upper Iimit is smaller as shown in Fig. 7. R(7d—nn)/R(7d— ynn) is very close to 321]. This

In the region hear ther"d—nn peak(68 MeV neutron  means our peak at 11.9 ns in Fig@g which contains
energy, 1750 Me\W” Mg), the 4o upper limit for the yield 997 0-170.1  events, corresponds to a vyield of

is 7.2<102 per stoppedTTh_is value is consistent with the 5 g 9% 10~3 neutrons per stoppeg. As the efficiency of
fact that the peak due to the”d—nn process, whose yield he time-of-flight counter for 68 MeV neutrons is 0.137, the

is estimated to be 13:810~° neutrons per stoppel shows  vield Y per stoppedp of a state corresponding to a peak
up as a 5.8. The above result can be compared with thecontainings events can be calculated as

result by Amsleret al. obtained in an experiment at BNL

[17]. In the same region, theiro4 upper limit was about  Y=0.137x1.38<10 2S/[997:(1)]=1.90X 10 6S/&(t),
2.8x10°3, actually smaller than the present value. This 1)
value, however, is difficult to understand, sindg 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 thatwheree(t) is the efficiency of the time-of-flight counter at
of Ref. [17], and that(2) the peak corresponding to the time-of-flightt. On the other hand, the yield per stopgedf
7 d—nn process is hardly visible in the spectrum of Ref. the 68 MeV peak should be expressed as:
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FIG. 8. The dependence of the integrated number of events on
the charge multiplicity of the outcoming particlég,. The grey
data bars are for events in the prompt péake of flight =3-5 ng
whereas black bars are for neutron componétitse of flight =
5-35 n3. The solid line represents the-ray yield from the
pd— Xy reaction, taken from Ref.16]. In Ref. [16], the y-ray
yield is decomposed into the contribution fropp annihilation
(shown with dotted lineand pn annihilation (dashed ling using
the result from Ref[14] on thepp— Xy reaction. The dotted line
shows a zigzag trend indicating that the yield for ddg, is rela-
tively small, whereas the neutrghlack bar$ distribution is rather
smooth, and the center is shifted to a lar§gy, compared to the
vy-ray-yield distribution.
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whereAQ), e..consy @nd 7 are the solid angle covered with
the time-of-flight counter, the event reconstruction effi-
ciency, and then rate (6.9< 10~ %/stoppedp), respectively.
Then & econst< Npsiop DECOMES 1.1X 10 which turns out to
be consistent with the total number of stopgedstimated in
the pd— Xy reaction[16]. The yields shown in Table I
have been calculated in this manner.

X & reconsts W(ET7 d—nn),

1. The prompt peak

In the time-of-flight spectrum for all eveniEig. 5a)] the
number of events between 3 and 5 ns is abouk4d®. The
N¢p, distribution of those events shown in Fig. 8 is very close
to the N, distribution of they-ray events in thepd annihi-
lation[16]. Thus we infer that these events are mainly due to
the prompty rays from ther® decay. In fact, the number of
v rays from this decay is estimated as

Ny=n7>< yp

()

X'&, X & reconstl N?stop

coincidence withy, respectively. The yields for the observed peakswheren,=3.77 is the average number of emittgdays per

are also shown.

stoppedp from the deuterium target given in the RE22],
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ande , is the detection efficiency of 10-140 Mey¥/rays by  and the counter acceptance to some extent, are not correct,
a 9 cm plastic scintillation counter, and can be roughly estithe yield of the continuum neutrons calculated using @&.
mated to be 15%. By using the numbefeconsX Npsiop ~ CONtaiNs some error.
=1.17x10", N, becomes 2%10°, thus the above- Further, note should be taken regarding the following.
mentioned interference is justified. (1) In the N;,=0 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 p) system,b) a mono-

In the t_lme-of—fllght spectra, events between 6.5 and 40 NZhromatic neutron from thex~,2n) reaction induced by the
are considered to be predominantly neutron events. Thl%f from (pn) annihilation, andc) very few neutrons from

time-of-flight range corresponds to the neutron energy rang - :
of 4.7 to 252 MeV if these neutrons are produced directlyf\he target vesséD.2 mm thick SUand supporting wallgs

from the absorption op. The number of neutrons involved hmlm .th'Ck aluminum, which absorbr ™ from the same anni-
in this range is 2.8 10°, and this corresponds to a yield of llation. . o

3.13 neutrons per stoppgdcalculated using Eqd). On the (2) In Ney=1 channel, there 'S o co'ntrlbuuon of the
other hand, if we estimate the rate for the processSPECtAtor neutron, except for the miscountindigi=2 case.
aj_’(ﬁ))"_nspectatou assuming pp)/(pn) = 1.33(se€[16]), Th|s. channel must be dominated by the indirect neutrons.
then we obtain that the number of spectator neutmps Figure 8 shows thél;, dependence of the neutron events.
(spectator ~1.33/(1+1.33)=0.57 per stoppe@, which is Note should be taken that the distribution shows a maximum

only one fifth of the detected neutrons. The remaining neuP&WeenNg,=3 and 4, and that it is shifted to the larger

trons should come from the absorption of stopped and ~ Nen Side compared to thl, dependence of the-ray events
from the reaction of— in flight in the environment, mainly L] or of the prompt events mentioned in Sec. Ill C 1. This
the Nal detectors and the iron supports, covering roughly on8UPPOrts the above-mentioned assumption since larger num-
third of the solid angle. In fact, if we assume thgt=3.77 ber of pions(large Ny should promote emission of more
[23], and furthermore.=2n_o, n_o=n._-, then the average indirect neutrons. In addition, a largé,, results in smaller
number of emitteé is estimated to be about 1.9 peraverage energy of pions which also should boost the process.

_ — +ia i
stoppedp. Andersonet al. [24] report that in the stopped , When them™’s are absorbed at rest lfgr 7"'s interact

7~ absorption, the average numbers of neutrons above 1/8 flight with) anything, y rays are also emitted. Some of

MeV emitted from C, Al, Cd, and Pb targets are 283 thesey rays are also detected by the time of flight counter.
3.2+0.3, 3.6:0.4, and 3.50.4, respectively. Thus in our 'N€S€y rays are delayed with respect to the promptay
case, as the emission af as well as neutrons is isotropic, due to the flight time of the pions. Therefore thegeays

the time-of-flight counter is estimated to record about 1 oshould contribute to extend the slower-side tail of the prompt

neutrons per stoppagin the whole time-of-flight range with  P€ak:
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 Riedbergeret al. [26] have found a “shoulder” at about
expect that the amount of neutrons for the chanils= 400 MeVEk in the spectator protorpg) momentum distribu-
even is much larger than that fdt,,= odd. In fact, in the tion in thepd— 37 27" ps andpd— 27~ 7 p reactions.
N¢, dependence of the-ray emission in thep annihilation In Fig. 9, we show the neutron momentum distribution
from the pd— Xy reaction published in Ref.16] (repro- over a wide range in the chann&ly,=0(pd— ma’n,
duced in Fig. 8 the contribution ofN.,=3 is considerably m=2) observed in the present experiment. This channel is
small compared to the contribution ®f,=2 and 4. Our the most free from the indirect neutrons. A clear sign of a
distribution given in the same figure, however, shows thashoulder at about 400 MeW¥/is observed, and in fact the
the rate forNg,= 3 is much larger than that fdd,,=2, and  overall shape is rather similar to the result of Riedberger
is almost equal to that fdd,=4. This can be accounted for et al. for the protons from the above-mentioned reactions.
by the fact that there are many more indirect neutrons thahlowever, in our case, the kinetic energy of the neutrons
the spectator neutrons. contained in the peak qt,<60 MeV/c is very small; thus

It is known that the neutron emission from stopped in  the counting efficiency of the time-of-flight counter for them
a nuclear target is mainly through two-nucleon processes iis also very small, and the error in rate becomes large in the
the high-energy region, and evaporation in the low-energy,<60 MeV/c range. So we cannot deduce the ratio of the
region. Therefore the energy spectrum of the emitted neutroheight of the “shoulder” to that of the quasifree peak. On
is free from fine structurg25]. Also, as the variation of the the contrary, we can evaluate the height of the shoulder in
distance between the time-of-flight counter hit position anderms of absolute rate. It is clear that the shoulder is present;
the suspected origin of the background neutrons is quitd is at about 400 MeW, and the dip in between is clearer
large, this should smear out any remaining fine structure ithan in case of Ref.26].
the time-of-flight spectrum of the indirect neutrons which  In that momentum range, the neutron is no more a simple
constitute the background in our narrow-peak search. Itspectator.” Figure 9 also draws the distribution calculated
should be noted, however, that for these indirect neutronsyith a simple spectator model using deuteron wave functions
the kinetic energy is different from that calculated from thedue to Hulthe@ and Sugawarg27], and Hamada and
observed time of flight. As the neutron-counter efficiency,Johnston with a hard-core arfd-wave contribution[28].

2. Neutrons and their N,, distribution

D. Spectator neutron momentum distribution
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The simple spectator model is obviously not valid in thesignal of structure is observed either in these spectra.
momentum range around 400 MeV/

Kudryavtsev and Tarasd29] argued that an inclusion of IV. CONCLUSIONS AND SUMMARY
the simple diagram with absorption of a pinangular dia-
gram allows to reproduce the shoulder observed in Ref. To search for baryonium states, a highly sensitive experi-
[26]. Their calculation includes a free parameter and also th&ent with a good statistics has been carried out at KEK by

result is now shown in terms of absolute rate. using an antiproton beam, deuterium target, time-of-flight
counter together with modularized N@&l) detector to mea-
E. y-rays in coincidence with the neutron sure the neutrons from thed— Bn reaction andy rays in

: o . coincidence with the neutrons. This permitted measuring the
We also measureq rays in coincidence with neutrons. neutrons together with the coincideptrays and obtain also
The y rays in coincidence with neutrons in this reaction was 9 epray

observed by Kalogeropoulcat al. [4] and also by Amsler the charge prong information. The. neutron spectrum in the
[30] with limited statistics. Nep=0 channgl, where all putcgmlng particles are neutral,
Figure 10 shows the energy spectra of theays emitted @S been obtained for the first time. _
in coincidence with the neutrons whose time of flight is be- A fit has been performed in the time-of-flight spectra to
tween 5 and 70 ns. The entries to the spectra are mu|tip|§earch for narrow peaks due to the formation of baryonium
when more than ong ray were detected in an event. In this States. Apart from the prompt-ray peak at 4 ns, the only
figure, events are also classified according\tg. We ob-  Peak statistically significant is the one at 11 ns, which is
serve the general trend that the averageay energy be- assigned to the neutrons created in thed—nn reaction
comes smaller with increasing.,, as was already observed Where then™ is produced in the annihilation op and
in the measurement of thg ray from thepd— Xy reaction  stopped in the target.
[16]. In fact, the distributions are very similar to those which ~ Four more peaks with a statistical significance above
are measured in thed— Xy reaction. A small difference is 3o, and two with lower significances, were also found.
observed in the smaly-ray energy region €150 MeV), Events have been classified according\ig the number
where the presenfcoinciden} spectrum seems more sup- oOf outgoing charged tracks, and for each, the time of flight
pressed. The distributions are rather smooth; we do not olspectrum was studied. The spectrum k=0 is particu-
serve any significant structure in them. Theray energy larly interesting since this shows the distribution of the spec-
distribution measured by AmsI¢80] shows a rather similar tator neutrons leaving gf) system decaying into all neu-
trend, although it goes only up to 300 MeV, and the statisticdral particles. In other channels, the spectra are contaminated
are limited. Compared to the present measurement, the highvith the neutrons following the absorption ef~ by the
energy component is smaller in their caslee ratio of the material in the environment.
yield at 75 MeV and 300 MeV is 3:1 in the present measure- The origin of the observed neutrons can be considered
ment, whereas it is about 5:1 [80]). Assuming that accep- roughly as follows: Initially 1.1% 10"p’s stop in the deute-
tance is corrected in both cases, we infer that their triggerium target. In 57% of the cases (&10°) a spectator neu-
condition favored largeN,. (In the present measurement, tron is emitted leaving a neutral systemp)). In the rest, a
the above-mentioned ratio is 3.4:1 fdg,=3, 4, and 6:1 for  spectator proton is emitted leaving pn) negative charge
Nep=5,6) system, but the low energy proton stops inside or outside the
The y-ray energy spectra summed oWy, are shown in  target. o
Fig. 11 separately for different neutron time-of-flight ranges. The (pp) or (pn) system annihilates mainly into multiple
The ranges are chosen so that the corresponding baryoniupions of different charges. The® decays into %, and
mass Mg is between 1.865-1.872 Ge¥/ 1.8-1.865 (2—3)x10° y rays are detected by the time-of-flight
GeV/c?, 1.6-1.8 GeVE?, and 1.4-1.6 GeVE? No clear  counter as the prompt peak. Most of the’s leave the
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FIG. 11. Energy spectra of the rays associated with the neu-
trons in the time-of-flight range dB) 12.92 to 35.0 ns(b) 7.53 to

) ) 12.92 ns, andc) 6.31 to 7.53 ns, respectively. The events are
FIG. 10. Energy spectra of the rays associated with the neu- symmed ovemN,,. The entries to the spectra are multiple when

trons whose times 01_‘ flight are between 5 and 35 ns. The entries tQ,qre than oney ray were detected in an event. These neutron time
the spectra are multiple when more than oneays were detected ot flight ranges corresponds to the ranges of baryonium tiassf
in an event. Spectra are shown for all events, events Wi+ 0, (a) 1.8-1.872 MeW¢?, (b) 1.6—1.8 MeVé2, and(c) 1.4— 1.6 MeV/

Nep=1 or 2, Ne,=3 or 4, andN¢,=5 or 6, respectively. For 2 regpectively. Fory-ray-energy resolution, see Ref4,14].
vy-ray-energy resolution, see Rét., 14).

y Energy (MeV)

target and are absorbed by the environment, mainly the N&rom the other processes mentioned aboyeays stem also
counter. Each stop af~ produces about 3 neutrons togetherfrom the 77~ decays intow vy, but the contribution is very
with some y rays; 3. 10° neutrons are detected by the small.

time-of-flight counter. On the other hand, a part of the From the measured time-of-flight spectra and the known
m’s are absorbed by the deuterium in the target, and proresolution, 4r upper limits for the yield of neutrons leading
duce 68 MeV neutrons; about 1000 of them are detected bip narrow baryonium states per stoppedire deduced for
the time-of-flight counter. A part of ther™’s interact in  eachNg, channel separately as well as for all tNg, chan-
flight with the environment, and some of the produced neunels added. The added yield upper limit is<%0 2 for
trons are also detected by the time-of-flight counter. Thebaryonia with mas#g>1800 MeV/k?, and 1.0 102 for
contribution of K~ produced in the annihilation ofpp) or 1800 MeVE*>Mg>1700 MeVt? per stoppedp. If the
(pn) system(2.4% decaying intor™ 7° (21%),7°—2yis  baryonia decay preferentially into specifig,, channels, then
much smaller(estimated to be about 16) than they rays  the upper limit for the yield is smaller, as shown in Fig. 7.
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¥ rays in coincidence with the neutron were also meat0 bin 1, the greater the fraction bin 1 gets. This method of
sured. The energy spectra are very similar to those obtaingeinning is known to reduce the statistical fluctuation of the
in the pd— Xy reaction. Events are also classified accordingnumber of events in a bin. It can be shown theoretically that
to the mass ranges of the possible baryonia. No significarthe fluctuation is reduced by a factor of 0.81 when the parent

structure has been observed. distribution is flat. It can be demonstrated by numerical
simulations that even when the parent distribution has a
ACKNOWLEDGMENTS structure(like peaks, the fluctuation is reduced almost by

+he same amount if the bin width is narrow enough.

Nieri]ISav?/;th;rrSfeesxs%rfés (;rglii dlgreor;etsgacl)rr]klj tgu P;S\fgrsasoér " This effect therefore makes the fitting easier. This is not
' y ; - =ug » ""%ke a normal smoothing where one reprocesses already

fessor H. Hirabayashi, and Professor K. Nakai for supporting . . . :
the present work, and to the technical staff of KEK for giv_%mned events. When there is an isolated peak in the parent

ing valuable help during the experiment. distribution, the parameters such as the center and the width,
and of course, the area of the peak, are rather well repro-
APPENDIX: FRACTIONAL BINNING duced in the spectrum if the binning is not too coarse. For

these reasons, we used the fractional binning to create spec-
In a normal binning, when an event falls between centersra throughout this paper.

of two adjacent bins, the contents of the bin, whose center is To calculate they? of a fit, terms which consist of the
closer to the event are incremented by one, and the other bsguare of the deviation of the contents of a bin from the fitted
is left intact. In the fractional binning which we used here, value, divided by the square of the fluctuation of the bin
“one event” is shared between the two adjacent bins. Supeontent, which is usually replaced by the contents them-
pose the centers of the two adjacent bins 1 and Za@nd  selves, assuming a Poisson distribution, are summed over all
X», if an event falls akk wherex;<<x<X,, then the contents the bins. In our case, these terms are further multiplied by
of bin 1 are incremented byxg—x)/(x,—X;), whereas the 1.524(=1/0.8%) to compensate the reduction of the fluctua-
contents of bin 2 byX—x;)/(x,—X;). The closer the event tion in the spectrum.
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