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Search for baryonia from a measurement of monochromaticp0 mesons
in antiproton-deuterium annihilation at rest
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Using modularized NaI~Tl! detectors, we carried out a high-statistics measurement of inclusivep0 spectra in
antiproton annihilation at rest in a liquidD2 target. At the statistical significance above 4s, we did not see any
narrowp0 peaks due to the production ofB5baryonium or similar narrow states inp̄d˜p0BNs ~Ns being a
spectator nucleon! or p̄d˜p0B. The 4s upper limit for the yields~or branching ratios! per annihilation was
231022– 231023 for the baryonia with a mass (MB) of 1700– 1100 MeV/c2 and a width smaller than 9~at
MB;1700 MeV/c2! to 40 (MB;1100 MeV/c2) MeV/c2. @S0556-2813~99!06908-3#

PACS number~s!: 25.43.1t, 13.75.Cs, 14.40.Cs
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I. INTRODUCTION

The existence of baryonia below the threshold was o
claimed with evidence of three discreteg-ray lines in the
inclusiveg-ray spectrum obtained inp̄p annihilation at rest
in an experiment@1# at CERN-PS. This result was partiall
‘‘confirmed’’ in an updated experiment@2# and a third ex-
periment@3# with a liquid He target.

With a primary aim of checking the baryonium result o
tained at CERN, we carried out an experiment on antipro
annihilation at rest in liquid H2. We carried out a high-
statistics measurement ofg rays by using an array of NaI~Tl!
scintillator modules, and searched for both discreteg-ray and
discretep0 lines. We searched forp0 lines also, because
some theories suggested a possibility that the intensity of
strong interaction transition of antiproton-nucleon atom
baryonium~emittingp0! may be larger than that of the ele
tromagnetic one~for example, see@4#!.

Based on theg-ray result from liquid H2, we rejected for
the first time@5,6# the several discreteg-ray lines which had
been reported earlier~mentioned above!. The same conclu-
sion was also obtained by two LEAR experiments, one us
BGO spectrometers@7# and the other using a magnetic pa
spectrometer@8#, with a similar statistics to ours. After th
main result~the negative result on baryonia from a search
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discreteg-ray lines!, we published a negative result on th
p0 lines in the inclusivep0 spectra obtained in a liquid H2
target @9#. Negative results have accumulated for baryo

below the N̄N threshold at a statistical significance larg
than 4s in p̄p annihilation experiments in liquid H2. For
more detailed reviews on the search for baryonia be
threshold see@10#, our previous results@5,6,9#, and the ref-
erences cited therein.

After the measurement@5,6,9# in a liquid H2 target, we
extended it to a liquidD2 target. In a liquid H2 target, the
Stark mixing makes it difficult to bring in a nonzero orbit

angular momentum~l! to the N̄N system. But the nucleon
spectator can take out a nonzero angular momentum, the
allowing us to observe states withlÞ0. The centrifugal force
should be essential to keep antidiquark (q̄q̄) and diquark
~qq! ~or N̄ and N! apart to make the lifetime of the baryo
nium long ~see the discussions in@11,12#!. In a previous
paper@11#, we described a search for narrowg-ray lines in
inclusiveg-ray spectra obtained in antiproton annihilation
rest in liquid D2 . The physics aim was the search forB

5(q̄q̄qq) baryonia or (N̄N) bound states inp̄N˜gB ~N

5p or n in deuterium!, andB5(q̄qqqq) or (N̄NN) bound
states inp̄d˜gB. The result was negative: the 4s upper
limits for the baryonium~or similar narrow states mentione
above! production per annihilation were between 1022 and
1024 depending on the baryonium mass~between 1700 and
600 MeV/c2! and the charge multiplicity in the decay of th
baryonium.

In the same experiment@11#, we also measured inclusiv
p0 spectra with a high statistics in order to search for mo
chromatic p0 peaks due to the production ofB5(q̄q̄qq)
baryonia or (N̄N) bound states in thep̄d˜p0BNs reaction
with a spectator nucleonNs and the production ofB
5(q̄qqqq) or (N̄NN) bound states in thep̄d˜p0B reac-
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tion. The existence of rather narrowN̄NN quasinuclear state
has been predicted@13# in a potential model. This paper pre
sents the result of these studies. In this experiment we
measured low-energy neutrons using a precision time
flight ~TOF! spectrometer. Baryonia with a mass close to
N̄N threshold were searched for in the high-statistics inc
sive neutron spectra and the result was recently publishe
a separate paper@12#. Although we also accumulated coinc
dence events between the neutron andp0, the statistics was
not enough to study thep̄d˜p0BNs reaction with a specta
tor neutron or even with a nonspectator neutron.

A few more studies have also been carried out in the sa
experiment. The results of some unusual channels ofp̄d an-
nihilation into one meson and one nucleon, called P
tecorvo reactions@14#, p̄d˜p0n, hn, p0D(1232), and
hD~1232!, were also published recently in another pap
@15#. The yields~or branching ratios! of p̄p and p̄n annihi-
lations in liquidD2 into two mesons with one of them bein
p0 ~or h! were also measured@16# from the obtainedp0(h)
peaks in the inclusivep0(h) spectra.

II. EXPERIMENT AND DATA REDUCTION

The experimental setup was described in@6,11,16#. Anti-
protons at 580 MeV/c, produced in the KEK 12 GeV Proto
Synchrotron, were degraded in a graphite slab and stoppe
a liquid D2 target of 14 cm in diameter and 23 cm in lengt
The charged particles coming out of the target were dete
with a set of scintillator hodoscopes for triggering a
tracked with cylindrical and planar multiwire proportion
chambers, whose total coverage was 93% of 4p sr. The en-
ergy and position of eachg ray were measured with a calo
rimeter consisting of an array of 96 NaI~Tl! modules and the
surrounding 48 scintillating glass modules assembled in
half barrel. The NaI covered a solid angle of 22% of 4p sr.

The triggering condition@6# was the detection of one o
two neutral clusters on the NaI. The annihilation vertex w
determined from the tracks of charged particles. For
neutral events, we also used the range of the incoming a
proton calculated from the energy loss in a 3-mm-thick
SSD. The vertex reconstruction was successful forNv
56.933106 events out of 1.823107 triggered events afte
the following cuts: ~i! the rms distance from the vertex t
the charged tracks should be smaller than 3 cm, and~ii ! the
vertex should be inside the extended target volume by 2
radially and 1.5 cm longitudinally from the target walls. Th
g rays were identified by applying a cluster-finding logics@6#
on the signals of the calorimeter modules. Removing thg
rays whose shower leakage from the NaI to scintillating gl
exceeded 10% of theg-ray energy, we obtainedNg56.34
3106 g rays above 10 MeV.

We estimated the number of stopped antiprotons,Np̄ , in
two different ways: ~i! dividing the total number ofg rays
(Ng) by the detection efficiency~0.49! and ~ii ! dividing the
number of events after the vertex reconstruction (Nv) by the
efficiency ~0.54! of the trigger logics~one or two g rays
falling on the NaI!. The efficiencies were calculated by
Monte Carlo method. Both ways gave consistentlyNp̄
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51.253107 for the final states with the charge multiplicit
Nch>1 within an ambiguity of65%. Np̄ for all-neutral
events (Nch50) was by 31% larger due to the looser vert
reconstruction. The antiproton momentum at the entranc
the liquid D2 vessel spread between zero and 360 MeVc
with the peak at 280 MeV/c @16#. The fraction of the in-flight
annihilation of antiproton in the total annihilation was es
mated to be 19%@16#.

About 21%~1.483106 events! of the reconstructed event
had two or moreg rays on the NaI, giving 3.183106 g rays
~above 10 MeV! in total. For these events, we calculated t
gg invariant massM (gg) @9,16# for all gg combinations and
obtained 1.923106 gg combinations in total. TheM (gg)
spectrum is given in Fig. 1; corresponding spectra separa
for each charge multiplicity (Nch) in the final state are given
in Ref. @16#. The p0 peak in theM (gg) spectra was fitted
with a Gaussian shape superimposed on a polynomial b
ground. The obtained width~1s! of about 13.9 MeV/c2 for
thep0 peak was similar to 13.0 MeV/c2 for p0 @9# obtained
in a liquid H2 target. The Gaussian peak occupied 68% of
p0 region ~within the p0 rest mass630 MeV/c2! ;5.48
3105 p0’s.

Thep0 spectrum, obtained after the above-mentioned
on the invariant mass, is given in Fig. 2 for the total even
corresponding spectra separately for each charge multipl
Nch are given in Ref.@16#. The number ofp0, including the
background gg combinations, was 38 032 forNch50,
113 369 for 1, 286 897 for 2, 219 110 for 3, 117 399 for
28 382 for 5, and 6460 for>6 with 809 649 in total. To
search for narrowp0 peaks, we fitted each spectrum wi
Gaussian peaks superimposed on a polynomial backgro
by employing the minimization routineMINUIT @17#. The de-
gree of the polynomial background, which gave a good
was between 2 and 4, depending on the spectra and the
ergy region to be fitted.

According to a numerical simulation, the instrumental e
ergy resolution forp0 depends weakly on the energy par
tion between the two decayg rays and is better than tha

FIG. 1. Thegg invariant mass spectra summed for the cha
multiplicities in the final state. The solid curve gives a fit of thep0

peak with a Gaussian shape superimposed on a polynomial b
ground. The arrows indicate the62s cut with s513 MeV/c2 for
p0. The bin width is 2.08 MeV/c2.
4-2
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SEARCH FOR BARYONIA FROM A MEASUREMENT OF . . . PHYSICAL REVIEW C 60 035204
for singleg rays having the same energy by a factor of 0.
on the average. We calculated in Ref.@11# the correction for
the Doppler effect due to the Fermi motion forg rays emitted
from p̄d annihilation at rest. Forp0, the correction is re-
duced by a factor of thep0 velocity (pc/E), and we ob-
tained the energy resolution forp0 as follows~see Fig. 3!:

DE/E~ in FWHM!5@$0.055/~E/GeV!1/4%2

1~0.0478pc/E!2#1/2. ~1!

III. SEARCH FOR BARYONIA IN THE p0 SPECTRA

Fitting of thep0 spectra was carried out in three ener
windows ~140–350, 200–620, and 500–1000 MeV!. We

FIG. 2. Inclusivep0 spectrum summed over the charge mu
plicity in the final state. The bin width is 4.16 MeV.
03520
9

constrained the Gaussian width between 1.0 and 0.8 ti
the instrumental one. This is because~1! we searched for
baryonia ~or similar narrow states! with intrinsic widths
much smaller than the instrumental one and~2! the instru-
mental width@Eq. ~1!# was taken for safety on the larger sid
within its ambiguity. Since the baryonium mass (MB) is re-
lated to thep0 energy~E! as

MB5~4MN
2 24MNE/c21Mp

2 !1/2, ~2!

whereMN and Mp denote the nucleon andp0 rest masses
respectively, the instrumental widthDE of Eq. ~1! corre-
sponds to the baryonium mass width@DMB in the full width

FIG. 3. The solid curve gives the modified energy resolution
the NaI calorimeter given by Eq.~1!. The dotted curve gives the
upper limit of the mass width@see Eq.~3!# of baryonia~or similar
narrow states! which was searched for in the present experimen
e

bound
c-
nus
TABLE I. Fitted results on narrow peaks in the inclusivep0 spectra, excluding those which can b
assigned to known mesons. Peak position, yield perp̄N annihilation@actually multiplied byB(Nch)#, statis-
tical significance, and width are given. The peaks were fitted to a Gaussian shape whose width was
within the instrumental width10%, 220% ~see text!; U andL denote the upper and lower limits, respe
tively. For the case ofU ~or L!, the error in the width given in parentheses is meaningful only with a mi
~or plus! sign. Notes give the weight-averaged peak position~in MeV! and the mass of a baryoniumB ~in
MeV/c2! produced in the assumed reactionp̄N˜p0B ~N5p or n!. No narrow peaks were seen forNch

51, 3, and 4.

Charge multiplicity (Nch)

NotesNch5all 0 2 5 >6

Position~MeV! 201.165.5 197.562.9 200.363.7 189.962.0 194.264.8
Yield (1023) 11.065.34 4.7662.42 3.0461.20 1.9460.62 MB5167662
Significance 2.1s 2.0s 2.5s 3.1s
Width s ~MeV! 7.2~1.4, U! 5.7~1.4 L! 7.2~1.4, U! 5.7~1.1, L!

Position~MeV! 347.866.1 347.866.1
Yield (1023) 2.3960.72 MB5149568
Significance 3.3s
Width s ~MeV! 12.1~1.9 L!

Position~MeV! 472.464.9 472.464.9
Yield (1023) 1.0260.44 MB5132967
Significance 2.3s
Width s ~MeV! 12.6~2.5 L!
4-3
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FIG. 4. Inclusivep0 spectra for each charge multiplicity (Nch) as well as for their sum are given on the right. The residue a
subtraction of the polynomial background is given on the left.~a! Between 140 and 350 MeV and~b! between 200 and 620 MeV. Solid
curves give the fit~see text and Table I!. The bin width is 4.16 MeV.
035204-4
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SEARCH FOR BARYONIA FROM A MEASUREMENT OF . . . PHYSICAL REVIEW C 60 035204
at half maximum ~FWHM!# of (2MN /MB)DE/c2. The
above-mentioned assumption~1! means thatDMB should be
as small as or smaller than half of the above quantity,

DMB<~DMB! lim5~MN /MB!DE/c2. ~3!

This upper limit (DMB) lim increases from 9 MeV/c2 at MB
;1700 MeV/c2 (E;170 MeV) to 40 MeV/c2 at MB
;1100 MeV/c2 (E;600 MeV); see Fig. 3.

The obtained fit is summarized in Table I and shown
Fig. 4 with solid curves. Except the two-meson annihilati
peaks seen above 700 MeV~see@16#!, no narrow peaks were
seen at statistical significance above 4s. At ~2–3!s levels,
three narrow peaks were seen at 194 MeV~for Nch52, 5,>6
and for the sum of all prongs! 348 MeV (Nch50), and 472
MeV (Nch50).

The yield ~i.e., branching ratio! of the p̄N˜p0B ~N5p
or n! reaction perp̄N annihilation is related to thep0 peak
areaA above the background in theNch-prongedp0 spec-
trum as

aNp̄3yield3«B~Nch!3B~Nch!5A, ~4!

where a is a constant to be described below,«B(Nch) the
overall detection efficiency forp0 produced in the assume
reaction, andB(Nch) the decay branching ratio ofB into
Nch-pronged states. The reactionp̄d˜p0B was treated in a
similar way. The constanta is either aN5fraction of p̄N
~N5p or n! annihilation inp̄d annihilation or unity for direct
p̄d annihilation. TheaN should be eitherap50.57 @11# or
an512ap , corresponding toNch5even or odd. However
misidentification of theNch5even or odd can occur due t
the g˜e1e2 conversion~6% perg ray! and the acceptanc
gap ~7% per charged particle! of the present detector. W
assumedaN5ap5an50.5 for simplicity. Since we could
not tell betweenp̄N and p̄d annihilation, we useda50.5
also for the directp̄d˜p0B reaction, allowing an overesti
mation of the yield by twice.

In the Monte Carlo calculation of the«B for the p̄p
(or p̄n)˜p0B reaction, the decay modes ofB, which are
unknown, were assumed to be the same as the branc
ratios ofp̄p ~or p̄n! annihilation at rest. Using the branchin
ratios of p̄p annihilation @6#, we calculated«B for the p̄p
˜p0B reaction and gave it in Fig. 3 of Ref.@9#. Since the
statistical models@18# give similar pion multiplicity for both
p̄p and p̄n annihilations, the branching ratios ofp̄n annihi-
lation should be similar to those ofp̄p annihilation except
for a change due to the replacement of onep0 by p2 in the
annihilation products. The resultant change in«B was esti-
mated by a Monte Carlo calculation to be an increase
(0.07– 0.1)«B roughly independently of the specific deca
channels ofB. Consequently, we took the«B(Nch) for p̄n
˜p0B simply as 1.1 times the«B(Nch21) for p̄p˜p0B.
For p̄d˜p0B, the decay mode ofB is not known at all
either. So we assumed the decay of the meson part ofB to be
the same as thep̄p or p̄n annihilation at rest. The baryo
part of B, which is a proton or a neutron, should not gi
large effects on the«B . As a result, we simply assumed th
«B for p̄d˜p0B to be the same as the«B for p̄p˜p0B.
03520
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The obtained 4s upper limit for the baryonium~or similar
narrow state! production is given in Fig. 5 with solid curves
Based on a numerical simulation, we took for the 4s upper
limit 4 times the statistical fluctuation of the backgroundp0

lying in the energy region of twice the instrumental FWHM
The three peaks seen at~2–3!s levels are shown with solid
circles.

IV. RESULTS AND DISCUSSION

The obtained results can be summarized as follows.
~1! In the inclusivep0 spectra, we did not see, at th

statistical significance above 4s, any narrow peaks due to th
production of B5baryonium ~or similar narrow states! in
p̄d˜p0BNs ~Ns being a spectator nucleon! or p̄d˜p0B.
The 4s upper limit for the yields~or branching ratios! per
annihilation was 231022– 231023 for the baryonia with a
mass (MB) of 1700– 1100 MeV/c2 and a width smaller than
9 ~at MB;1700 MeV/c2! to 40 (MB;1100 MeV/c2)

FIG. 5. The 4s upper limit ~see text! for the yield of narrow
states per annihilation is plotted with solid curves.B indicates sym-

bolically any baryonia or (N̄N) bound states, while (N̄NN) indi-

cates (q̄qqqq) exotics or (N̄NN) bound states. Solid circles give
the narrow peaks seen at~2–3!s statistical significance~see Table
I!. Bars on the data points give the fitting errors~61s!.
4-5
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M. CHIBA et al. PHYSICAL REVIEW C 60 035204
MeV/c2. The obtained result including the upper limit fo
each charge multiplicity separately is given in Fig. 5. T
energy range where we searched for baryonia is essen
130–600 MeV inp0 energy, since the search becomes in
fective in the energy region higher than 600 MeV due to
existence of thep0 peaks coming from thep̄N annihilations
into two known mesons.

~2! At ~2–3!s levels, three narrow peaks were seen at
p0 energies of 194 MeV~MB51676 MeV/c2 under an as-
sumption of a baryonium forB; see Table I!, 348 MeV
(MB51495 MeV/c2), and 472 MeV (MB51329 MeV/c2).
We cannot take these peaks to be significant because o
following estimation on the statistical fluctuations. We c
calculate the number of statistically independentp0 energy
bins in units of 2s of the instrumental energy width forp0.
Then the region of 130–600 MeV contains about 23 in
pendent bins. Multiplying the probability~2.5%! that the sta-
tistical fluctuation of thep0 events in a bin exceeds 2s of the
background in the larger direction, we can expect 0.6 pe
with 2s or higher significance levels. Multiplying the num
ber of spectra~for different charge multiplicities~0, 1, 2, 3,
4, 5, 6! of seven, roughly four̂ 2s peaks are expected from
pure statistical fluctuation of the spectra. This is consist
with the experimentally observed number of~2–3!s peaks.
03520
lly
-
e

e

the

-

ks

nt

Negative results have accumulated for baryonia below
threshold with a branching ratio of order 1023– 1024 or
larger. But some calculations@19# give the branching ratio of
the electromagnetic transition to baryonium of order
1024. The transition by a strong interaction has not be
much measured yet. From the theory side, there are no c
reasons why baryonia should be absent. In the QCD, the
still much interest in exotics, including hybrids, gluebal
diquark-antidiquark states, etc.@20#. If a newpp ~or pd! an-
nihilation experiment could be carried out with orders
magnitudes higher statistics, it could give a clearer conc
sion on baryonia.

ACKNOWLEDGMENTS

The authors are indebted to many people, especially to
Nishikawa, S. Ozaki, H. Sugawara, H. Hirabayashi, and
Nakai for supporting the present work, the staff of the P
the experimental floor, and the beam channel groups for
success of the experiment, and to the staff of the comp
center of KEK for valuable help. They are also deeply than
ful to H. Nakamura~Aoyama Gakuin University! for his in-
terest in the present work and helpful discussions on
theoretical problems.
gh

K

@1# P. Pavlopouloset al., Phys. Lett.72B, 415 ~1978!.
@2# B. Richteret al., Phys. Lett.126B, 284 ~1983!.
@3# L. Adiels et al., Phys. Lett.138B, 235 ~1984!.
@4# C. B. Doveret al., Phys. Rev. Lett.41, 438~1978!; Ann. Phys.

~N.Y.! 130, 70 ~1980!.
@5# M. Chibaet al., Phys. Lett. B177, 217 ~1986!.
@6# M. Chibaet al., Phys. Rev. D36, 3321~1987!.
@7# L. Adiels et al., Phys. Lett. B182, 405 ~1986!.
@8# A. Angelopouloset al., Phys. Lett. B178, 441 ~1986!.
@9# M. Chibaet al., Phys. Lett. B202, 447 ~1988!.

@10# N. A. Graf et al., Phys. Rev. D44, 1945~1991!.
@11# M. Chibaet al., Phys. Rev. D44, 1933~1991!.
@12# M. Chibaet al., Phys. Rev. D55, 40 ~1997!.
@13# O. D. Dalkarovet al., JETP Lett.14, 127~1971!; Sov. J. Nucl.
Phys.17, 688 ~1973!.
@14# A. M. Rozhdestvensky and M. G. Sapozhnikov, Surv. Hi

Energy Phys.6, 115 ~1992!.
@15# M. Chibaet al., Phys. Rev. D55, 2577~1997!.
@16# M. Chiba et al., ‘‘Measurement of monochromaticp0 and h

mesons in antiproton-deuterium annihilation at rest,’’ KE
Report No. 97-247, 1998.

@17# F. James and M. Roos, Comput. Phys. Commun.10, 343
~1975!.

@18# S. J. Orfandis and V. Rittenberg, Nucl. Phys.B59, 570~1973!.
@19# J. P. Ader, B. Bonnier, and S. Sood, Phys. Lett.101B, 427

~1981!.
@20# See, for example, Y. Ueharaet al., Nucl. Phys.A606, 357

~1996!.
4-6


