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Using modularized N4T1) detectors, we carried out a high-statistics measurement of inclaSigpectra in
antiproton annihilation at rest in a liquld, target. At the statistical significance abowue, 4ve did not see any
narrow 7° peaks due to the production Bf=baryonium or similar narrow states pd— 7°BN, (Ng being a
spectator nuclegror pd— 7°B. The 4» upper limit for the yields(or branching ratiosper annihilation was
2X 10 2-2x10"2 for the baryonia with a masd\(g) of 1700—1100 MeV¢? and a width smaller than Gt
Mg~ 1700 MeV£k?) to 40 (Mg~ 1100 MeVE?) MeV/c?. [S0556-281@9)06908-3

PACS numbgs): 25.43+t, 13.75.Cs, 14.40.Cs

I. INTRODUCTION discretey-ray lineg, we published a negative result on the
70 lines in the inclusiverr® spectra obtained in a liquid H
The existence of baryonia below the threshold was oncearget[9]. Negative results have accumulated for baryonia

claimed with evidence of three discregeray lines in the  pejoy the NN threshold at a statistical significance larger
inclusive y-ray spectrum obtained ipp annihilation at rest o1 4 in PP annihilation experiments in liquid H For
in an experiment1] at CERN-PS. This result was partially o0 getailed reviews on the search for baryonia below
copﬁrmed n an gpd_ated experimerj2] and a third ex- threshold se¢10], our previous result§5,6,9, and the ref-
periment[3] with a liquid He target. erences cited therein
With a primary aim of checking the baryonium result ob- After th : 669 i lauid H. t ¢
tained at CERN, we carried out an experiment on antiproton er e meagurgmer[ 6,9 in a quic Hp target, we
annihilation at rest in liquid Kl We carried out a high- extende_d_lt o a I'qu'.(D? target. In_a Ilqwd H target, thg
statistics measurement gfrays by using an array of N@fl) Stark mixing makes it dlfflculito bring in a nonzero orbital
scintillator modules, and searched for both dischetay and ~ angular momentuntl) to the NN system. But the nucleon
discreten® lines. We searched forr® lines also, because spectator can take out a nonzero angular momentum, thereby
some theories suggested a possibility that the intensity of thallowing us to observe states with 0. The centrifugal force
strong interaction transition of antiproton-nucleon atom toshould be essential to keep antidiquadq) and diquark
baryonium(emitting °) may be larger than that of the elec- (gg) (or N andN) apart to make the lifetime of the baryo-
tromagnetic ondfor example, se¢4]). nium long (see the discussions il1,12). In a previous
Based on they-ray result from liquid H, we rejected for  paper[11], we described a search for narrgaray lines in
the first time[5,6] the several discretg-ray lines which had inclusive y-ray spectra obtained in antiproton annihilation at
been reported earligmentioned above The same conclu- rest in liquid D,. The physics aim was the search Br
sion was also obtained by two LEAR experiments, one using- (gqggq) baryonia or NN) bound states ipN— yB (N
BGO spectrometerb?] anq t.he other using a magnetic pair —p or n in deuterium, andB=(Gqqqq) or (NNN) bound
spectrometef8], with a similar statistics to ours. After the tates inod B. The result was negative: therdipper
main result(the negative result on baryonia from a search forls. ates npd—=ys. | - 9 : PP
imits for the baryonium(or similar narrow states mentioned

abové production per annihilation were between £0and
@0‘4 depending on the baryonium magsetween 1700 and
%00 MeV/c?) and the charge multiplicity in the decay of the

baryonium.
"Deceased. y

*Present address: KEK, High Energy Accelerator Research Orga—oln the same exp.erlmeml]., W.e also measured inclusive
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50000

tion. The existence of rather narrdWN N quasinuclear states
has been predictdd 3] in a potential model. This paper pre- B
sents the result of these studies. In this experiment we alsa 40000
measured low-energy neutrons using a precision time-of-

flight (TOF) spectrometer. Baryonia with a mass close to the ) 30000

NN threshold were searched for in the high-statistics inclu- =
sive neutron spectra and the result was recently published ing
a separate papgt2]. Although we also accumulated coinci-
dence events between the neutron arfgl the statistics was

not enough to study thed— 7°BNg reaction with a specta- 10000
tor neutron or even with a nonspectator neutron.

A few more studies have also been carried out in the same
experiment. The results of some unusual channefsdoén- 0 50 100 150 200 250 300
nihilation into one meson arg)d one nu%Ieon, called Pon- INVARIANT MASS M(7 ) (MeV/c?)
fg?lr\zlnge\?vcggng[é?’pﬂgg&;’rezghﬂg ﬁ(jélzni%%,eraggper FIG. 1. Theyy invariant mass spectra summed for the charge

. . . — — o multiplicities in the final state. The solid curve gives a fit of th®
I[lt?)]. The I)_/lel%s[()or.btrart]chlng ratlo)sof_tpr)]p and ??hanngu-. peak with a Gaussian shape superimposed on a polynomial back-
aolons In Iquids INto two mesons with one of eng eing ground. The arrows indicate the2¢ cut with o=13 MeV/c? for
7 (or ) were also measurdd 6] from the obtainedr”(7) +° The bin width is 2.08 Me\W2.

peaks in the inclusiver’( ) spectra.

20000

=1.25x 10’ for the final states with the charge multiplicity
Nep=1 within an ambiguity of =5%. N for all-neutral
events (N.,=0) was by 31% larger due to the looser vertex
The experimental setup was described6ril1,16. Anti-  reconstruction. The antiproton momentum at the entrance of
protons at 580 MeW, produced in the KEK 12 GeV Proton the liquid D, vessel spread between zero and 360 MeV/
Synchrotron, were degraded in a graphite slab and stopped with the peak at 280 Me\¢/[16]. The fraction of the in-flight
a liquid D, target of 14 cm in diameter and 23 cm in length. annihilation of antiproton in the total annihilation was esti-
The charged particles coming out of the target were detecteahated to be 19%16].
with a set of scintillator hodoscopes for triggering and About 21%(1.48x 10° events of the reconstructed events
tracked with cylindrical and planar multiwire proportional had two or morey rays on the Nal, giving 3.1810° yrays
chambers, whose total coverage was 93% ofs#. The en- (above 10 MeV in total. For these events, we calculated the
ergy and position of eacly ray were measured with a calo- yyinvariant mas (yy) [9,16] for all yy combinations and
rimeter consisting of an array of 96 Na@l) modules and the obtained 1.9%10° yy combinations in total. ThéV(y7y)
surrounding 48 scintillating glass modules assembled into apectrum is given in Fig. 1; corresponding spectra separately
half barrel. The Nal covered a solid angle of 22% af gr.  for each charge multiplicityN.y) in the final state are given
The triggering conditior6] was the detection of one or in Ref.[16]. The #° peak in theM(yy) spectra was fitted
two neutral clusters on the Nal. The annihilation vertex waswith a Gaussian shape superimposed on a polynomial back-
determined from the tracks of charged particles. For all-ground. The obtained widttlo) of about 13.9 MeVé? for
neutral events, we also used the range of the incoming antthe 7° peak was similar to 13.0 Me¢f for #° [9] obtained
proton calculated from the energy loss in a 3-mm-thick Siin a liquid H, target. The Gaussian peak occupied 68% of the
SSD. The vertex reconstruction was successful gy 70 region (within the 7% rest mass+30MeV/c?) ~5.48
=6.93x 1(° events out of 1.82 10’ triggered events after x10° #¥’s.
the following cuts: (i) the rms distance from the vertex to  The #° spectrum, obtained after the above-mentioned cut
the charged tracks should be smaller than 3 cm, (@hdhe  on the invariant mass, is given in Fig. 2 for the total events;
vertex should be inside the extended target volume by 2 crgorresponding spectra separately for each charge multiplicity
radially and 1.5 cm longitudinally from the target walls. The N, are given in Ref[16]. The number of7°, including the
y rays were identified by applying a cluster-finding lodi6$  background yy combinations, was 38032 folN.,=0,
on the signals of the calorimeter modules. Removingthe 113369 for 1, 286 897 for 2, 219110 for 3, 117 399 for 4,
rays whose shower leakage from the Nal to scintillating glas®8 382 for 5, and 6460 foe6 with 809649 in total. To
exceeded 10% of the-ray energy, we obtainetl,=6.34  search for narrowr® peaks, we fitted each spectrum with
X 10° y rays above 10 MeV. Gaussian peaks superimposed on a polynomial background
We estimated the number of stopped antiprotdfs, in by employing the minimization routiniNnuIT [17]. The de-
two different ways: (i) dividing the total number ofy rays  gree of the polynomial background, which gave a good fit,
(N,) by the detection efficienc§0.49 and (ii) dividing the  was between 2 and 4, depending on the spectra and the en-
number of events after the vertex reconstructibiy)(by the  ergy region to be fitted.
efficiency (0.54) of the trigger logics(one or two y rays According to a numerical simulation, the instrumental en-
falling on the NaJ. The efficiencies were calculated by a ergy resolution form® depends weakly on the energy parti-
Monte Carlo method. Both ways gave consistendy  tion between the two decay rays and is better than that

Il. EXPERIMENT AND DATA REDUCTION
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FIG. 2. Inclusives® spectrum summed over the charge multi-  FIG. 3. The solid curve gives the modified energy resolution of

plicity in the final state. The bin width is 4.16 MeV.

for single y rays having the same energy by a factor of 0.
on the average. We calculated in Rgif1] the correction for
the Doppler effect due to the Fermi motion fgrays emitted
from pd annihilation at rest. Forr®, the correction is re-
duced by a factor of ther® velocity (pc/E), and we ob-
tained the energy resolution far° as follows(see Fig. 3

AE/E(in FWHM)=[{0.055(E/GeV)4?
+(0.0478c/E)?]Y2 (1)

lll. SEARCH FOR BARYONIA IN THE 7% SPECTRA

the Nal calorimeter given by Eql). The dotted curve gives the
upper limit of the mass widthsee Eq.(3)] of baryonia(or similar
ggnarrow stateswhich was searched for in the present experiment.

constrained the Gaussian width between 1.0 and 0.8 times
the instrumental one. This is becaudg we searched for
baryonia (or similar narrow statgswith intrinsic widths
much smaller than the instrumental one d8d the instru-
mental width[Eq. (1)] was taken for safety on the larger side
within its ambiguity. Since the baryonium madd §) is re-
lated to thew® energy(E) as

Mg=(4M§—4M\E/c?+M?2)"2, 2

whereM,, andM . denote the nucleon and® rest masses,

Fitting of the w° spectra was carried out in three energyrespectively, the instrumental widthE of Eq. (1) corre-

windows (140-350, 200-620, and 500-1000 MeWe

TABLE |. Fitted results on narrow peaks in

sponds to the baryonium mass widthM g in the full width

the inclusiw@ spectra, excluding those which can be

assigned to known mesons. Peak position, yieldg¢rannihilation[actually multiplied byB(N¢y) ], statis-
tical significance, and width are given. The peaks were fitted to a Gaussian shape whose width was bound
within the instrumental widtht-0%, —20% (see text, U andL denote the upper and lower limits, respec-

tively. For the case o) (or L), the error in the wid

th given in parentheses is meaningful only with a minus

(or plus sign. Notes give the weight-averaged peak posifionMeV) and the mass of a baryoniuBi(in

MeV/c?) produced in the assumed reactiphl—

%8B (N=p or n). No narrow peaks were seen fbl,

=1, 3, and 4.
Charge multiplicity Ncp)

Nep=all 0 2 5 =6 Notes
Position(MeV) 201.1x5.5 197.5-2.9 200.3:3.7 189.%-2.0 194.2:4.8
Yield (10°%) 11.0+5.34 476:2.42 3.04:1.20 1.94-0.62 Mg=1676+2
Significance 2.& 2.00 2.50 3.1o
Width o (MeV)  7.21.4,U) 5.71.4L) 7.21.4,U) 5.7(1.1,L)
Position(MeV) 347.8+6.1 347.8:6.1
Yield (10™%) 2.39+0.72 Mg=1495+8
Significance 3.3
Width o (MeV) 12.11.9L)
Position(MeV) 472.4-4.9 472.4-4.9
Yield (1073%) 1.02+0.44 Mg=1329+7
Significance 2.3
Width o (MeV) 12.62.5L)
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FIG. 4. Inclusivew® spectra for each charge multiplicityN{) as well as for their sum are given on the right. The residue after
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curves give the fi{see text and Table.I The bin width is 4.16 MeV.
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at half maximum (FWHM)] of (2My/Mg)AE/c?. The
above-mentioned assumptiéh) means that\ Mg should be
as small as or smaller than half of the above quantity,

)

This upper limit AMg);im increases from 9 Me\¢? at Mg
~1700MeVk? (E~170MeV) to 40MeVt? at Mg
~1100 MeVk? (E~600MeV); see Fig. 3.

The obtained fit is summarized in Table | and shown in
Fig. 4 with solid curves. Except the two-meson annihilation
peaks seen above 700 Méskee[16]), no narrow peaks were
seen at statistical significance above. At (2—3 o levels,
three narrow peaks were seen at 194 M&Y N.,=2, 5,=6
and for the sum of all prong848 MeV (N.,=0), and 472
MeV (Ng,=0).

The yield (i.e., branching ratipof the pN— 7°B (N=p
or n) reaction pepN annihilation is related to ther® peak
areaA above the background in thé-pronged=° spec-
trum as

AMp=<(AMp)jim=(My/Mg)AE/c?.

(4)

where « is a constant to be described belowg(Ng,) the
overall detection efficiency for® produced in the assumed
reaction, andB(N.,) the decay branching ratio d@ into
Ngrpronged states. The reactipd— 7°B was treated in a
similar way. The constant is either ay=fraction of pN
(N=p or n) annihilation inpd annihilation or unity for direct
pd annihilation. Theay should be either,=0.57[11] or
an=1—a,, corresponding td\N,,=even or odd. However,
misidentification of theN.,=even or odd can occur due to
the y—e™ e~ conversion(6% pery ray) and the acceptance
gap (7% per charged particleof the present detector. We
assumeday= a,= a,=0.5 for simplicity. Since we could
not tell betweenpN and pd annihilation, we usedv=0.5
also for the direcpd— 7B reaction, allowing an overesti-
mation of the yield by twice.

In the Monte Carlo calculation of theg for the pp
(orpn)— °B reaction, the decay modes & which are

aNgXyieldX eg(Ngy) X B(Ngp) = A,

PHYSICAL REVIEW C 60 035204
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FIG. 5. The 4 upper limit (see texk for the yield of narrow
states per annihilation is plotted with solid curvBsndicates sym-
bolically any baryonia or N) bound states, whileNNN) indi-
cates f1gqqg) exotics or NNN) bound states. Solid circles given
the narrow peaks seen @&—3)¢ statistical significancésee Table
I). Bars on the data points give the fitting errérslo).

unknown, were assumed to be the same as the branching the gptained & upper limit for the baryoniuntor similar

ratios ofpp (or pn) annihilation at rest. Using the branching
ratios of pp annihilation[6], we calculatedeg for the pp

— 9B reaction and gave it in Fig. 3 of Re9]. Since the
statistical model$18] give similar pion multiplicity for both
pPp andpn annihilations, the branching ratios ph annihi-
lation should be similar to those @p annihilation except
for a change due to the replacement of erfeby 7~ in the
annihilation products. The resultant changesiwas esti-

narrow statg production is given in Fig. 5 with solid curves.
Based on a numerical simulation, we took for the ypper
limit 4 times the statistical fluctuation of the backgroun
lying in the energy region of twice the instrumental FWHM.
The three peaks seen @-3)o levels are shown with solid
circles.

IV. RESULTS AND DISCUSSION

mated by a Monte Carlo calculation to be an increase by

(0.07-0.1} roughly independently of the specific decay
channels ofB. Consequently, we took theg(N.,) for pn
—7°B simply as 1.1 times theg(N.,— 1) for pp— 7°B.
For pd— 7B, the decay mode oB is not known at all
either. So we assumed the decay of the meson p&tobe
the same as thpp or pn annihilation at rest. The baryon
part of B, which is a proton or a neutron, should not give
large effects on theg. As a result, we simply assumed the
eg for pd— 7B to be the same as the; for pp— 7°B.

The obtained results can be summarized as follows.

(1) In the inclusive® spectra, we did not see, at the
statistical significance aboverdany narrow peaks due to the
production of B=baryonium (or similar narrow statgsin

pd— 7°BN; (Ng being a spectator nuclepor pd— 7°B.

The 4o upper limit for the yields(or branching ratiosper
annihilation was X 10~?—2x 102 for the baryonia with a
mass Mg) of 1700—1100 MeVé? and a width smaller than
9 (at Mg~1700MeVL?) to 40 (Mg~1100MeVL?)
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MeV/c?. The obtained result including the upper limit for
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Negative results have accumulated for baryonia below the

each charge multiplicity separately is given in Fig. 5. Thethreshold with a branching ratio of order 18-10"* or
energy range where we searched for baryonia is essentiallarger. But some calculatioi$9] give the branching ratio of
130-600 MeV in7® energy, since the search becomes inefthe electromagnetic transition to baryonium of order of
fective in the energy region higher than 600 MeV due to thel0™*. The transition by a strong interaction has not been

existence of ther® peaks coming from theN annihilations
into two known mesons.

much measured yet. From the theory side, there are no clear
reasons why baryonia should be absent. In the QCD, there is

(2) At (2-30 levels, three narrow peaks were seen at thestill much interest in exotics, including hybrids, glueballs,

w0 energies of 194 MeMMg=1676 MeVk? under an as-
sumption of a baryonium foB; see Table )| 348 MeV
(Mg=1495MeVL?), and 472 MeV Mz=1329 MeV/L?).

diguark-antidiquark states, ef@0]. If a newpp (or pd) an-
nihilation experiment could be carried out with orders of
magnitudes higher statistics, it could give a clearer conclu-

We cannot take these peaks to be significant because of t§on on baryonia.

following estimation on the statistical fluctuations. We can

calculate the number of statistically independefitenergy
bins in units of 2r of the instrumental energy width far®.

Then the region of 130—600 MeV contains about 23 inde-

pendent bins. Multiplying the probabilit}2.5%) that the sta-
tistical fluctuation of ther® events in a bin exceedsrdf the
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