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Using modularized Nal(T1) detectors, we have carried out a high-statistics measurement of inclusive
y-ray spectra from pd annihilation at rest separately for each charge multiplicity of the final state. We
have not seen, at statistical significance above 40, any monochromatic y-ray peaks, which may be as-
signed to baryonium production pp or pn —y B or to NNN bound-state production d —y(NNN). The
40 upper limit for baryonium production per annihilation varied between 1072 and 10~* depending on
baryonium mass of 1700 to 600 MeV/c? and on the charge multiplicity. At (2-3)o levels, however, five
peaks were observed and three of them are located at the same position with the similar (2—-3)o peaks

observed in pp —y B and pp —7°B.

I. INTRODUCTION

In previous papers [1,2], we described our experiment
searching for narrow y or 7° lines from pp annihilation at
rest in a liquid-H, target. The primary physics aim of the
experiment was the search for baryonia below the
antinucleon-nucleon (NN) threshold; we denote a proton
or a neutron as N throughout the present paper. We ob-
tained a four-standard-deviation (40) upper limit of
(1.2-0.2) X 1073 [1] for the yield (i.e., the branching ra-
tio) of pp — vy B (here B denotes an antidiquark-diquark
baryonium or an NN bound state) depending on the y-ray
energy of 80-938 MeV, and a 40 upper limit of
1072-1073 [2] for pp —7°B depending on the 7° energy
of 150—900 MeV.

Both Angelopoulos et al. [3] and Adiels et al. [4] also
gave a negative result on baryonia below the threshold at
similar sensitivities as in our experiment. Any of the
three experiments mentioned above did not confirm the
three candidates for baryonia reported before [5] with
branching ratios as large as 103,

With the same experimental setup as for the pp annihi-
lation experiment [1,2], we have also carried out a high-
statistics measurement of inclusive y-ray spectra from pd
annihilation at rest separately for each charge multiplici-
ty.
The first physics aim of the present measurement is the
search for baryonia arising from pn annihilation. Should
isovector baryonia exist, they may be more clearly ob-
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served in the pn system than in pp. In addition to the
larger population of the isovector state, another advan-
tage of using the pn initial state is that the G-parity con-
servation in pn — ¥ B is less restrictive than C-parity con-
servation in pp —yB. For example, quantum numbers
JPC=1%" for B are allowed only from the 'S, state of pp
under the S-state dominance hypothesis, while they are
allowed from both 'S, and S, states of pn. Although B’s
with JP¢=0"—, 177, 27~ (via E1 transition), 1~
(M1), etc., are inhibited from pp, they are allowed from
pn.

Only a few experiments have been reported on narrow
(pn) states below the threshold. A narrow (pn) state at
1795 MeV/c? with the width I'<8 MeV/c® and
ICJPCy=1%(1"", 27, 377, etc.) was suggested by
Gray et al. [6] with a branching ratio of the order of
1073 from a measurement of the recoil-proton momen-
tum spectrum in pd —(pn)p with a bubble chamber.
Amsler et al. [7], however, did not confirm the above
state from a missing-mass spectrum obtained with a nu-
cleon time-of-flight spectrometer. They gave a 40 upper
limit of 3 X 1072 for the branching ratio B(pd —NB) in a
mass range of Mz =1650—1930 MeV/c? for B. They also
measured photon spectra searching for narrow states in
pd —NB7y and obtained a 40 upper limit of 2X 1072

Recently, a few candidates of (NN ) quasinuclear states
have been suggested (X(1110) with I19(JF€)=0%(0" "),
X91480) with 0T(21 ™), etc. [8]) from measurement of
exclusive channels in pd annihilation at rest. Although
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their detection in inclusive y-ray or 7° spectra should not
be straightforward because of their large widths (as large
as or larger than several tens of MeV/c?), there exists an
increasing interest in the study of pd annihilation at rest.

The second aim is the search for baryonia from pp in
pd. The motivation for this search came from the posi-
tive signals of narrow y-ray peaks observed by Adiels
et al. [9] in p *He annihilation at rest. They observed
two narrow peaks in the y-ray spectrum at 161.9 and
203.0 MeV at statistical significance higher than 40, and
suggested that baryonia might be produced in nuclei
more copiously than in hydrogen.

While p annihilation in liquid H, is dominated by the
initial atomic S state with a small contamination of P
state (roughly 20% [10]), § annihilation in liquid *“He
seems to be dominated by the (n,L)=2P state [11].
Baryonia may become stable by the centrifugal barrier
between antinucleon and nucleon in potential models, or
between antidiquark and diquark in quarkonium models.
Such stabilized baryonia may be more easily produced
when the initial orbital angular momentum of the annihi-
lating p nucleus is large.

Although there is not yet any clear direct experimental
information on the initial atomic state of the annihilating
pd system, there are some reasons to expect that the
amount of P state should be much larger than in pp an-
nihilation. This is intuitively understood by comparing
pPp and pd atoms with respect to the nuclear radius
Ry(A)=1.34'7 fm and the Bohr radius of p4 atom
given by

Rp(PA)=n’#/(Zue?)
=28.8 fmn(A+1)/(ZA), (1)

where 7 is the principal quantum number and y is the re-
duced mass of p and the nucleus 4. The Bohr radius for
n =1 is smaller for pd (43.2 fm) than for pp (57.6 fm),
while the nuclear radius is larger for pd (about 4 fm) than
for pp (about 1.3 fm). Consequently, the overlap of an-
tiproton and nucleus wave functions in the n =2 state
(2S and 2P) should be larger in pd than in pp.

Large contribution of L =1 pd atomic states can also
be understood from an intuitive consideration on the or-
bital angular momentum of antiprotonic atoms. Since
the annihilating antiproton will be most dominantly lo-
calized at the nuclear surface, it will acquire a kinetic en-
ergy in the Coulomb potential, which corresponds to a
momentum [9] in the laboratory system of

q[_,~h(2Zpe2/RN)1/2
=51.9[ 4Z /(A +1)/Ry(in fm)]'/? MeV /c . @)

When annihilation occurs, the impact parameter should
be between 0 and Ry ( 4). Hence, the quantity defined by

Ly=q,Ry(A) 3)

may give a rough measure for the orbital angular momen-
tum of the annihilating p A4 system. Substituting Eq. (2)
into Eq. (3), we get

L, /%=0.263[ZR y(in fm)4 /(A +1)]'/2, 4)
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which is 0.21, 0.43, and 0.43 for pp, pd, and p “He atoms,
respectively. Similar magnitudes of L, for both pd and
P “He suggest that L > 1 initial atomic states may also be
important in pd annihilation as in p *He [9].

Also, when the pd system is taken as an annihilating pp
plus a neutron, the relatively energetic neutron can carry
away a finite angular momentum, thus leaving the pp sys-
tem in a nonzero angular-momentum state.

The above consideration on the orbital angular
momentum of annihilating pd is supported by the experi-
mental observation of pd annihilation at rest into two
pions by Gray et al. [12] and by Sun et al. [13]; both ex-
periments have shown that the orbital angular momen-
tum of pN is equal to or larger than 1 for most of the an-
nihilation.

The third aim is the search for ppn bound states, which
have been predicted in nuclear potential models [14].
Though Dal’karov et al. [14] predicted many (NNN)
bound states, narrow ones with a width less than 50 MeV
should lie close to the threshold (three times the nucleon
mass) with the binding energy less than ~30 MeV. Since
our present experiment could measure y rays above 10
MeV, we could detect some of the bound states if they
should exist. The inclusive y-ray spectra from pd annihi-
lation at rest, obtained in the present experiment, is more
than an order of magnitude higher in statistics than those
[15] reported before.

II. EXPERIMENT AND DATA REDUCTION

The experimental setup was essentially the same as de-
scribed in [1] except filling liquid D, instead of liquid H,
into the target cell of 14 cm (in diameter)X23 cm
(length). Deuterium runs were taken after having comp-
leted hydrogen runs.

A secondary antiproton beam at 580 MeV/c from the
KEK 12-GeV Proton Synchrotron was made to stop in-
side the target cell. The emitted ¥ rays were measured
with a modularized Nal(T1) calorimeter (with 96
modules assembled into a half barrel) covering an
effective acceptance of 22% of 4 sr. The charged parti-
cles were tracked with cylindrical as well as flat multiwire
proportional chambers (MWPC’s). Data taking was car-
ried out under a triggering condition of (i) a slow antipro-
ton being incident on the liquid-D, cell and (ii) one or two
v rays falling on the Nal.

For 1.92X 107 triggered events in total, various cuts
[1,2] were first applied with respect to hardware errors in
readout and in tracking of the degraded antiproton. Re-
quiring then in vertex reconstruction that (i) the vertex
should not be located outside the target cell wall by more
than 1 cm either radially or longitudinally and that (ii)
the rms distance from the vertex to the charged tracks
should be less than 1 cm, we obtained 7.32X 10° events.
v rays were identified by energy deposits in Nal and ab-
sence of signal in the scintillator hodoscope and in the
MWPC in front of the hit Nal modules. Applying a
cluster-finding logic [1], and requiring that the shower
leakage into the scintillating glass surrounding the Nal
modules should be less than 10% of the y-ray energy, we
finally obtained the total number of y rays above 10
MeV, N, of 6.70 X 10°.
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III. ANALYSIS AND RESULT

A. Inclusive y-ray spectra

The obtained inclusive y-ray spectra are presented in
Fig. 1 for each charge multiplicity, N, as well as for the
sum over N_,. The number of y rays in each spectrum is
2.31X10° for N, =0, 6.91X10° for Ny =1, 1.99X 10°
for N, =2, 1.88X10° for N, =3, 1.31X10° for N, =4,
4.54X10° for Ng4=5, 1.22X10° for N, =6, and
2.67X10* for N, > 7.

Table I gives the number of events registered in the y-
ray spectra for each charge multiplicity. The ratio of pp
to prn annihilations, a/(1—a), has been measured in
bubble-chamber experiments. Taking an average of four
experimental data of 1.31+0.03 [16], 1.3340.07 [17] and
1.45+0.07 [18], 1.34+0.03 [19], we obtain

a/(1—a)=1.33+0.02 ,
a=0.571+0.004 .

(5)

Since, as shown later, the detection efficiency should be
approximately the same both for pp and pr events, the
present pd events should consist of 4.18X10® pp and
3.14X10° pn annihilations. Using the charge-
multiplicity distribution of pp events obtained in our ex-
periment [2] with a liquid-H, target, we can subtract pp
from pd to deduce the amount of pn events for each
charge multiplicity; the result is also given in Table I.
Events with even charge multiplicities in pn annihilation
may arise from (i) inefficiency in track reconstruction
(about 10% per track) and (ii) conversion of ¥ rays into
e Te” pairs (about 6% per y ray) in and close to the tar-
get cell.

B. Narrow peaks in y -ray spectra

Each y-ray spectrum, presented in Fig. 1, was fitted
with a polynomial background plus narrow Gaussian
peaks by using the program MINUIT [20] in a similar way
as in [1]. In order to reduce the fitting parameters, we
have divided the whole energy range (30-980 MeV) into
four with ample overlap between adjacent regions. The
order of the polynomial between 2 and 4, mostly 3, was
sufficient to give good fits.

In order to search for peaks with the intrinsic width
much narrower than the instrumental one, the width of
the peaks was restricted to be within +0%, —30% above
the instrumental one which was corrected for smearing of
v energy due to the Fermi motion, etc. The asymmetric
limits of +0%, —30% were chosen since the instrumen-
tal resolution [1] (before correction) was, for safety,
overestimated rather than underestimated. The correct-
ed instrumental width [in the full width at half maximum
(FWHM)] for the y energy E can be written as

AE /E=[(AE /E)}+(AE /E)}

+(AE/E):]%° (in FWHM) .
(AE/E);=6.2% /(E in GeV)'/*,
(AE/E)p=2.36,, /(2V/3My)~0.0478 , ©

(AE /E)g~3q2/(4MyE)~8.6 MeV /E ,
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TABLE I. Number of pd annihilation events registered in the
y-ray spectra of Fig. 1 is given for each charge multiplicity N,.
It is also divided into pp and prn annihilation by assuming pd an-
nihilation as the sum of quasifree reactions of pp and pn annihi-
lations (see the text).

Ny pd pp pn
(measured) (deduced) (deduced)
0 1.96X10°  1.71X10° (4.1%) 2.43X10* (0.8%)
1 6.04X10° 2.51X10° (6.0%)  3.54X10° (11.3%)
2 1.94X10¢ 1.33X10°(31.9%) 6.07X10° (19.3%)
3 2.07X10°  9.10X10° (21.8%) 1.16X10° (36.9%)
4 1.63X10°  1.08X10° (25.8%) 5.55X10° (17.7%)
5 6.39X10° 3.01X10°(7.2%)  3.39X10° (10.8%)
6 1.90X 10°  1.09X10° (2.6%) 8.15X10* (2.6%)
>7 4.48X10*  2.51X10* (0.6%) 1.97X 10* (0.6%)
Total  7.32X10° 4.18X10° (100%)  3.14X10° (100%)
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FIG. 1. Inclusive y-ray spectra from pd annihilation at rest
for each charge multiplicity as well as for their sum. Bars on
the data points give the statistical error (10'). Number of events
per 4.16-MeV bin is given at an appropriate position on each
spectrum to show the vertical scale.
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where DN is the momentum of the annihilating pN in the
laboratory system, gy is the Fermi momentum (see the
Appendix) of the nucleon in deuterium, and My is the
nucleon rest mass. The first term comes from the purely
instrumental width [1], the second one from the Doppler
smearing due to the Fermi motion, and the last one from
the shift of the y energy due to the change in the pN rest
mass. The estimation of the second term is given in the
Appendix. The third term can be derived as follows:
when we designate the nucleon momentum due to Fermi
motion as g, the spectator nucleon and the pN system
carry away kinetic energies of approximately ¢q2/2M,
and q2/4M,, respectively. As a result, the pN rest mass
scatters by

A(M(PN))~3q>/4My, (7

event by event. Then the ambiguity of the ¥ energy is ap-
proximately equal to A(M(pN)), when the y energy is
much smaller than My, and decreases with the increasing
v energy. We assume that the elementary process of
baryonium production in pN annihilation should not
prefer any specific values of g as far as g is small. Then
the distribution of g which is effective in baryonium pro-
duction can be simply calculated from the deuterium
wave function. A numerical calculation with the
Hulthen wave function for deuterium shows that about
75% of nucleons should have g =g, (=104 MeV/c, see
the Appendix). Since the FWHM of Gaussian distribu-
tion corresponds to 75% lying within it, we may take
g =g to estimate the effect on the FWHM resolution
AE /E. The above consideration leads to the third term
of Eq. (6). We actually neglected this term because it is
much smaller than the first term as far as E is as large as
100 MeV or larger.

The modified instrumental resolution of Eq. (6) is plot-
ted in Fig. 2. The FWHM resolution of 12% at 100 MeV
and 7.9% at 900 MeV should be compared with 11% at
100 MeV and 6.4% at 900 MeV, respectively, obtained
without the Doppler smearing.

Above 600 MeV, we have observed several peaks [21]
which can be assigned to the two-meson annihilation of
pp or pn—7°M with 7° mistaken as a single y ray.
Misidentification of 7°—yy as a single y ray was possi-
ble at high energies because of limited spatial resolution
[2]. Except for the two-meson annihilation peaks and the
so-called Panofsky y-ray peak at 129 MeV, no narrow
peak was seen between 80 and 938 MeV with statistical
significance above 40. Only five narrow peaks at 2 to 3o
levels were obtained with the parameters given in Table
II. The fit between 200 and 600 MeV is, after subtraction
of the polynomial background, presented in Fig. 3 for the
sum over the charge multiplicity, and in Fig. 4 for each
charge multiplicity, separately.

The baryonium mass, calculated for the initial pN with
the rest mass of 2M,, is also given in Table II. Since the
PN rest mass in pd annihilation at rest is by
AMy=B+3q%/4M, (here, B~2.23 MeV, the binding
energy of deuterium) below the threshold (2My), the
correct baryonium mass should be less than the value
given in the table by AMj at the maximum (the case with

M. CHIBA et al. 44

the y energy much less than My). Although the shift of
AMj scatters event by event, the center of the distribu-
tion corresponds to g with the largest phase-space densi-
ty. Referring to the Appendix, this condition reads
q*|¥(q)|*=maximum and occurs at g ~43 MeV/c for
the Hulthen wave function. Substituting this value of ¢
into AMjy, we obtain AMy=2.23+1.41=3.64 MeV.
Since this value is as small as or smaller than the ambi-
guity of baryonium mass due to the fitting error, we
neglect it below.

C. Yields of peaks

The yield of pd —y BN, with N; a spectator proton or
neutron or of pd —y B with B an NNN bound state was
calculated in a similar way as for pp —y B [1]. The yield
Y per pd annihilation is given by the number of mono-
chromatic y rays, i.e., the peak area 4 above the back-
ground, divided by the number of annihilations N.
corrected for the detection efficiency nz(E) of ¥ rays
with the energy E as

EN, Ynz(E)=4 . 8)

Here £ is equal to ¢ (=0.571), 1 —a, and 1 when B can
be produced only in pp, only in pn, and both in pp and pn
annihilations, respectively. The last case of £ is possible
because the charge state of B was not measured very pre-
cisely. £ is also unity for pd —y B with B an NNN bound
state.
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FIG. 2. The solid curve gives the modified energy resolution
of the Nal calorimeter given by Eq. (6). Uniform injection of y
rays on Nal and application of software cuts including the clus-
ter logics are assumed. The resolution without the Doppler
smearing, etc. (dotted curve), and that of a 5X5 array of Nal
modules for y-ray injection along the central axis of the array
(dash-dotted curve) are also shown for comparison.
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FIG. 3. The fitted result of the inclusive y-ray spectra (see Fig. 1) below 600 MeV is shown for the sum over the charge-

multiplicity after subtraction of the polynomial background.

Generally speaking, 175(E) should depend on the decay
scheme of B as well as on the spectator nucleon. First we
consider a quasifree process of pd —yBN,. Since the
Fermi momentum in deuterium is as small as 104 MeV/c
(see the Appendix), the spectator proton should mostly
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stop inside the target. Although the spectator neutron
may come out, the kinetic energy is much less than the
threshold (10 MeV) for y-ray (or neutrals) detection. So,
the detection efficiency of y rays should hardly be
affected. Approximately, therefore, 15 (E) should not de-
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pend on the spectator nucleon. Since we do not know the
decay scheme of B, we assume that its decay branching
ratios into various channels are the same as in pp annihi-
lation at rest. Then 75(E) can be taken the same as in pp
annihilation at rest discussed in [1].

The situation is a little different for pd —yB with
B=NNN. In the decay

B —>(mesons from NN)+N , 9)

the nucleon may have enough energy to come out of the
target, leading to a decrease in 7p. The decrease
amounts to 0.015 in 75 per charged track or per y ray (or
a neutral which mimics a y ray) as typically seen in Fig.
23 of [1], corresponding to about 10% of 7np. Since we
do not know about the decay of the NN system in Eq. (9),
we again assume that the decay branching ratios into
various channels should be the same as in pp annihilation.
Then 7 (E) for pd —y B with B=NNN can be taken the
same as the 7g(E) for pp annihilation at rest [1] within
an ambiguity of 10%. From the above consideration, we
approximate g (E) in Eq. (8) to be equal to the n5z(E) in
Pp annihilation at rest given in [1].

As Nﬁ in Eq. (8) is proportional to the number of y-
rays in the inclusive y-ray spectrum (6.70X 10°), we ob-
tain, by taking pd annihilation as the sum of quasifree pp
and pn annihilations, another relation:

NEf[app(E’)ﬂp(E')+(1—a)pn(E')'r,n(E’)]dE'zNV )

(10)

Here py(E')dE’ with N =p, n is the number of y rays
(mostly coming from 7°) with the energy between E’ and
E'+dE’ per pN annihilation, and 7, is the detection
efficiency of y rays produced in pN annihilation.

According to the statistical models, for example, one
by Orfanidis and Rittenberg [22], the charge multiplicity
(mainly 7) as well as the ¥ multiplicity (nearly twice the
7° multiplicity) should be almost independent of pp or pn
annihilation. This prediction is consistent with the ex-
perimental data listed in Table III. Then we may have an
approximation of

Pp(E)=p,(E)=p(E) , (11
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where p(E) is the number density of ¢ rays per pp annihi-
lation discussed in [1]. Since 1, can be calculated once
the charge and y multiplicities in the final state are given,
the above relation leads to an approximate equality of

n,(E)=n,(E)=n(E), (12)

where 7(E) is the detection efficiency of ¥ rays in pp an-
nihilation at rest given in [1].

Substituting Egs. (10)-(12) into Eq. (8), we obtain a
simple equation:

Y=K(E)A /(§N7) (13)
with
K(E)= [ p(E"q(E"dE' /ny(E) ,

which is of the same form as in pp annihilation [1] except
for the presence of £. K(E) is the effective multiplicity of
y rays per pd (or pp or pn) annihilation and is taken to be

K=4.45 (14)

within a systematic ambiguity of £20% [1].

We have calculated the yield according to Eq. (13) with
K given by Eq. (14). The obtained yields are given in
Table II for the peaks with statistical significance higher
than 20.

The most prominent peak comes from the Panofsky ¥
rays at 129 MeV. Its yield of 2.3 X102 per pd annihila-
tion is roughly consistent with an estimation (4.2 X 1073)
which is derived by multiplying the following three num-
bers: the 7 multiplicity of 1.78 per pd annihilation [from
a of Eq. (5) and the =~ multiplicity of 1.57 per pp and of
2.07 per pn annihilation as seen in Table III], the branch-
ing ratio B(7m~d —ynn)=0.25 [26,27], and the average
probability that a 7~ meson should stop in the liquid
D,=0.94% corresponding to the pion range of 7 cm in
deuterium. The last number was deduced from the 7~
momentum distribution calculated by a Monte Carlo
simulation [1] for pp annihilation. Since the 7~ momen-
tum distribution should depend on the model of pd an-
nihilation mechanism, the last number may suffer from
some ambiguity.

Except for the Panofsky y-ray peak, we have seen five
narrow peaks at photon energies of E ~175, 328, 356,

TABLE III. Charge-multiplicity M, +M _, and y multiplicity M, in pp, pn, and pd annihilation at

rest.
M,+M_ M, Reference
174 3.21+0.12 3.46+0.38 N. Horwitz et al. (1959) [23]
2.99+0.08 T. Kalogeropoulos et al. (1980) [19]
3.22 3.93 G. Backenstoss et al. (1983) [24]
pn 3.15 V. Barnes (1964) [16]
3.15 A. Bettini et al. (1967) [18]
3.15+0.11 T. Kalogeropoulos et al. (1980) [19]
pd 3.23+0.18 3.6+0.5 N. Horwitz et al. (1959) [23]
3.04 3.77£0.08 T. Kalogeropoulos et al. (1974) [25]
3.06£0.09 T. Kalogeropoulos et al. (1980) [19]
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470, and 576 MeV with statistical significance of 2 to 3o
levels. The yields of these peaks are plotted in Fig. 5.
The solid curves give the 40 upper limit; it corresponds
to four times the rms statistical fluctuation of the back-
ground y rays, which are registered in an energy span of
* [modified instrumental FWHM given by Eq. (6)]. Al-
though a few more peaks have been observed above 600
MeV in the y-ray spectra, they are not shown in Fig. 5
since, as already described in the last paragraph of Sec.
III B, all of them could be assigned to monochromatic 7°
peaks coming from pp or pn annihilation into 7°M with
M one of known mesons.

In the low-energy region below 180 MeV, precision
fitting was carried out by using an experimental
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FIG. 5. The 40 upper limit for the yield of narrow peaks
(baryonia or NN bound states) is plotted with solid curves.
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Solid points show narrow peaks seen at 2 to 3o levels. Solid and
open arrows give the positions (except for the Panofsky peak at
129 MeV) where 2 to 30 signals were observed in pp annihila-
tion at rest into yX and 7°X, respectively [1,2], with yields
larger than 2 X 10™* per annihilation.

Panofsky-peak spectrum instead of a Gaussian shape.
We did this before in the analysis of y-ray spectra from
Dp annihilation [1] because the Panofsky y-ray spectrum,
i.e., the spectrum of y rays coming from annihilation of
low-energy secondary 7~ on proton, has a complicated
structure consisting of a monochromatic peak at 129
MeV plus a broad peak between 55 and 83 MeV.

In pd annihilation, the y rays arising from capture of
secondary 7~ by another deuterium should be localized
dominantly around 129 MeV [26-28] corresponding to
radiative capture of = (7~ d —ynn) with a far smaller
amount of charge exchange (7~ d—7'nn—yynn)
which will produce a nearly box-type spectrum between
62 and 74 MeV. Consequently, the y-ray spectrum from
7 capture should be much simpler in deuterium than in
hydrogen. Actually, however, contamination of neutrons
could make the apparent “y-ray” spectrum complicated.
Neutrons arising from 7~ d at rest into nn (B~75%
[26,27]) and ynn (B ~25% [26,27]) were mistaken as y
rays on Nal because no separation between y rays and
neutrons was made. The former could mimic y rays with
energies less than 68 MeV and the latter as small as 9
MeV.

Figure 6 shows the “y-ray” spectrum from 7~ d an-
nihilation at rest obtained in the present setup and with
essentially the same data reduction procedure as for pd
annihilation. The beam was changed from 580-MeV/c
antiprotons to 167 MeV/c 7w~ so that #~ should stop
around the target center. The y-ray spectrum has a
sharp peak around 129 MeV and an additional peak
around 25 MeV with a broad tail toward higher energies.
The latter structure may come from neutrons produced
in 7~ d—ynn and m~ d —nn. Although the kinetic ener-
gy of neutrons should be smaller than 68 MeV (in
7~ d —nn) for stopping 7, neutrons from in-flight reac-
tions should have higher energies. A small structure be-
tween 50 and 80 MeV may be interpreted in terms of the
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FIG. 6. An energy-deposit spectrum of ¥ rays and neutrons
in the Nal detector for m~ capture in deuterium.
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box-shape y-ray spectrum between 55 and 83 MeV from
7~ capture by contaminating hydrogen atoms, i.e.,
7~ p—m'n with 7°—yy. The amount of ¥ rays between
55 and 83 MeV above the smooth background curve was
about 4% of the y rays in the 129-MeV peak. Using the
Panofsky ratio

P=B(r p—n°n)/B(r " p—yn)=1.54610.009

[29] and the branching ratio B(w d—ynn)=0.25
[26,27], we find that the observed amount can be inter-
preted by contamination of H, in liquid D, by 0.9% (in
mol). The above-mentioned structure may also include a
small amount of photons coming from 7~ d —7’nn with
O —yy.

We have reanalyzed the y-ray spectra from pd annihi-
lation in the low-energy region of 30-180 MeV, using a
high-statistics ‘““y-ray” spectrum from =~ capture by
deuterium instead of a simple Gaussian. Each y-ray
spectrum was fitted with the sum of a polynomial back-
ground of order 3-4, the experimental y-ray spectrum
from 7 capture by deuterium, and any additional narrow
Gaussians. The fitted result is presented in Figs. 7 and 8
after subtraction of the background. We have not ob-
served any other new narrow peaks.

IV. SUMMARY AND DISCUSSION

We have carried out a high-statistics measurement of
inclusive y-ray spectra in pd annihilation at rest. Fitting
the spectra with a polynomial background plus narrow
Gaussian peaks, we have not observed any mono-
chromatic y-ray peaks which may be assigned to baryoni-
um production pN —yB (N=p or n) or NNN bound-
state production pd —y (NNN) at statistical significance
above 40. The 40 upper limit for the baryonium produc-
tion per annihilation is plotted in Fig. 5; it varies between
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FIG. 7. A fit to the inclusive y-ray spectrum summed over
the charge multiplicity in the energy range of 40-200 MeV:
original spectrum on the bottom and the residue after subtrac-
tion of the polynomial background on the top. An experimental

spectrum for 7~ d —ynn, 7°nn was used in fitting (see the text).

TABLE IV. Comparison of five ¥ peaks observed in the present experiment at 2-3c levels with the
corresponding y or 7° peaks observed before in pp annihilation at rest. The peak position gives the ¥ or
7° energy at the peak. The mass of B in the reaction pd —y BN, was deduced from the y energy by as-
suming pN —y B with the initial pN at the threshold 2My. Since the initial pN is actually below the
threshold, the correct mass of B should be less than the value given in the table by 3.6 MeV at the max-

imum (see the text).

Reaction pd —y BN, pp—yB pp—1°B
assumed present expt. 1 2]
Peak position (MeV) 174.5+1.8 156.4+2.4
(mass of B in MeV) (Mp=1693+2) (Mp=171313)
Peak position (MeV) 328.2+5.3 319.6+2.9
(mass of B in MeV) (Mp=151217) (Mp=1524+4)
Peak position (MeV) 355.8+2.3 355.9£7.0 362.2+2.3
(mass of B in MeV) (Mp=14791£5) (Mp=1478+9) (Mp=1483%5)
Peak position (MeV) 470.2+3.3 467.5+5.4 465.91+8.0
(mass of B in MeV) (Mp=1325%5) (Mp=1329+8) (Mp=1338+11)
Peak position (MeV) 576.1+4.0 560.3+6.3 562.2+3.1

(mass of B in MeV) (Mz=1167%7)

(Mp=1191+10) (Mp=1197%£6)
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FIG. 8. A fit to the inclusive y-ray spectrum in the energy range 40-200 MeV for each charge multiplicity separately. Original
spectra are shown on the right-hand side and the residue on the left-hand side. The other items are the same as in Fig. 7.

10”2 and 10~ * depending on the baryonium mass and the
charge multiplicity.

The above result indicates, within the sensitivity given
in Fig. 5 and above the y energy of 40 MeV, the follow-
ing: (i) absence of narrow baryonia produced in pn —y B,
(ii) absence of baryonia in pp —y B even for pp in the or-
bital P state, and (iii) absence of (NNN) bound states in
pd—vy (NNN).

Five narrow peaks were observed at 2 to 3o levels at
photon energies of 175 MeV (the corresponding B mass,
Mp=1693 MeV/c? when pd —yBN, is assumed), 328
MeV (Mp=1512 MeV/c?), 356 MeV (Mp=1479
MeV/c?), 470 MeV (Mp=1325 MeV/c?), and 576 MeV
(Mz=1167 MeV/c?). Three of the above five peaks, ex-
cept for the 175- and 328-MeV ones, are located close to
the 2-30 peaks which we have observed in pp annihilation
at rest to yX [1] (the position given in Fig. 5 with solid
arrows) and in pp annihilation at rest to 7°X [2] (open ar-
rows). Although the coincidence of the peak positions
between the pp and pd annihilations seems remarkable
(see Table 1V), it is difficult to draw a definite conclusion
at the present stage, since the significance of the peaks
observed is not large. A search for narrow y lines with
an order-of-magnitude higher statistics could give a
definite conclusion.
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APPENDIX: DOPPLER SMEARING OF y ENERGIES

1. Momentum of annihilating pN system
in the laboratory system

Antiproton annihilation in deuterium occurs from pN
(N =p or n) moving in the laboratory system. One of the
contributions to the momentum of the pN system comes
from the momentum q of the Fermi motion of each nu-
cleon in deuterium. Another contribution comes from
the kinetic energy of antiprotons acquired from the po-
tential energy when the antiproton annihilates at the nu-
clear surface. The corresponding momentum of the an-
tiproton is given by q; in Eq. (2). The deuterium carries
the opposite momentum. Because only one of the two
nucleons of the deuterium interacts with p, it carries
——%qﬁ. As a result, the momentum of the pN system is
%q{.} in the laboratory system. By summing the above two
contributions, the total momentum of the annihilating pN
system in the laboratory system is

qp‘l\,=q+%q17 . (A1)
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2. Estimation of the Fermi momentum g

The deuterium wave function is given, apart from a
normalization factor, by

YMr)=[u(r)/r]Y¥, +{w(r) /r1YH, , (A2)

where r=r, —r, is the relative position vector of the two
nucleons, and u (r) and w(r) are the radial wave func-
tions of the S and D waves, respectively. Since the
amount of the D wave is as small as 6-7 % [30], the rela-
tive momentum between proton and neutron may be
determined almost completely by the S wave. The
momentum (q) distribution of the proton or neutron is
given by |W(q)|?dq, where W(q) is the Fourier transform
of W(r) and is reduced, apart from normalization, to

W(q)=(1/2ig) [ (e —e = )u(r)dr . (A3)
When the Hulthen wave function [31]

u(r)=exp(—ar)—exp(—pfr) (A4)
is used, we obtain

W(q)=(g*+a®) ' —(g*+B)7" . (AS)
Here,

a=(MB)"*%=(4.31 fm) '=45.8 MeV /c (A6)

for the deuterium binding energy B =2.225 MeV [31]
and B is numerically estimated to be

B=5.181a (A7)

[32] from nucleon-nucleon scattering data at low ener-
gies.
Since g is given by the rms value of g, we obtain

0= [[a’lv@Pda/ [ walda]”

=(af)”?~104 MeV /c . (A8)

3. Doppler smearing

The annihilating pN system is moving with respect to
the laboratory system with a velocity of

Bo =5 /(2My)~1q*+(q;/2)*1'2/2My) . (A9)

Since g is represented by g, which is much larger than
q;/2 (~10.6 MeV/c) in deuterium, the approximate
magnitude of B is g /(2M,,)=0.055.

The photon energy k in the laboratory system is
different from the corresponding quantity k* in the
center-of-mass system of pN, depending on the Fermi
motion along the direction of the boost. We obtain a re-
lation

k~k*—Bg(k*-qy)/qy=k*—(k*q,)/2My , (A10)

neglecting the higher-order terms in B;. Since the direc-
tion of DN is distributed uniform with respect to the pho-

ton vector, the rms value of (k*-ql_, ) is k*q’w/\/}
Then we obtain
o(k)/k~Bg/V3=g,y /(2V3My) , (A11)
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is shown in comparison with the best fit by a Gaussian shape
with 0 =38 MeV/c.

which directly gives Eq. (6). Approximating g by g in
DN of Eq. (A1) and neglecting é—qﬁ compared with g, we
get

o (k) /k ~qp /(2My) (A12)

where qF”=qF/\/§ is the Fermi momentum along the
photon vector.

4, Effect of Doppler smearing
on the instrumental y -energy resolution

In the search for narrow peaks in the inclusive y-ray
spectra, we used for simplicity the Gaussian shape for the
peaks. In this approximation, Doppler smearing of the ¥
energy is also taken to be of a Gaussian shape. Since the
smearing is related to the Fermi momentum along the
photon vector according to Eq. (A12), we should use for
gy its effective value gp (eff), which can be obtained by
approximating the Fermi momentum distribution along
the photon vector by a Gaussian function as

ff|\I’(q)|2d2ql~const><exp{-—[q“/qF”(eﬂ’)]2/2} .
(A13)

For the Hulthen wave function of Eq. (A5), the left-hand
term becomes, apart from a constant factor,

A '+B '4+2In(A/B)/(B—A) (A14)

with 4 =a’+g? and B=pB%+¢? The best fit over the re-
gion of k=0-150 MeV/c is obtained with gy (eff)=38
MeV/c (see Fig. 9). This value does not vary by more
than 1% even if the fitted region is extended up to 200
MeV/c. Substituting the above value of gp(eff) into gp
of Eq. (A12), we finally obtain

o (k)/k ~qp(eff) /(2My) ~0.0203 . (A15)

Although the Gaussian approximation should cause an
underestimate of the yield of narrow y-ray peaks, its
amount should be much less than 10% from the
difference between the areas below the [ [|W(q)*d%q,
curve and below its Gaussian fit. .
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