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From measurement of g~2y emitted in pp annihilation at rest, we have derived the yield, or its

upper limit, of annihilation into two mesons pp ~gM for M =P, q', to, p, g, and ~ /y (sum of n

and y), the branching ratio of the inclusive q production pp ~gX for different charge multiplicities

of X, and the inclusive g/m ratio. An upper limit for the inclusive g' production pp —+g'X has also

been obtained.

I. INTRODUCTION
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FIG. 1. Quark-annihilation graphs for pp annihilation into
three mesons(A3) and two mesons(A2), and quark-rearrange-
ment graphs into three mesons(R3) and two mesons(R2).

Study of pp annihilation at rest gives us useful informa-
tion on quark dynamics in nucleons. Since pp annihila-
tion is a short-range process of a large number of quarks
and antiquarks caused by the overlap of p and p wave
functions, the analysis has been usually carried out phe-
nomenologically at quark levels. Among the phenomeno-
logical models, the quark-line-rule (QLR) approaches'
have attracted much attention in these years. Dominance
of quark-rearrangement or quark-annihilation graphs (see
Fig. 1) has been investigated by comparing experimental
branching ratios into various channels with calculation.

Annihilation into three mesons was first calculated in
quark-rearrangement models a qualitative agreement

with experimental result was obtained for many channels.
Later, an alternative model in terms of annihilation and
creation of quark pairs was proposed. ' Taking the an-
nihilation and creation vertices of quark pairs with the
vacuum quantum number (the Po model), Maruyama,
Furui, and Faesler showed that the annihilation graph
(A3 in Fig. 1) gives better agreement with experimental
data than the rearrangement graph (R3) though the
preference of A3 is not conclusive. For example, an-
nihilations into fn+m and 3 zm. +m. have been experi-
mentally observed, in consistency with the annihilation
model while they are forbidden in the rearrangement
model.

Annihilation into two mesons was also calculated in
both quark-rearrangement and quark-annihilation mod-
els. ' Similar to the case of annihilation into three
mesons, dominance of rearrangement or annihilation
models has not yet been decisive. Only qualitative prefer-
ence of the annihilation models has been claimed on the
basis of some experimental data, for example, much
smaller branching ratio for pp~pp than for pp —+up
(Ref. 3), sizable branching ratios for pp ~mp, m A2, etc.
(Refs. 8 and 9). On the other hand, importance of the
rearrangement graph has also been pointed out on the
basis of, for example, a sizable ratio of pp ~mr)/tr n, . .
suppression of K+IC le+a. ratio for the P wave initial-
state, etc. As shown above, it is not yet conclusive which
graph dominates pp annihilation at rest; preference of A 3
and A2 graphs (planar-graph dominance) is still at a
qualitative stage. One of the reasons why the conclusion
remains indefinite is the shortage of precise data and even
lack of any data in some important channels.

Experimental branching ratios into channels including
g or g' are scarce, though they are important in settling
the problems mentioned above. Comparison among
pp~w m, w g, gg, w g', g'g', etc., may give important
information on the dominance of quark-rearrangement or
quark-annihilation graphs, as discussed by Dover and

39 3227 1989 The American Physical Society



3228 M. CHIBA et al. 39

Fishbane, Genz, and Hartman, Klempt, and Korner.
Topological branching ratio of inclusive g (il ) produc-
tion pp~q(il )X with respect to the charge multiplicity
of X is also important experimental information. Genz'
showed that branching ratios for pp~M, M2 with M,
and M2 any of ~, g, and g' provide an independent
determination of the pseudosc alar mixing angle Ops,
which has usually been determined from the mass formu-
la.

In this experiment, we have measured q —+2y decay
emitted in pp annihilation at rest and derived branching
ratios of pp ~rico, gp, and qm. /y (sum of rjvr and ily),
upper limits for gP, rjrI', and r)rl, the branching ratio of
pp —+ilX (X denoting anything) for different charge multi-
plicities of X, and the inclusive g/~ ratio. An upper
limit for g' production has also been obtained.

II. EXPERIMENT

The experimental setup was already described in Ref.
11; only its central part is sketched in Fig. 2. Antipro-
tons at 580 MeV/c, produced by an external beam of the
KEK 12-GeV proton synchrotron, were slowed down in
a graphite degrader, tracked in circular multiwire pro-
portional chambers (MWPC's) and finally stopped in a
liquid-hydrogen target of 14 cm in diameter and 23 cm in
length. y rays were measured with two detectors: a large
array of NaI(T1) modules' which were assembled in a
half-barrel configuration and surrounded by a scintillat-
ing glass wall, and a sma11 array of bismuth germanate
(BGO, Bi4Ge30i2) modules' which were surrounded by
an NaI(T1) wall. The two detectors covered effective ac-
ceptances of 22% and 1.3% of 4ir sr, respectively, and
were placed opposite to each other with respect to the
target. Charged particles were tracked with cylindrical
as well as fiat MWPC's, whose total coverage was 93% of
4m sr. Actual tracking eKciency was a little smaller
(about 90%) due to small inefficiency of the wire planes.
Hodoscopes of plastic scintillator, cylindrical as well as

The BGO detector was simpler since, due to its small size
of approximately 14 cm X 17 cm X 20 cm (in depth), no
sophisticated cluster-counting logic was used. The
effective energy resolution was again estimated from mea-
surement of the 129 MeV y rays to be

b,E/E=0. 068/(E in GeV)'~ in FWHM . (2)

The gain of each y module was monitored' with an ac-
curacy of 1% throughout the experiment and corrected
for in the software analysis. The energy scale was cali-
brated to within 2% for the NaI both with the 129 MeV

y rays and with 780 MeV vr from pp +~ p /co, a—nd to
within 4% for the BGO with the 129 MeV y rays.

III. DATA REDUCTION

From 3.6X10 triggered events in tota1, we 6rst re-
moved spurious incident beam events: namely, bunched
beam events, events with spurious hits in the beam
MWPC's, etc. We further required the existence of a
slow antiproton track downstream of the degrader. For

planar in their shapes, served for triggering. The cylin-
drical hodoscope composing 36 scintillator slabs extend-
ed along the beam axis. The triggering condition was the
existence of one or two y rays above a threshold of 20
MeV on the NaI (NaI trigger) or at least one y ray above
40 MeV on the BGO (BGO trigger). A fast cluster-
counting logic circuit' selected events to be triggered.

We estimated' the effective energy resolution of the
NaI by measuring the 129-MeV Panofsky y rays, which
were produced in calibration runs by stopping a m beam
in the liquid-hydrogen target. When the same software
cluster-finding logic as used for baryonium search" was
applied, a full width at half-maximum (FWHM) resolu-
tion was 10.4%. Assuming E '~ dependence on the y
energy E we took the overall energy resolution as

bE/E=0. 062/(E in GeV)'~ in FWHM .
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FIG. 2. Sketch of the experimental setup. Sl (not shown) and S2 for the time-of-Aight measurement, S4 for dE/dx measurement

and S7 for anticoincidence against charged particles entering BGO, are all of plastic scintillators, C is a graphite degrader of 13.2

g/cm thickness.
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the 2.7X 10 accepted events, the vertex was reconstruct-
ed from the primary as well as the secondary charged
tracks. If the final state did not include any charged par-
ticles, the vertex was determined from the track of the
projectile antiproton and its dE/dx in a 3-mm-thick Si
solid-state detector. The vertex reconstruction was suc-
cessful for 1.7X10 events after the following require-
ments: (i) the rms distance from the vertex to the
charged tracks should be less than 3 cm, and (ii) the ver-
tex should not be located outside the target cell by more
than 0.5 cm either radially or longitudinally.

Gamma rays were identified by energy deposits in the
y detectors and by the absence of signals in the scintilla-
tor hodoscope as well as in the MWPC in front of the hit
NaI modules. As the particle multiplicity in the large
NaI detector was frequently more than one, a cluster-
finding logic' was applied to isolate each energy cluster
from neighboring ones. Each cluster was then divided
into particles, if it comprised more than one particle. For
the obtained y rays, we further required that shower
leakage into the scintillating glass (for the NaI detector)
or into the NaI (for the BGO) should be less than 10% of
the y energy. After the above processing, the total num-
ber of y rays above 10 MeV, Ny was 1.57X10 in the
NaI and 5.21 X 10 in the BGO.

Some events involved no or more than two y rays in
the NaI. Event distribution with respect to the y-ray
multiplicity was as follows: 29.6% for no y, 51.0% for

ly, 17.1% for 2y, 2.1% for 3y, and 0.2% for ~4y. For
events with more than one y ray in the NaI and the
BGO, the invariant mass of two y rays, M(yy), was cal-
culated for all possible combinations in the same way as
described in Ref. 15. Two different topologies for (yy)
combinations were possible: in one topology, both y rays
fell on the NaI [we call this topology NaI(2y )

throughout this paper], and in the other topology, one y
fell on the NaI and the other on the BGO
[NaI( ly )+BGO( ly )]. The M(yy ) spectra for the
NaI(2y ) (4. 16X 10 combinations) and for the
NaI( ly)+BGO(ly) (2.26X 10 ) are presented in Figs. 3
and 4, respectively. The spectra are given separately for
each charge multiplicity in the final state, X,h. Events
with X,h=l, 3, and 5 occurred mainly from tracking
inefficiency or from y —+e+e conversion. They were
simply added to events with X,h =2, 4, and 6, respective-
ly. The il peak is clearly seen at 548 MeV for NaI(2y)
and 554 MeV for NaI(ly)+BGO(ly). The number of g
was determined by fitting the M(yy ) spectra with a poly-
nomial background plus a Gaussian type by using the
minimization program M?NUIT (Ref. 16). When summed
over N, h, the number of il was 1.15X10 for NaI(2y),
and 2.50X10 for NaI(ly)+BGO(ly).

The yy invariant-mass resolution is related to those of
two y energies k, and k2 and of the opening angle 8 be-
tween the two y rays in the following way:

o.(M(yy ) ) 1

M(yy) 2

o(ki)
k,

o(k~)
k2

sin8o. (8)
1 —cosO

2 1/2

(3)

where the rms error o(k) is given by Eqs. (1) or (2). The
rms angular error o (8) was estimated in a Monte Carlo
simulation to be a few to several degrees depending on
the incident angles of y rays to the calorimeter. Since 0
was larger than 65.2', which occurred in the reaction

pp ~ily, the o (8) term was comparable to or even larger
than the o(k, ) and o(kz) terms, unless 8 was much
larger than 90. The rms width of the g peak was about
30 MeV for NaI(2y ) (see Fig. 3) and 27 MeV for
NaI( ly)+BGO( ly) (see Fig. 4) in consistency with Eq.
(3).

The number of stopped antiprotons X is related to Xy
by

N~a I p(E)rl(E)dE=Ny, (4)

where p dE is the number of y rays with energies between
E and E+dE per annihilation, g the detection efficiency
of y rays, and ~ the correction factor for contamination
of fake y rays (unseparated two y rays from m. decay,
single y rays mistaken as two y rays owing to shower
spread, etc.). From a Monte Carlo simulation, ' we ob-
tained a=1.081 and fpg dE/f p dE=0. 1254 for the
NaI detector. Here fp dE, the multiplicity of y rays per
annihilation was taken as 3.93 (Ref. 17). Substitution of
these values together with Ny in NaI into Eq. (4) gave

I

X =2.94X10. Though an independent estimation of
is possible from the BGO sector, the precision in g

may be poorer for the BGO than for the NaI due to the
small size of the BGO detector. Consequently, we did
not use the number of y rays in the BGO to estimate N
but, on the contrary, used it to determine the eC'ective
geometrical acceptance of the BGO detector by using the
X obtained from the NaI sector.

P

IV. Result

A. Annihilation into boo mesons

In order to measure the yields of exclusive annihilation
channels pp ~ilM for M=/, g', co, p, rl, and n/y (sum.
of n and y), we first selected rl samples imposing a yy
invariant-mass cut of +2.0o.. The energy spectra of the g
samples are presented in Fig. 5 for NaI(2y }and in Fig. 6
for NaI(ly)+BOG( ly). The rl sample includes, in addi-
tion to true q, 3 —6 times of background (see Figs. 3 and
4}depending on the charge multiplicity in the decay of M
and on the detector topology (the NaI only or the NaI-
BGO combination). We can determine the yield of the
exclusive channels from monochromatic peaks in the g
energy spectra, since the background 2y rays should not
create monochromatic peaks.
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Let A be the peak area (in number of events) above the
background, then the yield Fofpp —+qM per annihilation
can be obtained by the following formula:

N Fe~B(M ~N, i, )B(r1~2y ) = A,
where e~ is the e6'ective detection efficiency for pp —+gM
with g~2y, B(M~N, h ) the decay branching ratio of M

into N, „-pronged states, and B(il~2y) the decay
branching ratio of i)~2y (39%). To calculate e~ (see
Table I), we first estimated the corresponding quantity
for each decay mode of M by correcting the geometrical
acceptance for the experimental condition and then took
a weighted average of the quantities over the decay
modes of M. The geometrical acceptance for g —+2y is
plotted in Fig. 7 versus the g energy. The corrections
were calculated by a Monte Carlo simulation for (i) the
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TABLE I. Detection efficiency for g —+2y produced in pp ~gM with M decaying into N, h-pronged
states. B (uncorrected) gives the decay branching ratio into N, h-pronged state. B (corrected) gives the
branching ratio corrected for y~e+e conversion and inefficiency in wire planes. The quoted errors
are due to an ambiguity in the Monte Carlo calculation.

Reaction

Ps -n4

N' ~'9'9

PP ~'9P
PP '9'9

PP ~'g&
PP ~'9X

q Energy
(MeV)

743

772

852

858
938

1014
1019

0a

2'
0
2
4
0
2
4
2
0
2
0
0

11.9%
88.1%
17.7%
69.7%
12.6%
8.7%

91.3%

100%
70.9%
29. 1%%uo

100%
100%

10.2%
88.1%
12.7%
64.0%
21.9%
7.6%

82.0%
10.4%
99.5%
56.4%
40.4%
88.4%
94.0%

B B
N, h (uncorrected) (corrected)

1.32+0.07
1.65+0. 17
0.97+0.15
1.52+0.46
1.19+0.23
2.30+0.14
1.77+0. 18
1.77+0. 18
2.37+0. 12
5.39+0.26
4.08+0.43
3.58+0. 18
3.87+0.20

0.278+0.020
0.323+0.066
0.130+0.020
0.226+0.087
0.156+0.026
0.195+0.010
0.135+0.014
0.135+0.014
0.203+0.010
0.247+0.012
0.174+0.017
0.125+0.006
0.125+0.006

Detection efficiency (%)
NaI(2y) NaI(1y )+BOO(1y )

'Decay of K+, K, and KL was assumed to be negligibly small.
The detection efficiency for N,h=4 was assumed to be the same as for N, h=2 since the same decay

products were detected except for the effect of y ~e+e conversion.
'The detection efficiencies listed are already doubled corresponding to the existence of two g mesons.

B(pp —+qP) (2.8X10 (95% C.L. ),
B(pp~gq') (2.3X10 (95% C.L. ),
B(pp ~geo) =(4.6+1.4) X 10

(6a)

(6b)

(6c)

trigger condition (see Sec. II), (ii) overlap of y rays with
charged particles, and (iii) loss of y rays due to y~e e
conversion (about 6% per y ray). B(M ~N, h ) (see Table
I) was also corrected for y~e+e conversion and
ine%ciency in wire planes.

To obtain the peak area, we fitted the g energy spec-
trum with a polynomial background plus narrow peaks
located near the expected energies. The fitting was done
in various energy windows with the range up to 500
MeV. Polynomials of order 4 were sufticient to give the

divided by the degree of freedom as small as unity.
The instrumental energy resolution for g must be close to
but better than that for y rays if the energies are equal.
Consequently we used Eq. (1) with E that read as q ener-
gy. The energy resolution of q was bound within the in-
strumental width +20%. The fitted result is shown in
Figs. 5 and 6 with solid curves and is surnrnarized in
Table II. The quoted error carne from the larger of the
MINUIT error and the statistical ambiguity of the amount
of the background lying under the peak within +instru-
mental FWHM. Only pp~qp /~ showed a significant
peak (100 effect), while the other channels showed no or
less than 20. peaks.

The yield, which is also called the branching ratio B
below, was calculated according to Eq. (5) for each of
NaI(2y) and Nal(ly)+BCxO(1y) topologies and the re-
sult is given in Table III. Taking statistical average of
the results from the both topologies, we obtained the final
result

B(Pp ~gp ) =(9.6+1.6) X 10

B(pp ~re /co) =(1.4+0.2) X 10

B(pp ~gg ) (7.5 X 10 (95% C.L. ),
BP(p~gm /y)=(2. 9+1.5)X10

(6d)

(6e)

(6f)

(6g)

In the following, we give a few comments regarding the
derivation of the above result.

For pp —+geo, a yield of (4.6+1.4) X 10 was deduced
from monochromatic peaks observed both in the zero-
prong spectrum (corresponding to co~+ y) and in the
four-prong spectrum (co~a.+m m. with y~e+e con-
version). The prominent peak at the corresponding ener-
gy in the two-prong spectrum could result from contribu-
tions of both geo with cu —+m+ m ~ and gp with
p~~+~ . We tried to separate geo from gp from the
shape difference of the q peaks: the geo peak should be of
a sharp Gaussian type with its width limited by the in-
strument, while the qp peak must be of a broad Breit-
Wigner type (I =I~ /2M&=62. 8 MeV, here M and
M~ being p and nucleon rest masses, respectively) folded
in the resolution. The quality of the fit of the gp /co peak
with a sum of gp and geo hardly depended on the geo
yield as long as it is small. However, the quality of the fit
was degraded when the geo yield exceeded 9X10 . As
the geo yield increased, the gp yield decreased, keeping
the sum of them almost constant. The same situation as
above was found both for NaI(2y ) and for
NaI( 1y ) +BGO( 1 y ). The upper limit for geo obtained in
this way was consistent with the geo yield obtained from
the zero- and four-prong spectra. Since we could not
separate geo from gp precisely enough in the two-prong
spectrum, we fixed the geo yield at the value obtained
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width is 8.32 MeV. About —,
' of the total sample is included in

the figure.

from the zero- and four-prong spectra and obtained a
yield of (9.6+1.6) X 10 for imp from the average of its
maximum (obtained from the fit with the geo
yield=3. 2X10 ) and minimum (with 6.0X10 ). The
quoted error covers both the maximum and the
minimum. Though the statistical and fitting ambiguity
was much smaller for the sum of geo and gp than for
each of geo and gp, we took into account the systematic
ambiguity (see Sec. V) and obtained a yield of
(1.4+'0. 2) X 10 for the sum of iles and r/p .

For pp~ilm, separation of pp~r/n (at the i) energy
of 1014 MeV) from pp~r/y (1019 MeV) was difficult.
Since the detection efficiencie's for g~ and gy were close
to each other, we could obtain a yield of

B. Inclusive g production pp —+gX
for different charge multiplicities of X

The yield Fwas deduced from the area 3 of the q peak
above the background in the M(yy) spectrum according
to the following formula:

N Y'e(pp ~ r/X )B( r/~ 2y ) = A, (7)

where e(pp ~ilX) is the effective detection efficiency for
rI~2y. Before estimating e(pp ~rIX), we calculated the
corresponding quantity for each exclusive channel, in a
similar way to eM described in Sec. IV A, by folding the
geometrical acceptance for r1~2y (Fig. 8) in the rj ener-

gy distribution and by correcting the result for the exper-
imental condition. We took the energy distribution of q
given by the Lorentz-invariant phase space (see Fig. 9).
The detection efficiencies before and after the corrections
are given in Table IV. We did not include the decay
pp —+gKE+pions, since its branching ratio is expected to
be much less than that of kaonless decay. '

e(JTp ~gX) for a fixed charge multiplicity of X cannot
be precisely calculated unless the composition of X is
known. However, it can be calculated under an assump-
tion of single channel dominance for X. Table V gives
the result of such a calculation. Since we used two in-
dependent topologies [Nal(2y ) and NaI( 1y ) +BGO( 1y )]
in measuring two y rays from q, we have one more con-
straint that both yields obtained from the two topologies
should agree with each other. This allows us to include
one more channel in X and to adjust their relative yields.

(2.9+1.5) X 10 for the sum of r/vr and gy from a small
peak appearing in the zero-prong spectrum.

For pp ~r/P, i)i)', and rIr/, the absence of peaks at the
expected energies of 743 MeV (for r/P), 772 MeV (i/g'),
and 938 MeV (gr/) gave the upper limits for the yield.
These channels can be suppressed by the Okubo-Zweig-
Iizuka (OZI) rule' for r/P or by inhibition of S-wave an-
nihilation in gg' and gg. When more than one upper
limit existed from the spectra with different charge rnulti-
plicities, we simply took the lowest value of them. When
an upper limit was obtained from one of NaI(2y) and
NaI(ly)+BGO( ly) topologies and a finite number from
the other, both of them were statistically combined.

A finite yield was obtained for each channel of
pp ~iles, i)p, and rjrr /y as given in Eq. (6). In obtaining
the result, the NaI(2y) data were statistically more im-
portant than the NaI( ly)+BGO(ly) ones. The i) ener-
gies are larger than 800 MeV for the above channels.
Figure 7 gives invariant-mass spectra of high energy, two

y rays with k, +k2 above 800 MeV for the topology of
NaI(2y). A clean r/ peak can be seen for each charge
multiplicity at approximately the same position. The
peak position and the width remain essentially un-
changed by selecting high-energy i1 candidates (compare
Fig. 7 with Fig. 3). This fact indicates that there exists
neither important calibration error nor resolution degra-
dation at high energies, and that we have true high-
energy g samples. The situation was qualitatively similar
also for NaI( 1y ) +BGO( 1 y ).
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TABLE II. Experimental result on narrow peaks in the inclusive g spectra. The peak position, the
number of events in the peak, statistical significance, and the width (1'�) are given. Except for the gp
peak, the peaks were fitted with Gaussians, whose width was bound within the instrumental width
+20%. The width error in parentheses indicatess that the width was fitted on its upper or lower limit.
For the gp /co peak, see the footnote. The averaged peak position is given in the notes. No narrow
peak was seen for the charge multiplicity ~ 6.

Charge multiplicity (N, h )

0 2

NaI(2y )

Notes

Position (MeV)
Events
Stat. Sig.
Width (MeV)
Position (MeV)
Events
Stat. Sig.
Width (MeV)

861+3
3194+300

10.6o.

871+11
126+61.9

2.Oo.

27.6( —8.4, +0)
1004+10.0
98.7+56.0

1.8o
30.9( —9.4, +0)

869+3
3119+229

13.6o
a

896+4
86+36
2.4o.

18.6( —0, +6.4)

872+2
pp —+'gp /co

1004+10

Position (MeV)
Events
Stat. Sig.
Width (MeV)
Position (MeV)
Events
Stat. Sig.
Width (MeV)
Position (MeV)
Events
Stat. Sig.
Width (MeV)
Position (MeV)
Events
Stat. Sig.
Width (MeV)

884+8
345+97

3.6o.

NaI(1y )+BGO(1y )

785+20
14.3+18.2

0.8o.
17.0( —0, +7.8)

883+19
318+94

3.4'

920+8
25.9+13.1

2.Oo.

19.3( —0, +6.7)
1027+ 17

7.0+7.5
1.Oa

20.9( —0, +8.9)

785+20
PS' ~'9'9

884+7
PP ~'fIP /~

920+8
SP~ I l

'As the fit did not give a unique value for the geo yield but its upper limit, a yield of 4X10 was as-
sumed in this table [740 events for N,„=2 and 810 events for the sum over N, h for NaI(2y), while 57
events for N,„=2 and 62 events for the sum over N, h for NaI(lyl+BGO(ly)]. The geo peak had a
Gaussian shape with the instrumental width and the gp had a Breit-Wigner shape folded in the instru-
mental resolution.

Therefore, when there are only two dominant channels
for the Axed charge multiplicity, we can derive the total g
yield for that charge multiplicity. In a case when there
are three dominant channels for the fixed charge multipli-
city, we can derive the total g yield if the yield of the
third channel is experimentally known.

For N,h(X)=0, the argument goes as follows. First,
the yield of pp~gm was fixed to be (3.9+1.0)X10
from a statistical average over two values, i.e.,
(2.9+1.5) X 10, our result given in Eq. (6g), and
(4.6+1.3) X 10 given in Refs. 15 and 20. Second,
pp~gmm with m 4 does not seem dominant on the
analogy of pp —+m. 's; pp —+m'~ with m' 5 is expected
to be much less (of the order of 1%) than that with m ' (5
from a measurement ' of the y multiplicity. It is then
possible to derive the yields of the remaining two (possi-
bly dominant) channels of pp~g2m and r13vr . We ob-

tained the abundance ratio of g2mo/(q2~ +q3~ ) =0.91
+0.19 requiring that the g yields obtained from the two
topologies should agree with each other. The above ratio
gives the g yield (uncorrected)=(0. 72+0.09)%%uo. Correct-
ing this for conversion of y —+e+e and adding the as-
sumed yield (together with its error) of r)n. , we finally ob-
tained the g yield =(0.97+0. 12)%%uo and the yield of
pp ~g2m. = (0.84+0. 10)%. An experimental data of
(0.93+0.3)%%uo given in Ref. 22 for the yield of pp ~g27r
are consistent with the above result.

On the same line of consideration as above, we first as-
sume for N,h(X)=2 a yield of (1.35+0. 17)%%uo (Ref. 23)
for pp ~pm. +m ', we have adopted this number as it has a
better statistical accuracy than the other experimental
values. Second, pp —+pm. +m me with m ~ 3 is expect-
ed to be much less than that with m & 3 on the analogy of
the ~ case; pp —+++~ m'~ with m'~4 is much less
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TABLE III. 8(pp~qM) (or its upper limit at 95% C.L.) in 10 deduced from the inclusive q spec-
tra. Two results from NaI(2y) and the NaI(1y)+BGO{1y) are given in comparison. Each column for
specific N, „gives 8(pp ~gM) deduced from the monochromatic peak (or its absence) seen in the N, h-

prong spectrum. The last column gives the average over diferent N, b's.

Channel

pp ~'9'9
pp —+ 'l7co

pp ~'Qp
pp~'fIp /~
pp ~'9'9
pp —n~'/y

N, h =0

& 4.0

6.3+3.1

& 0.6'
0.27+0. 15

b
8.7+2.0

13.2+0.7

&2.3
4.1+1.7'

From NaI{2y)
a

Average over N, i,

&4.0
&2.3

4.6+1.4
8.7+2.0

13.2+0.7
&0.6

0.27+0. 15

pp ~'t)4
pp ~'9'9
pp ~'fI~
pp ~'Vp
pp ~'gp /co

pp ~'9'9
pp

7.6+9.6
&15

1.6+0.8
0.55+0.59

From NaI(1y ) +BGO{1y )

&2.8
& 4.31

b &13
11.2+2.7b

15.7+1.2
e

&2.8
&4.3
&13

11.2+2.7
15.7+1.2

1.6+0.8
0.55+0.59

'The two-prong spectrum for NaI(2y) was not used, since the systematic error may be large in fitting
the gP and the rit)' peaks which should sit close to the crest of the spectrum.
The pp~gp /co peak in the two-prong spectrum was fitted with a sum of gp and geo peaks by fixing

the B(pp ~m' co) [see Eq. (6c)j deduced from zero- and four-prong spectra (see the text).
'Though this peak is located about 20 MeV above the expected position, it cannot be assigned to any
other known rnesons of narrow widths but M= ~.
"The monochromatic q peak should sit on the shoulder of the zero-prong spectrum (see Fig. 5). Yield
estimation may su@'er from a large systematic error which should depend on the amount of the geo peak
sitting on the crest of the spectrum. Consequently, taking into account the scattering among various
fits, we put an upper limit, which was as large as 5 times the statistical upper limit.
'The two-prong spectrum was not used since the gg peak should be located close to the large gp /co
peak.

0.15—

UJ

0.10—
LLi

&C

than the sum of those with m'(4 according to a phe-
nomenological calculation. Then the yields of
pp —+pm++ mm with m =1 and 2 can be determined.
The yield (uncorrected) summed over rn =1 and 2 be-
came (3.74+0.30)Po with the rIm+m n l(rj~+. rr

Q

Ltj

0.05—X
LLI 0.5—

500

TT, g, r)' ENERGY (MeV)

)000 0
600 800

ENERGY (MeV)

1000

FICx. 8. geometrical acceptance of m. , g, and g'~2y decay
for NaI(2y) (solid curves) and NaI(ly)+BC+0(ly) (broken
ones).

FIG. 9. Energy distribution of g mesons given by the
Lorentz-invariant phase space for various pion multiplicities.
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pp annihilation
channel

Detection efficiency (%)
Geometrical Corrected for trigger
acceptance logic and software cuts

g2m'
g3m'

2'
92~'2~
n2~'2~ ~'
q3~+3~

NaI(2y) events
4.07
2.92
2.15
2.92
2.15
1.60
1.60
1 ~ 17
0.79

3.58+0. 18
1.82+0.23
0.76+0.08
2.40+0. 15
1.08+0. 11
0.55+0.09
0.94+0. 14
0.47+0.09
0.39+0.10

TABLE IV. Detection efficiency for g~2y produced in vari-
ous annihilation channels of stopping Pp system. The quoted er-
ror is due to an ambiguity in the Monte Carlo calculation.

ambiguity of 0.32. Correcting the above yield for
y —+e e conversion and subtracting the contamination
of originally two-pronged events, we obtained a yield
of (0.65+0.12)%. An experimental result of B(pp
~g2rr+2m )=(0.6+0.2)%%uo given in Ref. 19 is con-
sistent with the above result. For N, h(X) ~6, we took
into account only g3m+3~ channel. Channels of higher
multiplicities must be less significant on the analogy of
the small ratio' ' of 3~+3m m m with m ~ 2 to
3m. +3m m. . The g yield then becomes (0.03+0.04)%
from the slightly ambiguous g peaks seen in the M(yy)
spectra.

The yields of pp —+gX obtained above are summarized
in Table VI for each charge multiplicity of X. These
quantities have not been published to the authors'
knowledge.

q2m'
93~'

~~+~ 2~'
82~+2~
82~+2~ ~'
~3~+3~

NaI(1y)+BGO( ly) events
0.14
0.43
0.68
0.43
0.68
0.89
0.89
1.08
1.26

0.13+0.01
0.28+0.03
0.37+0.04
0.29+0.02
0.37+0.04
0.41+0.04
0.42+0.04
0.41+0.07
0.41+0.07

C. Inclusive g/m ratio

Summing the values obtained above, we obtained
(6.98+0.79)% for the total yield of g in pp annihilation
at rest. As the vr multiplicity per annihilation is 1.9 (Ref.
17), the inclusive g/m. ratio becomes ( 3.67+0.41 )
X 10,which is statistically much better than a previous
experimental result of g/vr =0.05(+0.06, —0.04).

D. Inclusive g' production

+re+~ 2vro) ratio close to unity within a statistical am-
biguity of 0.30. Correcting this value for y —+e+e, sub-
tracting the contamination of originally zero-pronged
events and adding the assumed yield of gm+m. , we ob-
tained a yield of (5.33+0.50)%,

For N, h(X) =4, we neglected g2m+2~ mm. with
m 2 on the analogy of the small ratio' ' of
2m. +2m m'm with m' 3 to the sum over m'=0, 1 and
2. Attributing the observed events to g2~+2m and
g2m+2m m, we obtained a total yield (uncorrected)
of (1.15+0.12)% with the g2m+2m. /(g2vr+2m.
+F2~+2~ m ) ratio close to unity within a statistical

The yield of g' in pp annihilation at rest was estimated
from the yy invariant-mass spectrum for the
Nal(ly)+BGO(ly) topology (see Fig. 10). The detec-
tion efficiency for g'~2y was first calculated for each an-
nihilation channel in pp ~g X in the similar way to that
for g —+2y in pp —+gX. The detection efficiency for g'
was 0.60% for the final state of rI'm. , 0.74% for rj'2',
0.73% for g'3~, 0.75% for g'sr+ vr, 0.74% for
g'~+~ m, 0.69% for g'~+~ 2~, 0.70% for g'2~+2~
0.64% for rj'2n+2vr vr, and 0.58% for rI'3~+3vr . We
assumed the branching ratio into g' plus more than 6~ to
be small on the analogy' ofpp~multipions. Though we
do not know which channels dominate g' production, all
the efficiencies listed above are close to each other.
Therefore, we took the mean [(0.66+0.09)%] of the max-

Charge
multiplicity

X,„(X)
Channel

qX
Yield (%)/annihilation

NaI(2y ) NaI(1y )+BGO( 1y )

TABLE V. Yield of pp ~gX for various X assuming a single
channel dominance in each charge multiplicity (see the text) ~

The result is compared between the two different topologies.
The quoted errors are statistical only.

TABLE VI. Yield of pp~qX per pp annihilation at rest for
different charge multiplicities of X. Results from Nal(2y) and
from NaI(1y )+BGO( ly ) were statistically combined. The
numbers of g events are also given. The yield is corrected for
contamination of different charge multiplicity caused by
y~e e conversion and inefficiency in wire planes.

g2m'
r]3m-'

n~+~ 2~'
92~+2~
92~+2~ ~'
93~ 3~

0.36+0.05
0.71+0.10
1.72+0.23
3.05+0.25
6.78+0.56

13.32+ 1.11
1.15+0.13
2.29+0.26
0.07+0.06

1.52+0.40
0.75+0.20
0.57+0. 15
5.71+1.52
4.44+ 1.18
4.10+1.19
1.13+0.33
1.17+0.33
0.00+0.05

Charge
multiplicity

1V,h(X)

0
2
4
~6

Total

1487+199
8388+696
1238+140

30+29

237+63
1897+506
545+155

1+27

0.97+0.12
5.33+0.50
0.65+0. 12
0.03+0.04

11143+1064 2680+751 6.98+0.79

Number of observed g Yield (%%uo) per
NaI(2y ) NaI(1y ) +BGO(1y ) annihilation
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FIG. 10. Invariant-mass spectra of two y rays above 800
MeV for the NaI(1y)+BGO(1y) events. The bin width is 4.16
MeV. The solid curve is a fit with a polynomial background
plus a g'(958) peak.

imum and the minimum of the above values for the
overall detection efficiency of pp ~g'X with g' —+2y Fit
of the g' peak gave a peak area of 67+42 events above
the background. The statistical error of the background
was by a factor of 1.5 less than the fitting error quoted
above. Dividing the peak area by the product of X,
detection efficiency for il' and B( 'il~y2)=1.9%, we ob-
tained B(pp ~g'X) =(1.8+1.1)X 10,which gave final-

ly an upper limit of 3.6X 10 at 95% C.L.
Experimental data on g' production in pp annihilation

at rest are scarce. %'hile Ref. 27 reports a yield of
(3. 1+0.6) X 10 for an exclusive channel of
pp ~i1'm vr (including g'p ), the present data seem, ac-
cording to the authors' knowledge, the first experimental
result for the inclusive g' production.

Estimation of B(pp~ri'X) from the NaI(2y) sector
was not carried out because of a large ambiguity in the
detection efficiency for g'; the detection efficiency varies
by 2 orders of magnitudes from 0.011% for a high-
multiplicity channel of g'3m+3m to 1.92% for a low-
multiplicity one of g'~ .

The result can be summarized as follows.
(i) Yields or upper limits of pp ~ilM for M=/, g, cg,

p, p, and m /y have been derived from g energy spectra
and are given in Eq. (6). B(pp —+gp ) obtained is close to
an experimental value of (6.9+1.4) X 10 given in Refs.
23 and 27 but is larger than (2.2+1.7)X 10 given in
Ref. 28. The present result that geo is less abundant than
or comparable to r)p [see Eqs. (6c)—(6e)] disagrees with a
prediction of the quark rearrangement model of Ref. 2,
according to which @co should be an order of magnitude
more abundant than gp . An experiment at LEAR by
Adiels et al. gives a gco+qp yield compatible with the
present result of Eq. (6d) but a r)co/7' ratio different
from Eq. (6c).

B(pp~grr ) should be approximately equal to B(jp
—+pe /y), namely, (2.9+1.5) X10, since B(pp~gy)
is much smaller [of the order of 10 (Ref. 30)]. The
above value is consistent with (4.6+1.3) X 10 obtained
previously by us from measurement of monochromatic ~
(Ref. 15).

(ii) The yield of Pp ~gX (X denoting anything) per an-
nihilation is (0.97+0.12)% for N, h(X) =0, (5.33+0.50)%%uo

for N, h (X)=2, (0.65+0.12)% for N, h (X)=4, and

(0.028+0.041)% for N, h(X) ~ 6. The total yield of g is

(6.98+0.79)%.
(iii) The inclusive ply ratio is (3.67+0.41)X 10
(iv) The yield of pp~il'X is less than 3.6% at 95%

C.L. Dividing this value by the total g yield given in (ii),
we find that the inclusive g'/g ratio is less than 0.52 at
95% C.L.

The systematic error of the yields was about +20%,
which came partly from the ambiguities in N (+3%) as

well as in fitting the M(yy) spectra (+2%) but mostly
from the Monte Carlo calculation of the detection
efficiency of g or g' and, for pp~gM, from the fitting
condition for the peaks.

Finally, comparing the present result with the theory,
we will give a brief discussion on the dominance of quark
annihilation or rearrangement graphs. Furui, Maruya-
ma, and Faesler ' calculated the inclusive g production in

pp annihilation at rest in two models of 33+32 and
R3+A2 in comparison; not R2 but A2 was adopted
since 2 2 gives better agreement in annihilation into two

TABLE VII. Relative branching ratio ofpp ~gX for different charge multiplicities of X is compared
between the present result and the calculation by Furui, Maruyama, and Faesler (Ref. 31)~ The total in-
clusive branching ratio is also given. The branching ratios were calculated in slightly different prescrip-
tions (a) and (b) (see Ref. 31).

Charge
multiplicity

X,h(X)
Present

experiment
A3+ A2

(a)

Calculations (Ref. 31)
A3+ A2 R3+ A2

(b) (a)
R3+ A2

(b)

0
2
4

&6

&tot(pp '9& )

(13.9 +1.7)%
(76.4 +7.2)%
(9.3 +1.7)%%uo

(0.4 +0.6)%%uo

{6.98+0.79)%

10%
84%%uo

5%

19.6%

13%
77%
10%

17.6%

16%%uo

68%%uo

16%%uo

7.5%%uo

11%
70%
19%

11.5%%uo
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[sin(go —Ops)] —1=cr(m r.i')/cr(n ri), (8)

mesons. Table VII compares the branching ratio of
pp ~gX between the calculation and the present experi-
ment. %'e see that our result favors A 3+ 3 2 though the
yields of zero- and two-pronged events are consistent
with the both models. Discrepancy in the total inclusive
branching ratio B„,(pp ~gX) may not be taken too seri-
ously because, according to the authors of Ref. 31, it has
still theoretical uncertainties. As a result, the present ex-
perimental result on pp ~gX favors the 2 3+ A2 model
to the R 3+ 3 2 model, though the preference is qualita-
tive.

Dover and Fishbane predicted R = rr(m ri) /
cr(nm) =.

—,', for the rearrangement graph only and order
of —,

' for the planar graph only, where a(ab) is the re-

duced cross section of o(pp~ab)/q +' with q and L
the momentum and angular momentum, respectively, in
the Anal state in the c.m. system. The present result of
B(pp~rin)d. iscussed above and B(pp~a rr )

=(2.4+0.3) X 10 obtained previously' give R of the
order of unity for L =0 and more than unity for L =2.
This value is too large to be explained in terms of purely
rearrangement graphs, and indicates importance of the
annihilation graphs with delicate cancellation and/or of
the transition NX~AN which feeds only I=1, i.e., the
m. g channel.

According to Genz, ' the pseudoscalar mixing angle
Ops should satisfy the following equation:

where Oo=arctan(1/V2) =35.26 is the ideal mixing an-
gle. The right-hand term becomes

[q(~'q) /q(~'q') ]""B(pp ~'q')/B(pp (9)

—12.8'&Ops&5. 4' for L =0,
0 4 &ps&14. 9' for L=2. (10)

The theoretically preferred value of Ops=( —11.1+0.2)'
(Ref. 10) obtained from the quadratic version of the mass
formula is in agreement with the L =0 case. Improve-
ment in the accuracy of B(pp +rr ri—) and B(pp ~rr g') is
important to make more definite comparison.
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with L =0 ([q(~ q)/q(rr ri')] +'=1.23) or 2 (2.81) if
one of them dominates. Taking B(pp ~rr ri') =(5.0
+1.9) X 10 (Ref. 15) and B(pp —+~ ri) =(3.9+1.0)
X 10 from statistical average of Eq. (6g) and a result
given in Ref. 15, we obtain, from Eq. (8),
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