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The branching ratios for the decay of the p meson into 37t. , 7t yy, and yy have been
measured. Under the assumption that no other neutral decays are significant, the re-
sults are (q —37t'0)/(qo —yy) = 0.88+0.16 and (q —xoyy)/(go —yy) -0.28 (95% confidence-
level upper limit).

We have measured the branching ratios' of
the decays of the g' meson into 3~', m'yy, and
yy. Assuming that no other neutral decay modes
are significant, we obtain

= 0.88 o.1n'-yy
I7c - II'yy (0.28 (95% confidence level).11'-yy

The q' mesons studied in this experiment
were produced in the reaction

m+d —PPI)'

in the Brookhaven National Laboratory-Colum-
bia 30-in. bubble chamber filled with liquid
deuterium, exposed to a separated m+ beam
of 820-MeV/c incident momentum at the Brook-
haven alternating- gradient synchrotron. The
entire exposure consisting of 435 000 photographs
was scanned for examples of Rea, ction (1), in
which the rl' decayed into neutrals (i.e. , no

charged decay products were visible) and one
of the y rays resulting from the g decay pro-
duced an e+e pair in the visible region of the
chamber. Events with internally converted
(Dalitz) pairs were not used because of possi-
ble confusion with the numerous background
events of the reaction ~+2 -pp7I+II . Events
of Reaction (1) were accepted only if at least
one of the two protons stopped in the chamber,
and any nonstopping protons had a measurable

length of 5 cm or more. After measurement,
events were removed from the sample if the
e+e did not point back to the g production
vertex or if either the e+ or e had a dip over
70 in the chamber.

A total of 2014 events were left with both the
production vertex and the y-conversion point
occurring inside a clearly defined fiducial re-
gion of the chamber. No further cuts or kine-
matic fitting were imposed on these events.
The distribution in the square of the mass of
x' for these events, where x' is defined by ~+d

-ppx, is shown in Fig. 1. From this distri-
bution we estimate that, of these events, 240
are IT+d-ppI7', -400 are w+d -ppv', and the
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FIG. 1. Distribution in the mass squared (~~2) for
the reaction x+d —Ppx' with one associated y ray ob-
served.
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remainder are presumably n+d-PP+2 or 3
m"s. The resolution in the mass of q' is suf-
ficiently good to allow a reliable estimate of
the amount of background under the g' peak.

For each event, the energy of the y ray was
calculated from the measured momenta of the
e+ and the e, and the y energy was transformed
into the x center-of -mass frame. For the

q events, the distribution of E&*, the y-ray
energy in the g rest frame, allows us to dis-
tinguish between the various neutral q' decay
modes. Figure 2(a) shows the expected E *

distributions, calculated by a Monte Carlo pro-
gram. The dashed curves are the theoretical
distributions; the solid curves show the dis-
tributions after the y-detection efficiencies
and measurement resolution of our experiment
have been folded in. The normalization of the
solid curves corresponds to equal branching
ratios for 37t, m'yy, and yy. The curves for
the 3v' decay mode were generated using a
constant matrix element (i.e. , phase space).
The curves for the m'yy decay mode are based
on the simplest gauge-invariant matrix element,
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where & and k are the polarization and momen-
tum vectors of the photons. After summing
over polarizations the square of this matrix
element is proportional to (m&&), where m&&
is the effective mass of the two photons. The
Ey* distribution derived from a constant ma-
trix element for the ~'yy decay mode is sim-
ilar to the distribution shown; the results of
the following analysis are valid for both the
constant and the simplest gauge-invari. ant ma-
trix elements.

The effective y-detection efficiency as a func-
tion of the y laboratory energy was determined
by comparing the energy spectrum of 387 ob-
served gammas from the reaction w+d-PPm'
with the spectrum predicted on the basis of
a large independent sample of the same reac-
tion selected regardless of y conversion. The
resulting detection efficiency includes the known

probability of a y converting into an e+e pair
in addition to such energy-dependent factors
as scanning efficiency for e+e pairs and event
rejection due to poor measurement of the e+
or e tracks, and agrees well with independent
estimates of these effects.

The experimental distribution in Fy~ for the
q' events is shown in Fig. 2(c). The q' events
were selected by requiring rnz' to fall between
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FIG. 2. Distributions of the y energy in the missing-
mass rest frame. (a) The dashed curves show the the-
oretical distributions for three decay modes of the p,
and the solid curves represent the expected distribu-
tions modified by the experimental resolution and y-de-
tection efficiencies. (b), (c), {d) The experimental dis-
tributions for the q and two control regions. The
curves on {c)represent the fit described in the text.
(e) The data after a bin-by-bin subtraction of the back-
ground.



VOLUME 19,NUMBER 26 PHYSICAL REVIEW LETTERS 25 DECEMBER 1967

0.28 and 0.32 BeV'. The q' sample selected
in this way contains some background of w+p

-pp+2 or 3 m' events, as can be seen from
Fig. 1. The Ey* distribution of the background
events can be estimated from the control re-
gions below and above the g'. The E * distri-r
butions for these control regions are shown

in Figs. 2(b) and 2(d). The background in the
g' region is taken to be the average of the E *

y
distributions of the two control regions. The
total number of background events obtained
in this way agrees with the amount of background
expected under the g' peak from the m~' dis-
tribution of Fig. 1. The Ey distribution for
the q events after this background subtraction
is shown in Fig. 2(e).

Comparison of the E&* distribution after back-
ground subtraction [Fig. 2(e)] with the expect-
ed distributions [Fig. 2(a)] shows that we have
no evidence in this experiment for the existence
of the m'yy decay mode. This is particularly
evident from the absence of events in the re-
gion from 180 to 240 MeV, which is where the
m yy mode can be most clearly distinguished
from the 3m' and yy modes. To set an upper
limit on the m'yy mode and to evaluate the ra-
tio (3m')/(yy), we did a simultaneous maximum-
likelihood fit to the experimental Ey distri-
bution in the g' region without a background
subtraction [Fig. 2(c)] and to the mx' distri-
bution (Fig. 1). The free parameters in the
fit were the ratio (7)o-3m )/(q-yy), the ratio
of (7)'- m'yy)/(7)'-yy), and the amount of non-
g' background. The fit used the Ey* distribu-
tions from the Monte Carlo calculation [the
solid curves on Fig. 2(a)] for the various vP

decay modes, and the average of the experi-
mental Ey distributions in the control regions
below and above the q' [Figs. 2(b) and 2(d)] for
the shape of the background. The best fit is
shown by the solid curve of Fig. 2(c); the dashed
curve indicates the non-q' background in the
fit. The mean probability of detecting an g'
decay with a single y ray in our experiment
was calculated by the Monte Carlo program
mentioned previously to be 1/29. 9, 1/37. 9, and
1/60. 1 for the 3m', m'yy, and yy decay modes,
respectively.

After correcting for the detection efficiency,
we obtain (q —3m')/(qo -yy) = O.SS + 0.16 and
(rP- m yy)/(qo-yy) =-0.06+0.14. The errors
on these ratios include the statistical errors
as well as our estimate of the systematic un-
certainties in these measurements. The last
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FIG. 3. Distribution in m~ for events vritb F&
(R) below 180 MeV, (b) 180 to 240 MeV, and (c) to
300 MeV.

ratio is consistent with zero; we prefer to quote
this result as a 95% confidence-level (2-stand-
ard-deviation) upper limit (rP - m yy)/(rP-yy)
~0.28. This upper limit is in good agreement
with the results of recent experiments. '&

A consistency check on the validity of these
results is provided by the mz' distributions
for the three regions O~Ey*-180 MeV, 180
-Ey* 240 MeV, and 240-E *«300 MeV, shown
in Figs. 3(a), 3(b), and 3(c), respectively.
An unambiguous g' signal is seen in the distri-
butions of both Figs. 3(a) and 3(c), correspond-
ing to the 3m' and the yy decay modes; the num-
bers of events in these peaks are in excellent
agreement with the numbers obtained from the
maximum likelihood fit. We expect six g' events
due to the tails of the 3m' and yy events, and

approximately 30Vo of the ~'yy decays in the
region between 160 and 240 MeV [Fig. 3(b)].
After removing these six events around 0.3
BeV' in Fig. 3(b), no rP peak is apparent, in
agreement with our conclusion that we see no

evidence for q -w yy.
We can also express our results as fractions

of all neutral decays (in percent):
0

= 53.3+ 4.6,
go —neutrals

0 3 0
= 46.7+ 6.7,g' —neutrals
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We have measured the ratios (qo neutral decay modes)/(qo charged decay modes)
and (q z+w y)/(q w+w w ) to be, respectively, 2.64 +0.28 and 0.28 +0.04. By combin-
ing these ratios with the results of the preceding Letter for the neutral modes, we ob-
tain partial decay rates for the various qo decays. In particular, we obtain (qo Swo)/

(g g+m m' ) = 1.58 +0.25, in good agreement with the assumption that the three-pion fi-
nal state has I=1.

We have measured the branching ratios of
the decays of the g meson which involve charged
particles in the final state. ' Our results are

q'- all neutral modes
g'- all charged modes

o + o=0 28+0 04~ 7T IT 7T

'- n+nn " ' 'y 0.016
no 7+v-vo - ~ t

'- m+m- yy 0 016
no -m+p-vo

A large sample of g mesons has been pro-
duced in the Columbia-Brookhaven National
Laboratory 30-in. bubble chamber filled with
liquid deuterium and exposed to 820-MeV/c
n+ mesons from the low-energy separated beam
at the Brookhaven National Laboratory alter-
nating-gr adient synchrotron. The production
reaction was ~+d-ppf)0. The q' mesons decay-

ing neutrally were observed in the chamber
as interactions producing two charged prongs,
both of which are protons, while charged de-
cays were observed as interactions producing
four charged prongs, two protons and two charged
pions. At this beam energy the protons are
always produced with sufficiently low momen-
ta to allow their identification at the scanning
table. The entire exposure consisting of 435 000
photographs was scanned twice for four-prong
interactions, producing a sample of 65 000 events.
Approximately 120000 photographs were scanned
twice for two-prong interactions, producing
a sample of 42 000 events. In both samples
we only used events in which at least one of
the protons stopped in the chamber.

(I) Ratio of neutral to charged decays. —For
both the two- and the four-prong events the
invariant mass, mz, recoiling against the two
protons was computed, using only the measured
variables of the incident v+ and the two protons.
The distributions in m~' for the two samples
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