
Vox, vMK 10, NvMszR 12 PHYSICAL REVIEW LETTERS 15 JvNz 1963

in providing desired beam characteristics, mag-
netic measurements, etc. throughout this project.

They also wish to thank the Instrumentation
Division for generous cooperation in electronic
problems and operation of the Merlin computer.

Work performed under the auspices of the U. S.
Atomic Energy Commission.

'K. J. Foley, S. J. Lindenbaum, %. A. Love,
S. Ozaki, J. J. Russell, and L. C. L. Yuan, Phys.
Rev. Letters 10, 376 (1963}.

26. F. Chew and S. C. Frautschi, Phys. Rev. Let-
ters 1, 394 (1961);S. C. Frautschi, M. Gell-Mann,
and F. Zachariasen„Phys. Rev. 126, 2204 (1962);
G. F. Chew, S. C. Frautschi, and S. Mandelstam,
Phys. Rev. 126, 1202 (1962); R. Blankenbecler and
M. L. Goldberger, Phys. Rev. 126, 766 {1962);B. M.
Udgaonkar, Phys. Rev. Letters 8, 142 {1962}.

3F. Hadjioannou, R. J. N. Phillips, and W. Rarita,
Phys. Rev. Letters 9, 186 (1962); S. D. Drell, in
Proceedings of International Conference on High-Energy
Nuclear Physics, Geneva, 1962 (CERN Scientific Infor-
mation Service, Geneva, Switzerland, 1962), p. 897.

4S. J. Lindenbaum, W. A. Love, J. Niederer, S. Oz-
aki, J. J. Russell, and L. C. L. Yuan, Phys. Rev.
Letters 7, 362 {1961).

~The normalization factor fotot(20 BeV/c) /&tot( p)]
is the same (within 2Vo) at any P for r++p and m +p,
and its average is about 1.15. Therefore, the fits in
Fig. 1 are consistent with a small fraction for the
quantity

(«/d&)(~ +p) -(«/d&)(& +p)
—,'[(da./dt}(m. +p) + (da/dt)(&++ p)]

at low t which increases somewhat with increasing t.
Hence the data are consistent with the usual assignment
of only a small effect due to the p pole at least at low t.
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The generally accepted values for the quantum
numbers of the q meson are given by J I =0 0+.'
These assignments have been established primari-
ly through studies of the Dalitz-Fabri plot for the
decay q- m+v m'. ' The existence of the expected
mode q-v+m y has recently been established,
with a branching ratio given by

r(q —w+w-y)/I"(q —w+w-w') =0.26+ 0.06. ' (1)

The existence of the mode rj-yy has been estab-
lished by using etas produced in a heavy-liquid
bubble chamber4; but its relative probability has
not been determined prior to the experiment re-
ported here. The expected decay mode g —3m' is
difficult to observe~ and has not been established
by direct observation prior to this experiment.
However, the ratio (neutral/charged) = I'(q —neu-
trals)/I'(q —w+w x'), with x' unresolved into w'

and y, has been determined in several experi-
ments by counting "missing neutrals. "' An aver-
age over these experiments gives (neutral/charged)
= 2. 7+ 0.6. The neutrals should correspond to
q-yy plus g-3m' if the g quantum numbers are

0+ 5

In the experiment described here we confirm
the existence of the decay mode q —yy, and find
a branching ratio

1(q yy)/[1-(q w+w w'-)+ r(-n w'w y)-]

= 0. 99 + 0.48.

%e also establish directly the existence of the
mode q-3mo, and find

r(q —3w')/[I (q —w'w-w') + I'(q w'w-y)]

(2)

= 0. 66+ 0.25. (3)

The sum of our results (2) and (3) gives (neutral/
charged) = 1.65+ 0. 53, in only fair agreement
with the result 2. 7+ 0. 6 others have obtained by
counting missing neutrals. '

Calculations based on the model g py + p2',
p, '-y, p, '- w+w predict I'(q-w+w y)/I'(q-yy)
=1/4. ' If we combine our results (2) with our
earlier result (1), we find

I'(g- w+w y)/I'(q-yy) =0.21' 0. 12.

Since q —3m should go into the 3m state with I= 1,
one expects I'(g-3w')/I"(q- w+w w') =3/2. Phase-
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space corrections and dynamical calculations
based on a comparison of the Dalitz-Fabri plots
of q-n+m n'and K-3m yield a predicted value
of 1.68+ 0.05 for this ratio. 7 Combining our ex-
perimental results (1) and (3), we obtain

I'(~( —3v')/I (q -m+m ~') = 0. 83 ~ 0. 32,

in rather poor agreement with the prediction.
The remainder of this Letter is devoted to ex-

perimental details.
The q's were produced in the Alvarez 72-inch

hydrogen bubble chamber via the reaction m++p
—m++p+q, using incident m+ of 1170 MeV/c. We
have analyzed 1500 two-pronged (2P) events hav-

ing an associated y-ray conversion in hydrogen,
and 4500 four-pronged (4P) events from the same
sample of film. The 4I' events include n+p-
~+pm m x', withxo=m'or y. This event type is al-
most entirely due to m p-m+pq, g-m+v x". The
elimination of background due to m+P —m+Pm+m and
the resolution of x' into mo and y have been de-
scribed elsewhere. ' In the experiment reported
here the decays q-m+m x provide the "denomina-
tors" for the neutral branching ratios.

We study the neutral decay modes by two inde-
pendent methods.

In the first method we look for an e e pair re-
sulting from internal conversion of one y ray
(virtual), y y, coming from q - yy or v - yy, where
the n may have come from q decay. One then
has a 4P track configuration n+P -~+Pe+e x',
where x' represents all undetected neutrals. We
write this process as v+p-m+py', y'-y&+x', y&
-e+e . For y =g we consider two decay modes.
(a) We may have q-3w'=2m'+v'-2m'+yR+y&
=x'+@&, so that x'=2m'+yR, where yR is a real
y ray. The invariant mass m(e+e ) =m(yV) there-
fore ranges between 2m(e) = 1.1 and m(mo) =135
MeV/c'. The distribution in m(e e ) and the
branching ratio I'(w'-y& +y&)/I'(m') are well
known. "' We use only events with m (e+e ) & 30
MeV/c', this includes 85/0 of the decays n' fyf-
+y&, and a fraction 0. 0101 of all ~o decays. '~'

(b) In the second mode we have q-yR+y&=x'
+y&, so that x~ =y& and m(xo) = 0; m(e+e ) ranges
between 2m(e) and m(q) = 548 MeV/c'. The branch-
ing ratio I'(q —yR+y&)/I'(q-2y&) is insensitive
to the dynamical details of the decay. 8 The cri-
terion m(e+e ) & 30 MeV/c' includes 62% of the
decays g-yh +y& and a fraction 0.0101 of all
decays q-y+y, with y =y& or y&. That we ob-
tain the same fraction 0. 0101 for both m' and q
is not an accident. "

In the second method we look for an e+e pair
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F1G. &. Plot of m (y ) versus ~ (~0), where z++p
&++p+y, y —y+x; y is a detected y ray (real or

virtual) and x = missing neutrals. Kinematical limits
are indicated for yo=2vr andy =3m .

due to hydrogen (H) conversion of a real y ray in
association with a two-pronged track configura-
tion w+p -w+pyo. Then we have Y'-yR+x' (x'
= undetected neutrals), and y& + H —e+e- + H. We
impose the criterion L,

&
& 40 cm on the path length

of y&, and the criterion pH& 15 MeV/c on the
recoil momentum PH of H in the conversion proc-
ess. To determine the detection probability for
y& we make use of several hundred events ~+p
—n+Pv . By counting internal conversion events
7T y p +y y, y y e+e, we deter mine the number
of n' produced. We choose a suitable subsample
having the same distribution in p& and 6& as that
calculated for m+P-~+Pq, q-2y~, or for g-3m'- 6y&. The observed number of H conversions
from this subsample determines the over-all de-
tection efficiency, including the effects of H-con-
version cross section, fiducial volume, and scan-
ning efficiency. We find the probability for one
of the yR to convert (subject to our criteria) is
0. 0244 for y's from q - 2y& and 0. 0248 from m'

-2yR, where n comes from q-3m .
The total number of events (4P plus 2P) expected

from one "average" decay q-y+y is then 0. 0101
+ 0. 0244 = 0. 0345. The expected number from
one decay q -3~' is 3(0.0101+0.0248) =0.105.

In Fig. 1 we plot the invariant m'(y') versus
m'(x') for each event w+p-w+pyo, yo-y+x', where
xo is the missing four momentum. Both internal-
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FIG. 2. Distribution in m (y ).

conversion and H-conversion events are included. "
We require the calculated error in m'(y'), bm'(y'),
to be less than 0.014 (BeV/c')'. Since the four-
momentum y' is calculated as "missing" in m+p

-w+pyo, the error cutoff does not affect branching
ratios. (This cutoff is also applied to the denomi-
nator events, y'- w+w x'. ) Kinematical limits
are indicated for y =2m' and for y =Sm . For y'
= 2m' it is easily shown that the distribution in
m'(x') is flat for any value of m'(y'). (This is
not so for y = 3m; the regions near the kinemati-
cal limits are depopulated by a phase-space fac-
tor. ) Inspection of Fig. 1 shows a large cluster
of events at m'(yo) =m'(wo) =0.0182 (BeV/c')',
m'(x') = m'(y) = 0, corresponding to w+p —w+pw',

7I -yy. The remaining events are seen to be
mostly due to y'=2m'.

To demonstrate the presence of g production
and decay, we plot in Fig. 2 the number of events
versus m'(y'), for m'(y')) 0.08 (BeV/c')'. The
solid histogram gives the expected distribution
in m'(y') for y'=2wo. Its shape is determined
from 2600 events of the type m+p -m+py ', y' = n+m

It is normalized by a least-squares fit to the first
five histogram intervals in Fig. 2." We see that
the solid histogram fits all the data except for a
pronounced peak at the t) mass. Between m'(y')
=0. 28 and 0. 32, we predict (from the solid histo-
gram) 4. 3a 0. 6 events" from y'=2w'. We find
17 events, however. We conclude that most of
the 17 events are due to q production and decay.

In Fig. 3 we plot the distribution in m'(x') for
the 17 events having 0. 28& m'(y') (0.32, along
with the kinematical limits for y =yy, 3n, and
2m'. The events separate clearly into five yy and
twelve 3m events. We prorate the 4. 3~0.6 pre-
dicted background counts from 2m according to
the overlap of the allowed regions in m'(xo), tak-
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FIG. 3. Distribution in m (x } for events having 0.28
( m (y ) (0.32 (BeV/c~) 2.

ing into account the measurement errors, and
thus assign 0.33+ 0. 05 background (2w') counts to
the yy region, 2. 50~0. 05 to 3m', and 1.47~0. 20
to the region between yy and 3wo. (Inspection of
Fig. 3 shows that none of the predicted 1.47 counts
is realized. This is a reasonable Poisson fluctua-
tion. ) We combine the observed 2P and 4P events
(with background subtracted) and the detection
factors 0.0345 for yy and 0. 105 for 3m to get the
effective number of decays N(r) -yy) = (5- 0.33)/
0. 0345, and N(r)-3w') = (12- 2. 50)/0. 105.

The "denominator" N(rl-w+w x'), withx'=w' or
y, is obtained from 4P events w+p-w+py', where
yo=a+5 x'. We assume a+=m+ and 5 =m, pro-
vided the invariant m(a b ) satisfies m(a+b )) 100
MeV/c' under the mass assignments m(a+) = m(b )
= electron mass, for both assignments of the m+.

This criterion eliminates internal- conversion
pairs a+b =e+e, and removes only 5% of the
events y'=m+m x', ' The procedures by which we
eliminate events n+p —m+pm+m from our sample
give an additional 10% loss in events y = w+w xo.'
The remaining events are almost entirely y'= g.
This is illustrated in Fig. 4, where we plot the
distribution in m'(y ) for w p-w+pyo, y =w+w x,
and where the assignment of the two m+'s is that
which gives m'(yo) closest to m'(r)) = 0.300 (BeV/
c')'. The observed width agrees with that ex-
pected from PANG measurement errors. The
114 events with 0.28&m'(y') (0.32 (BeV/c')'
give, after corrections, N(rl-w+w x') =132.6
"events. "

Finally we obtain I (q -yy)/r (r) - w+w x 0) = (5
- 0. 33)/(0. 0345)(132.6) = 0.99 z 0. 48, and I"(rl
—3w')/r(rl —w'w-x') =(12- 2. 50)l(0. 105)(132.6)
= 0.66 + 0.25.
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PAs long as m(e+e ) «mp, where mp ——135{m ) or 548(g ),

the relative probability I (m0-p&e+e )/I'(m0- 2y~} is
insensitive to the mass mp (see reference 8). That is
why we find 0.0101 for this probability, for both 7t and

g decay, when we have m(e+e ) & 30 MeV/c2. For much
larger values of m(e+e ), the internal conversion prob-
ability becomes sensitive to mp, so that the total inter-
nal-conversion probability is larger for q-yy than for
xp- yy

~For our criterion m{e+e ) & 30 MeV/c2, the y are
C4 )) 2 palmost real, and the distribution in m (x ) for a given
m (yP) is expected to be essentially the same for yy as
for y& events. For this reason, and because of the
small number of events, we treat both event types to-
gether.

We find g = 2.9, whereas (g ) =4.0.
The error is obtained by varying the normalization of

the solid histogram until X (from the first five points)
increases by unity. The error 0.6 is the uncertainty
in the predicted average, 4.3, and has nothing to do
with the Poisson fluctuations expected.


