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In a study of 9629 decays of XLO, the branching ratio (XLO—w++ w +&0/XLO —all
charged modes] has been measured as 0.161+0.005. These decays have been selected
from the data with a background from the K~ leptonic modes of approximately 17',
and the energy spectrum of the m meson fitted to a decay matrix element of the form
M=1-(a0/M@2)($9-&0). The best fit value of the parameter ao was —0.249+0.018.

The Brookhaven National Laboratory 14-in.
liquid-hydrogen bubble chamber was exposed
to a cleared neutral beam taken at 21 from
the Brookhaven alternating-gradient synchro-
tron. Approximately 150000 good quality pho-
tographs were obtained. From the number
of KL' decays observed in the fiducial volume
and the known K&' lifetime of 5.15x 10 ' sec, '
it was determined that approximately 18 long-
lived neutral K mesons passed through the fi-
ducial volume on each pulse, together with
about six neutrons per Al '. Neutron interac-
tions in hydrogen do not produce a background,
and are not considered further.

All neutral decays (Vs) observed in the cham-
ber were measured on digitized microscopes
and projectors, and reconstructed using the
geometrical reconstruction program TRED.'
All calculations were based on. the measured
variables, in that the beam momentum and the
direction and momentum of the neutral decay
product were not known, so that there were
insufficient constraints to allow a kinematic
fit, other than the zero-constraint variety.
Approximately 18 000 such events were mea-
sured, of which 10S85 were inside a fiducial
region chosen to reduce the background from
such processes as RLO+p -RS'+p and Rl.'+p-A +a+. The final fiducial volume was 15.0
cm long, 4.5 cm wide, and 5.25 cm deep.

Three cuts were made on the data to purify
the sample further. (1) The effective mass
of each V interpreted as w p was calculated,
and those with 1108.86 MeV(Meff &1121.86
MeV, consistent with the mass of the A, re-
moved. (2) The effective mass of each V in-
terpreted as ~+n was calculated, and those
with 46S.2 MeV (Mef f (52S.2 MeV, consistent

with R&' decay to two pions, removed. (3) All
U's with opening angle less than 2' or great-
er than 165'were removed, to eliminate elec-
tron pairs and decay of charged background
particles in flight.

For each event remaining after cuts (1) and

(3), three kinematic variables were calculat-
ed: (1) the total visible momentum in the de-
cay pvis [Fig. 1(b)]; (2) the Q value interpret-
ing each charged track as a pion [Fig. 1(c)];
and (3) the variable

where M& =El mass, Mo=" ma M12
effective mass of the U interpreted as v+m

and I'T equals transverse momentum of n+Tt

[Fig. 1(d)].' Figure 1(c) clearly shows the peak
of decays Rsc-a++ w with Q value 218.8 MeV;
the shaded region has been removed and is
not included in Figs. 1(b) or 1(d).

In order to understand the effects of the ex-
perimental resolution on the data, and to de-
termine the beam momentum spectrum, a Mon-
te Carlo calculation simulating the experiment
was carried out. In this calculation the incom-
ing R, beam momentum spectrum was taken
as a variable to be determined by comparison
with the data, as were the relative rates
FLe 3 E

p 3 A+ 0 ~ The A'83 and R &3 decay inter-
actions were assumed to be pure vector with
no form factor variation, 4 and the ratio of the
form factors' ] was taken to be 0.9. A linear
variation with To in the squared matrix element
in the K+, decay was assumed, with param-
eter ao=-0.24. The Monte Carlo program gen-
erated decays in the bubble chamber, from
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Flo. 1. (a) K beam momentum spectrum. (b) Visible momentum I yin K deca s p . (c) Q value of decay in-
ents which have 1108.86 MeV&Meff(z-p) &1121.86 MeV, or opening angle less than 2 orp

ieater than 165', are not included on this histogram. Events in the sha e regiongreater n
data used in the remainder of the analysis. (d) Distribution in (po ) (seein ' 'see text). Events which have 1108.86 MeV

(7I- P) &1121.86 MeV, or 469.2 MeV&Meff(7I. x ) &529.2 MeV, o p g ge or o enin an le less than 2' or greater than
165', are not included on this istogram.

eff
hi h' t The smooth curves on Figs. 1(a)-(d) are obtained from the Monte Car o

calculation.

the curvature and direction of the charged tracks
and the position of the vertex calculated the
errors in the same way as the geometry pro-
gram, ' and then swept the variables in a Gauss-
ianly distributed way about the central calcu-
lated values.

The shape of the E,' beam momentum spec-
trum was obtained by iterating the input spec-
trum to the Monte Carlo calculation, keeping the
ratios K 3.K 3.K 0 fixed Rt 0.486:0.359:0.155,7e3 p. +-
until satisfactory agreement between the pre-
dicted pvis spectrum and that observed was
obtained [Fig. 1(b)]. The shape of the beam
spectrum so derived is shown in Fig. 1(a).
The total number of events generated by the
calculation, after the appropriate cuts, was
normalized to the number of experimental de-
cays. The resulting distributions in Q~~ and

(p ')' are shown as the smooth curves in Figs.0

1(c) and 1(d). The agreement between the da-
ta and calculation is quite satisfactory.

To obtain the ratio El'(+-0)j(all charged),
Monte Carlo-generated distributions in (p, ')'
for a range of ratios A'e3'. R&3'.R+ 0 were fit-
ted to the experimental distributions by the
least-squares method. The best fit, with X'

probability 63%, was with the relative branch-
ing ratio E &3/Ee3 =0.81+ 0.08, and El (+-0)j
Ef, (all charged) =0.161+0.005.

From the distribution in (po')' [Fig. 1(d) j
it is clear that a good separation may be ob-
tained between the EL 0(+-0) mode and the lep-
tonic modes by making a (po')' cut in the data.
The shape of the ~' kinetic-energy spectrum
(T ) is quite sensitive to the point at which the0

~ ~

cut is made, particularly the low-T0 region
which is strongly depleted as the cut moves
to more positive (p, ')'. Taking events with

(p ') ) -5000 (MeV/c)' included 98% of the0

El'(+-0) decays, with the leptonic background
contributing 24% of the data in the region. In
the calculation of T0, events were rejected
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which had a beam momentum for both zero-
constraint solutions outside the range 400 MeV/c-
4 GeV/c. Approximately 17% of the events
with (P, ')' ) -5000 (MeV/c)' were rejected for
this reason or gave solutions which lay outside
the kinematically allowed limits of the To plot.
The Monte Carlo calculation indicated that the
final leptonic contribution to the To spectrum
was less than 17%. The solid histogram of
Fig. 2(a) shows the T, spectrum for a cut at
-5000 (MeV/c)' after subtraction of the pre-
dicted leptonic background from the dashed
histogram. Figure 2(b) is the spectrum of
Fig. 2(a) divided by the phase space predict-
ed by the Monte Carlo calculation for the same
cuts as in the data. A least-squares fit of the
squared matrix element

M
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OM ' max

f 2T ) M 2 f2T0 i, E
I,T 1 0 M' max(T

max 71' max

500-

200-
lO

lO

UJ
Cl

I 00-

0

2.0

dN

I.O-

20 40 60
To MeV

to the points of Fig. 2(b) gives a value of ao
=-0.294+0.018 if the quadratic term in 2T0/
Tmax-1 is ignored (linear spectrum approx
imation), or ao = -0.334 + 0.023 if the quadrat-
ic term is included (linear matrix element). '

Since there is a correlation between the (p, ')'
spectrum and the T, spectrum, in that a (p, ')'
spectrum corresponding to uniform phase-space
population is not identical to that spectrum
coming from a population with a strong depen-
dence on T„ the value of ao obtained by the
above method was checked by repeating the
Monte Carlo calculation for El'(+ 0) decays, -
with varying values of a0. The best fits to the
observed spectra for cuts in (p, ')' at both -5000
and 0 (MeV/c)' were obtained with a value of
ao = -0.30.

The energy spectra of the charged pions in
RLO(+-0) decay has also been studied. In this
case the ambiguity in the transformation from
the laboratory to the EI rest system, which
arises because the RL momentum is unknown,
gives two solutions for the energy of the charged
pions (the s energy is unique). Events in which
the discriminant in the calculation of the RL
beam momentum became negative due to exper-
imental errors were treated by setting this
discriminant equal to 0. Figures 3(a) and 3(b)
show the resultant charged-pion energy spec-
tra divided by the prediction of the Monte Car-
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FIG. 3. (a) T spectrum divided by phase space.
(b) T+ spectrum divided by phase space. The straight
lines are best-fit values giving a =0.21 and a+ = 0.13.

FIG. 2. (a) m' energy spectrum for events with $0')2
- -5000 (MeV/c)2. The broken histogram represents
the data; the solid histogram, the data after subtrac-
tion of predicted leptonic background. The solid curve
I represents phase space, and II, linear-spectrum
approximation. (b) Number of events divided by phase
space. The solid line I represents linear spectrum
with ap =-0.294 and II, linear matrix element with Qp

= -0.334.
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lo calculation for the uniform phase space.
The expected kinematic reflection of the var-
iation of the matrix element with To is clear-
ly visible; an independent fit of the form

dN 2M 2T—=1+a,T — -1 I

dy *M' max T )

to both ~ and ~ spectra yields a+ =0.13 + 0.02,
a =0.21~ 0.02, where the errors are purely
statistical and do not take into account possi-
ble systematic effects from the kinematic am-
biguity. In the absence of any CP-nonconserv-
ing effects we expect a+=a ', the statistical
probability calculated from these errors that
the two results are consistent is at the 1'//o lev-
el. We have combined the charged-pion data
to give ach=0. 168+0.011; if there is no dePen-
dence of the matrix element on T or T+, the
the value of ach deduced from a, is 0.154+ 0.010,
in good agreement with the observed value.

Previous measurements of the rate and spec-
tra, in EJ' - n++ n + n have been summarized
by Trilling. ' The results in this paper replace
our previous results quoted in his Ref. 32."
The branching ratio (+-0)/all charged =0.161
+ 0.005 gives the rate 1+,—(2.50' 0.12) x 10'
sec ', taking the Rf 0 mean life as (5.15 ~ 0.14)
xlo 8 sec, ' and the branching (000)/all modes
as 0.231 + 0.02.' This ratio is in good agree-
ment with the compilation of Ref. 7, excluding
our previous figure, and with the more recent
result of Hawkins, "0.162+ 0.015.

The prediction of the I AII = —,
' rule is that

the ra,te KL'- ~++~+n is equal to twice the
rate E+-n++v +7t, taking into account the
relative phase-space factors. Using the phase-
space factors of Ref. 7, and the rate I'+„=(1.35

~0.05) xlo' sec ', we obtain

r /y
= 0.94+ 0.06,

+00 +00

in excellent agreement with the prediction.
We may alternatively express this result in
terms of the amplitude ratio r =S,(M= &)/S, (M
= —,'), using the relations

2 06 S,(W= —,')+S,(W=-', )
(+-o) (+oo) s, (w= —,')--,'s, (zf =-,')

where S, indicates the transition amplitude to
a symmetric final state with I=1, and obtain
&=0.02*0.02. Meyers, Foldy, and Speiser"
have used a currentxcurrent Hamiltonian to

calculate the ratio of the amplitudes in E+(+00)
and Rl, '(+-0), and find A, /2A+=0. 9, that is,
an intensity ratio 0.81. This differs by slight-
ly more than two standard deviations from the
results of this experiment. The (MI = —,

' rule
also predicts that the parameter a, character-
izing the variation of the matrix element with

T, (T+) is the same in ffL'(-0) decay and R (+00)
decay. There have been two recent determi-
nations of this parameter in E decay. '3~'~

The result of this experiment, that a, =-0.294
+ 0.018, is not inconsistent with the linear spec-
trum value ao = -0.24 + 0.02 of Ref. 13, and is
in good agreement with the linear spectrum
value of Ref. 14, a0=-0.30+0.05. The fit by
a linear matrix element, yielding a, = -0.334
+0.023, is in good agreement with the result
of Ref. 14, that ao = -0.30+0.04,'. Several au-
thors"~" have recently derived theoretical
expressions for the parameter ao using a the-
ory of partially conserved axial-vector current.
Abarbanel" derives a, = 3M~'/(M~'-M~') = -0.26,
and Hara and Nambu" give S =-4q/MIf or a,
= -0.24. The result of this experiment favors
the former value but cannot exclude the latter.

It is a pleasure to acknowledge the assistance
of the staffs of the Brookhaven alternating-gra-
dient synchrotron and bubble chambers. We
wish to thank the scanning and measuring staff
of the Nuclear Interactions Group at Brookha-
ven National Laboratory for their invaluable
work, Dr. E. O. Salant for his advice and sup-
port, and Dr. ¹ Samios for making available
to us the facilities of the Nuclear Interactions
Group for completion of this work. One of us
(H.W.K.H.) wishes to thank the University Re-
search Council of Vanderbilt University for
a travel grant.

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

*Present address: Vanderbilt University, Nashville,
Tennessee.

f.Present address: Rutgers, The State University,
New Brunswick, New Jersey.

T. J. Devlin, J. Solomon, P. Shepard, E. F. Beall,
and G. A. Sayer, Phys. Rev. Letters 18, 54 (1967).

See, for example, T. Morris, Brookhaven National
Laboratory Internal Reports Nos. F10 and F18 (un-
published); and W. Willis, Brookhaven National Lab-
oratory Internal Report No. F28 (unpublished).

3D. Luers, I. S. Mittra, %. J. Willis, and S. S. Yam-
amoto, Phys. Rev. 133, B1276 (1964).

4A study of Jf 3 decays in this experiment (unpub-
lished, but see W. J. Willis, Brookhaven National Lab-
oratory Report No. BNL-837, 1963 (Brookhaven Nation-

188



VOLUME 19, NUMBER 4 PHYSI CAI. REVIEW LETTERS 24 JvLv 1967

al Laboratory, Upton, New York, 1964); and also the
paper by G. H. Trilling IArgonne National I,aboratory
Report No. ANL-7130, 1965 (unpublished), p. 115],con-
tains references to earlier experiments and theoretical
work), is consistent with a pure vector interaction in

%~3 decay, with constant form factors. This is sup-
ported by the results of Ref. 3, and by A. Firestone,
J. K. Kim, J. Lach, J. Sandweiss, H. D. Taft, and
P. Quidoni, Phys. Rev. Letters 18, 176 (1967).

5We have used the branching ratio B(&&8/&e8) = 0.78
and the expression A = 0.656+ 0.128( + 0.019( (see, for
example, Ref. 3) to obtain this value of (.

W. J. Willis, Brookhaven National Laboratory In-
ternal Report No. D18 (unpublished).

~Trilling, Ref. 4.
Dalitz has pointed out that it is not fully consistent

to include quadratic terms in ao because of the neglect
of quadratic terms in S3 in writing down a linear ma-
trix element. We present this quadratic fit as a con-

venient parametrization of the data and in comparison
with the data of U. Bisi, G. Borreani, R. Cester,
A. Der Marco-Trabucco, M. I. Ferrero, C. M. Garel-
li, A. Marzari Chiesa, B. Quassiati, G. Rinaudo,
M. Uigone, and A. Werbrouck, II, Nuovo Cimento 35,
768 (1965).

S. Weinberg, Phys. Rev. Letters 4, 585 (1960).
H. W. K. Hopkins, T. C. Bacon, and F. R. Eisler,

Argonne National Laboratory Report No. ANL 7130,
1965 (unpublished).

C. J. B. Hawkins, Phys. Letters 21, 238 (1966).
J. Weyers, L. L. Foldy, and D. R. Speiser, Phys.

Rev. Letters 17, 1062 (1966).
G. E. Kalmus, A. Kernan, R. T. Pu, W. M. Powell,

and Richard Dowd, Phys. Rev. Letters 13, 99 (1964).
Bisi et al. , Ref. 8.
Henry D. I. Abarbanel, Phys. Rev. 153, 1547 (1967).

~~Yasuo Mara and Yoichiro Nambu, Phys. Rev. Let-
ters 16, 875 (1966).

ON PARTIAL SUMMETRY*

Peter G. O. Freund
The Enrico Fermi Institute for Nuclear Studies and the Department of Physics,

The University of Chicago, Chicago, Illinois
{Received 29 May 1967)

In a recent Letter Schwinger' obtained the
relation

G, 5

G (3 2)

for the weak n-P transition, based on the jux-
taposition of chiral SU(3) je SU(3) and of SU(6)
summetry considerations. %e wish to point
out that this is easily understandable without
referring to the specialized "partial symmetry"
arguments of Ref. 1.

It is well known that chiral SU(3) C9 SU(3) sym-
metry leads to the relation'

g mp G
—=&2

g mÃ iG
pN

SU(6)~, on the other hand, yields'

mN p 5
m

g ~tFl 3

(2)

(3)

Equation (2) is obtained in the "soft-pion" lim-
it. As such, it is definitely incompatible with
exact SU(6) summetry which requires m '=m„'.
However, Eq. (3) is obtained in SU(6) theory
with mass splittings included when ~~ «gyes

2

is, of course, possible. It is therefore mean-

ingful to require the compatibility of Eqs. (2)
and (3), which leads precisely to Eq. (1).'
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~SU(6) relations among strong coupling constants in

the presence of SU(6)-breaking mass splittings have
been derived by B. Sakita and K. C. Wali, Phys. Rev.
199,B1855 (1965). The specific way of doing this is
not unambiguous. Equation (3) is obtained using an
SU(6)~ BBM vertex which differs by an over-all fac-
tor (1—t/4M~2) ~ from that used by Sakita and Wali.
Except for this factor, our gz~ is identical to their
gpp7t. o ~ Our g &, however is the coefficient of &p&(P')
27'&(p)p (I'=P'—p), whereas theirs is the coefficient
of N(P')p&&N{P) pi". We make this change in definition
since it is well known that in SU(6)gr symmetry, the
Sachs electric and not the Dirac coupling has the uni-
versal (&-type) character that has been used in deriv-
ing Eq. (2).

This fact was known to many people, including the
author (see, e.g. , B. W. Lee, in Proceedings of the
Thirteenth International Conference on High Energy
Physics (University of California Press, Berkeley,
California, 1967), p. 60. It is easy to see that all fur-
ther tests of partial symmetry suggested in Ref. 1 are
identical to those obtained from standard SU{6)~ and
universality considerations.
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