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ON THE DECAYS Z+ -A'+ e+ + vg
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We have scanned 550 000 pictures of stopping K mesons in hydrogen for the decays
Z A+e +v, and find Z A+e +v/all Z decays to be (0.64+0.12)&&10 4 and Z

A+e+v/all Z+ decays to be (0.20+0.08) &&10 4. The rate for Z A+e +v yields a
value of D=0.76+0.07, and n =D/(D+I")=0. 64+0.06. The observed electron-neutrino
angular correlation together with the lambda polarization determines the magnitude of
the ratio of vector to axial-vector coupling for this decay to be 0.31+0.30, consistent
with the hypothesis of conserved vector current, with the absence of second-class cur-
rents, and with time-reversal invariance.

We report here the results of a study of the
decay modes Z~ —A+e++v. ' The sigmas were
produced via the reaction K +P - Z+ + m+ in
the 30-inch Brookhaven National Laboratory
hydrogen bubble chamber, which was exposed
to a stopping separated K beam at the Brook-
haven alternating-gradient synchrotron. A to-
tal of 550000 pictures were taken, and all have
been scanned for any topology which might ap-
pear to be a charged Z decaying into an elec-
tron and a A. It was not required that the Z
be produced by a K which had come to rest
before interacting.

All such selected events were measured and
put through the spatial reconstruction and ki-
nematic fitting program TVGP-SQUAVf and
PACKAG. It was found that 51 Z and 12 Z+
events fit the seven-constraint hypothesis

K +P- Z++n+

L.—.p,

with a )(' probability greater than 3%.
The largest sources of fake events which had

been picked up in scanning were (a) those cas-
es where a K interaction yields a A' and a
Dalitz pair, with one of the electrons being
fast and/or dipping so that it was mistakenly
identified as a n+ from the reaction K +p- Z++m with the presumed Z decaying imme-
diately; (b) events of the type

K +P - 2++m

P + 7T

where the e looks like a m which, together
with the proton, fakes a A decay; and (c) events
where a Z is produced and interacts with a
proton, in order to give a Z' which in turn de-

cays into a A' and a gamma ray, the latter pro-
ducing a Compton electron within a short dis-
tance of the interaction point. The kinematic
fitting procedure removed most of these fake
events. The remainder were removed by re-
quiring that the Z+ and the A each have a pro-
jected length greater than 1 mm, and that the
fitted Z momentum be greater than 80 MeV/c
at decay. The events used in determining rates
for the processes Z -A+e +p were also re-
quired to satisfy two additional criteria: The
absolute value of the sine of the dip angle of
all charged tracks must be less than 0.96, and
the projected length of the proton from the A

decay must be greater than 1 mm. These last
two cuts were applied because of unknown de-
tection efficiency for events with such config-
urations. Of the events which had fit kinemat-
ics, 35 Z and six Z+ events remained after
cuts. These numbers must be corrected accord-
ing to the results of a Monte Carlo calculation
which showed that 44% of all Z decays and

55% of all Z+ decays would have survived these
cuts. In addition, we must correct our observed
number of events for a scanning efficiency of
0.80+ 0.08 and for the probability of 0.664+ 0.011
for the A to decay into ~ P.' The scanning ef-
ficiency was determined by rescanning one quar-
ter of the film. Both real Z~ - A+e++ p events,
of the similar topology, K +P - A+ Dalitz pair,
where one of the electrons is fast, were used
in estimating the efficiency. In order to check
that the scanning was unbiased with respect
to electron laboratory momentum, we have
plotted that variable in Fig. 1. Superimposed
on this is the expected electron-momentum dis-
tribution for a Z of momentum 150 MeV/c.
No momentum-dependent bias is apparent.

The over-all correction factors, including
all the above effects, are 4.28 for Z and 3.42
for Z+.
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or 1/1.63 =0.61.4 We observe this ratio to be
0.64+ 0.28, consistent with the absence of sec-
ond- class currents.

If one assumes that the decay Z -A+e +v
is governed only by the large axial-vector term
in the interaction, ' then in the framework of
the Cabibbo theory for hyperon decay, ' the branch-
ing ratio for this process may be written'
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FIG. l. Observed laboratory-momentum spectrum
of the electron from the decay ~ &+ + v. The
smooth curve is the expected spectrum for a ~ of
momentum 150 MeU/c at decay.

Z -A+e +p =0.60x10 'cos'8(-,')3D'.
all Z decays

Taking the Cabibbo angle 0 to be 0.268, our
rate yields a value of D =0.76+ 0.07. This, com-
bined with the sum of D+I" = 1.18 as obtained
from neutron P decay, ' gives

The total number of Z+'s in our film was de-
termined by counting the number of Z+'s de-
caying into protons on 5800 frames distributed
throughout the run. In order to correct this
number for zero-length A's from the reactions

which might fake a zero length Z+-P+m', all
events with a A of projected length less than
2 mm were included in the nominal Z+-P+n'
sample. Those A's with length 2 to 5 mm were
also recorded, and from the number of such
events, together with the expected distribution
in A length as obtained from a Monte Carlo calcu-
lation, it was possible to predict the number

of A's with length 0 to 2 mm which had been
included in our sample of Z+ events. No dis-
tinction was made between Z's produced by
K's at rest or in flight. The number of Z 's
was determined by counting all other two-prong
events and subtracting from this the expected
number of Z+-m++n decays. This gives a de-
nominator of (2.35+ 0.12) x108 Z 's and (1.04
+ 0.07) x10' Z+'s. We find the branching ratio
Z - A+e + v/all Z decays to be (0.64+ 0.12)
x10 ' and Z+- A+e++ p/all Z+ decays to be
(0.20+ 0.08) x10 '. These values are in agree-
ment with the measurements of (0.75+ 0.28)
x10 ' and (0.66' 0.35)x10 ' for the Z and
Z+ branching ratios reported by Courant et al. '

It has been predicted that in the absence of
second-class currents, the ratio of the rates
I'(Z+-A+e +u)/I'(Z -A+e +v) should be
just the phase-space ratio for the two decays,

o. =D/(D+F) =0.64+ 0.06.

This value for cv is in agreement with several
previous determinations from hyperon de-
cay. »' ~" What is somewhat different, how-
ever, is that our determination of this param-
eter essentially depends only on the magnitudes
of the b,S=O currents, since large percentage
changes in the KS = 1 currents will not affect
a for small 0. Most theoretical predictions
for o. , ranging from SU(6) to approximate boot-
strap calculations, are in agreement with the
value measured here. More precise data on
hS =1 hyperon leptonic decays are required
to test the goodness of SU(3) invariance for the
axial-vector currents, i.e. , to compare F&(AS
=1) and D~(AS=1) with the values of F~(AS=0)
and DA (AS = 0) given in this paper. In this con-
nection, the recent report of Kim" that the KYN
strong interactions satisfy SU(3) invariance
with cy = 0.61' 0.02 is of great interest.

The matrix element for the process Z -A+ e + p

may be written, if we assume no second-class
currents and neglect weak magnetism and in-
duced pseudoscalar terms, as

u y (1+y )u u y (f+gy5)ue p. 5 p A p.

According to the theory of conserved vector
current, the form factor f should vanish at ze-
ro momentum transfer. If we square the ma-
trix element and sum over all variables except
the electron-neutrino opening angle and A spin
assuming constant form factors f and g, we
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find that in the limit of nonrelativistic lambdas

(pA/mh is at most 0.07), we may write the
transition rate"

p ~ if l
'+ 3 I g I'+ (IfI'- Ig I ') cos 8

ev

+ 2S ((Refg*+ Igi')k + (Ref g* Igi—')0
A e v

+lmfg+(k xk )).

Here, ke, k„, and SA are unit vectors in the
direction of electron momentum, neutrino mo-
mentum, and lambda spin in the Z center of
mass, respectively.

If we ignore information on the spin of the
lambda, we may get one estimate of the param-
eter x —= f/g by examining the distribution in

cos8&, which is given by
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We have plotted our experimental distribution
in cos8ev for 45 events in Fig. 2(a). For the
purpose of examining the structure of the ma-
trix element of the decay, an additional ten
events have been used here which had been cut
in determining the rate. They are good Z-A+e + v events, and were cut previously
only because of unknown detection efficiency
for their peculiar topologies. A Monte Carlo
calculation has shown that the dependence of
detection efficiency on configuration in the lab-
oratory has no noticeable effect on the center-
of-mass distributions, and so these events have
been included in this portion of the experiment.
By doing a linear fit to our data, we find the
best value of Ix I = 0.82+ 0.53. Because F is
a function of x' only, it cannot be used to deter-
mine the sign of x.

In Fig. 2(b) we have plotted the distribution
in Th/Th, where Th is the lambda kinet-
ic energy in the sigma center of mass, a vari-
able which is strongly correlated with cos8e
The curved lines are the predicted spectra,
assuming pure vector (x = ~), pure axial vec-
tor (x = 0), and equal amounts of P and A(x = +1).
As in the case of the fit using cos0e alone,
we find that although x = ~ is ruled out, it is
difficult to distinguish between Ix )=0 and Ix l

This is more clearly done by using infor-
mation on the polarization of the lambda. We
have constructed the likelihood function for the

~~ IO

Z

~x ~ 0

0.5

T /Th hmax

I

I.O

FIG. 2. (a) Distribution in electron-neutrino open-
ing angle in the ~ center of mass for the decay ~

A +e + v. (b) Distribution in lambda kinetic energy
in the ~ center of mass divided by its maximum al-
lowed value. The solid lines are the expected distri-
butions for pure vector (x =~), pure axial vector (x
=0), and equal amounts of V and A(x =+1).

lambda decay distribution, given our distribu-
tion in cos8e,

2 (q icos8 )x m ev

45 2aq ~ [(x + 1)$ + (x—1)k j7/j ej vf

x + 3+ (x —1) cos8z= ev

where qz. =71 momentum in the A center of
Z

ma, ss and + = A asymmetry pa,rameter = -0.66.
It has been assumed in writing this expression
that x is real, as required by time-reversal
invariance. The natural logarithm of 2 (q~ Icos8ev)
is plotted in Fig. 3, yielding for f/g the result
x = -0.07 + 0.37. The two independent determi-
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the expected va, lues
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nations of x, one using co»e~ alone, and the
other using A polarization, are consistent with-
in their errors, and if we combine them to ar-
rive at a best value for ix i, we find

Ix i = )fig I = 0.31 a 0.30.

In writing the likelihood function, we have
used the total polarization vector of the A for
each event. If we average over cos8e„and mea-
sure the average component of A polarization
along each of the three orthogonal directions
defined by

k +k
e p

l~ +k I'
e "v

e p

i$-$ i
8 p

8 x$
e

y-Ia xk
e v

we now compare our experimental data with

FIG. 3. Natural logarithm of the likelihood function

for the lambda decay distribution versus the ratio X of

vector to axial-vector currents. The result is x=-0.07
+ 0.37.

Experimentally, we find 0.10+ 0.39, 1.25+ 0.38,
and 0.07+ 0.39 for these three orthogonal com-
ponents of polarization, this being in agreement
with both the real and imaginary parts of z be-
ing zero. Our data are thus in agreement with
the predictions of time-reversal invariance
and the hypothesis of conserved vector current
theory for this decay.
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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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