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In a hydrogen bubble-chamber experiment with a E& beam we have measured the Ep3/+g3
branching ratio to be 8, = 0.741+0.044 and the slope of the f+ form factor to be A, +

——0.019
+0.013. The data have been analyzed with a new variable, (pz )~, which isolates a sample of
unique E~3 decays and is independent of the EI beam momentum. These results are compat-
ible with the predictions of E* dominance for f+ and the Callan-Treiman relation for fo,
but indicate a breaking of the 6I = ~ rule. We have also determined the QL 7t+~ x )/(all
charged El decays) branching ratio to be A~ = 0.146 + 0.004, and have found the E*„D slope of
the E„3 Dalitz plot to be given by g = 0.73 + 0.04.

I. INTRODUCTION

In recent years there have been numerous experi-
mental studies of the semileptonic kaon decays,
E-mev and K-w p, v.' One parameter which has re-
mained in doubt, however, is the K„',/K,', branch-
ing ratio (A). This important parameter relates
the two K» form factors f+ and f and its com-

parison with the corresponding ratio for charged-K
decays is a sensitive test of the AI= —,

' rule. In this
paper we report a new measurement of A from a,

high-statistics exposure of a hydrogen bubble
chamber to a K~ beam at SI AC. The bubble cham-
ber provides bias-free geometrical acceptance in
addition to good momentum resolution.

In order to extract B from the data, we have
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defined a new variable (Pr)', which is independent
of the incident K~ momentum and which isolates
a sample of unique K„decays. In addition, the
uniquely identified K„decays are used to deter-
mine the slope of the f, form factor (A.,). The
slope of the f, form factor (A.,) is then derived from
our measurements of A and I+ and is compared
with the ballan- Treiman relation. Finally, using
our data for the decay KI, -m'w m', we have mea-
sured the branching ratio of charged K„, decays to
all charged K~ decays and the K„Dalitz plot slope
parameter.

Section II contains a brief review of K„phenom-
enology. The experimental procedures and the
kinematical separation of the decay modes are
outlined in Sec. III. The measurements of ~ and

R are described in Secs. IV and V, respectively,
and these results are discussed in Sec. VI. The
results on the K„, decay mode are presented in
Sec. VII.

II. PHENOMENOLOGY OF K,3 DECAYS

B= 0.645 + 0.12 5 ](0) + 0.019 ]'(0)

+ 1.32 hi+ 0.006 $(0) A~ . (5)

From a theoretical standpoint a more useful set
of form factors is obtained by replacing f (t) with

f.(t) =f.(t)+ . .f-(t)

Because of the relative insensitivity of the transi-
tion amplitude to f, only the first two parameters
have been experimentally well determined, and A.

has been found to be roughly compatible with zero. '
We assume A. =0 in the following analysis, al-
though our results would not be affected by values
of A, similar in ma.gnitude to A, Of the remaining
parameters, A+ can be obtained from Kg 3 or K/3
Dalitz plot studies, while both the K» Dalitz plot
and the p. polarization ca,n be used to determine
F(0). Assuming p-e universality, i.e., that f, is
equal for K„and K» decays, then the integration
of Eq. (3) over the Dalitz plot yields a quadratic
expression for the K'„,/K'„branching ratio in
terms of A. and $(0):

Assuming the pure vector nature of K» decays,
K-ml v, their transition amplitude is given by' =f, (0) (1+X,t/m, ') . (6)

M ~[(k+q)„f, (t)+(k —q)„f (t)]

xu, y„(1+y,) u, ,

where k and q are the four-momenta of the K and

m, respectively. The form factors f, and f are
real functions of t (assuming time-reversal in-
variance); t in turn depends only on the w energy
in the K rest frame (E,*):

t = (k q)' = m~'+m.—' —2 m, @+ .
The transition probability is then

W~A f, '+Bf,f +Cf '

ccf, '(A+B$+C$'),

(2)

(3)

f,(t) =f,(0) (1+A. , t/m„'),

~(t)= ~(0)+At/m, ',
((o) =f (o)/f, (o),
A=~(0)(X -Z,) .

(4)

Since f+(0) is determined by the K„ transition
rate, three parameters remain to be determined
to first order in t: X„)(0),and either A. or A.

where A. , B, and C are functions of the Dalitz plot
variables and ( =f /f, . The terms B and C are
both proportional to m, '; consequently only the f,
form factor is important for K„decays. K» de-
cays, on the other hand, depend on both f, and f .

The form factors are generally expanded lin-
early in t:

Most predictions are in terms of f, and f„which
are related, respectively, to the 1 and 0' ampli-
tudes for the lepton pair. In this case the two pa-
rameters to be determined are A., and A, where

2

z, =x,+,', ((0),
Pl@ m 7I

(7)

and where the approximation of a linear expansion
for fo corresponds to the assumption that A. =0.
An advantage of this parametrization is that the
experimental determinations of A., and Ao are in

general not as highly correlated as those of A+ and

$(0). As an example, the branching ratio A obtain-
ed by substituting (7) into (5) is primarily a func-
tion of A.,:

A = 0.645+1.46 z, +2.55 x,'

—0.144~, —5.03 ~,X, . (8)

In the present experiment we directly measure A
and X, and then obtain values for $(0) and A,, using
Eqs. (5) and (8), respectively.

A few examples of the many theoretical predic-
tions for the K» form factors are as follows. '
K*(890) dominance of the dispersion relation for
f, predicts A., = 0.023. Current algebra plus partial
conservation of axial-vector current (PCAC) give
the Callan- Treiman relation f~(m~') = 1 27 fo(0), .
where t=rn~' is outside the physical region. If a
linear t dependence is assumed for f„ then the
latter relation implies A.,=0.021. Finally the 4I
=

2 rule for leptonic decays predicts that f+ and f,
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for K' decays be exactly W2 times the correspond-
ing form factors for K' decays. This in turn pre-
dicts that the K»/K„branching ratios for K' and
K+ decays are equal, except for small (&1%) ra-
diative and phase-space corrections. We defer
the comparison of these predictions with the ex-
perimental data until Sec. VI.

III. EXPERIMENTAL PROCEDURE

A. E~ Bubble-Chamber Exposure

l. 2

LLI

l 0

0.8

0.6
CL

0.4

L 02
O&

TABLE I. Estimated contaminations and losses for
the final Kz sample.

Contamination Fraction

Nonbeam KL decays

Dalitz pairs from KI 3mo

y, Kz, A tails outside mass cuts

Radiative K& decays

K&P K x+p with invisible
recoil proton

0.003+ 0.002

0.002 + 0.001

&0.001

&0.001

&0.001

Loss Fraction

K~3 with large bremsstrahlung
near K& decay vertex

Pion decays near K& decay vertex

Kz 1l.+7r x with Dalitz pairs

Kz decay scanned as "obvious
electron pair"

0.02 +0.01 (of K~3)

0.004 + 0.002

0.005+ 0.002 (of K~3)

&0.001

The data for this study came from approximately
320000 photographs taken in the SLAC 40-in. hy-
drogen bubble chamber exposed to a K~ beam.
These pictures are part of an 800000 picture in-
vestigation of KL,P hadronic interactions. The beam
was produced by impinging a high-energy electron
beam on a beryllium target 56 m upstream of the
chamber, ' and yielded approximately 25 K~ per
picture. The Kl momentum spectrum, as shown
in Fig. 1, peaks at about 4 GeV/c and extends to
12 GeV/c.

The sample of K~ decays has been obtained by
scanning for 2-prong (V) events not associated
with an interaction in the chamber. ' No attempt
has been made at the scanning stage to identify
individual decay modes. These events have been
measured on the SLAC spiral reader or on film
plane devices and reconstructed using the program
TVGI. ~ Any events which fa,iled because of bad
measurement have been remeasured. In addition
to the present study of the K~ decay parameters,
these data have also been used to determine the
K~ momentum spectrum by a, statistical method. '

0 2 4 6 8 l0 l2 l4

PE)E:p M (GeV/c)

FIG. 1. Momentum spectrum of the E& beam at the
bubble chamber. The error bars represent the uncer-
tainty in the spectrum determination (see Bef. 2).

B. Selection of K~ Decays

For an event to be selected as a K~ beam decay
it must be compatible within measurement errors
with any of the decay modes wev, mp, v, or m'p p'.
However, since the beam momentum is unknown,
no kinematic fitting is possible. In order to re-
move y conversions and Ks and A decays, any
events satisfying the following mass cuts have been
excluded from the data:

M(e'e ) &85 MeV,

485&M(w'm ) & 510 MeV,

1110&M(Pw ) &1120 MeV,

where the mass assignments of the charged par-
ticles are as indicated. As estimated from the
Monte Carlo calculation discussed below, these
cuts also remove approximately 8/0 of the K~
decays. Finally, to avoid events where scanning
and/or measuring biases may occur, we have
required that both tracks have lab momenta greater
than 50 MeV/c and that the lab opening angle be
less than 45'. These cuts eliminate 2% and 5%,
respectively, of the true K~ sample. None of the
above cuts strongly affect the Dalitz plot dis-
tr ibutions.

Selecting events in this manner we find no evi-
dence of any contamination in the Kl, sample above
the 1/0 level as shown in Table I. The only sig-
nificant bias remaining is an estimated 2+1% loss
of K„decays due to electron bremsstrahlung near
the decay vertex. This is based on the assumption
that electron tracks which lose more than -15%
of their energy in the first 10 cm will be unmea, -
surable. Other possible sources of bias, such as
nonbeam K~ decays, pion decays in flight, and
Dalitz pairs from K„, decays are seen to be neg-
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ligible. The final sample of Kl. decays consists of
20 193 events.

C. Monte Carlo Simulation

In order to extract the K~ decay parameters
from our data, we have generated Monte Carlo
events for the three charged K~ decay modes. The
K f 3 matrix elements discussed in Sec. II have been
modified by radiative corrections; the K„matrix
element squared is assumed to be linear in the m'

Dalitz plot energy (see Sec. Vll) and has been cor-
rected for the Coulomb interaction of the charged
pions. ' The events have been generated using the
beam spectrum shown in Fig. 1, after weighting
the spectrum by the decay probability. The lab
momentum vectors of both charged particles as
well as the K~ beam direction have been perturbed
by an amount corresponding to the measurement
errors in our experiment. Finally, the Monte
Carlo events have been subjected to the same
selection criteria as the data sample.

For comparison with the data the simulated
events have been transformed to the lab system
from their rest frame, where the radiative cor-
rections were applied. %e note that this procedure
ensures that the kinematics of radiative decays is
correctly treated. This is in contrast with other
analyses where the observed events, which may
in fact be four-body radiative decays, are trans-
formed to their "rest frame" assuming three-body
kinematics.

The measurement errors for the charged tracks
have been parametrized as a function of momen-
tum by averaging the track errors for actual
events. These errors, which are computed by the
reconstruction program TVGP, ' are a combination
of the setting error and the uncertainty due to
multiple scattering. To check the error paramet-
rization, we have investigated the width of the
K~-m+w peak shown in Fig. 2, where no KI decay

I I

'

I I

1000—
I I I I

(b)—

restriction has been applied to the data. The curve
shows the Monte Carlo prediction for K~ decays
generated according to the observed K~ momentum
spectrum and normalized to the K~ peak. The
experimental mass resolution is seen to be ade-
quately reproduced by the Monte Carlo program.

In addition to the track measurement error, there
is also a small uncertainty in the direction of the
K~ beam. This results from the slight jitter of the
film position relative to the chamber and not from
the negligible size of the target, which is 56 m up-
stream. The size of this effect has been deter-
mined by plotting the missing transverse momen-
tum for the kinematically overconstrained events
of the type KLP-K'm'P. This is shown in Fig. 3,
where p~(p, ) is the momentum component trans-
verse to the beam and parallel (perpendicular) to
the film plane. It is found that a, beam direction
uncertainty of 1 mrad (2 mrad) in the y (z) direc-
tion correctly predicts the widths of these dis-
tributions when added in quadrature to the track
errors discussed above, as shown by the curves
in Fig. 3. Consequently, the beam direction in the
Monte Carlo program has been perturbed by the
same amount.

Finally, to demonstrate that the Monte Carlo
simulation is in good agreement with the K~ data,
Pigs. 4 and 5 show the lab momenta and opening
angle distributions for K» decays selected by the
requirement (p,')'& —0.008 GeV' (see part D). The
curves are the predicted shapes using the decay
parameters discussed below. The positive and
negative track momenta have been plotted sepa-
rately in Figs. 4(a) and 4(b), respectively, al-
though they are pr edicted to have the same shape
within the accuracy of our experiment. There are
no significant discrepancies between the data and
the predictions for these variables or for any of

400
O

200
LLI

& 800—

600
I—z 400—
IJJ

200

0
460 480 500 520 540

0 I

-60 0 60 -60 0 60
p& (MeV/c) p, (MeV/c)

M(vrvr) (MeV)

FIG. 2. Invariant mass of both charged tracks assum-
ing they are pions. Neither the KL decay requirement
nor the K& mass cut has been imposed on the data. The
curve is the prediction of the Monte Carlo simulation for
K& decays.

FIG. 3. The components of the missing transverse
momentum for events of the type KLp K'n p: (a) par-
allel to film plane, (b) perpendicular to film plane. The
curves show the expected widths of these distributions
from the track measurement errors plus a small un-
certainty in the beam direction.
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the variables used in the subsequent analysis.
Therefore, we can determine the decay parameters
by comparing the data with the predictions of the
Monte Carlo program, confident that it effectively
simulates the experimental conditions.

D. Separation of Decay Modes

It is well known that the variable (p,')' is useful
for separating the K„decay mode from both K, 3

modes. ' This variable is defined as the K~ mo-
mentum squared in the frame where the w' mo-
mentum is transverse to the beam direction, as-
suming a K„decay (see Appendix). Neglecting
resolution effects, K„decays are restricted to
positive values of (P,')', whereas K„and K»
decays are concentrated at negative (p,')' values.
The (Pe~)' distribution obtained in this experiment
is shown in Fig. 6. The solid curve is the pre-
diction of the Monte Carlo simulation using the
parameters determined in the following sections.
The K„background for (pe)' &0 comprises approx-
imately 20% of the sharp K„peak, as shown by
the dashed curve. The selection (p,')'&-0.008 GeV'
removes more than 99% of the K„, decays but re-
tains -94% of the K» decays, leaving a sample of
15 800 unique K» decays.

Although it is possible to determine the K'„,/K'„
branching ratio by fitting the negative range of
(pe)' to the sum of the expected distributions for

I200

800

I—z'

LLI
) 400

oI
0 10 20 50 40

OPENING ANGLE (degrees)

FIG. 5. The opening angle in the lab for K)3 decays
selected by (PD) &-0.008 GeV . The curve is the pre-
diction of the Monte Carlo simulation.

K, 3 and K», ' this procedure has two drawbacks.
First, the (P,')' distribution for K„decays is not
independent of the beam spectrum. Thus any un-
certainty in the indirect determination of the beam
spectrum will be reflected in a fit to (p,')'. Second,
(p,')' does not provide a well-defined separation of
the two K» modes. To circumvent these difficul-
ties we define a new variable (pz)', which depends
only on the transverse momenta:

400 (Pr)' -=Cr' —Pr',

Cr ™„—(p, r'+m, ')' ' —(p, r'+m„')' ',

P1T ~2T

O

C3

CA
I—

LLI

400

0

(b)

200
I

I

.I

I

I

I

I

0
0

p (G V/ )

FIG. 4. The lab momentum of (a) positive and (b)
negative tracks for K» decays selected by (Po) & —0.008
GeV2. The curves are the predictions of the Monte
C arlo simulation.

1000

) 800

O
& 600—0
I—~ 400—
IJJ

200—

0 I

—0.06 —0.04 —0.02 0
(p') (Gev )

0.02 0.04

FIG. 6. (Po) distribution for entire Ki sample. The
solid curve is the Monte Carlo prediction for the sum of
all three decay modes, while the dashed curve is the sum
of the K» modes alone for (po) & 0.008 GeV .



MEASUREMENT OF THE K22/K, 2 BRANCHING RATIO, . . . 1983

Here p~ is the transverse momentum of the neutral
particle (v or mo) and Cr is a cutoff depending on

p» and p», the transverse momenta of the two
charged particles. Since there are no longitudinal
momentum components in this definition, (Pr)2 is
clearly independent of the beam momentum and
has the useful property that K» decays are re-
stricted to positive values. To show this we write
for a K» decay in its rest frame

pg g+ m

(p+2 ~~ 2)1/2 (pg2+~ 2)1/2 (10)

0.06

I

K(p ONLY

from which it follows that

pr ~pv*

~(F2 (P 2+121 2)1/2 (P 2+211 2)1/2

Since it is not possible to distinguish the w from
the p, , the larger permutation of the right-hand
side of (11) is given by our definition of Cr in Eq.
(9). Therefore, (Pr)2 ~ 0 for all K» decays, ne-
glecting experimental resolution. Since p~ can in
general be larger in K„decays than in K» decays,
a region of unique K„decays exists for negative
values of (Pr)2.

In Fig. I we show a scatter plot of (Pr)2 versus
(po)' to illustrate the relationship of these variables.
The axes of this plot are seen to be kinematical
boundaries for the K» and K„decay modes, while
K„decays populate all regions of the plot. Select-
ing events with (Pr )2& —0.004 GeV results in a
sample of 1871 K„decays, with less than 3'%%ug K»
contamination. The efficiency of this kinematical
cut for selecting K„decays as a function of E*,
and t is shown by the solid curve in Fig. 8(b), while

the pion energy spectrum is shown in Fig. 8(a).
The efficiency varies gradually across the Dalitz
plot and averages about 15%%uo for all K„decays.

IV. DETERMINATION OF X+

1.0

C3
UJ
CL~ 0.5
O
CL

5
I

t (m~~)

3
I I

2
I

0

As discussed in Sec. II, K„decays depend only
on the f, form factor and not on f . To determine
the parameter A., in the linear expansion of f„
we have used the unique K„events isolated as
discussed above. In order to reduce contamination
from the spillover of poorly measured K» events
to negative values of (Pr)2, we have accepted only
those events with (Pr)2& —0.004 GeV2. The re-
maining K» contamination (& 3'%%uo) has been taken
into account in the fits to the data.

The events selected in this manner are highly
transverse, i.e., the decay plane is in general
perpendicular to the beam direction in the K~ rest
frame. Because of the large mass difference be-
tween the pion and the electron, the Lo"entz trans-
formation to the lab then has the interesting prop-
erty that -94% of the time the pion track has a
higher lab momentum than the electron track. In
addition, the transverse nature of the unique K„
decays implies that p*, =p„~, where p,* is the pion
momentum in the Kl rest frame. Thus, the p~
distribution of the higher-momentum track in the

0.03—

0

K~p+ K(g

0.3
Z'.

—0.2(3

LL~ O. l

(b}

0 r I I I I I I

l 40 160 l80 200 220 240 260

-0.05 Key ONLY

-0.06 -0.05 0

(I
'

) (GeV')

0.05

FIG. 7. Scatter plot of (p&) versus (Po), where -6
of the total KI data are plotted. The decay modes which
populate the various sectors are indicated.

FIG. 8. (a) Dalitz plot energy spectrum of the pion in

K~3 decays (for A. + = 0.02). (b) Solid curve shows the
efficiency of the unique Ke3 selection, i.e., the percentage
of K,3 decays satisfying (pz ) &-0.004 GeV and the cuts
discussed in Sec. III B. Dashed curve shows the fraction
of Ke3 decays which satisfy the unique K,3 criteria and
where the pion has a larger lab momentum than the
electron.
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lab is closely related to the P,* distribution and
therefore to the t distribution [see Eq. (2)j. Iden-
tifying the pion in this manner is reliable for
values of t smaller than about 5m, ', but is ineffi-
cient for larger t. This can be seen from the
dashed curve in Fig. 8(b), which shows the per-
centage of all K„decays which satisfy the unique

K, ~ selection criteria, and where P„&P, in the lab.
The transverse-momentum (Pr) distribution of

the higher-momentum track for the unique K„
sample is shown in Fig. 9. To determine A., we
have fitted this distribution to the expression

Z(P ) =f, '(0) (A) +2; (tA) + ', (f 'A), (12)

where the symbol () indicates the Monte Carlo-
generated distribution for P~. A and I; are func-
tions of the Dalitz plot variables as defined in Eqs.
(2) and (3). A least-squares fit has been performed
in the interval 20 &Pr & 235 MeV/c (solid curve in
Fig. 9), yielding the result A+ = 0.019 +0.013 with a
g' of 22 for 29 degrees of freedom (DF).'

The error on A., is predominantly statistical with
additional contributions from the uncertainties in
the K» contamination (0.004) and the Monte Carlo
error parametrization (0.004). A fit to the more
limited sample defined by (Pr)' & —0.006 GeV',
where the K» contamination is negligible, gave
the same value for A., indicating that the K/3 ba'ck-
ground has been correctly treated. Since only
transverse momenta are used in both the event
selection and the A, fit, the result is independent
of the shape of the beam spectrum except for negli-
gible momentum dependence of resolution effects.
It is, however, sensitive to the K„radiative cor-

rections, ' which modify the expected shape of the

Pz distribution. '

Ve DETERMINATION OF THE E 3 (g
BRANCHING RATIO

We have determined the Ko»/K', , branching ratio
(A) by fitting the experimental (Pr)' distribution
to a sum of the expected distributions for K„and
K» decays. The data are shown in Fig. 10, where
the K„events have been removed by the require-
ment (P'o)'& —0.008 GeV'. The dotted and dashed
curves show the respective K„and K» contribu-
tions, while the solid curve represents their sum.
As discussed in Sec. IIID, the fact that K» decays
are limited to the positive range of this variable
makes it particularly sensitive to A.

In order to calculate the expected (pr)' distribu-
tions it is necessary to assume values for A+ and
$(0). We take the value of A., determined from our
sample of unique K„events (see Sec. IV). The
result we obtain for A is strongly dependent on the
value assumed for X„with a correlation dA/N„.
= -1.0." Qn the other hand, while the normaliza-
tion of the (Pr)' distribution for K» decays depends
on $(0), the shape of the distribution does not.
Therefore, our result for 8 is insensitive to the
value of $(0) used in the simulation.

A fit of the (Pr)' distribution in the range
—0.022&(Pr')'&0. 054 GeV' is shown by the curve
on Fig. 10. This fit yields an uncorrected ratio
A=0.758+0.038 with a y' of 101 for 74 DF. The
error is the statistical error multiplied by the
factor(y'/DF)' ' to account for possible systematic
errors in the data. "

To obtain a final ratio we have adjusted 8 by
—2+ I/q to correct for K„decays which have un-
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FIG. 9. Transverse momentum of the track with the
largerlab momentum for the unique K,3 sample selected by

(P&) & —0.004 GeV . The solid curve is the result of
the A, + fit described in the text.

FIG. 10. (pz) distribution for the E» sample defined
by (P&) & —0.008 GeV . The solid curve is the fitted
suan. of the %f 3 decay modes, and the dotted and dashed
curves show the respective %~3 and K&3 components.
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FIG. 11. Comparison of the present measurement of
A, + with the results of previous X,3 experiments (Hefs. 7,
13, 14). The dashed line is the average A, + obtained
from charged K,3 decays (Ref. 1).

FIG. 12. Comparison of the E&3/K, 3 branching ratio
(R) obtained in this experiment with previous measure-
ments (Refs. 7, 15). The dashed line is the average
E&3/E;,3 ratio from charged decays (Ref.. 1).

measurable electron tracks due to large brems-
strahlung losses near the decay vertex. The fol-
lowing contributions have then been added in quad-
rature to the fitted error on 8: 0.013 from the
error in our determination of A.„0.014 from the
uncertainty in the Monte Carlo error paramet-
rization, and 0.007 from the uncerta, inty in the
bremsstrahlung correction. The final result is
A=0.741+ 0.044. As with A. , the dependence of
8 on the beam spectrum is negligible. However,
the fitted value of A is sensitive to the radiative
corrections, ' which tend to shift K„events toward
negative values of (Pr)'."

VI. DISCUSSION OF E,3 FORM FACTORS

In this experiment we have measured both the
parameter A+ and the Ko»/Ko, branching ratio (8).
Using the sample of unique K„decays we have
obtained the value A.,=0.019+0.013 for the slope
of the f, form factor. This is shown in Fig. 11
together with previous measurements' "'"and
the average K,', value' (dashed line). Our result
is in agreement with the prediction of K* domi-
nance (0.023) and with the average charged K value.
It is also compatible with previous K,', measure-
ments with the exception of the recent experiments
of Albrow et al. and Dally et al. ,

' which find values
approximately hvo standard deviations larger.

Our value for the branching ratio 8 =0.741 +0.044
has been determined by fitting the (Pr)' distribu-
tion. This result is plotted in Fig. 12 along with
the results of previous experiments'" and the
average ratio from charged K decays' (dashed
line). Our ratio is larger than the more recent

measurements, but agrees with the trend of ear-
lier measurements that the K»/K„ratio is larger
for neutral decays than for charged decays. This
suggests that the ~I= —', rule, which predicts equal
neutral and charged ratios, is not exactly satisfied
by K» decays. Since the neutral and charged K
results for A., are compatible, the fact that B de-
pends only on A+ and X, [see Eq. (8)J implies that
any breaking of the AI = —,

' rule results from the

f, form factor. This might be the consequence of
the absence of a strong I= ,' pole in the f—,disper-
sion relation, which relates f, to the S -wave Km

system. The f, dispersion relation, on the other
hand, is dominated by the I = —,'K*(890) in the P
wave.

As discussed in Sec. V, our value for A is de-
pendent on the value assumed for A.„with a cor-
relation dA/dX, = —1.0. Our final ratio assumes
A,,=0.019+0.013, as determined from our data.
We note that if A., is assumed to be three standard
deviations larger, the value obtained for A is still
significantly higher than the previous results for
both charged and neutral K decays.

Assuming p, -e universality, our results for A,,
and 8 used in conjunction with Eqs. (5) and (8)
yield the values $(0) = 0.5 +0.4 and X = 0.06 +0.08."
The correlation of these results with A., is stronger
for $(0) (d)(0)/dX+-— —20) than it is for Xo (dA /dA. ,
= —0.6). We note that our value for A., is consis-
tent with a linear rise of the fo form factor to the
Callan- Treiman point, which would predict A.,
=0.021. Although most previous K» analyses have
yielded negative values for $(0) and X„' the recent
K» Dalitz plot analysis of Donaldson et al."also
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finds that f, is greater than f, (0) throughout the
physical region and that f, extrapolates to the
Callan- Treiman point.

VII. RESULTS ON Ei~m'n n'0

In this section we investigate our data on the E„
decay mode, Kl, -m'n n'. These decays are con-
centrated at positive values of the variable (Po)',
as was discussed in Sec. IIID. The experimental
(P,')' distribution is shown in Fig. 6. The dashed
curve under the K„, peak is the prediction of the
Monte Carlo simulation for K» decays, assuming
the decay parameters determined in the previous
sections. It is seen that the leptonic decays com-
prise a large (-25%), but well-understood back-
ground to the E„decays.

In order to determine the branching ratio A, of
Kl, -m'n n' to all charged Kl modes, we have fitted
the (P,')' distribution to a sum of the predicted dis-
tributions for the K„and K„modes. The simu-
lated E„events have been generated assuming
linear slope for the m Dalitz plot energy distribu-
tion as described below, and have been weighted to
correct for the Coulomb interaction of the charged
pions. ' Fitting the data in the interval - 0.060
& (P,')' & 0.024 GeV' gives the result A, = 0.146
+ 0.004. The fit, which is shown by the solid curve
in Fig. 6, has a g' of 115 for 82 DF." The result
has been adjusted slightly (-0.5%) to account for
the loss of Z„events with Dalitz pairs and of K, 3
events due to large bremsstrahlung near the decay
vertex (see Table I).

The error on A, is the sum in quadrature of the
statistical error multiplied by (y'/DF)' ' and a
contribution of 0.002 arising from the uncertainty
in the parametrization of the measurement errors
used in the simulation. The result is insensitive
to the choice of the E*,p slope parameter, to the
E g3 Coulomb cor r ection s, and to the unc ertainty
in the shape of the beam spectrum. Also, varia-
tion of the K» decay parameters within several
times their errors or omission of the E» radiative
corrections does not significantly change the value
of A, .

Our result is significantly smaller than the World
Average, "A, = 0.161 a 0.004. As we believe that
the K» background under the E„,peak can be
accurately predicted, such a discrepancy could
only arise in our experiment from a loss of K„
events at the scanning or measuring stage. How-
ever, in general we find that K„decays are easier
to identify and measure than their leptonic counter-
parts. Furthermore, even if we assume that all
K„events with Dalitz pairs were lost (we estimate
that at least half are saved by careful scanning),
A~ would be increased by less than a percent. We
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FIG. 13. (a) E~~o distribution for the K~3 sample de-
fined by (po) & 0.005 GeV . (b) Same data after sub-
traction of the expected K» background and division by
Coulomb corrected K„3 phase space. The solid curves
are the results of the K„3 matrix element fits described
in the text.

do note that our measurement is based on approx-
imately twice as many events as the best previous
measurement.

As mentioned above, we have parametrized the
deviation of the E„transition probability from
pure phase space as'8

S,2
=m~'+m, ' —2m„ t*,p,

S, = —,
'

(m, '+ 3m, '),
(13)

where S» is the mass squared of the two charged
tracks taken as pions. We have determined the
parameter g by fitting the E,*p distributions for
the K„sample shown in Fig. 13(a), which is de-
fined by (P,')' & —0.005 GeV'. This cut, which
leaves 4051 events, retains approximately 98% of
the E„events in the K~ sample, but minimizes
the K» background at about 22%. The E,*o distribu-
tion is fitted to a sum of K„events generated
according to both phase space and phase space
multiplied by E*„p, where the relative amounts are
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given by Eq. (1S). To this is added a K» back-
ground component which is fixed by our measure-
ments of X+ and 8, and which is normalized to the
data with (pa)' & —0.008 GeV'. The best fit in the
interval 133 & E*,o & 186 MeV, as shown by the solid
curve in Fig. 1S(a), resulted in the value g=0. '7S

+0.04, with a y' of 66 for 51 DF. The error is
the statistical error from the fit multiplied by
( 2/DF)1/2

To illustrate the linear nature of the K„matrix
element squared, in Fig. 1S(b) the E,, distribution
is plotted after subtraction of the expected K»
background and division by K„phase space. A
simple linear fit to this distribution yielded the
same result as the fit described above, and is
shown by the straight line. In both fits any quad-
ratic dependence on E*,o was found to be negli-
gible."

If the four lowest E*,o points are eliminated from
either fit the results are unchanged, but the X' is
decreased to 50 for 47 DF. The fitted value for g
is also insensitive to the K„, Coulomb corrections, '
to the position of the (P0)' cut, and to the uncer-
tainties in the Monte Carlo error parametrization.
Furthermore, changing the values of 8 and A, by
several standard deviations, i.e., altering the
amounts of K„and K» background, has no effect
on g.

Our value, g=0.73 +0.04, differs significantly
from the World Average, "g= 0.60 +0.03. However,
the recent high-statistics experiment of Messner
et a/. ' has obtained the va, lue g= 0.659 +0.004,
which is also significantly larger than the World
Average. These results emphasize the failure of
the AI= —,

' rule for K„, decays. This rule relates
the values of g for the various charge modes of
the K„, decay, and predicts that g = 0.47 + 0.01 on
the basis of charged K„, results. "
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APPENDIX

In this appendix we discuss a slight modification
to the definition of (p,')' which improves the sep-
aration of the E„and K» decay modes. This
variable is normally defined as'

(mr' -m„o' -m')' —4m 0'm'-4m~'pr'
0 4 (pr'+m') t

(A1)

where m is the effective mass of the two charged
particles assuming they are pions, and P& is the
missing transverse momentum. This can be re-
written in the form

2

+m
(A2)

where P*,o is the momentum of the n in the K~ rest
fra,me, assuming a K„decay. In this form it is
apparent that true K„, decays are limited to posi-
tive values of (p,')', since pr cannot exceed p„*a.
If we write

P*,o =E*„o -m o
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suring staff at SLAC, and by D. Johnson for data
handling.

VIII. CONCLUSIONS mg +m„o —m
(AS)

In a high-statistics KL experiment using a hy-
drogen bubble chamber we have measured the
K»/K„branching ratio (8) and the slope of the f+
form factor (A+). The value we obtain for A+,
0.019+0.013, is consistent with the predictions of
K* dominance and the 4I= 2 rule. However, our
branching ratio, A = 0.741 + 0.044, indicates a
violation of the 4I= —,

' rule. Using our results for
A., and 8 we calculate ho=0.06+0.03, where Ao

is the slope of the f, form factor. This number
is consistent with a linear rise to the Callan-Trei-
man point. In addition, we have measured the
branching ratio of KL, -m'm m' to all charged K~
decay modes to be A, =0.146 +0.004, and the E*o
slope of the E„matrix element squared to be
g=0.73 +0.04. These latter results both differ
significantly from previous measurements.

we see that when m exceeds its maximum value for
a K„decay, E*„o is less thai m, o and P*„o becomes
negative. However, if m exceeds m~+m, o, then
P*,o' becomes positive again, even though E*,o is
negative. Physically this situation corresponds
to a K~ n' collision producing a m'n pair. Actually,
for our range of K~ beam momenta, E„decays
can have large enough "dipion masses" to give
positive values of p,*a' and (pa)'. To avoid this
possibility we have redefined (P0)' as

(A4)

which ensures that K„decays with increasingly
large values of m will fall at increasingly negative
values of (p,')'. Both the data and the Monte Carlo
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events have been plotted according to this prescrip-
tion. The effect of this redefinition is to reduce
the fraction of K„events with (P,')' & —0.008 GeV'
from -13% to 4% thereby decreasing the back-
ground under the K„, peak. The (Po)' distributions
for Ep 3 and E„, however, are left unchanged
by the new definition. We note that the same effect
can be achieved by using only those events with
m&ma when plotting (Po)'.

In a similar fashion, the variable (Pr)' defined in
Sec. III D, has been computed as Cr ~ Cr

~
-Pr'. It

is possible for E„decays with large pion and
electron transverse momenta to give negative
values of C~, and the above definition ensures that
they will be identified as unique E„decays with
(Pr)'&0. However, the number of such events is
very small (-20) and our results are not affected
by this modification.
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In a counter experiment at the LBL Bevatron, we have searched for the process K+ p, +vvv and
have found no evidence for its existence. We have recorded ten events which could be examples of this
decay mode, but could also be examples of K+ p.+vy in which the y was not detected. Treating
these as unidentified events and assuming the p,

+ spectrum proposed by Bardin, Bilenky, and
Pontecorvo, we obtain a decay rate I'(K+ p,+tv) & 6 X 10 si'(K+ all) (90% confidence level).
The data are presented in such a way as to allow calculation of rates for any assumed spectrum. The
experiment provides a test for higher-order weak processes and sets constraints on certain first-order
models.

I. INTRODUCTION

A. Experiments on Two It" Decay Modes

In this and a following paper we report on con-
current experiments to search for the K+ decay
modes K'- tt' v v v (I) and K"-tt' v v (II). Since the
apparatus was common to the two experiments,
its description in I will serve both papers.

B. The Decay E+ ~ p'vvv

In an earlier publication' we have given pre-
liminary results of a search for the decay process
E'- p.

'
p v v. We now present final results and give

a detailed account of the work.
The well-known current-current theory of weak

interactions appears to give an adequate descrip-
tion of all observed weak processes. This theory
leads to divergences, however, when applied to
certain high-order interactions, and at very high
energies it leads to the violation of unitarity. '

The decay process

cannot occur in the first order of the conventional
theory. The experimental investigation of this
process may therefore give information about the
structure of higher-order weak effects. Further-
more, since this decay process involves an extra-
ordinary number of fermions, neutrinos in par-
ticular, its investigation provides information on
two proposed first-order effects: (1) a neutrino-
neutrino interaction other than the usual weak in-
teraction (such an interaction could be very strong
without having been seen'), and (2) a six-fermion
interaction' ' in'addition to the ordinary (four-
fermion) weak interaction.

For K's decaying at rest, process (1) should be
uniquely distinguished from all known decays by
the emission of p.'s in the energy interval 60& T„
& 100 MeV unaccompanied by other charged par-
ticles or by y's. In this experiment, K's from the
LBL Bevatron were brought to rest in a carbon
stopper. The K's and their decay products were
detected by an array of scintillation and Cerenkov
counters. The p.'s were identified by their p, -e
decays; the p, energies were determined by range.
In order to reject background events from pro-


