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I. Introduction 

In recent years there have been numerous experimental studies of 

the semi-leptonic kaon decays, K --+ stev and K --+ fii~.v. (1) One parameter 

which has remained in doubt, however, is the K" /K P3 z3 branching ratio (R). 

This important parameter relates the two K 
4,3 

form factors, f+ and f-, 

and its comparison with the corresponding ratio for charged K decays is 

a sensitive test of the AI-=$ rule. In this paper we report a new mea- 

surement of R from a high-statistics exposure of a hydrogen bubble cham- 

ber to a FL beam at SIAC. The bubble chamber provides bias-free geome- 

trical acceptance in addition to good momentum resolution. 

In order to extract R from the data, we have defined a new variable 

(~4)~ which is independent of the incident FL momentum and which iso- 

lates a sample of unique K 
e3 

decays. In addition, the uniquely identi- 

fied X 
e3 

decays are used to determine the slope of the f+ form factor 

(A+). The slope of the f. form factor (A ) is then derived from our 
0 

measurements of R and h+ and is compared to the Callan-Treiman relation. 

Finally, using our data for the decay Kz, -+ x's-~', we have measured 

the branching ratio of charged K 
fl3 

decays to all charged 5 decays and 

the K 
fi3 

Dalitz plot slope parameter. 

Section II contains a brief review of K x3 phenomenology. The 

experimental procedures and the kinematical separation of the decay 

modes are outlined in Section III. The measurement of h+ and R are 

described in Sections IV and V respectively, and these results are dis- 

cussed in Section VI. The results on the K 
fi3 

decay mode are presented 

in Section VII. 
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II. Phenomenology of Kt3 Decays 

Assuming the pure vector nature of K 
x3 

decays, K -+ ~8-4, their 

transition amplitude is given by (1) 

M cc C (k+q$ f+(t) + (k-dp f-(t)] Et yp (1+74 y, (1) 
where k and q are the four-momenta of the K and 7( respectively. The 

form factors, f+ and f-, are real functions of t (assuming time reversal 

invariance); t in turn depends only on the JI energy in the K rest frame 

t = (k-q)2 = < + rn: - 2mK Ez. (2) 

The transition probability is then 

W=Af:+Bf+f +Cf* 
(3) 

a ff (A + Be + CS*) 

where A, B, and C are functions of the Dalitz plot variables and 5 = f-/f+. 

The terms B and C are both proportional to rni; consequently only the f+ 

form factor is important for K 
e3 

decays. K 
P3 

decays, on the other hand, 

depend on both f+ and f-. 

The form factors are generally expanded linearly in t: 

f+(t) = f+(O) (1 + A+ t/m:) - - - 

E (0) = fJO)/f+(O) 

A = E(O) (A- - h,,. 

Since f+(O) is determined by the K 
e3 

transition rate, three parameters 

remain to be determined to first order in t: h+, E(O), and either A 

or A. Because of the relative insensitivity of the transition 

-3- 



amplitude to f-, only the first two parameters have been experimentally 

well determined, and h has been found to be roughly compatible with 

zero.(') -- We assume A = 0 in the following analysis, although our re- 

sults would not be affected by values of h similar in magnitude to h+. 

Of the remaining parameters, h+ can be obtained from K 
e3 

or K 
c13 

Dalitz 

plot studies, while both the K 
113 

Dalitz plot and the P polarization 

can be used to determine 5(O). Assuming p-e universality, i.e., that 

f+ is equal for K 
e3 

and K P3 decays, then the integration of Eq. (3) 

over the Dalitz plot yields a quadratic expression for the K" /K" 
v.3 e3 

branching ratio in terms of A+ and 5(O): 

R = .645 + .125 E(O) + ,019 C2(o) + 1.32 A+ t- .006 E(0) A+. (5) 

From a theoretical standpoint a more useful set of form factors is 

obtained by replacing f (t) with 

fo(t) = f+(t) + t 
$ - rnz 

f-(t) 

N f+(O) (II- A0 t/m:). 

Most predictions are in terms of f+ and fo, which are related respec- 

tively to the l- and 0' amplitudes for the lepton pair. In this case 

the two parameters to be determined are h+ and ho where 

m2 
A0 = A+ + JI 5(o) 

(6) 

(7) 

and where the approximation of a linear expansion for f. corresponds 

to the assumption that h = 0. An advantage of this parameterization 

is that the experimental determinations of A + and ho are in general not 

as highly correlated as those of A + and E(O). As an example, the 
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branching ratio R obtained by substituting (7) into (5) is primarily a 

function of ho: 

R = .645 i- 1.46 A0 + 2.55 AZ - .144 A+ - 5.03 Aoh+. (8) 

In the present experiment we directly measure R and hJ, and then obtain 

values for E(O) and A0 using Eqs. (3) and (8) respectively. 

A few examples of the many theoretical predictions for the K 

0) 
43 

form 

factors are as follows. ~"(890) dominance of the dispersion relation 

for f+ predicts h, = .O23. Current algebra plus PCAC give the Callan- 

Treiman relation fo(<) = 1.27 fo(0), where t = is outside the physi- 

cal region. If a linear t dependence is assumed for fo, then the latter 

relation implies A = .O*l. 
0 

Finally the AI=$ rule for leptonic decays 

predicts that f+ and f. for K" decays be exactly,G- times the corres- 

ponding form factors for K+ decays. This in turn predicts that the 

Kv3’Ke 3 
branching ratios for K" and K+ decays are equal, except for 

small (< 1%) radiative and phase space corrections. We defer the com- 

parison of these predictions with the experimental data until Sec. VI. 

III. Experimental Procedure 

A. K, Bubble Chamber Exposure 

The data for this study came from approximately 32OK photographs 

taken in the SLAC 40 in. hydrogen bubble chamber exposed to a E;r, beam. 

These pictures are part of an 800 K picture investigation of KBp hadronic 

interactions. The beam was produced by impinging a high-energy electron 

beam on a Beryllium target 56 m. upstream of the chamber, 69 and yielded 

approximately 25 KB per picture. The KL momentum spectrum, as shown in 

Fig. 1, peaks at about 4 GeV/c and extends to 12 GeV/c. 
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The sample of KD decays has been obtained by scanning for 2-prong 

(V) events not associated with an interaction in the chamber. (3) No 

attempt has been made at the scanning stage to identify individual de- 

cay modes. These events have been measured on the SLAC spiral reader 

or on film plane devices and reconstructed using the program TVGP. (4) 

Any events which failed because of bad measurement have been remeasured. 

In addition to the present study of the KL decay parameters, these data 

have also been used to determine the K, momentum spectrum by a statis- 

tical method. (2) 

B. Selection of I$, Decays 

For an event to be selected as a I(L beam decay it must be compatible 

within measurement errors with any of the decay modes nev, ~IPY, or ~+n-n 0 . 

However, since the beam momentum is unknown no kinematic fitting is 

possible. In order to remove y conversions and KS and A decays, any 

events satisfying the following mass cuts have been excluded from the 

data: 

M(e+e-) < 35 MeV 

485 < M(~r+n-> < 510 MeV 

1110 < M(prc-) < 1120 MeV, 

where the mass assignments of the charged particles are as indicated. 

As estimated from the Monte Carlo calculation discussed below, these 

cuts also remove approximately 8% of the KI 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% respec- 

tively of the true KD sample. None of the above cuts strongly affect 

the Dalitz plot distributions. 
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Selecting events in this manner we find no evidence of any contami- 

nation in the ?L sample above the 1% level as shown in Table I. The 

only significant bias remaining is an estimated 2 + 1% loss of K 
e3 

de- 

cays due to electron Bremsstrahlung near the decay vertex. This is 

based on the assumption that electron tracks which lose more than 5 15% 

of their energy in the first 10 cm will be unmeasureable. Other possible 

sources of bias, such as non-beam KL decays, pion decays in flight, and 

Dalitz pairs from K 
fi3 decays are seen to be neglible. The final sample 

of Ef, decays consists of 20193 events. 

c. Monte Carlo Simulation 

In order to extract the % decay parameters from our data, we have 

generated Monte Carlo events for the three charged KT, decay modes. The 

K43 
matrix elements discussed in Sec. II have been modified by radiative 

corrections; (5) the K 
fl3 

matrix element squared is assumed to be linear 

in the fi o Dalitz plot energy (see See. VII) and has been corrected for 

the Coulomb interaction of the charged pions. (6) The events have been 

generated using the beam spectrum shown in Fig. 1, after weighting the 

spectrum by the decay probability. The momentum vectors of both charged 

particles as well as the KD 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. 

The measurement errors for the charged tracks have been parameterized 

as a function of momentum by averaging the track errors for actual events. 

These errors, which are computed by the reconstruction program TVGP,(4) 

are a combination of the setting error and the uncertainty due to multiple 
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scattering. To check the error parameterization, we have investigated 

the width of the KS --+ s+J(- peak shown in Fig. 2, where no 5 decay re- 

striction has been applied to the data. The curve shows the Monte Carlo 

prediction for KS decays generated according to the observed KS momentum 

spectrum and normalized to the KS peak. The experimental mass resolu- 

tion is seen to be adequately reproduced by the Monte Carlo program. 

In addition to the track measurement error, there is also a small 

uncertainty in the direction of the KL 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 upstream. The size of 

this effect has been determined by plotting the missing transverse momen- 

tum for the kinematically overconstrained events of the t3rpe 5p + K'n'p. 

This is shown in Fig. 3, where py (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) 

direction correctly predicts the widths of these distributions when 

added in quadrature to the track errors discussed above, as shown by the 

curves in Fig. 3. C onsequently, 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 5 data, Figs. 4 and 5 show the lab momenta and open- 

ing angle distributions for K 
$3 

decays selected by the requirement 

(Pi)' < -.008 GeV2 (see following section). The curves are the predic- 

ted shapes using the decay parameters discussed below. The positive and 

negative track momenta have been plotted separately in Figs. 4a and 4b 

respectively, although they are predicted to have the same shape within 
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the accuracy of our experiment. There are no significant discrepancies 

between the data and the predictions for these variables or for any of 

the variables used in the subsequent analysis. Therefore, we can deter- 

mine 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 (7) 
n3 

decay mode from both K13 modes. This variable is defined as 

the FL - momentum squared in the frame where the 7~' momentum is transverse 

to the beam direction, assuming a K 
fl3 

decay (see Appendix). Neglecting 

resolution effects, K n3 decays are restricted to positive values of (P;)~, 

whereas K 
e3 

and K 
v3 

decays are concentrated at negative (p;)' values. 

The (P;)~ distribution obtained in this experiment is shown in Fig. 6. 

The solid curve is the prediction of the Monte Carlo simulation using 

the parameters determined in the following sections. The Kt3 background 

for (P;)~ > 0 comprises approximately 2076 of the sharp K 
rr3 

peak, as 

shown by the dashed curve. The selection (p;)2 < -.008 GeV2 removes 

more than 9% of the K 
fl3 decays but retains * 94% of the K 

43 
decays, 

leaving a sample of 13800 unique K 
13 

decays. 

Although it is possible to determine the K" /K" branching ratio by 
~3 e3 

fitting the negative range of (P')~ to the sum of the expected distribu- 

tions for K 
e3 

and KP3,(7) ' this procedure has two drawbacks. First, the 

(P;)~ distribution for Kx3 decays is not independent of the beam spectrum. 

Thus any uncertainty in the indirect determination of the beam spectrum 

will be reflected in a fit to (P;)~. Second, (P;)~ does not provide a 
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well-defined separation of the two K 
13 

modes. To circumvent these dif- 

ficulties we define a new variable, (pi)*, which depends only on the 

transverse momenta: 

(p+)‘= c; - P; 
(9) 

Here pT is the transverse momentum of the neutral particle (v or R") and 

CT is a cutoff depending on plT and p 2T, the transverse momenta of the 

two charged particles. Since there are no longitudinal momentum compo- 

nents in this definition, (p') 2 
T is clearly independent of the beam momen- 

tum and has the useful property that K 
P3 

decays are restricted to posi- 

tive values. To show this we write for a K 
!J3 

decay in its rest frame 

p,” = E; = mx - E,: - E* 

from which it follows that 

PT <' P, *zy-+i-vQT+mE. (11) 

Since it is not possible to distinguish the fl from the p, the larger 

permutation of the right-hand side of (11) is given by our definition of 

CT in Eq. (9). Therefore, (pi)2 3 0 for all K 
w3 

decays, neglecting ex- 

perimental resolution. Since p 
T can in general be larger in K 

e3 
decays 

than in K 
P3 

decays, a region of unique K 
e3 

decays exists for negative 

values of (P;)~. 

In Fig. 7 we show a scatter plot of (p;)* versus (P;)~ to illustrate 
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the relationship of these variables. The axes of this plot are seen to 

be kinematical boundaries for the K 
c13 

and K 
n3 

decay modes, while K 
e3 

decays populate all regions of the plot. Selecting events with (P;)~ < 

-.004 GeV' results in a sample of 1871 K 
e3 

decays, with less than % 

K 
P3 

contamination. The efficiency of this kinematical cut for selecting 

K 
e3 

decays as a function of E; and t is shown by the solid curve in 

Fig. 8b, while the pion energy spectrum is shown in Fig. 8a. The effi- 

ciency varies gradually across the Dalitz plot and averages about 15% 

for all K 
e3 

decays. 

IV. Determination of h+ 

As discussed in Sec. II, K 
e3 

decays depend only on the f+ form fac- 

tor and not on f . To determine the parameter h+ in the linear expansion 

of f+ we have used the unique K 
e3 

events isolated as discussed above. 

In order to reduce contamination from the spillover of poorly measured 

K 113 events to negative values of (p$)*, we have accepted only those 

events with (~6)~ < -.004 GeV*. The remaining K cL3 contamination (< $) 

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 KL 

rest frame. Because of the large mass difference between the pion and 

the electron, the Lore&z transformation to the lab then has the inter- 

esting property that m 9% of the t' ime the pion track has a higher lab 

momentum than the electron track. In addition, the transverse nature of 

the unique Ke3 decays implies that pz = pCT, where pz is the pion momen- 

tumin the KL rest frame. Thus, the pT distribution of the higher 
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momentum track in the lab is closely related to the p* distribution and 
7t 

therefore to the t distribution (see Eq. (2)). Identifying the pion in 

this manner is reliable for values of t smaller than about 5 rnz, but is 

inefficient for larger t. This can be seen from the dashed curve in 

Fig. 8b, which shows the percentage of all K 
e3 

decays which satisfy the 

unique K 
e3 

selection criteria and where p > p in the lab. 3-l e 
The transverse momentum (p,) distribution of the higher momentum 

track for the unique K 
e3 

sample is shown in Fig. 9. To determine h+ we 

have fit this distribution to the expression 

z(P,) = f:(o) 
c 

h A2 
<A>+2; <tA>+ 4 < t2A > 1 (12) 

m -II m fl 

where the symbol < > indicates the Monte Carlo generated distribution 

for pT. A and t are functions of the Dalitz plot variables as defined 

in Eqs. (2) and (3). A 1 east squares fit has been performed in the in- 

terval 20 < pT < 235 MeV/c (solid curve in Fig. 9) yielding the result 

A+ = .019 + .013 with a X2 of 22 for 29 degrees of freedom-(DF). (9) 

The error on h+ is predominantly statistical with additional contri- 

butions from the uncertainties in the K 
CL3 

contamination (.004) and the 

Monte Carlo error parameterization (.004). A fit to the more limited 

sample defined by (pi)* < -.006 Ged , where the K 
P3 

contamination is 

negligible, gave the same value for h + indicating that the K 
CL3 

background 

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 negligible momentum dependence 

of resolution effects. It is, however, sensitive to the K radiative 

corrections, (5) 
e3 

which modify the expected shape of the p distribution. (10) 
T 



V. Determination of the KL3/Kz3 Branching Ratio 

We have determined the K" /K" 
c13 e3 

branching ratio (R) by fitting the 

2 
experimental (pi) distribution to a sum of the expected distributions 

for K 
e3 

and K 
P3 

decays. The data are shown in Fig. 10, where the Kfi3 

events have been removed by the requirement (P;)~ < -.008 GeV*. The 

dotted and dashed curves show the respective K e3 
and K 

113 
contributions, 

while the solid curve represents their sum. As discussed in Sec. III D, 

the fact that K 
P3 

decays are limited to the positive range of this 

variable makes it particularly sensitive to R. 

In order to calculate the expected (p;l)* distributions it is neces- 

sary to assume values for h+ and E(0). We take the value of h+ deter- 

mined from our sample of 

obtain for R is strongly 

unique K 
e3 

events (see Sec. IV). The result we 

dependent on the value assumed for h+' with a 
Ill\ 

correlation dR/dh, = -1.0.'"' On the other hand, while the normaliza- 

tion of the (P;)~ distribution for K 
113 

decays depends on E(O), the shape 

of the distribution does not. Therefore, our result for R is insensitive 

to the value of E(O) used in the simulation. 

A fit of the (pi)2 distribution in the range -.022 < (P+)~ < .054 

GeV2 is shown by the curve on Fig. 10. This fit yields an uncorrected 

ratio R = .758 t .O$ with a X2 of 101 for 74 DF. The error is the sta- 

tistical error multiplied by the factor ,/s to account for possible 

systematic errors in the data. (12) 

To obtain a final ratio we have adjusted R by -2 * 1% to correct 

for K 
e3 

decays which have unmeasurable electron tracks due to large 

Bremsstrahlung losses near the decay vertex. The following contributions 

have then been added in quadrature to the fitted error on R: .013 from 
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the error in our determination of h+, .014 from the uncertainty in the 

Monte Carlo error parameterization, and .007 from the uncertainty in the 

Bremsstrahlung correction. The final result is R = .741 5 .044. As 

with h+, the dependence of R on the beam spectrum is negligible. How- 

ever, the fitted value of R is sensitive to the radiative corrections, (5 

which tend to shift K e3 events toward negative values of (p;) 2 (10) . 

VI. Discussion of Kt3 Form Factors 

In this experiment we have measured both the parameter h+ and the 

$3/":3 branching ratio (R). Using the sample of unique K 
e3 

decays we 

have obtained the value A+ = .019 + ,013 for the slope of the f+ form 

factor. This is shown in Fig. 11 together with previous measure- 

ments(7’13’ 14 > and the average K+ 
e3 

value(') (dashed line). Our result 

is in agreement with the prediction of K * dominance (.O23) and with the 

average charged K value. We are also compatible with previous K" 
e3 

mea- 

surements with the exception of the recent experiments of Albrow et al. -- 

and Dally et al., (14) 
-- which find values approximately two standard devi- 

ations larger. 

Our value for the branching ratio, R = .741 * .044, has been deter- 

mined by fitting the (~4) 2 distribution. This result is plotted in Fig. 

12 along with the results of previous experiments (7,151 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 earlier mea- 

surements that the KP3/Ke3 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 Kt3 decays. 
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Since the neutral and charged K results for h+ are compatible, the fact 

that R depends only on A+ and A0 (see Eq. (8)) implies that any breaking 

of the &I=$- rule results from the f form factor. 
0 

This might be the con- 

sequence of the absence of a strong I=$ pole in the f. dispersion rela- 

tion, which relates f. to the S-wave Kn system. The f+ dispersion rela- 

tion, on the other hand, is dominated by the I=$ ~*(890) in the P-wave. 

As discussed in Sec. V, our value for R is dependent on the value 

assumed for A+ with a correlation dR/dA+ = -1.0. Our final ratio assumes 

A+ = .019 5 .0X3, as determined from our data. We note that if h+ is 

assumed to be three standard deviations larger, the value obtained for 

R is still significantly higher than the previous results for both 

charged and neutral K decays. 

Assuming p-e universality, our results for h+ and R used in conjunc- 

tion with Eqs. (5) and (8) yield the values 5(O) = o5 i .4 and 

~~ = .06 + .03. (16). The correlation of these results with h+ is stronger 

for E;(O) (dE(O)/dA+ = -20) than it is for A0 (dho/dh+ = -.6). We note 

that our value for A0 is consistent with a linear rise of the f. form 

factor to the Callan-Treiman point, which would predict A0 = .021. Al- 

though most previous KE3 analyses have yielded negative values for 5(O) 

and h (l) the recent K 'II Dalitz plot analysis of Donaldson et al. (17) 
0’ -- 

also finds that f. is greater than f+(O) throughout the physical region 

and that f. extrapolates to the Callan-Treiman point. 

VII. Results on K, -+ fl'~r-fi' 

In this section we investigate our data on the K 
n3 

decay mode, 

s +-O. -+71713-l These decays are concentrated at positive values of the 

variable (PA)*, as was discussed in Sec. III D. The experimental (p,')* 
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distribution is shown in Fig. 6. The dashed curve under the Kf13 peak 

is the prediction of the Monte Carlo simulation for K 
43 

decays assuming 

the decay parameters determined in the previous sections. It is seen 

that the leptonic decays comprise a large (- 25$), but well-understood 

background to the K 
fl3 

decays. 

In order to determine the branching ratio, RR, of 5 -+ rt'rr-lr' to 

all charged KL modes, we have fitted the distribution to a sum of 

the predicted distributions for the K 
K3 

and Kt3 modes. The simulated 

K 
fir3 

events have been generated assuming linear slope for the rl" Dalitz 

plot energy distribution as described below, and have been weighted to 

correct for the Coulomb interaction of the charged pions. (6) Fitting 

the data in the interval -.060 < (PA)* < .024 GeV* gives the result 

Rfl = ,146 f .004. The fit, which is shown by the solid curve in Fig. 6, 

has a X2 of 115 for 82 DF. w The result has been adjusted slightly 

(-0.5%) to account for the loss of K 
fl3 

events with Dalitz pairs and of 

K 
e3 

events due to large Bremsstrahlung near the decay vertex (see Table I). 

The error on Rfl is the sum in quadrature of the statistical error 

multiplied by and a contribution of .002 arising from the uncer- 

tainty in the parameterization of the measurement errors used in the 

simulation. The result is insensitive to the choice of the EzO slope 

parameter, to the Kc3 Coulomb corrections, and to the uncertainty in 

the shape of the beam spectrum. Also, variation of the Kt3 decay para- 

meters within several times their errors or omission of the K 43 
radiative 

corrections does not significantly change the value of Rfi. 

Our result is significantly smaller than the World Average, 08) 

Rrr = .161 + ,004. As we believe that the Kt3 background under the Kf13 
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peak can be accurately predicted, such a discrepancy could only arise in 

our experiment from a loss of K 
fi3 

events at the scanning or measuring 

stage. However, in general we find that K 
fi3 

decays are easier to iden- 

tify and measure than their leptonic counterparts. Furthermore, even 

if we assume that all K 
fi3 

events with Dalitz pairs were lost (we estimate 

that at least half are saved by careful scanning), Rn would be increased 

by less than a percent. We do note that our measurement is based on 

approximately twice as many events as the best previous measurement. 

As mentioned above, we have parameterized the deviation of the K 

(18) 
fl3 

transition probability from pure phase space as 

S 
Wall-g 12 - so 

m* II 

S 12 = < + rnz - 2mK E:. 

sO 

(13) 

where S 12 is the mass squared of the two charged tracks taken as pions. 

We have determined the parameter g by fitting the Ezo distributions for 

the K 
fi3 

sample shown in Fig. 13a, which is defined by (PA)* > -.005 GeV2. 

This cut, which leaves 4051 events, retains approximately 98% of the K 
fl3 

events in the 
5 sample but minimizes the K 

4,3 
background at about 22%. 

The Es0 distribution is fitted to a sum of K 
fir3 

events generated according 

to both phase space and phase space multiplied by EEo, where the relative 

amounts are given by Eq. (13). To this is added a Kt3 background com- 

ponent which is fixed by our measurements of A+ and R, and which is nor- 

malized to the data with (p;l)* < -.008 GeV'. The best fit in the inter- 

val 133 < Ezo < 186 MeV, as shown by the solid curve in Fig. 13a, resul- 

ted in the value g = .73 5 .04 with a X2 of 66 for 51 DF. The error 
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Isi is the statistical error from the fit multiplied by,,X /DF. 

To illustrate the linear nature of the K 
fi3 

matrix element squared, 

in Fig. 13b the E* 
79 

distribution is plotted after subtraction of the 

expected Kt3 background and division by K 
fi3 

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 quadratic 

dependence on E;” was found to be negligible. 09) 

If the 4 lowest E:. p oints are eliminated from either fit the re- 

sults are unchanged, but the X2 is decreased to 50 for 47 DF. The fitted 

value for g is-also insensitive to the K ~3 Coulomb corrections, @) to 

the position of the (p,')* cut, and to the uncertainties in the Monte 

Carlo error parsmeterization. Furthermore, changing the values of R 

and Rn by several standard deviations, i.e. altering the amounts of K 
e3 

and K 
lJ-3 

background, has no effect on g. 

Our value, g = .73 + .&, differs significantly from the World 

Average,(") g = .60 Z .03. However, the recent high-statistics experi- 

ment of Messner et al. (20) 
-- has obtained the value g = .659 + .004, which 

is also significantly larger than the World Average. These results em- 

phasize the failure of the &L=$ rule for K 
fl3 

decays. This rule relates 

the values of g for the various charge modes of the K fi3 
decay, and pre- 

diets that g = .47 + .Ol on the basis of charged Kfi3 results. W3is> 

VIII. Conclusions 

In a high statistics Ei, experiment using a hydrogen bubble chamber 

we have measured the K" /K" 
P3 e3 

branching ratio (R) and the slope of the f+ 

form factor (A+). The value we obtain for h+, .019 f .013, is consistent 

with the predictions of K * dominance and the LQ=& rule. However, our 
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branching ratio, R = .741 * -044, indicates a violation of the rU=$ rule. 

Using our results for h+ and R we calculate A0 = .06 * .03, where A0 is 

the slope of the f. form factor. This number is consistent with a linear 

rise to the Callan-Treiman point. In addition, we have measured the 

branching ratio of KL + n'71-~' to all charged KL decay modes to be 

Rn = .146 2 .004, and the E" slope of the K" 
x0 fl3 

matrix element squared to 

be g = .73 + .&. These latter results both differ significantly from 

previous measurements. 
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Appendix 

In this appendix we discuss a slight modification to the definition 

of (P;)~ which improves the separation of the K 
X3 and KX3 

decay modes. 

This variable is normally defined as (7) 

(P;)2 = 
(< - rnz, - m)* - 4mzom2 - 44 pi 

4(~: + m*) 
(Al) 

where m is the effective mass of the two charged particles assuming they 

are pions, and p T is the missing transverse momentum. This can be re- 

(~42 > 

where pzo is the momentum of the 31' in the KL rest frame, assuming a KJc3 

decay. In this form it is apparent that true K 
fl3 

decays are limited to 

positive values of (pA)2, since p T cannot exceed p" . 
710 

If we write 

** 2 2 
J&o = E;o - mflo 

(A3) 

= 4 + m:o - m 2* 

i 1 
_ m2 

*mK TP 
we see that when m exceeds its maximum value for a K n3 

decay, Ez, is less 

** than mflo and pflo becomes negative. However, if m exceeds mK + qo, 

then pJz becomes positive again, even though Ezo is negative. Physi- 

cally this situation corresponds to a K L 7~' collision producing a n'fi 

pair. Actually, for our range of KL beam momenta, K 
e3 

decays can have 

large enough "dipion masses" to give positive values of p:z and (PA)*. 

To avoid this possibility we have redefined (P;)~ as 
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2 

(P;)~ = 2 mK 2 
PT + m 

lE,"ol - mzo - P; (A4 > 

which insures that K 
e3 

decays with increasingly large values of m will 

fall at increasingly negative values of (PA)*. Both the data and the 

Monte Carlo events have been plotted according to this prescription. 

The effect of this redefinition is to reduce the fraction of K e3 
events 

with (P;)~ > -.008 GeV* from w 13% to 'v 4% thereby decreasing the back- 

ground under the K fl3 peak- The (P;)~ distribution for K t-13 
and K 

fi3' 

however, are left unchanged by the new definition. We note that the 

same effect can be achieved by using only those events with m < mK when 

plotting (pA)2. 

In a similar fashion, the variable (p;)* defined in Sec. III D, has 

been computed as CTICTI-pz. It is possible for Ke3 decays with large 

pion and electron transverse momenta to give negative values of CT, and 

the above definition insures that they will be identified as unique K 
e3 

decays with < 0. However, the number of such events is very small 

(- 20) and our results are not affected by this modification. 
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Figure Captions 

1. Momentum spectrum of the KL beam at the bubble chamber. The error 

bars represent the uncertainty in the spectrum determination (see 

Ref. 2). 

2. Invariant mass of both charged tracks assuming they are pions. 

Neither the KL decay requirement nor the KS mass cut have been im- 

posed on the data. The curve is the prediction of the Monte Carlo 

simulation for KS decays. 

3. The components of the missing transverse momentum for events of the 

type Kg -k &p : (a) 1) to film plane, (b) 1 to film plane. The 

curves show the expected widths of these distributions from the track 

measurement. errors plus a small uncertainty in the beam direction. 

4. The lab momentum of (a) positive and (b) negative tracks for K x3 
decays selected by (pAI < - .008 GeV=I . The curves are the predic- 

tions of the Monte Carlo simulation. 

5. The opening angle in the lab for K t3 decays selected by (P~)~ < -.008 

GeV2. The curve is the prediction of the Monte Carlo simulation. 

6. (p~)~ distribution for entire KL 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 t3 modes alone for (P;)~ > -.008 

Ge$. 

7* Scatter plot of (pl)2 versus (p;)2, where * l/6 of the total K L data 

are plotted. The decay modes which populate the various sectors are 

indicated. 

8. (a) Dalitz plot energy spectrum of the pion in Ke3 decays (for 

A+ = .02). (b) Solid curve shows the efficiency of the unique Ke3 
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selection, i.e. the percentage of Ke3 decays satisfying (p$)' < -.004 

GeV' and the cuts discussed in Sec. III B. Dashed curve shows the 

fraction of K 
e3 

decays which satisfy the unique K 
e3 

criteria and 

where the pion has a larger lab momentum than the electron. 

9. Transverse momentum of the track with the larger lab momentum for 

the unique Ke3 sample selected by (P,$)~ < -.O& GeV2. The solid 

curve is the result of the A+ fit described in the text. 

10. (pi)' distribution for the Kt3 sample defined by (P;)~ < -.008 GeV2. 

The solid curve is the fitted sum of the Kx3 decay modes, and the 

dotted and dashed curves show the respective K 
e3 

and K 
P3 

components. 

11. Comparison of the present measurement of h+ with the results of 

previous K" e3 experiments (Refs. 7,13,14). The dashed line is the 

average A+ obtained from charged K 
e3 

decays (Ref. 1). 

12. Comparison of the KE3/Kz3 branching ratio (R) obtained in this ex- 

periment with previous measurements (Refs. 7,15). The dashed line 

is the average K /K 
113 e3 

ratio from charged decays (Ref. 1). 

13. (a) E"xo distribution for the Kg3 sample defined by (PA)' > -.005 

Ge$ . (b) Same data after subtraction of the expected K t3 
back- 

ground and division by Coulomb corrected K 7c3 
phase space. The solid 

curves are the results of the K fl3 
matrix element fits described in 

the text. 
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Table I 

Estimated Contaminations and Losses 

Final 5 Sample 

Contamination 

Non-beam KT, decays 

Dalitz pairs from K L + 37~’ 

YY KS> A tails outside mass cuts 

Radiative KS decays 

KLp -+ K'YI' p with invisible 
recoil proton 

Loss 

K 
e3 

with large Bremsstrahlung 
near FL decay vertex 

Pion decays near KL decay vertex 

%L +-O -+ 7[IJr[7( with Dalitz pairs 

KL decay scanned as "obvious 
electron pair" 

Fraction 

.003 If: .002 

.OOP + .OOl 

< .OOl 

-c .OOl 

< .OOl 

Fraction 

.02 It: .Ol (of K,,) 

,004 z!I ,002 

.005 If: .002 (of Kf13) 

< .OOl 
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