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TEST OF THE 6. S = 6. Q RULE * 
IN LEPTONIC DECAYS OF NEUTRAL K MESONS 

Bryan R. Webber, Frank T. Solmitz, Frank S. Crawford, Jr., and 
Margaret Alston-Garnjost 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

March 18, 1968 

We have studied the time distributions of 242 leptonic de-

- -0 cays of neutral K mesons produced in the reaction K + P-'> K + n. 

We find no significant violation of the 6. S = 6. Q rule. 

THEORY 

A violation of the 6. S = 6. Q rule in the decays 

± -
neutralK-'>TT +e++v, 

± -
neutral K -'> TT + fJ. + + v, 

would be manifest in their time distributions. If f is the amplitude for 

( 1) 

( 2) 

o - + -0 - + K -'>TT +e +v (6.S=6.Q) and g is that for K -TT +e +v(6.S=-.6Q), and if these 

aITlplitudes have approxiITlately the saITle energy dependence in the kineITlat-

ically allowed region, then the tiITle distribution of electronic decays of an 

. . t· 1 -KO . t t· . b 1 InI Ia s a e IS gIven y 

N±(t)c-r.I1+xI
2 

exp(-A.st)+ 11-x12 exp(-A.
L

t)-2[2Im(x) sinat 

±(1-lxI
2

) cos at] exp[- t{A.s + A.L)t] 
( 3) 

where the ± corresponds to the electron charge, x = gif, A.
S 

and A.L are the 

KS and KL total decay rates, and a is the ITlass difference ITl(KS) -ITl(K
L

). 2 

Conservation of CP in the decay process iITlplies that x is real; the 6. S = 6. Q 

rule requires x = O. 

After further assuITlptions, 3 the tiITle distribution of ITluonic decays ITlay 

also be expressed by Eq. (3), vvith the same value of x. 
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SCANNING AND SELEC TION OF CANDIDATES 

We obtained KO mesons by exp~sing the 25-inch Lawrence Radiation 

Laboratory hydrogen bubble chamber to a K- beam with momenta in the range 

340-425 MeV/c. The data on which we report here are based on 10
6

pictures, 

in which 45000 KO we re produced inside the fiducial volume in the reaction 

- -0 
K + P - K + n. ( 4) 

These data represent about 70 % of the expected total. 

The pictures are scanned for V's; if both a V and a O-prong are found, 

they are measured and four-constraint (4-c) fits to KO and A production and 

two- body decay are attempted. If the confidence level for the K
O 

fit is less 

than 5 X 10 -4 and the V is not identified as a A during scanning, fits to all 

° . . three- body K decay hypotheses are tried. If the confidence level for any of 

these is greater than 0.02, the event is called a three- body K
O 

decay candidate 

and is remeasured. Pictures containing more than one O-prong are rejected. 

Pictures in which the scanner recorded a K O but no O-prong are carefully re-

scanned for O-prongs and measured if one is found. In this way we obtain 

those KO,s which are associated with a unique production vertex but fit only 

-0 the 1-c K production and three-body decay hypotheses. From a second scan 

of 20% of the film, we es timate the scanning efficiencyfor three-body K
O 

de-

cays to be 95%. Those events missed in the first scan show no bias in .the 

dis tribution of the length of the neutral track. 

,Our choice of a fiduCial volume and a maximum dip angle for charged 

tracks is governed by our desire to identify lepton tracks by comparison of 

bubble densities. To be free of time-dependent biases, the probability of 

identification must be independent of the position of the decay vertex in the 

chamber. However, we find that this probability depends on track length if 

the lepton track appears shorter than 3 cm in two of more views on a 
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scanning table. From simulated events, 4 we find that this bias is eliminated 

by making a dip angle cut at 63 deg and by placing the boundaries of the fidu-

cia! volume 8 cm from the top and bottom windows of the chamber, and at 

least 5 cm from the other limits of the visible region. 

To remove the scanning bias against events with short neutral tracks, 

we reject a candidate if the decay vertex, projected onto the beam plane, lies 

inside a rectangular region extending 3.5 mm ahead of the production vertex, 

2.5 mm behind it, and 1. 75 mm to each side. 

ELIMINATION OF BACKGROUND 

We make three cuts before careful examination of candidates. 

(a) We eliminate two-pion decays with a Coulomb scattering or iT -. I-l v 
, 

decay of one pion by means of 1-c fits to KO production and two-pion decay, 

in which first one and then the other pion is considered unmeasured. 5 

(b) We reject events fitting the 1- c hypothesis of KO production and 

radiative two-pion (iT + iT - y) decay when the photon momentum in the K rest-

frame, p , is les s than 50 MeV/c. 
y 

(c) We remove" second-order" background, amounting to about 10 events, 

by means of a fit in which the errors on the tracks of the V are increased. 

Principal sources of these events are: (1) iT + iT- y decays in which a Coulomb 

scattering of one of the pions spoils the fit to the iTiTy hypothesis, (2). iT + iT - yy 

decays, and (3) events in which the reaction sequence is K- + P -. KO + n + y, 

KS -. iT++ iT-, followed by Coulomb scattering of a pion. The increases in the 

errors are calculated from the expected photon spectrum and the Rutherford 

formula. 

Having made the above cuts, we examine the track densities of the re-

maining candidates on a scanning projector. When the appearance agrees 

with the interpretation as background, we reject an event if: 
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(d) 
-0 

The confidence level for the 4- c fit to K production and two-pion de-

-5 
cay is greater than 5 X 10 This removes all remaining two-pion decays in 

which the KS comes from a normal production vertex. 

(e) The confidence level for a 1-c fit to the two-bodydecayof a KS or A of '" 

unknown origin is greater than 5X10 ... 
4

. , This cut eliminates two-bodywC).ll VIS L~ 

and events in which a neutral particle is produced abnormally or scatters in 

flight before decaying via a two-body mode. 

(f) On interpretation of the tracks of the V as electrons, the mass of the 

pair is less than 140 MeV. 
o 

T~is removes Dalitz decays of the 'IT • 

(g) The V could be the decay of an incoming muon,or the decay or elas-

tic scattering of a charged pion. In 35 events the tracks have been rernea-

sured in the directions appropriate to these hypotheses; 28 of these had fits or 

missing mass values that led to their rejection. 

After a study of wall VI s (that is, VI s in pictures containing no O-prong) 

in a sample of 1.6X 10
4 

pictures, we conclude that this source of background 

is negligible. 

Finally, we find that the three-pion decay mode of the K
O 

is well sep-

arated from the leptonic modes by kinematics, so it does not give ris e to any 

background. 

,We subjected simulated leptonic decays to cuts similar to those described 

above and found that 35% of them were rejected. The rejected simulated 

events showed no biases in their decay time distribution. 

IDENTIFICATION OF LEPTONS 

We have been able to identify the lepton in 125 of the 242 events remain-

ing after cuts (a)-(g). In the great majority of cases this was done by com-

parisonof track densities, but occasionally decays or 6 rays were used. 

+ + -We have identified 32 e , 52 e -, 14 f..I. , and 27 f..I.. The charge of the 
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lepton, but not its type, is deterrninedin 9 additional events (5 positive and 4 

negative), leaving 108 events whose appearances are am.biguous. 

We do not use kinem.atics to resolve any am.biguities between leptonic de-

cay hypotheses. Our sim.ulated events revealed that the probability of a lep-

tonic decay fitting an incorrect leptonic hypothesis depends on the length of 

the neutral track. Events resolved by kinem.atics would therefore have biased 

tim.e distributions. 

Since we do not use strong interactions of the pions to identify events, 

our identification procedure is charge sym.m.etric. 

CORRECTION FOR REMAINING BACKGROUND 

The principal rem.aining background consists of KS-+ IT + IT - '{ with p'{ > 50 

MeV/c. To correct for these events, we assum.e that radiative de,cay takes 

place only through inner brem.sstrahlung of the two-pion m.ode. 6 This leads 

to a prediction of 29 events rem.aining after our cuts; 10 of these should be 

kinem.atically unam.biguous. 4 In fact, we find 12 kinem.atically unam.biguous 

events. Their tim.e dis tribution shows that they are due to KS decay. Their 

photon spectrum. is in good agreem.ent with inner brem.s strahlung. To our 

knowledge, this is the first experim.ental verification of the predicted absolute 

+ -rate and spectrum. of KS -+ IT IT '{. 

We find that the probability of a lTlT '{ decay fitting the hypothesis of IT fJ. v 

decay depends on the length of the neutral track. We therefore retain even 

the 12 unam.biguous IT + IT - '{ events, and include a correction term. with KS 

tim.e- dependence in the tim.e distribution of the 108 events in which the lepton 

is not identified. 

We estim.ate that the other sources of background contribute about one 

event with the KS lifetim.e and about one with the KL lifetim.e. We have not 

corrected for these events. 
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TEST OF THE ~S = ~Q RULE 

The time distributions of the 242 events are shown in Fig. 1, where the 

~S = ~Q prediction, normalized independently for each plot, is indicated by 

the solid curves. The distributions predicted by Eq. (3) are multiplied'by 

the geometrical detection efficiency, determined from the leptonic events 

themselves. Since our methods of lepton identification are charge symmetric, 

i the predicted distribution of unidentified events is the sum of the theoretical 

+ -positive and negative lepton distributions, corrected for the 1T 1T 'I contribu-

tion. 

Our data show no low- statistics effects, such as the presence of positive 

. leptons in the first 10-
10 

se"c, so we can make a X2 test of the ~S~ ~Q rule. The 

lis 27.7, with ( i)= 30 (corresponding to 33 bins minus 3 normalization constants). 

We make three further checks on the consistency of our data with the 

~S = ~Q rule. 

(1)' We compare our value of the charge ratio, R = (number of negative 

leptons)/(number of positive leptons) = 1.63 ±0.29, with the ~S = ~Q prediction, 

R = 1.35. 

(2) We assume that ~S = ~Q and compute the absolute leptonic decay rate 

6 -1 of the K L . We find r (K
L 

-+ 1TtV) = (12.2 ± 1.0) X 10 sec . Thisr.esult may be 

. (6 -1 compared with the current world average value 11. 77 ±0.40)X 10 sec ,or 

with the value (13.83±0.35)X10 6 sec- 1 t>tedic:tied by the I~II= 1/2 rule from 

+ 7 data on K decays. 

(3) As an important but not independent check, we assume that ~S = ~Q 

and make a maximum-likelihood estimate of the magnitude of the mass dif

ference. We find 161=(0.41~~:!~)X1010sec-1. 

We conclude that our data are in good agreement with the ~S = :'~Q rule. 
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MAXIMUM- LIKELIHOOD ANALYSIS 

Although our data are consistent with the ~S = ~Q prediction, x = 0, we 

have also used the maximum-likelihood method to estimate the value of the 

parameter x in Eq. (3). For events in which the lepton charge is known, we 

use a likelihood contribution given by Eq. (3), normalized to the time int~rval 

in which the event was detectable. For ambiguous events we use the corrected 

distribution discussed above. 

First we estimate x independently for electrons and muons, using the 

events in which the lepton has been identified. Contours of equal likelihood in 

the x complex plane are shown in Figs. 2(a) and 2(b).We find 

+0.11 +0.13 
from 84 electrons: Re(x) =0.25_

0
.
14

, Irn(x) =0.05_ 0 .
10

; (5) 

+0.16 +0.24 
from 41 muons:' Re(x)=0.11_{~"-21' Irn(x)=...().15_0.2~' (6) 

where the errors refer to the location of the e- 0 . 5 :rMative likelihood con-

tour. Our result (6) is the first published measurement of x for a pure sample 

of muonic decays, 

Since results (5) and (6) are consistent with a common value of x for both 

types of leptons, we are able to use all our events to estimate this common 

value. The estimate based on all the events is 

Re(x) = 0.20 ±0.09, I~(x)= - 0.06 ±0.08. (7) 

This result is not very sensitive to our choice of 10 I. 8 

The associated likelihood contours are shown in Fig. 2(c). We see that 

the likelihood for x = 0 is e - 2 times the maximum likelihood. For two param

eters we expect this ratio to be about e -1, if the hypothesis x = 0 is correct. 

The result (7) may be compared with those of earlier experiments. 9, 10 

In the statistically most significant of these, Hill et al. 9 found from a max-

imum likelihood analysis of 335 events the result Re(x) = 0.17±0.10 and 

Im(x) =-0: 20 ± 0 .10. Our result is ingo0d agreement with this value. 
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The time distributions corresponding to the most likely value of x are 

indicated by broken curves ln Fig. 1. The X2 for this hypothesis is 25.7. with~ 

< X2>:::: 28. 

We make the same consistency checks for result (7) as we made above 

for 6.S = 6.Q. The corresponding results are: (1) predicted R = 1.48, 11 (2) 

n· 6 -1 I I +0.08) 10 -1 r(KL- lTXJv)=(11.2±0.9)X10 sec ,(3) 0 = (0.49,_0.09 X10 sec . 

The overall fit for result (7) is slightly better than that for the 6.S = 6.Q 

rule. However, this cannot be interpreted as evidence of violation of the rule, 

because the 6.S = 6.Q prediction already fits the data very well. 

We acknowledge the continuing support of Professor Luis W. Alvarez. 

We also wish to thank the 25-inch bubble chronber crew and our scanners and 

measurers for their help. 

FOOTNOTES AND REFERENCES 

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

1. A complete review of the phenomenology of neutral K leptonic decays is 

given bY,T. D. Lee and C. S~ Wu, Ann. Rev. Nucl. Sci. 16, 511 (1966). 

~. 
. -1 -10 -1 - 8 

We use the values ~ S = 0.87X 10 sec, AL = 5.31X 10 . sec, 

o = -0.552 X 10 10 sec -1~ from the compilation in Ref. 7. 

3. These assumptions are that the form,factors f and g_, defined 1n',Ref.1, do 
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5. We reject events with Pfit(3fit () < 2200 MeV/c deg, where Pfit and (3fit are 

(. 
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11. The ITleasured value of R is not used in the ITlaxiITlUITl-likelihood analysb~. 

FIGURE CAPTIONS 

Fig. 1. TiITle distributions of the 242 events. 2 Values of X for the 1).S = 1).Q 
t,· 

prediction (solid curves) and the best fit (broken curves), respectively, 

are: (a) 11.6, 10.7, (b) 6.1, 5.1, (c) 10.0, 9.9. 

Fig. 2. Contours of equal likelihood in the x plane. In eachplot, the solid 

circle ITlarks the likelihood peak and the contours indicate relative 

10k lih d - (1/2) n
2 

h 1 2 3 4 5 1 e 00 e , were n = , , , , • 

\. 
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