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IN LEPTONIC DECAYS OF NEUTRAL K MESONS
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A TEST OF THE AS = AQ RUIE IN
LEPTONIC DECAYS OF NEUTRAL K MESONS
| nyan Ronald WEbbei
Lawrence Radiation Laborafory
University of Californis

Berkeley, California

May 10, 1969

ABSTRACT
Tn 1.3 million hydrogen bﬁbble»chamber pictures, taken during an
exposure of the 25-inch Lawrénce Radiation Laboratory chamber to a

400 Mev/c K beam, we have found about 18 000 reactions of the type

K—p —aion followed by a visible decay of the neutral K meson. After

applying many selection criteria, we find 252 events in whichvthe-

o : o ‘ + F + ' F . + -
decay is leptonic or radiative: neutral K -»>x e.n, w p ¥, or @ ot ¥."
We have identified an electron in 81 of these events, and a muon in
38 of them. The remaining 133 events are treated as completely ambig-
uous between the leptonic and radiative decay hypotheses. - By studying

the time’distributions of the identified and the ambiguous -events, we

test3the AS = AQ selectioﬁ rule and also the Sachs model of CP violation,

.which predicﬁs a largevCPfyiolating AS = -AQ term in the leptonic

decay amplitudes. We define pafameters,.x for the electronic decay
distfibqtions and x' for the muonic, that are real if CP is conéerved

in the leptonic decéys and are zero if4AS_% ANQ. TFrom the identified _

L e oy 2 40,10 - +0.10
events, we find Re(x) = 0.50_0'12, Im(x) = O.O7f0!08'an

40.153 L 40.20
0.19_5 132 Im(x") =,‘0'12-0.17‘

with the hypothesis x=x', we‘maké-this;éssumption in order to para-

d Re(x') =

Since these results are consistent

metrize the distribution of ambiguous events in terms of x, and combine

5T gy Imx) =

the results for all 252 events, to obtain Re(x) = 0.25_J'5gr Im

~
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0.00iO.b8. vThe«rélatiVe likelihood of the value x=0 is e_5'2, so this
value lies about 2.5 standard deviations from the mqst likely value,
and to this extent our experiment iﬁdicates a violation of the AS = AQ
rqle. We find no significant imaginary pért of x, whiéh makes the 
Sachs mechaniSm of.CP violaﬁion appeaf unlikely, although this model
may not be ruled out with ceftainty, since it makesjpniy aﬁ order-of-
magnitudeprediction of Im(x). In order té correct the distribution of
the ambiéubué events for the,backgroupd of n+n-7 decays, we héve to
assume that_radiativé:decay occuré.only through inner bremsstrahlung

)

in the process KS ¥§n+nf. A study of 10 kinematically-unambiguous

n+&—7 decays gives experimental support to this aSsumption. As con-
sistency checks on our data, we measure the leptonic decay rate of the

Ki,-FIJ(zx and the absolute value of the KS—KL mass difference, |8|_;
. Assuming our most likely Value[of-x, we’find,I}j(l):'(ll.S +1.1) x 106

+0.09 0
-0.08

established values of these quantities.

=1 o - ' .
sec ” and |8 ] = (0.56 ) x 10%0 sec l,‘in good agreement with the

i

TN v gt e
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I. INTRODUCTION
In 1958, Feynman and Gell—Mannl.proposed an empirical.rule for
weak interactions which has Becomé known as the "AS = A" rule. They
considered a weak interaction Hamiltonian with a éurrent-current form:

- + +
H ook = Ju J " + q“ Ju, | : (1}

Iand'split the current up into non-strange hadronic, strange hadronic,’

and leptonic parts:
J =N +S +1L . | (2)
. M B M M
Then the rule is concerned only with the strange hadronic current

S, and states_thatvthe strangeness of this current is equal to ité

charge, which is equal to + 1. 'Thus the operators Su and Sﬁ can only

connect hadronic states whose strangeness and charge differ by the
same amount; that is, SH(S*H)'induces AS =AQ = + 1 (-1) transitions.
The rule was originally pfoposed to account for the observation

of the cascade decay -

= Y 'A.—)r'mo s ‘ (5)

instead of the direct transition

=T S,  v _ : ' ..'(4)

for if there existed a‘currenﬁ Sé?wifh S = =Q = —l; then the term
é;fsu wouldvinduCe the transitipn (k), for éxampleakvia a A inter-
mediate state: |

on” | sgi A> <A | 8, »I =40, .  (5’)

Studyvof thelhadron cﬁrrénts in non—leptonié processesvsuéhvas N
CH); howevér, ié complicated by our ignorance 6f.strong interaction
dynamics%6'This cémplicaﬁion is éreatl& reduced;in the lebtonié decays

afe S Lk énd' 
SRV

of stfange particles, where'the'releVant terms of Hweak

t g
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‘SLLH, since the leptonic current is very well understood. Thus good
quantitative tests of the AS = AQ rule did not become possible until
the acquisition of large numbers of strange particle leptonic decays.

Table I shows the status of the rule in these processes, prior to our

experiment.
Table I. Tests of the AS = AQ Rule.
Process ' ASﬂNQ v tgs,/gs|' : _ Current
Z+ -n ﬂ}v , -1 S V'and A
- : < 0.20 -
3 sntv +1
K& satnte Ty - : - | A
_; _ <.0.25 '
Kt f>ﬁ+ﬁ-é+v . o o ~ dominates
Kos x0T Sl . . o
- . ‘ .21 % 0.07 : :
K> saste o +1 ' ‘_ pure V

In this table; 4 represents a lepton (e or u) and gy and gS} are the

coupling constants of the AS = AQ current Su and the AS =-A Q current

SL respectively; One may separafé these currents into their vector

and axial vector parts, and the last column of the table shows which

part contributes:in each process. Since the relatidnship between the

vector and axial vector currents is not understoéd, a test applied to
o presently useful . o - '

one of them provides no/infqrmation about the other. The K£3 decays

- therefore provide the only test of the AS = AQ rule for a pure vector

27 '
current.

Since 1963, when the Cabibbe theory3 was introduced, the AS = AQ

rule has been a basic tenet of weak interaétioh theory. Cabibbo pro-

e



. racy.comparable tothat of any previous ihdividual experiment.

3=
posed.that_the-hadronic weak currents are the charged members of an

octet representation of the higher symmetry group SU(B).‘ Then the

strange currents transform under SU(3) like K+ and K mesons, and,

in particular, they have S=Q=%1.  Wé see from the Gell-Mann-Nishijima
formula _
Q=I5+%S, o _ (6)

where 15 is the third component of tﬁe’isospin, that a current with

S = -Q = %1, on the other hand, has 15 = ¥5/2, ‘and cannot be a member

of an octet. Thus a violation of the AS = AQ rule would be evidence

of currents belonging to other SU(3) multiplets. In view of this,

suggestions by previous experiments of a violation in the K§3 decays,

as indicated in Table I, are of great interest. Our ekperiment was

undertaken in order to shed more light on-the Validity of" the rule

in these decays.

We obtained Ko mesons by exposing the 25-inch Lawrence Radiatién
Laboratory hydrogenvbubble Chambex to a K beam with momenta‘in.the
rangé 310-430 MeV/c. 1In a total of 1.3 million ﬁicfures, we found

about 18 000 reactions of the type K-p —;Rglfollowed by a visible

a'decay of the neutral K meson. Most of these are nfﬂf decéys, but we

have found 252 events in which thé decayvis leptonic or radiative:
ST | o
neutral K->ne v, t ' u v, or v x ¥. In 119 of these events the decay

“7is definitely leptonic,‘and we regard the remaining 133 as completely.

ambiguous between the leptonic and radiative decayihypothéses. Using

these 252 events, we are abie to test thevAS = AQ rule with an accu-

° Cur
QR+O.OT'

results may be interpreted as giving a value of |g /g | of 0.55 .
y } O o 'LS /é)si ,_0‘09
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Although we do not regard this result a§ entifely conclusive evidence
of a violation of the rule, it does provide strong support for previous
indications of a violation. | | 4

A test of the AS = AQ rule in the 2 leptohic or K;h decays is
conceptually simple: the branching ratio of the forbidden decay mode
relétive to the allowed one proVidesva-measure of[gs'/ gsig. In the
KEB-decays the situation is quite different; because of the unique
properties of neutral K mésons. The experimentally observed neutral

K states do not have definite strangeness, but are approximately the

eigenstates of CP:

=
R
il
O

(1> +18) G
=1 (1> -1 E)

The K, decays predominantly into two piohs,‘and»has a short lifetime

S
(0.862 x 10710 sec), while the K, has mainly leptonic and three-pion

decay mddes,vand a much loﬁger lifetime (538 x io-laéiecwe”see as fol-
lowé that thé AS = AQ rﬁle operates not to’forbi@ deftain dedays of
fhese ététes, but rather to predict the time distributions of the
' ieptonié decays. | | |
Consider a neutral K state which is a pure X° at proper time

t. = 0. After a few times'lé_lo seconds;.the K., half of the state has

. S
decayed away, leaving the K half, which is .itself one half K . Thus
 the X intensity in the state falls from 100 O/O to 25 °/o as shown in
Fig. l._ Similarly, the K intensity rises from zero to 25 O/o in a few
times 10_10 secoqgs, as shown in Fig. 2. Now the AS = AQ rule states

. » O(K) ¢ £+V + __._b _ .
that only the K~ part of the state can decay intofn £ 3. Consequ- |

ently, Figs. 1 and 2 also show the predictéd shapes and relative
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normalization of the negative and positive leptonic decay time

distributions, respectively.

INTENSITY OF K°

INTENSITY OF KO

. "1e . . ‘ o . . 4 . . . . 4. —-;O
. Tipgs. l'and 2. Evolution of a state that is initially a K .

TIME (10-* SEC)

.8 -
6| .
t ]
.4 -
l2— P
. - L . ) ,1 ) !
0 2 4 6 .8 10
- TIME (10-% SEC)
1.0 y T T T . r v: ] . 'l I
- ' ‘ -
LaF -
N _
.6"' —
4 =
4 6 B 10
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If the AS = AQ rule is violated, the time distributions will be

different from those shown in Figs. 1 and 2. 1In Section IT we dis-

. cuss the distributions quantitatively, and show'that'they can be

“

described in terms of . two complex'parameters, x for the electronic
and x;’fdr the muonic decays;‘which represent aversge values-of~the
coupling ratiO'gs,/gS.. The iule thereforé prédicts:that'X'aﬁd“x'bare
zero. . |
Sinéevthe.time:distribqtioné'are_sensitive'to the relative phase
of thevAS/AQ = 41 and -1 couplings, we can also test a model of CP
violation proposed by Sachs.6 vIn'thié model, which_is discussed in
detail in Appendix A, the observed CP;vioiéting decayé K

+ -
-7 nt and
L - o

KL _)ﬂoﬂo take place owing to a grOSsrviOlation of CP iﬁ the lepfonic

neutral K decays. We show in Section IT that this would mean that x

and x' have significant imaginary parts. - We see no evidence of such

iﬁaginary parts in our éxperiment, so our results do not support the
Sachs model. However, we are not able to rule out this model with

certainty, becausé-it’mékesfonly order-omeagnitude’predictioné of

‘Iﬁ(x) aﬁd_Im(x').
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'II. THEORY .

A. General Form of the Time Distributions

In this secfion’we derive the lebtbnic decay time distributions;
without any special assumptions ébout'the,decay amplitudes.7 later,
we‘shall have‘to maké such assumptions, in order to reduce the number
of parémetefs uéed to fit the distributions;

) A‘ﬁeutral K meson propagating in{liquid hydrbgen behaves as a .
linear superposition of two states’with well-defined massés énd
lifetimes, which we call Ky and kﬁ., ihe K meson state at a'PrOpéf
. timé t after production'is thefefore given by |
X(£)> = P e [-(3 hgring)t] K> + @ exp[- (A +im; )] 1K)

L= Pe(t) | K> + QeL(ﬁ)lKL>,v - ' ' - (8)

where xfi and x_i-are the lifetimGSjof.KS and K and-ms‘and'mL are
their masses (in units such that. B =c$l)8.} The constants P and Q
are'détermined by initial’conditigns.
' With_éufficient:accuraCy‘fof this experimenﬁ,,thg states KS and
Ki are éimply the eiggnstatés of CP: ‘ ) » |
Ik =AU + ), (9)
%, > IAVE (> - {E°>‘){ L |

CP violation and regeneration in liquid hydrogen give ﬁegligible

corrections to Ea. (9).
If.a Kstate is,brodﬁced at t=0, we have
K> 1T - Ak (1x - %), (10)
so P =12 ,Q-= -Lé/é,'gnd | } ,
) = (AR)eg(0) kD> ~(1AR)e ()l >
| e8] (€Y HB) - 1 ey (1K-1RY). (1)

i

=
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Let a and a be the amplitudes for Kp and fp decay'into a par-
ticular leptonic charge, spiﬁ; and momentum cbnfiguration. Tﬁen the
amplitude for decay.at time t into.thaf configuration is, from Eq.
(1), |
M(t) = eg(t) (a4d) - Ze (t) (a-B), NG
énd the observed aifferential rate of fhis.decay_is ‘.
ar (t) =IM(e)1%edp = & leg(t) (s42) - o (6)(a-)| a0 (13)
where dp is the phasé-space element and ¢ is the détecfion effici-
ericy as a fuﬁction of the final-state configuratibn. 'Thﬁs. |
ar(t) = %[Ies(t)l Elaélz + e, (t‘)lgla'-a?_l2
L - 2rebeg() e f(t) (a4d) (a%-a) ledo. ()
Thé observed rate of decay'into;a giveﬁ charge sfate,»summed
over final-state spiﬁs (o) and momenﬁa, is therefore |
: r(t) - &,[exp_(-xst)fgxaﬁﬁdp' + e}Cp('-'}\Lf)jOZ_Ia-EFedp (15)
. - 2 Re {es(t) é*L(t)jﬁg(a¥§)(a*-E*)edp}].‘

. Now :_ o es(t) e*L(t)'= expffé(k.s+ xL)t}(cos'StQishﬁt), (16)

where &

mgm, , SO the-time-depéndentvratg takes the form

e

r(t) =
whefe
= ] -2 - ‘
A = %fg_la+a€e dp, B =if§_la-al e dp, - (17)
C = _%}[g (lal "-{al " )edp, D = ilé Im{a a )edp.
To distinguish the four leptonic de¢ay modes, we add subscripts
in Eq. (17),'répresehting the appropriate lepton:
I“e.g(t) = Aefe@(-}\s’c\)mﬁe‘xp(- th)+ (ce+ cos 8t + D_y sin 5t )
exp{-?g(-)\s+ xL)t}, o : - (18)
o - 2 . e L
where Ae+ :%jé,ae+ +ae+, ‘¢+ dpe+, etc., and similarly for Ié_, ru+,

énd.I‘-‘.
o

exp (-X.St)+Bexp (-kLt)¥(C cos 8t +D sin&t) ekp{-%(XS+Xi)t},




K

.
b

-0-

“ B. CPT Invariance.

In the absence of assumptions about the decay amplitudes, the

16 real parameters Agts A - AH+’ A

s B¥yeedeee, D - are required
e » By Py q’ :

o)

to describe completely the time-dependent léptonic decay»raﬁes. How-
éver,'we shali assume that the decay proceéses-are CPT-ihvérianﬁ.
Then we see és follows that only eight of these parameters are
independent. |

Consider, for example, the amplitude aé_;'for Ko %)ﬂ+e- v.
Under CP transformation, the pchess KP +>ﬁ+e- v becomes i? —;n_e+v ;
for which the amplitude is_§é+. Thus
v cp : | o
a__>a+ | - R (19)

o : : -0 -+ - + o
Now under time-reversal, T, the process K- - xn e ¥ becomes n e v - K ..

Since there are no strong final-state interactions, the Watson

"theoremg tells us that, to order o, the_amplitude'for n-é+u —>i?

% .
is ae+.v Thus, with sufficient accuracy,
2 - _ | .
‘ Bt 7 Bt ; .(20)
. and, altogether, '
v ‘ » CPT —'* o . L ’
.ae_ - _ae+ - . ' (21)

Hence CPT invariance implies

8- = ‘ae+ » _ , (22)
and similary
—_ * ._.-x- ' - * )
Bam = Bghs 8- =8 4, and a,m =8 o (23)

Now, in Eq. (;@),Ithe phase-space is independent of the charge

configuration, so

~dp . =dp . (o
wh 7 P T %Ry (@)

| dpe+ :‘dpe_b;;dpe apd dp
Furtharmbre, in our experiment, the detection efficiency 1is
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independent of the lepton charge, so
ee+—_— ge- = ee and €H+;EU_ =€vu-' : - (25) -
Combining Eq. (17) with Egs. (22) to (25), we see ' '

A-=A+ -, B-=3B+,
e e ' . e ) e
Cem ==Ce* o2 P =D (26)
A - = A+ B - =B 4
[T 7 T T
0 - = .= + . ) D - =D +.
oo T TN

“C. Curreﬁt-current'Interaétion.

. We shall considé? the leptonic neutral K deéays within the
conventional framework of weak interaétion theory; i.e. as current-
Current_interactions'with a universal lepton current

Ly =2 ¥ 1+ 7: . 27
Then if jh is the hadron<current,»the relevant amplitudes are
agt =KL vy = 3

wd — B R

il

— Y e -0 + ‘ *
a,t = LOIKXe v Lio= a,-

Since the oniy four-vectors associated with the hadrons are
x 2 the most general matrix elements of
- o N 2y, o
Iy are {x (I > = -f-jrgq ) (K)\-hr)\ )+ £ (g )(K)\-n)\ ); f+p%+ £a,
S | (29)

-"their momenta, va'and s

g

Sand . <n-l JXIK D= 2,0, + g9, ,
2

o o o _ \ o .
where q = E(va-+ m_ ) -p~  is the only scalar variable, and the

form factors f+, f_; g, and‘g_ are in genéral complex functions of

2
q .

Next we introduce the form-factor ratidsf_

x(@%) =g /g @) - a /gl -t/ (30)
. L + . i :
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80 thaf
) GRS = £,(0°) (py +Ea, )
’ . : ' and o
. LI - 1@ Gy ey oy

Experiments on KL lepAtr.onic decay._s.lo have revealed ho signifiéant
| v qg‘-—depende_nce of the -quantity of (¢ +y)/(1+x); which suggests that
X, y, and £ are.appro.ximately constant in the. region »of p}hyéical
q-2. Theqretical consigﬁlerationsll suppoz;t this suggesti"on; 50 we
take x,y,-and- £ to be constants.
Furthermore‘, we neglect thé'.possibiiity of fortuitous cénce.llations
and take the observation that I( §+y)/(l+x)|< 1 to indicate that
&t 5, Iyl X 1. Then the terms 1nvolv1ng q)‘ are not dom1nant, and
‘indeed we show as follows that they make only a small contrlbutlon.

We have q)\< E;lLﬂ.O} = qx_ae 7»)\(1-'-75) u,

=Y % ay (#g) uy s - (32)
Wher_é u, and u,, are free Dirac spinors. 'But ' |
- L N W W U W o (57)
where ﬂ)\ and v)‘ are the lepton and neutrino four-momenta, so,

applying the Dirac equations, -

. o o Yy A=, EC and 7xvxuv=0, _ ' - (34) )
- we see thét | _ o |
i o I S » : . :
ay 4/ v{l. L)\‘ 0Y= mgut.(l+75)uv . o (35)
FE ' " Thus the terms involifing q, represent induced scalar : (and

. pseudoscalar) couplings, which are suppressed by »the factor g
In the vector cquplingT i.e. ‘the terms involving Py ,on thev other

hand, the corresponding factor is~mK. » W«_a therefore neglect "che‘sca-
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lar couplings in the electronic decays (me/mK: 0.1 O/O), and con-
sider them only to first order in the muonic modes (mu/mK: 20 O/o).

Very great simplifications may now be madérin the parameter-

ization of the decay time distributions. In the electronic decays, A “
we write .
+
B N A RN I 08
so that a_+ :-f+(q ) V. §e+ = X f;(q ) Ve,: X 8ty (37)
and Bq. (17) gives
A+ = A - - T 1 +xl5, B = B . 11 -x|? "(58)
e e e ? e e” T e >y
Ct ==C -_:;zie (141xl2), D+ = De_és -k Ieﬂrﬂx),
where _ S
: ./ilf l V ge Po- _ (39)
In the muonic decays, we write
ph(u VQLMO) \Y amiqx(u v[LﬂO) s (ko)
so.. A= (q ) (v, +gs ) o (b1)
and - a4+ =f.(q°) +y 8 ).
T aF +(q ) (ng y 8,) -
Then, for example,_ ' ‘ C (42)
= - 2
e +‘a+| SNEN [v |1+x|2+2vs1aeg(1+x* )(g+y)§]
to first order in S % 5o that
- * v ' |
A+:Iu[ll+x| +2Krefsx’) (e+ |, () .

I :%jélflaﬁ'e

and " K = l /é £12v s ¢ dp /T .
T * I7,} T tyT! pu/ K o
For reasonable forms of . € K~S /V «vO.E,‘so we write Eq. (43) as
. A S
wt o

-to first order in K., Similarly,

| (1+Kg) + (x+ X y)l : _. ()
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_B#,, - [h-xl + 2K R { (1-x¥) (g-y)}]
=IH|(1+K§)‘(X+KY)| .
Cp = -2Iu[1+_2 KRe(g) - l:_c! -2 X Re (x*y)] (45)

2 ' 2
=—21u(ll+ Ke™ - |x + kyl7),
o
and D + = -_LLI“ Im.(x+Ky+K_§x)

= -MIM Im[(l +.K§v)* (x + Ky)

. We conclude that, to first order in the scalar couplings, we

may write

t 2' ' . '
— - =T = - -
At=A ‘Iu[v1+x| s }3L'L+2 B, = l1 x| % (46)‘
| C+ = -C- = -2I' (1-1x \ 9), D+ - Du‘ = - 1+I Im(x )
where »
I, =Ll KZI2 o :
_ 1 \ o '
| =% fglg\ vp[y; 28 Re (&) ‘udpu’ - B (%7)
and ' : o o
x'= (x + Ky)/(1+ K¢), ' - (L8)
so xex4K(y-£x. (k)

Thus the parameterizatidns for the electronic and muonic decays
are formally the same, but we cannot a priori take x and x' to
be equal.

D. The AS = AQ Rule.

Our main object in thisAexperiment was}to test the selection
rule AS = AQ for the strangeness-changing hadron current Jk . The

status of this rule was discussed in the Introduction. When»appliéd

to the neutral K_leptOnic decays, it'requires the following matrix

elements to vanish: (x| J)\l T{O)‘(As ==AQ = + 1) and &t J)@KO)(AS ==/AQ
= -1). Since we have assumed CPT.invariance, these two are simply

related by complex conjugation, and in Eq. (30) we must set
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g, = 6. % 0, (50)
so x = y=0 | - (51)
and x = x'=0. ' . . ‘ ) ' (52)
Then Aps=Bgy- F2Cpus Dpye =0, | . - (53)
and the decay time distributions take the simple form (54)

I‘Zi(t) =1 exp( Agt) + exp ( A E) F 2cos 8t exp_{ 2()\3 XL)t}]
Where'Izle for electronic and I=I’“'for muonic decays.

E. CP Invariance.

Aé we.ﬁentidned'in the Ihtréduétion, a'theqry proposed'by
Sachs, discﬁssed in detéil in Appendix A, suppoées that the CP-
violating deéayleL %&n*ﬁ_vana Ki = 1%° take plaée owiné_to é '
gross violationvof‘CP in the leptonic ﬁeutral K decays. An.impor_
tant» part éf_our experimeht is therefore.a test Qf CP conservation

 iﬁ these decay modes.

éince we_have assumed CPTvinVariénce, the operators C? and
T are equivalent. We saﬁ in Section IIB thaf; to ofder a, the
deéay émplitudeé are coﬁplex-coﬁjugated undei:timé reversai; In

the current-current formulation of the decay intéraction,vthis means

: N *
that  f = £, f =t ,
v . * R _
g, =8, and g_ = 8__ : : - . (55)
in Eq. (30). Thus
"X =X, y=Y ng » ) (56)
~and
CP invariance impliesthat x and x' are real. 67

Since the AS = AQ rule implies that x and x' vanish, CP

~ violation can only be observed in the leptonic decay time distri-
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butions if this rule is also violated. Howevér, if the AS = AQ
rule'is valid, the Sachs mechanism cannot operate, soithis limita-

tion does not affect our test of the gSachs model of Ki = 2.

F.  Summary.

We have seen that the time distributions of the'néutraI K leptonic

decays have the general form.

+( t - + - . + - . 4+ . + .
Fﬁ_(t) = Az_vexp( )St) + B, exp( th) + (Cz_ co;&t + D,* sin 5t)
. 1 ‘ .
exp i-?( As+xL?t},QC: e or‘p) R S | (17)
involving sixteen real parameters A +, A - Y -
& \ P ' e’ e, 'ﬂ")l?H"

By assuming a CPT-invariant, universal current-current .decay interaction

_With constant form faqtof ratios, we have expressed these in terms of

1

M
Egs. (38) and (L6). The electronic parameter x is the ratio of the

, and two complex, x and x', as shown in

vector interaction form factors for the AS/AQ= -1 and + 1 amplitudes.
The‘corresponding muonic paramEted x','iS'expreséed1in.terms of the form
factor ratios as | | »

| x' =x+K (y - f)() _  ' o ‘ | (49)

where K~0.2; the second term represents the first-order contribution

“of the induced scalar interaction.

Finally, we have seen that the AS = AQrule predicts-x and x' to

be Zero; while CP invariance predicts oniy that they should be real.
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III. EXPERIMENTAL PROCEDURES
A. The Beam

The K beam for our experiment was designed and built‘by Dr. Joseph
J. Murray and Mr. Roger O.'Bangerter, and i£ was operaﬁed in conjunction
with the 25-inch hydrogen bubble chamber at thé Bevatrén at various
times during the period August 1965 to July 1967: ~ Since the beam has
been fully described elséwhere,12 we give here'Onl& a brief summary of
the rélevant features.

Although the K momentum of about hQO MeV/c was chbsen for reasons
irrelevanf to‘the study of neutral X meson decays (namelj; for the
copious production of polarized 2 hyperons), such a low begm momentum
is almost essential to our exferiment, since it leads to the production
ofvip mesons of well-determined, low momenta,  In the lepﬁonic.decays
of these mesons, the deéay time is well-determined,'the resolution of
two- and three~-body deéay hypqtheses is goéd, and mény.of the leptons,
‘including somé muons, have momenta'which are low enough to permifvtheir
idéﬁtificatiohAby ionization. | |

Two major difficulties havé to be overcome in the désign of a low-
momentum K beam: the hiéh backgroﬁnd_to K ratio at the target (about'
l:OOO:l) and the decay loss of X in the beém (about lO;O/b per foot at
Loo Mev/c). The.éhdrtest poésible 5eam Length is ébout 46 feet, which
would iead to a backgrourid to K~ ratio of about 50 000:1 atvthe"b.ubb_le
cﬁamber in an unseparatéd beam. Two-stége conventional separation might
reduce this ratio to 10:1, which would still be unsaﬁisfactoryh By'using
a new electfostatic septum filter, developed for tﬁis experiment, we

obtained a background to X ratio at the bubble chamber of about 1:3.
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~a O-prong and a V.
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The filter operates by.passing the beam between stééks of closely-
spaced higﬁ-voltage eléctfodes, which deflect background particles
intd uranium bars loc?ted befweeﬁ the staékéf it has a Kf,tfansmission,
of 25 o/o, and aéhieves é rejéction of thé ordef of iosvin leés than
T feet. | |

3 “ Typically, our bubble'éhambér‘picturés contained aboﬁt 6 K énd
‘2 Eackground tracks. . Thé baékground consisted of pions; muons,‘and E .
some eié;trons. .Since,thé background tracks had practically.minimum :

ionization, théy were easy .to distinguish from the K tracks, which -

"~ had 2.6 times minimum ionization.

By movement of our target, and by the use of a beryllium beam

' degrader, we were able to obtain data in the K momentum range 310-
“430 MeV/c. However, T5 0/6-6f-the data Were taken in the range 370-

410 MeV/e.

B.. - Scanning and Selection of Candidates.

The appearance of a leptonic neutral K decay-in'our phdtographs

. is shown by the solid lineS'in'Fig. 3: the event is characterized by
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The pictures were therefore scanned for V's. If both a V.and a O-prong
were found, the enent was measured on a Spiral Reader or Franckenstein
automatic measuring machine, and.we used the kinematics fitting program
STOUX to‘attembt four—constraint'(hb) fiis to ¥ and A production and
two-body decay. ITf the confidence'level‘for fhe X°fit was less than
5xlOJ‘L and the V was not identified as a A decay during scanning, fits
to all three- body K decay hypotheses were tried If the confidence
level for any of these was gleater than 0.02, the event was called a
three-body K_ decay candidate and was.remeasured on a Franckenstein
measuring machine.
'Pictures in which the scanner_reccrded a V but novO-prOng,‘and
did not definitely identify the V as a A decay by ionization or sccpping
of the positive'track,_were'carefully rescanned for O-prongs and meas-
ured if one-ﬁas:fonnd.‘ |
In about 9 o/o of‘our pictufes,.there was a V and two or-mcre 0-
prongs, none of which was clearly associated with another event. Afﬁer '
measuring a sample of these,‘we.found that in 43 9/o'of them ne could
obtain more than one E? production and three-body decay fit, in which
the same V was associated with different O-prongs.. Since the resolution
of such ambiguities is likely to depend on the distance of the V from
_the various O-prongs, this could give rise to a bias 1n the decay time
distributions. We avoided this possibility by regecting from our set
of candidates ali those in pictures containing extra O-prongs not’clearly
associated wifh other events. in this nay we obtained those K°'s which
were,asscciated With.a unique prodnction vertex,’but fit only the 1C KO

production and-three-body decay hypotheses.
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C. QGeometrical Cuts.

Forvneutral K decays at very short.fimes after production, the
vertex of the V is close to the_O-prong, and the event may be missed
- because it appears:to the'scgnner'to be a 2-pfong. At long fiﬁeé, the
neutral K'approaches thé'edge of'the-visible region'éf the bubble cham-
ber, and the V'may not be seen; ‘The time diétributions of observed
decayé are‘theréfore expécted té’féll off at.both &ery short and 1Qng
‘ times,.owing t§ our reduced efficiency for detecting decays at these
Aﬁimes. | | | | | R |

- In order to avoid the uncertainties:associatéd with anvestimation
of this time-dependent detection efficiency, we.héfevqsed'only-thOQe
decays occurring in a‘time'intefval in which we ére confident that:the
_ detection efficiency.is iﬁdependent of time. This ipterval is, in;'

general, different for each event, since it depends on thevproductioh"

angles and momehta;, Consider;»for example, the event in Fig. 3. For a.

Epiproduced\at this angle, the probability that'an‘event”will be ﬁis}
identified as'a.2-proﬁg félls,to zéro for decay beyond a éoint A,'corres-
pOnéing to a t;me bf'flight tmin' Similarly, for a'negtral,K.trévelliﬁg
inbtﬁis difectién, there 1is nd chance that‘thé.event ﬁill be lost owing
fd the finite size bf‘the chamber ‘until' a point;B is reached, at time

' tﬁax.v Thus:the detection efficiency.isvtime-independeqf-in the,ihter-
‘val from»tmin to tma%'. Happily,_the decay did in faét occur.in this -
intérval, so this eveﬁt wogld be>rétainedvas.avcandidate. if,the decay
occurred‘before point A or after point B, the event would be rejected;

. We shall discuss later how the values of t . and t for the events
, ~ min ° max

retained are used in fitting the time distributions.’
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We calculated tmin for each event as follows: the point A is

that point on the neutral K track whose proiéction onto the x-y plane

lies on a rectanglé enclosing the O—prong, as shown in Fig. 3. 1In the
25—iﬁch bubble chamber coordinate system, the z-axis points towards the
cameras, so the x-y projecfiqn represents a rough average of the three

camera views. We found the correct dimensions for the rectangle by

o
- noting that the two-body neutral K decays, KS -1t , are subject to

the same loss of scanning efficienéy at short decay times. We there-
fore took a sample of 5000 two-body decays and assigned a &alue of tmin
to each one according to the above prescription, for various sizes of

the rectangle. "Those with a decay time less than‘tmin were rejected,

S min

and those remaining were given a weight exp( A t ). As the dimensions

of the rectangle were increaged, the sum of the weights of the remain-

ing.events Increased, indicating the loss of short-time decays, and

then became constant for values at which the events outside the rectan-

glé-had.the correct exponential decay time distribution. 1In this_way,
we found that a.réctangle extending 3.5mm ahead of the O¥prong,_2;5mm
behind it, and 1.75m to each side :gave values of ¢ .. at which the
detection efficiency was indéed independeqt of ﬁime, ahd.thése were
the dimensions we us;d to calculate #miﬁ for the leptonic decaYs.b

If the decay vertex is c10se,tb the edge of the visible reéion
of the bubble chamber, there are three distinct ways in which thé
probability of aetection may be reduced. First, the scanner may notv
noficé thé.V. This loss mechanism should be significant only at dis-

tances of less than about 3 cm from the edge of the visible region.

Second, the lepton track in a leptonic decay may be so short that it

is difficult to determine its ionization. This mechanism may be
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regarded as decreasing the detection efficiency for events in which the
lepton is identified by ionization, and correspondingly increaéing thé
efficiency for events in which the lepton is unidentified. This effect
is discussed further in Section IIT E; .it suffices to state’hefe that
~we do not believe this‘to”be £h§dominént'lbss mechanism at large decay
times. The fhird mechanism, which we regard as dominant in the sense
that it detefmines the Value of t@ax for each eﬁent,'involves a loss
of moméntum resolution for‘shortvdecay tracks.l_5 As will be discussed
in fhe next section, we use several kinematic cuts to eliminate Kq f>n+ﬁf
decays from our sample of leptonic decay candidates. The pfdbability
that a trqu leptonic decay will be“rejected by'these cuts depends_pn
vthe various track moménfa and angles in the evéﬁt, énd on the>associated
erfors'in these quéntities. Some of these errors may depénd iﬁdirectly
on ﬁhe'decay tiﬁe-qf the‘neﬁtral K, so.the cuté_may’lead to biases in
the decay time distributions 6f the events that are not rejected.

The dominant errors in.our experiment are moﬁentﬁm errors due to
- multiple Coulomb'scatteringfg Setting efroré on tracks .and vertiCeé,
. during méasurement are typically_Svmicrqné dn the'film,'whefeaé expected
Coulomb péint scétters are in the range 5 to 30 microns. Eﬁen for the
shortest neutrai K's, wi?Ebdeéay time't~¢min’ the production anglé is so
well determined that the/momentﬁm erfor is aominated by the uncertainty
in the X  momentum. This uncertainfy is not correlated with the decay
" time of the neutral K, so we do not‘expéct the neutral K momentum érror
to be a source of timé—depéndgnt bias; The momentum error for a decay

track, on the other hand, depenﬁs on the length, on the film, of the

~measured track segment in the three camera views. Of necessity, this

San
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length is smaller for decayvvertices pear:the edge of the visible region,
so the momentum error is cprfespondingly lafger. Fbr.decay vertices.

- well inside the visible region, the decay track momentum errors are
smali,tandvthe neutral K momentum error dominates: this is not expected
to prdduce a time-dependent blas. As we approach the.iimits of the
visiblé region, however,‘the decay track moﬁentum errors become domi--
nant, and there is avpéssibility of bias.

| - We may even make aICTude estimate of the cross-over point, where
the neutral K and decay track,errdrs are comparable. When the errors
are'mainly_due to multiple Coulomb scattering, the momentum error for

a traék of length @ﬂg%d dip angle ).ié approximately gJ‘.ven_by’]_"LL

—— o
~

P BBNE cos A

whefecp:is the velocity of the particle and B is the magnetic field
in kilogauss. Other quantities, such as the radiation length, have been

absorbed in the numerical factor of order unity. Thus

dp = E__ (59)
cB NZ cosA R
where E is the total energy of the particle. According to the

argument given above, the error in the neutral K momentum is

C E__ ' :
cB vq;i;; v ‘ -
the error in the X momentum,'whilé the mdﬁehtum error fbr a decay

track is.

®py = __.- B3 ~ N2E . (61)
cB '\@d <cos7\d> cB '\/Ed A

At the cross~-over point,'we have BPK_ﬁfSPd, which givés
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£y~ 2 < ! ) L _ - (62)
: \ Ep- .

Taking E - = 640 Mev, and typical values of E;~ 200 Mev and ZK§925 cm,
we obtain

£

fg~Sem L (8)

We may conclude from this very'approximaté calculation that there
" is a possibility of bias for decays at distances less fhan or of the
order of 5.cﬁ from the edge of fhe visible region; |

The afgument giﬁénrabove is not sufficiently precise to form a
reliable 5asis for .a cutf' ‘fo make a mére preéise-calcuiatipn of the
region in which_this loss mechaniém is significaht; we havé ﬁsed'a

Monte Carlo simulation of our experiment. Fortunately, we find that

this region does in fact extend only 5 cm from the edge of the visible -

rggion of the chamber.

For all thé computer simulationbin our experiment, we have used
_ the new Lawrence Radiation Laboratory prégram-PHONY.15 This.program ‘
reduces Monte Carlo evehts to sets of’cdordinate points,'simulating-
the butput ermva measuring mgchine. The correct Coulomb scattering
and measurement error distribufions are‘used to'cémpute fof each point
a displacement from an unscattergd.particle trajeétory}. This featuré
allowed us to study precisely the loss ofvieptoniC'décays through‘thel
mechanism discussed above. |

We‘generated 3616 simulated leptonic decays, with K-.and EP disﬁri-

S

setting where we took most of our data. For the decay distributions,'

. ] . s - | .
butions deduced from the real K, - n 1 events at the beam momentum

i
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we used the standard current—current'interactién ﬁatrix element des-
cribed in Section II C. We assumed AS = AQ, setting x=y=0 (see Section
I7 D);'and also set ¢ = 0 in generating the distribution of muonic
decays. However,'we generated muonic and electroniC decays in the ratio

of the published K. - wuv and wev branching ratios.

L

We studied the fracﬁion of simulated leptonic decays rejected
by our kinematic“cuts-as a function of the smaller of the projected
lengths of the two decay tracks, the plahe of projection.being the x-y
plane defined on p. 21. As expected, the rejected fraction approaches
100 O/o for small projected lengths, but at about 5 cm it becomes stable
at 23 d/o andvshows no significant variation in the range é—EO cm.

By meapns of a cut on the dip angles of the decay tracks and.an
appropriate choice of the decay fiducial Volume,'we have ensured that
thevprojected length of a decay track is neverAlimited to less than-6_
cm by tﬁe boundaries of the Qisible_region of the chamber. We reject
events in which>either decay track has a'dip angle greater‘than-55 deg
or less than -55 deg. The boundaries of the fiducial vélume arée at
least‘6 em from the limits of the visible region, and those boundaries
that‘are parallel to the x-y planéé :that.is,,pérallel to the glass
windows at the top and bottom of the chambef, are 8.5 cm from the cham-
ber windows, correspoﬁding to -a projected distance of 8.5 cot (55 deg) =
6 cm. The point B in Fig. 3, where the neutral K time of flight would

be t 5, i1s the point at which the extended neutral K line of flight

max
ledves: this fiducial volume. With.tMax defined in this way, a'decay

during the time interval from t . to t always has a projected length
min max , :

of more than O «n available for both of the decay tracks, and the
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probability of loss is therefore independent of time. ‘Of course, a
decay track that stops, decays or interacts inside the chambef may have
an actual projected length of less than 6 cm, but, for our choice of
tmax’ the probability of this is independent of,time and does‘not give
rise to a bias.

In addition‘to the minimum length, dip'angle and’fiducial volume
cﬁts discussed above, we made one fﬁrthér géometriéal;gué, which should
be mentioned before we'go on tp the kinemétic cuts. We rejectea events
in which the opening angle bf the V was less than 2 deg or greater than

.170 deg. At the smaller angles, this cut femoved a largevnﬁmber of
conversion electron pairs. At lérge.angles, it_eliminated most of the
"events" in which the V was in fact the decay.or small-angle scattering

of an incoming charged particle, and the:O—préng just happened to occur
in the same picturé and to be unassociatea with;a genuine decay V. We
also ha?e kinematic cuts to rémove.eventS'which,.after visual examination,
could be this type of background, but the simple opening angle"Critérion

greatly reduced the number.of spurious events we had to lbok‘at.

D. Elimination of Background.

In Table II we have liSted fhe processeé, other than leptonic
neutral:Kbdecay, which may héve ﬁhe appearance of a O-prong and a V,
and which theréfore constitute possible sourCes of background in our
expérimént. Also‘listed are estimates, sometimes &ery approximate; of
the ﬁumber of events of each type occurring inside our decay fiducial
volume. We show all processes for which one or more events are expected.

Very large numbers of potential background events were eliminatea

by the preliminary selection criteria and geometrical cuts discussed in
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Sections II B andFC, for reasons that should be éleér from that dis-
cussion. Nevertheless, at this stage of the analysis we had 758 lep-
tonic decay candidates, of which less than one half were expected to
o+ -
s

decays which for some réason failed the k¢ ¥° production and two-bbdy

be true leptonic decays. Most of the other events were K

decay fit. A number of circumstances may lead to the failure of this
fit. First, a decay pion may decay or Coulomb scatter in flight, and

the measurer may not observe the kink in the track at the point where

‘this occurred, and may measure the track beyond this point. This gives

an incorrect determination of the track angleé'and momentum, which may

‘cause the event to fail. Secdnd, one or more photons of significant

momentum may be'emitted during the decay. We estimate that a photon

momentum in the decay centre-of-mass frame, k, of more than L MeV/c

~ may spoil the two-body decay.fit. Third, even if the decay is not

radiative and the decay tracks have no kinks, the % production process

may be radiative or the K may scatter before interacting. In the

| table, we refer to both of these sifuations'as abnormal X production.

Finally, the neutral K may scatter in flight.

We removed nearly all of this background due to:KS —;n*ﬁ_ by

means of the following three cuts. We discuss later, on p..32, the

effects of our cuts on leptonic decays.

(a) We made 1C fits to X production and two;pion decay, - in which
first one and then the Other pionywas considerea uhmeasured. Clearly,
an oﬁherﬁiéé good two-body decay with bne bad pion track should give a
good_fit whén the béd track is not used. Furthermore, in such a fit

the initial momentum and direction of the "unmeasured" pion are recon-

__stfuéted'by momentum conservation from the other tracks, and; if the
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Table II. Possible Sources of Background

Nb is the approximate number of events 'expec'ted inside our .fiducial

volume. Na is the number expected to remain after our selectioﬁ

procedures for leptonic decays.

Type of event _i\lx_lg_ N'a
(1) KD - Kn; K st : 20000 0
(1) with: = Coulomb scattering X1 deg. 500 | 0.5
1 decaying at <5 deg. | 9 0
both = Coulomb écatfering. o 6 0
one x scattering, one n. decaying 1 0
K© scattering 80 - 0
(2) Abnormal X° production; KS. N ' 300 | O._
(2) with: F Céuldmb scattering = o 2 8 0
X _decaying R | 0
(3) jK_p - n; Kq = n+n;_7 (k.x>v?+’ MeV/c') - 400 31.4
(3) with: x Coulomb ééattéring S 0 0
n decaying o o : 2 . 0
(h) Abnormal K° production; Kg - xtnTy | 6 1
(5) XKp- n; Kq = 7 yy (both kSAMeV/c) 3 0.5
(6) Kp— Xn; KL - n+1>tv_:10. | 50. : O .
(7) Kpo- O;pfong; ¥ 5 e+e; | , | 1 600 | 0
7 sy et 700 0
A - opr” - 75 000 0
wall KL decay | . 20 0.5
V not a neﬁtral aecay ' -5 000 0

other A decay modes 800 0
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bad track had a small decay or scattering kink, it should still lie
close‘to this reconstructed direction. We show in Abpendix B that the
appropriate criterion of "cloeeneSs' is the quantity F = Pfit Bfit 0o,
where pf £ is the yeconstructed momentum, ch £ is the correspondlng
velocity, and A is the'space engle between the meaeured and recon-
structed inifial directions of the ﬁrack.l6 It ie also ehown in
Appendix B tﬁat 511 except 0.5 of the Coulomb scatterings, and all
of the decays, on the pion tracks should glve values of F less than 2200
(MeV/c) deg. We therefore regected all events giving a fit of this
kind with confidence level greater than l.5xlO-5 and F less than 2200'
(MeV/c) deg.

(b) To remove most of the radiative decays, we made a 1C fit

to ?P production and n+n-7 decay. Unfortunately, muonic decay events

have a tendency to fit this hypothesis, because of the similarity of

~the pion and muon masses, se we eould not simply reject'all events for

wﬁich a fit‘was obtained. However, the great_hajorify of radiative

decays produce a photon of very low momentum in the cenﬁre-of—mass

frame, while the neutrino spectrum in muonic decay is expected.fo epproach
zero at low momenta. We therefore compromised by rejeeting events.for
which this fit had a confidence level greater than l.5xlO-5 aﬁd a

centre-of-mass photon mbmentum less than 50 Mev/ca This left a small

‘number of fadiatiVeIdecays with photons of higher momentum, for which

we‘had_te correct our leptonic decey distributions. The calculation

of this correction is discussed in Section IV A;

.(c) A significant number of two-pion decays failed the normal fit

tor more than one reason, giving rise to "seeond-order" background.
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The principal sources of these events were (1) 2" decays in which
both decay'piohs Coulomb scattered, (2) f?*s produced ra@iatively or
after K scattering (aBnormal pfoducfion)_and decaying to ﬁ+ﬁ—7 or to
7Tx" followed by pion scattering, (3) n+n_7 decays followed by pion
scattering, and (h) 71 yy decays. We éxpect less than 3 events of
these types to ha&e decay photons with centre-of-mass momernita greater
than 10 Mev/c, or pion scattering with F (see p.29 )vgreater than 376
;(Mev/c) deg. We theréfore ﬁade a special fit in which we increased
the errofs on the £racks.of fhevV) to také into acééunf'the possible
~emission of 10 MeV/c bhétons in the'decay and a Subsequent scattering
“with F=576‘ (MeV/c) deg.-'This'3C fit was to’the'tWO—pion decay of a
neﬁtral.K comiﬁg from the diréction of the O-pfbng; we did not use the =+
momentum or direction of the beam track, so‘sécondforder backgrouﬁd
events with a bad beam track or radiative pibduéfion vertex should also
give a gqod fit; We rejécted all.events giviﬁg a confidéﬁde level
greater than O.l-fqr this special fit.. In vieﬁ 6f the.largé kinematic
oVeflép between thié,cut.andAthe pfecéding fwo,‘we éstimate that less
than 1.5 secondeofdér background events should remainvafter thé applica-
tion of all three cuts. | “

Details vathé éalculgtion of the éfror‘increases for the V tracks
ére given in Appendix C.

Having made the above‘cuté, we were ieft ﬁith k52 candidates,
which we/examined on a scénning table. We could then make a number
of cﬁts which depended in part on the results of ﬁhis examination.

(d) One-constraint fits to the two-body decay of a A or neutral

K of unknown origin were made. An event was rejected if it gave a
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confidence level greater than 5x10_h and the appearance of the V was
 consistent with the corfesponding interpretation. This cut eliminated
two—body,decays in which’the beam tracklmeasurement was bad, the pro-
duction process was radiative{ or the neutrél particle scattéred or
interacted iﬁ flight. Tt alsb.,h':eliminated two-body "wall V's," that
is, decays of neutral parti@les producéd outside the visible region
which were mistakenly associated with a C-prong in the picture;

- (e) The tracks of'fhe V were interpreted as electrons, if this
was consistent with their ionization, and the invariant mass of the
pair was calculated. If this was less théﬁ 140 MeV, the éventiwas
rejected; This .cut removed gamma-ray conversion pairs, and also decays
bf the fqrms KS'4>nono,.no —ae+e_7 énd A ;anﬂo, no-év¢+e_7;

(f) 1In some events, it could nét bejdefinitely~eétabliéhed by
ipspection that both particles ig the_V were moviﬁg out frqm the vertex.
This.raised‘the poséibility that thé'V was the deéay of an incoming
muon, or the‘decay or elastic scattering of:an‘incoming‘charéed'pibn._
When a V appeared to be consistent with oﬁelof these hypotheses, we
caléulated the missing mass at thé veftex with the appfopriate track
reVéréed,,and, for the =« and 1L decays,‘rejected the event if the square
of this‘lay‘ﬁithin four standard deviations of a corréct value (0 for
the pion decay and the range O to (lOBMeV)? for the muon decay). Fof

Athé pion scattering hypothesis, we alsq reéuired the recoiling ppoton"
fo be inViSible (missiﬁg momentum squared within four standard devia-
tions,of the rénge 0 to‘(8O.MeV/é)2)'before réjecting an evént;
| We believe that cuts (a).to’ﬁf% cover allISignificént_sources‘ofv

background in our experiment. 9The decay mode neutral Ki—aﬂ+ﬁ 7° is
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kinematicélly quiteAdiétinct from the leptonic decays and gives rise
to no background. In a sample of l.6xlO5 pictures, we made a search
for a three-body wall V's, which might give spurious leptonic fits
with unassociated O-prongs in the same picture. In this.sample, there
were 29 wall V's inside our decay fiducial volume. For each wall V,
we simulated an unassociated O-prong by measuring a beam track associ-
ated with a real eveht in the same picture. None of the O-prong plus
wall V combinations survived our selection criteria for 1ept6nic decays.
Only one had'a satisfactory fit to a leptonic hypothesis, namely TV |
deéay, and this was inconsistént with the ionization of the positive
_ traékvof the V; which was clearly an electroﬁ.: From this study, Qe
concluded that the background due to wéll V's was négligible." There
-._might be about one such background event in our sample.  Fbrgthis event,
éllbdisténces between thé O-prong and V_wouId bé e@ually probably, 80
we may say thét it would ﬁave-KL time distribgﬁion.

We subjected simuldtea'leptonic decays, generated according to
Vtﬁe AS = AQ fule,vtb‘cuts Simiiar to those appiied to our leptonic
céndidaﬁes, and found thqt about 50 O/o of them were rejected. Those
.remaining showed ﬁo biéseé in their decay time distribﬁtian, and gave
' good agreement,with ASv:'AQ when analyzed by the methods'we sha11 disf
cuss in Sécfibﬁ iV B.V | N

- E. Tdentification of Leptons.

We have been able to identify the lepton in 119 of the'252 events
remaining after the selection procedures described in the previous

section. Of the identified leptons, 32 were e+, 49 7, 14 u', and 24 u .

We identified 78 of the 81 electrons and 25 of the 38 muons by
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'coﬁparison of track densities during scanningftable iﬁspection of the
‘events. A computer program was used to predict the projected relative
ionization for each mass hypothesis for each track, at the beginning
. ' | aﬁd end of the measured track segment in eachjof the three caméra
views. If these predictions were judged to bé consistent with the
observed event for onlj one decay hypothesis, the event was considered
to be identified, independent of the kinémati; confideﬁce levels of the
Qarious:three-body decéy hypothesesQ - In most‘éases; all that was re-
quired was a comparison bf the two tracks of the V: if the track of
1bwer momentum was névertheless:less deﬁse, the decay‘was clearlyv
leptonic (with some obvious exceptiQns for.steeply-dippingvtracks).
- Comparison with é neérby minimum-ipﬁizing track:then usuaily‘sufficed
,to determiﬁe whether the iepton was én eléctron or a muon.. Of great
assistance in-the identification of leptons waé the 1bw moméntum‘of our
K beam, which caused 50 O/O'df thé leptons to‘have_momenté léss than
140 Mev/c. . -

If a Ieptoh'could not bevpositively identified by inspection, we
considered the event to‘be comﬁletely ambiguous between the 1éptoni¢
and nﬁ? decay hypotheses. ' We made no use of kinematic.confidence

-levels in identifying eventé, because we fouﬁd'eVidence from simulated
events fhat thevresolutibn of‘kinematicaily-éimilar hypotheses, such )
as n+p7/., ﬂ‘u+u ; and n+n_y;’depends on the‘diétancé between the O-
prong and the V, and hence on the bime of flight of the neutral K. We
therefore chose to make no resoluﬁions on tﬁe.basis of kinematics,
rather than‘to intféduée a time;depeﬁdent'résolution fﬁnqtioh based

entirely on'a Monte Carlo:simulatidn.
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.it’should be emphasized that for kinematicaIly dissimiler
hypnfheses, suchvas leptenic decay and the various kinds of back-
ground_rejected, oftenon a kinematic b@sis; by -our cufe, we found
no evidence.that tne resqlution depends significent1y on the disﬁ—'
'ance”between the O—prong}andcv;after application of the gegmetrical
cuts discussed in SeetidnwiiI c. 1

It is clear ihat 1eptonic-tracks of smali projected length
cannot beiidentified, beeauee'their ionization eannot be observed
with suffieient preeisien. We believe, hbwever, that fheAninimum :

projected length of 6 cm (h‘cm on fhe scanning table)'proVided by

our fiduc1al volume and dip angle cuts is sufflcient to eliminate

-bany 81gn1f1cant bias of this kind and, 1ndeed the results of our
analysis are not sighificantly-effeéted if we make these cuts more
restrictive. |

In 3 electronic and 13 m@gnié'decays, identification was made
with the help ofvinformation other than:traek.density.b Soﬁfces of

-information were d-ray momenta fér electrons,17 and decays and com-
parison with curvature tempiaﬁes for muons. A The probability of

bqbtaining infbrmation‘ofbthese kinds does,depend on the position of
the decay vertex in ?hevbubblevchamber.i HoWeVer, in view ef the

‘small number ef events identified in‘ihese ways, we dodnot believe
that this effect gives rise to a significant bias in the time dis-
tributione. ‘Indeed, if we make no use‘of information othef'than
track density, and treat these 16 events as unidentified, fhebre-

" sults of our analy31s are not 81gn1flcantly affected



=35~

As a final check that our lepton ideﬁtifica£ion prbcedures do not
intrdduce,biases; we have performed an analysis in which we treet ail
v252 of our events ag unidentified. The results are consistent with
those oflthe full analysis discussed in Section IV B. |

An important feature of our selection criteria and-methode of
lepton identification is that they are all charge symmetric;' The
‘numbersvof identified positive and‘negatiye leﬁtonic.decays therefore
provide informatiocn, as well as the shapes of the decay time distri—
butions. Furthermore,vthe predicted time.diStribﬁtion of the ambiguous
eveﬁts is proportienal to the sum of the pdsifive and negétive lepﬁdﬁic
decay time distributions, corrected for the.exPected 2™y contamina-
tion; whieh we discuss iﬁ Sectioﬁ IVA. In Section IVB, ﬁe deseribe

how these facts are used in the maximum-likelihood analysis_df our data.
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IV. ANALYSIS AND RESULTS.

A. Correction for Remaining Background.

As discussed in Section IIIb, the principal background re-
maining after our cutsfconsists.of radiétive two-pion decays
with centre~of-mass photdn momenta‘gfeater_than 50 MeV/c.7~These.
evénts éannot be safisfactbrily removed from our sample of>ambié-
uous e§eﬁts because they areAkine@atie;liy very similar té muonic
decays, so we have héd:to apblyva correction‘based onyfheoreti—
,éalipredictions of the ﬁumﬁer and distributions of radiatiVe.decays.
.We estimétevthat other sources of'background contribute 1éss than 2
events with the K, 11 fetime and about 0.5 with the KL Lifetime. We
have not .corrected for these evehts.

- To compute the correction fpr'rgdiative two-pion decay,~we'
assume thatvﬁhis process occurs only though inner.bremSStrahlung
of the mbdevKS‘—>n+ﬁ-.v This.h&poﬁhesis is_supportéd by earlief -
e#perimental datal8 and by'our own, which we discuss at ﬁhe end of
'thié Séction; It follows at once ﬁhat the time distribution'of the
ﬂ+ﬂ_7 events will be eXﬁonential, witﬁ the_KS-lifetime."The number
of eventé may be Qbﬁaihed by evaluation of thekrelevant Feyrman graphé;

~which are éhown below.
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This leads to a differential decay rate given by

(6&)
dgr(KS’-e Yy 2a + B BgsAingg' 1/ 2k
‘ ) = - F(KS-—)T[ bid > - '——-2———5—2.. 1 — }°
dk  d(cos ©) S S ' B (1+8°cos™0)" k M

where k is the photon momentum in the overall centre-of-mass system,
cB is the pion velocity'in the dipion'centre-pf—mass systenm, and
o is the angle between the‘photon and the n+ in the ‘dipion centreF o

, of-mass system.‘ Then k and B are related by the equation

. 2 -1

2k m : 2 -
31— =K _ (1— g°) . (65)

mK | mK2. . v _

and B, is the value of B when k = O:

- ' mﬂ2 +3 _ | f '

Integrating Bq. (64) with respect to cosA9, we obtain the centre-of-
: . 9

mass photon spectrum:

A dI‘(KS - T[+T(—7)‘ aI."(KS —->.1t+n—) A 1+62 146 - \ 1 2k (67)‘
. = e —t—jog —= 2 ) | L1-
_ : : B > 1-p k My

dk . 7 Tt . 0 _ ‘

Finally, integratihg this spectrum over the rénge of k from 50 MeV/c

Wi

© ‘to the kinematic limit of 170.7 MeV/c, we find

r (KS +>ﬁ*&-7; k:$50 MeV/c) = (2:56 x 10_3) r(KS Sa'nT) (68)

Since thenﬁ+ﬂ-7 decays shouldjhave.the same time distribution as the N
4 n+nfvdecays,'the predicted number  of n+n-7 decays 1s given by

3

' n, = (2.56 x 10 -);fij,n ‘ (69)
v o , € 2t - . -
Here €5 is the efficiency of any set of cuts which removes all back-

ground and scanning biases from our sample of =x n decays, and‘n2jf is
the observed muber of such decays after these cuts} €y 1s the effi-

wengy of our selection criteria for leptonic decays when épplied to

It
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dﬁfn_yfdecays, that is, the.probability that a n+n_7'decay will satisfy
all of these criteria and‘Be inciuded in our sample of 252 events.
To evaluate n2n and 62 s We subJected real and simulated n+n

decays to set of cuts de81gned to ellmlnate all background and scanning

" biases. For unlformlty, we regected events hav1ng a decay track dlp

angle greater than b5 deg or less than -55 deg, as we d1d w1th the
‘leptonlc decays.. We found n25"= 12 853 after these cuts, and ¢, =

66 o/é. This loﬁvefficiency was due almost entirelybto the'dip_anglé:
cut, which removed 31 0/6 of the simulated ﬁfn-.qecays.

;We applied_seiectioh criteria similar to'thbse described inISectionv
'iIT to simulated n+ﬂ—7.decays, and.fcund'e7 = 0.65. This is considerably
highef than the estimated efficiency for frue lepsonic decays, (about
0.50) since the high phcton momentum makes ﬁ+}-7 decays with k >50 MeV/c
less iikely to be rejected as possible'n+n— background.. o |
' Since some of our selecfion criteria involve’scanning-table exami-~

.naticn of the evenﬁ, we_Wereﬂuﬁable_to estimate éy With great precision
from simulated events, which cbuld nbt; @fvcourse; be so examined., How-
ever, after varylng our assumptlons about the importance of scasnlng
1nformat10n within reasonable limits, we are confldent that our. estlmate
cf‘ey is accurate -within 5 /of whlchlls more than adequate for calcu-
‘lating the required correetiOn to our data. |

| The predicted number of background g+n-7 decays in cur.sample of
133 ambiguousuevents is now given by Eq. (69):’

= 31.4 events. o . (10)

In Section IVB we discuss how this number is used so make abcorrecfion
%o the likelihood function in the maximun-likelinood analysis.

'
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' We expect a small but significant number of kinematically unambigu-
ous n+n_7 decaysvin our exﬁeriment, since we find, from further analysis
of simulated events, a probabilityveyu = O.157 that a n+n_7'decay wiil
satisfy all of our selection criferia, have oniy three—bedy'decay
fits, and have a confiaence level for the ﬂ+ﬂ-7 fit that is greater than
2 ©/_ and more than 50 times greater than that of the second-best fit.
This leads to a predicted number n,),u of unambigueus n+ﬁ-7 decays, where .
;5) € yu '
€

n, = 7 6 events. | . - (71)

= (2.56x%10 o

7
2n
The background of leptonic decays in this sample should be less than

0.3 events. In fact% we flnd 10 events which are unamblguous,.accordlng

to the above criteria. Both their centre-of-mass photon momentum and -

' decay time distributions are in geod agreement with those. of Simuleted

I ’ n : . :
"Kq o n n y decays, generated with the distribution given by Eq. (64)

S

and subjected to the same cuts. . These 10 events therefore provide
additional experimental support for our hypothesis that ﬁ%&ny decay

oceurs only through inner bremsstrahlung of the mode KS —)ﬂ+ﬂ—. They

give a value for the decay rate for k:>50 MeV/ct

. Iﬁ(KS —;n+ﬁ 7; k >50 MeV/c) = (3,3i1.2)xlof3rYK —>n+ﬁ—» (72)

which is in agreement with the predlctlon glven in Eq. (68). The

-error includes an estimated 20 / uncertalnty ine_ .

')'u
It mlght be thoughtthat we should reduce the = n 7 background

as much poss1ble, by removing the unamblguous n+i 7 decays and correct—
ing only for the predicted 25.8 amblguous events; However; as we

mentioned in Section IIIE, we find from simulated events that the reso-

- lution of the wuv and sy hypotheses improves with increasing distance

between the production and decay vertices. As a consequence, the time-
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distribution of unambiguous ﬁ*&—y decays is not simply a KS distribﬁfion
corrected for geometrical losses; vthere is an additioﬁal depletion at
short times, due to the time-dependence of the resolution. To correét
our leptonic decay time distributions for a background of ambiguous
decays alone, we should have to understand this time-dependent reso-
lution.in detail. Instead, we choose to retain also the ungmbiguoué
n+n_7 decays; rthe reéolutign is then irrelevépt,_aﬁd we need.aﬁply"
only geométrical corrections to the expected K distribution_of the =
background}

B. ‘Maximum-likelihood Analysis.

" The hisfqgrams in Figs. 4, 5, and 6 show the time distributions of
the positive léptoniqgnegétive leptonic, and ambiguous dégays‘in the |
interval from O to 10—9 sec. There were in.additional 12 deéays at
times greater than 10_9 sec. We have made.a maximum-1ikelihood analy-
sis of the electronic, muonic, and ambiguous decay time distributions
in termé of the parame£ers k'and.x' defined in Section II. in this_
analysis we pave uSed evénts at all decay’timeé, but our results are
in fact cémpletely'insensitivé to the distribufion_of the 12 events
ﬁot shown in the histograms. The solid and broken‘curves in Figs. b,

5, and 6 are explained in Section ve. |

'Considef’first_the identified elecfronic décays, The likelihood'v
’ ;of a.given value of i,J:e(x), is simply the pfobability that, if x truly

" had this valué; the distributiéns of these‘events would be as ﬁe observed
them. Let us expand the notation of Eq. (17), and write thé time distri-
bution, predicted by ﬁhis value of x, of decays with electron charge g,

as Tje(X; q, t). Suppose that in the i-th event we looked at an inter-
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their integrals ovef_the first time bin are 0.92 and 0.90, respectively.
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Fig. 4. . Time distribution of the 46 positive leptonic decays. The
solid and broken curves show the predictions for x=o and'X:O.25,'and
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Fig. 5. Time distribution of the 73 negativevleptonic decays. The
solid and broken curves show the predictions for x=o and x=0.25, and

their integrals over the first time bin are 15.0 and 21.6, respectively.
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Fig. 6. Time distribution of the 133 unidentified events. The solid
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'integraIS’OVer‘the first time_bin.are‘ih.l and 59.5, respectively.
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val of time from tl. to t* , and observed a decay with electron
min max

charge ql at time t . Fbr every event in our sample, the uncertainty

we
in the decay time is 1ess than 12 / 5 anq/neglect it. First, given

that the electron nad charge q , the d1fferent1al probablllty that

the decay should occur at time t is

Fe(x; ql s tl )

ti

max "
f re(x';ql,t Yat

i
t .
min

B | O (73)

which is normalizéd to}the interval tl. to t - (with constant detec-

N min max g o
tion efficiency) since the decay was actually observed in this interval.
Furthermore, the probability that the electron should have charge q-,
rather than -q°, in a decay in this interval, is

ti

| max A;. - | | |
'./~  T_(x30",t )at, | - (Th)

-t A N .
- min Sy

f[ r, x+l't)+I‘(x, -lt)]dt

- since our gelectign and identification procedures are charge-symmetric.
The likelihood function is then the product of these two factors for .

every identified electronic decay:

| r(x,q,t> |
£ .00 - ' . - (75)

_ max :
J “ex,+lt)+[‘(;—lt) dt

mln '
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A éontour plof of thié function in the'x:complex plane is shown
in Fig. 7. We have drawn contours at likeliﬁood‘values eiﬁ(-%ng)
brelative to the likélihood peak, for n=l, 2; 3, L, and 5; The loca-
tion of the peak is shown by thevsolid cifcle. If fhe.errors-inv |
Re(x) and Im(x) were Gaussian and uncérfelafed, the contours shown
would be fight ellipées of.constant'separafioﬁ, rebresenting numberé
of standard deviations from the peak.,-we see that this is approxi-
mately the case for small n; so our reéuit for the 81 identified

electronic decays may be written:

+0.10

‘ ' +0. 10.
Re(x) :10.50‘_0012 ,

(16)
~0.08, | |

Im(x) = 0.07
where the errors in Re(x) and Im(x) are essentially uncorrelated
‘and represent one standard deviation limits.

We'treatéd the identified muonic decays in the same way, defin-

“ing the likelihood function for x' as

t. i i
RO 4t ) (77)

r (x'.; +1,t) + T (x';’--l,tl) at
[ Inges s )

i
t .
min

.Where'Fu(x'; q, t) is the time—aépendent réte of decay for muon

charge q, given by Eas. (17) and (46). A contour plot of this likeli-
hood fUnqtion is shown in Fig. 8, and gi§es as ouf‘result for the 38
“identiried muénic decqys:

Re(x") - 0.19 0.1

| | +0.20
o 0 Im(x) = - 02 (1)

-0.17 °
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‘Fig. 8. ILikelihood contours for the 38 identified muonic decays.
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Fig. 9. Likelihood contours for the 119 identified leptonic decays.

This likelihood function is the product of those in Figs. 7 and 8.
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‘As‘in.our result (76) for.the electronic‘aééé&s;‘the errors in (78)
are essentially uncorrelated and are one sténdard deviation limits.

The.resulté (76) and (78) are clearly consistent wifh the hypqth-
esls x=X;; which‘corrééponds to a negligible contfibutionbof the
induced séqlar iﬁtefaction in both the electronic and the muonic ‘
decay modes. If we make thié hypothesis, then both (76) and (78)
may be regarded as measurements of the parameter x, and we may com-
bine them to obtain the likelihood contours shown in Fig. 9, which

give" : _ :
_Re(x) = 0.23#0.09 , Im(xj.: 0.04+0.08 , IR - (79)
from the 119 identified leptonic decays. . | | |
| The hypothesis théﬁ x and x"aré eqﬁal also allows us to usé the -
ambiguous.eventé to meésure their common value. Fbr_in this case the
électfénic aﬁd muénic decay rates are proﬁortional ét allitiﬁes:
| Fe (x5 q, t) =T P (x; é;t), .FH(X; d, ﬁ) =1 P (x; a,t)
where'Ie and‘I'u are givgn by Eq. (?9)'ahd (47); and (80)
P(x; q,t) = |I+'x[2éxp(;xst0>+]1—x|2 éxP(QKiﬁ)-Eleﬁrﬁx) (81)
sin st +(-1)2(1-]x1%) cos 6t] exp{-3(n, +xL)t}r;:
Since.our sample of 155 ambiguous events is expected to contain §l.h
ﬁ+ﬂ—7 deéays, és discusééd in Section,IVA,'We apply a correctidn'for
these ﬁackground events in’theslikgiihqoa fuhctibn;, The/corrected
function is calculated as‘folldws._ Let €y repfésént our detection
efficienéy for n+n_7 decajs, in those time iﬁtet&als,;where this
is independént of .time. The detection efficiencies for:ieptonic
~decays are iﬁCOrpo§méd in the integrals Ie and IH'; let r, aﬁ@ ru

B represent the efficiencies for identifying the lepton in these evénts.
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Then,- in the time intervals where all the efficiencies are independ-
ent- of time, the observed rate of ambiguous decays is

'Fo(g;t) = '(1-re)Ie f(l-ru)I'HI[P(x; + 1,p) + P(x; -1,t)|+ .-(82)

1 + - o (N t).
ZeyﬂKsan;ry)eq>(X§)._

Thus the likelihood function for the ambiguous events, when for the

i-th such event the decay time is t* and the appfopriate time inter-

val is from t* . to t* P isBO
. min max -
133 | B (83)
. i o _ il . i
J(x) PO + 1,t7) 4 Pl ©7) + f(x) exp(-hstT)
tl )
max ) .
J.lf(x; +1,t) + P(x; -1,t) + f(x) exp(- xctﬂdt
‘ t ' ‘
where min

1 . + -
] eyr(KS—anary)

2.
£(x) =
l-r -1 v
(L-r )1 + (1 r )T
+ - .
~To relate the m n 7 correction factor f(x) to the expected

mumber n, (= 31.14) of observed mxy decays, we note that this number'

is given by
, . i : :
_ 1 + - tmax
n, =3¢, I‘(KS — 7§ TR exp(—)\st) at . (84)
K° ti .
min

If we define the geometrical efficiency as the function

e(t) =1 0,(6) o - (85)
. N Ko o ‘ ' _ _ :
where N is the number of K 's produced in our fiducial volume and -

)

1 ifth , <t<th
- min

(86)

T]i(t) max

=- 0 otherwise,
then we may write _ _
.ﬁ =Ne TI(K ‘—>ﬁ+n_7) m_exp(%:k t) e(t) at. - (87)

Y 37 8. 6 - R .
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Similarly the number of leptonic decays in our Sample of ambiguous

' events is ' ‘ | . |

n,-n, = N[l r )I +(1 r )I' ]f[P(X, +1,t) + P(x;-1, t)e(t) at , (88)

where no is the total number of ambiguous events (= 155) Thus

£(x) =1, LG +1, £) + P (x5 -1, )] e (t) at - n Q(x)

no-n, ~f exp ( Mg t) E(t) dt_ B, - 1,

' We cannot evaluate the sum in Eq. (85) directly, because we do not in

- (89) -

fact observe all f?'s, but only those that have a visible decay. How--
ever, we oau replace the sum over all f?'siby a weighted sum over
observed nfn_ decays, whefe the weight for each event is the'inverse of

" the probablllty that a K produced w1th that momentum and dlrectlon would

glve an observed ﬂ+ﬁ decay. This probabll;ty iﬁ;;ﬂ

ti
“max

Py zb%'GE I‘(K - n )Jﬂl exp( A t) a, (90)

. - mln ' B .
where ¢, . 1s the constant detectiod efficiency for n m decays in
the difterval from t-, “to t* ., so
= : min max

' - . ey oL
€ (t) = i;i- ”ﬂl (t).pi

S
DI

o O - ' . v _ , ,
~ This function is shown in Fig. 10. We may now perform the integrations

(o)

in Eq. (89), to find : . : _
| 2[ ll+>q2 + 12, 3 |1 xF +5. oxm(x)] B (92)
0.62 |1+>{-2 +7.59 1 —f + 3.09 Im(x). ~(93)

Usifg this correction iu:the likelihood function (83), we obtain from.

- Q(x)

and f(x)

n

il

RPN
K

the 135 ambiguous events‘the result R
o (9h)

Re(x) = 0. >2+o 12, Im(x) = -0.27
o g -0.20
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Fig. 10. Geometrical efficiency function.
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Fig. 11. Likelihood contours for the 133 unidentified events.




554

IM(X)

Fig. 12. - Likelihoo_d contours for all 252 events. This likelihood
function is the product of those in Figs. 9 and 11.
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A ééﬁtour plot of the likelihooa is shown in Fig. 11.
Combining this likelihood with thosé'for the identified. events, we
‘obtain the plot in Fig.,lE( .The‘éorresponding'value of x, deter-

mined from all 252 events, is

+0.07

Re(x) = 0-25_0.09:

Im(x) = 0.00#0.08 . , (95)
We stress again that thisvresﬁlt, unlike (76) and (78),_is-meéning-
ful only if x:éx', thatvis, bnly:if the induced scaiér and pséudo-v
scalar interactions make negligible contributions.in.both:the'
‘electrohic and tﬁe'muonic deéays. This ié ﬁof well establishedz'but
the results for'our-idéﬁtified é#ents aré consistent with this hypo-

thesis.

C. Consistency Tests.

A maximum-1likelihood anélysis gives the relative likelihbod of
various values of the parameters being measured, but doeé hot_indi—
cate whether any of these values gives é good fit to the data. If
‘the pafametrizatidn of-the time distfibutions in terms ofzx is entirely
inappropriate, then even our.most likely vélue_of x, given by Eq. (%5),
will give a bad fit to these distributions. wé invéstigétgd this
‘ possibilitj by maki;é the following three tests of the consistency

of our data with the parametrization used.

1. X2 test of the time distributions5
The predicted time distributions of the positive leptonic,

negative leptonic, and unidentified decays are, fespectively,

dn ' .
. 5f+ (x; t) = Ni P(x; +1, t)e(t),

. (96)
T A ‘
dng (x; t) = W [P-(XS + 1, 8) + P(x; -1, t) + £(x) exp(-Agt)|e(t),
o : )€ s
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where ¢ (t) is the geemetrical efficieney; shown in Fig. 10, and N,
‘and Nu are normalization constants. We normalize to the observed
numbers of identirfied and unidentifiedievents; since.ﬁhe selection
‘and identification proeedures Were chafge—symmetric, we use ﬁhe same
'nermalization constant N. for the positive and negative 1ep£oniC'
distributiens. The predictions for x=0 (AS = AQ) and x given by
. (95) are shown in Figs. H, 5, and 6 by the solid and broken

curves; respectively. | |

For the ten decay time bins shown in the three dietributions;
| the overall values of X were 27 0 fbr the AS = AQ prediction and.
26,1 for Qur‘result (95). The expectation_values,of X were, re-
,vepectiveiv, 28 (30 bins and 2 normalizationé) and 26 (2 independent
free parameters). We conclude that, over the time’interval from O
-9 ' ‘

to 10 7 sec, both curves give satisfactory fits to the data. We did

“not use decey times greater ﬁhan 10-9'eec ihrthe Xg test, sinee_these
biﬁs,would-contain too few‘eveﬁts to give meaningful X.2 contributions.
.Even‘in'the'intervel used, some of the bins contain only one or two
events, and the X2 provides only a rough.fest of consistency which -

ie fathef insensitive to the‘parametef'x. of course,vthese eriticisms
de_not epply to a maximum-likelihood analysis, and for this we’used.i
.- events at all decay times. waever, We found that ou;erSUlts were

in fact insensitive to the distribution of events beyond'hxlo-lo sec.
For the interval from O‘tovhxlo_lo_sec, in Whieh the statistics are
best and the X2 should be mosf sensitive'tO'x,-we found X2 contfibu-‘

'tions of 10.8 and 5. 5 for AS AQ and our result (95), respectively,

reflecting the greater likelihood of the latter value.
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We conclude that the X2 test shows a‘paiametrization in terms of

X to be appropriate, and is consistent with our likelihood analysis.

2. Measurement of the KL lEPtonic decay rate.

Although our analysis of the decay time distributions was independ;
ent‘of the normalization constants Ni and Nu,.it was'necessary'to check
thevvalueS‘of these quantities for unexplained losses of evehts, which
might be time-debendentvand thﬁévgive rise to incorrect results. The
only previously wellrneasured‘Quantity with which wé may compare.ﬁur

vnormalization is the leptonic decay rate of the KL r (ﬁ) Noting that

P(x; 1, t) = |1 -x|° when )Cl <t £ lL , “ (97)

we haveban observed leptonic decay rate of ‘
é« t'<<')\_:IL‘ > (98)

where N is the number of Ep's produced in our fiducial volume and €

2 (N, + N ) |1-x|%e(t) = 3 N €, e (t) FL(z) for \

is the ﬁimeFindependent part of our detection efficiency for leptonic

decays. The total number of leptonic decays seen is - v

ng (N+N)f[p(x,+1 6) 4P (5 -1, t)]e(t)dt (99)

i

"éNeél‘L(ﬁ) zf [P x5 41, 8) 4P (x,.-l £)]e (t)at.

We calculate N, the number of K 's, from the observed_numbef n, .

+
of KS S T decays we have

n2ﬂ=—;-1\1e2 I‘(K —>n1r)f exp( )\t) (t) dt, | (100)

where egﬂ is the time- 1ndependent part of the detectlon efflClency for

+ v
n n decays. This gives
r_(z) = Qi € n, ' RE o '
L(ﬂ) 2 _f ll-x[zﬁQ(x)] 1 (g, -z ), (101)
€, Dy S

where Q(x) is the ratio of integrals, evaluated in Section IVE:

CQ(x) = 2[[1 + xl2 + 12.3-:{_1-x|2 + 5.0 Im(x)|. (92)
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In order to evaluate accurately the efficiency e, by means of the

£
Monte Carlo program PHONY; we had to modify some of our cuts to remove
their dependence on qualitatiye scanning information;{iFor enample; in
the set of cuts for the test of AS = AQ, in which it was not necessary
to'knowveﬂ, we rejected an event in wiich the V fit an inccming nuon

or charged pion decay only when its appearance (ioniiation, energy-

loss, delta-rays, etc.) was consistent with this interpretation. In

_our cuts fbr the calculatlon of the KL leptonic decay rate, s1nce PHONY

could not be made to s1mulate such compllcated crlterla, we s1mply re-
Jected all events satisfying the kinematic criteria_for this cut,

independent of appearance. Because of these and other s1milar changes,
only 205 of our 252 events were used for the calculation of T (z), and

was found from_s1mulated events to be 41 /o'" The

the efflciency ez

predicted ccntaminationva”ﬂ+ﬂ_7 decays was 27.3 events, scbthat n, =
177.7 eVents. | |
- The determination of n, and €or was discussedbinlsection IVA.
It may be seen from Eq. (lOl) that our measurement of F (ﬂ)

depends on the value assumed for X ThlS is essentially because the

total ‘number of leptonic decays, nz, enters into the right-hand side

- of Eq. (lOl), and the fraction of these that is due to Ki‘decay depends

on the value of x. For x=0, we find FL(£)1=:(15.lil.§)x lO6sec,_l and

for x= '0.25, r (E) = (ll.Sil.l)xlO6 sec.-;. These values may be com-

. . 6 -1
pared with the current world average °r (Z) = (12.24#0.46) x 10 sec .
Clearly, this test shows no s1gn of unexplained loss of events in. our
experiment. Like the X test, thls test is rather insensitive to X, and.

gives consistent results for both x= 0 and the value found in the.
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maximum-1ikelihood analysis.

g 3. Measurement of the K Kerass difference.

To make a more detalled check of the tlme dlstrlbutlons than is
provided by the X? test and the_measurement of_FL(z), we made a
maximﬁm-likelihood determination of the mass difference 8. - We used-
~ the likelihood function for all 52 evenfs (assuming x=x',ias diecussed
in Secfion iVB), allewing % to vary first instead‘of, and fhen in addi-
fioﬁ to, x. For fixed, real values of x, £his functionvis insensiﬁive
to the sigﬁ of &, since the tefms'ihvolviﬁg sinnat.in the time distfi-f
butione vanish when Im{x)=0.

For x fixed dt the value zero, as predicted by the AS = AQ rule,

‘we find }8]= (o.u7+8 ig) 1079 sect. For x=0.25, we obtain |5l=
+0.09 - - |
. 1 - : 3 v
»(0_56 0.08)x 10 0 sec l. These values are to be compared with the cur-

rent world average valuel of &= (=0.5kh+ O.Oi?)xlOlO sec”l. In both

Cases,.the agreement iSVEry good. .
‘As‘a.final check, we ha&e eliowed both x and & to vary, and have
made a simultaheous_ﬁaximumjlikelihood fit fo'the three quantities
Re(x), Im(x),,aﬁd 5. ‘Here theiéigns of Im(x) aﬁd 5 are ﬁot defermined,
but they are coupled, since-the;likelihood function is invar;ént_undef
. a change of the signs of im(x) and.S together._ Choosing‘the Welle
established_negative sign_fer”S, we find‘ -
Re(x) = 0.2570'% | m(x) - -0.00%03T

1

(102)

+0.15

“o. lO)x 1010 sec

) =(-o.56

It may be seen that the value of x is essentialiy ﬁnchanged by this

‘procedure, and the agreement of & with the established Value'remains
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excellent. The small increases in the errors in x, compared with those
in Bq. (95), reflect the insensitivity of our result (95) to the value
used for 5. More_preciseiy, a change in | 5lof three "world average
. . ! "20 ' 10 =1 . ‘ o
standard deviations, Aldl= ¥0.05x10" “sec ~, produces a change in
our most‘likely value of x of

Ax'=,io-.oo71 0.0371 . = (103)
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V. DISCUSSION
Our result (95) is not in good agreement‘with the prediction of
the AS = AQ rule. The likelihood of x=0, relative to the likelihood

3.2

maximum, 1is e = 0.0k, Alternatively,vwe may say that the most
likely value of x lies about'(2x5.2)% = 2.57standard deviations away
from zero. While we do not regard é 2.5~standard deviation effect as
Sﬁatistically_concluSive, it does cénstitute a stfong'indication of
violation of the AS = AQ rule. | |

.f The value we obtain for Im(x) is consistent with zero; thus we
find no evidence for a CP-nonconserving contribﬁtion to X. Howevér,
the limits Whicﬁ we are able to place on Im(x) ao not suffice to rule
out Qith céftainty the Sachs modei of CP violation. . This pointvis
discussed in detail in Appendix A.

It may be seen from the curves iﬁ Figs. 4, 5, and 6 that our

~ positive resﬁlt for Re(x) is due mainly to an exqesé of about lh nega;
tiVé.léptons in the-firsﬁ 5x10_lo sec, and partly to an exceés of abouf
9 unidentified evéntS'in the first 10"lO sec. as would résult if we had
not eliminated all KSV—>n+n-'background. Acqordingly we_ﬁave tried
ipcreasing the severity of the cuts (a) to (f) in Section IIID; both
one at a time and in varioué combinations, so és‘to remove each time
about 25 additional evénts'frbm our sample. Theée remdvaié havé no .
significanf éffect>on our resulﬁs; and we arevconvinéed thét'ﬁe have
negligible KS —aﬁ+ﬁ— background. Furthermore, the likelihood pioté in
Figs. 7 and 12 show that our measﬁrement of x is_domiﬁated by the identi- -
- fiéd electronic decays; the mubnic and unidentified events add relatively .

little information, owing to poor statistics in one case and insensi-

tivity te x in the other. Thus our result (95) is principally based on
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the set of events”that‘is leaet likely to be subject to_KS —>n+&— back-
ground contamination.

Fig. 13 shows our result for x, together‘with an average of the
results of earlier experiments.gl The agreement is only fair: the
value-ef X2 is 4.7 for two degrees of‘freedom, giving e confidence
1evel of about 0.1 for consistency of the two'values; Nevertheless,
the results are in good enough agreément to suggest strongly that x

is not zero.

In Fig. 15 we also show the result of a recent experiment,22 -
in which the quantity -
R= 1- |x® o (100+)

1 - X|2
was determined by analysis of thevtimeadependent charge asymmetry in
electronic neutral K decays. In that experiment, the measured value

of R was : 4 ' S ' o
' R=1.06 +0.06 . ‘ C(1%%)

Curves of constant R are circles in the complex x plane, and the
.result (105) corresponds to a value of x lying SOmewhere-in the shaded
region in Fig. 15. All values of x in this region are in poor agree-

ment with-our result, which corresponds to

+0.27 C L .

| R _}_1.67__0.29 - : (106)‘
Values of x consistent both with earlier experiments and with-fesult
(105) are predominantly imaginary, in conflict with our measurement
of Im(x). We hope that more accurate determinations of x will soon

resolve this conflict.
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APPENDIX

A. The Sachs Model of CP Violation.
In discussing models of CP violation, it is most convenient to
use the "mass matrix" description of the neutral K system; so we begin

‘with -an introduction of the mass matrix ﬁotatiqn.

-If we write the general neutral X state as a column vector,

v =<¢l>=¢llK°>+¢2lT<°> : (don)
by '
. thenuthelequation of mofiod is |
4w =  _, iM¥ - | (108)

dt
where . a

M =<K°|M|K°> PP M) o (109) -
<(R°|M|K°_> <E°|Mu‘<°>> | o
‘M is called the mass matrix. It is not hermitian, and is often -
split into its hermitian and_anti-héfmitian parts:
o Mo o= M'Ov-'%i_r_, | o _’ | (110)
Awhere’MO and &T are hermitian. r is Calléd.the decay mafrix, by'
analogy_With'the-corresﬁdnding expressions for a oné—dimensiohal

system ¢ :  d¢ - . : o o '
ystem ¢ aff—: ipd | o (111)
Ul =.ﬁrf%ix,
where m is the real mass and \ is the decay raté.
We assume that M is CPT-invariant, so that
o oy /=0 . o v '
MRy = (RIMIE). o (112)
‘A CP-invariant mass matrix would also have
-0 o 0y =0 I - ' I o
(KM= (M), - o - (113)

M =/m a s V o (114)
' \ atc m : v : . '

so we write



-65-
where c (.|c|<< lal) represents a small CP violation.'
Thevindependently propagatingvstates KS and KL have definite.
masses and lifetimes, so M is diagonalized b&.choosing these states
as a basis.' Thus, if we write | . |

- 1 - L+ e) KD £ (1 -EDY, (115
L [a+o € = ( ©y |, (s)

then [1 +eYand[ 1 +¢\are the eigenvectors of M, and the
1 -e -1 +e/ '
- corresponding eigenvalues are

hoo=m. -3\

o =My v ’(oc=s,L> o _(1»16)

. { .
The CP violation parameters c¢ and e may now be related by

solving the eignevalue problem for M. We have

m o= Hy a |=0,
a+c m-p, _
. ! 1
2 L
e M, =m? {a (a + )} ’
or, to first order in c/a, .
+ l . . .‘ N : . ) X
) HS,L m.x 3 (2 a + C) ‘ (117)
Thus a(l-¢) = 2 (2a+c) (L+e),
giving ' . € = -C/ha" o , (118)
OI'. o € = - C ) ] (llg)
S 2(usf b ) -

to first'order in c/a.

We are now ready tovqonSider'the Sachs médel;6 Sachs obserQed :
that if the CP violation was cdnfined~t§ mass matrix terms inﬁoiving
vleptohic intermediate states, but was large in these téfms, then el
‘would héve the obSérvedJorder of magnitude. Tﬁis is seen as follows.
We suppose |

¢ = (RPIMIKP) - (K?lM!§?>,= terms with leptonic intermediate states.



_66_
If the lepionic decay parameters x and x' (see p. 15) are roughly

equal, we can define suitably averaged decay amplitudes which we

denote by _ | _
f=dn )T)KO) and g = {x L7y 7K. ~ (120)
Then by CPT invariance ‘ | ' .r, | ' B
% - G |T|K_) , g% = (-n+z'u T\ . (121)

Here T represents the decay interaction, and '
g/f = x, S : : (122)
so, to lowest ofder,

‘)\'eLE F(KL > 4 ov)

i

It -gl” | v -
EP jx —xlg - o (125)

- Although we:do not know preéisely how to express c in terms of

Rl

thesehamplitudesv(because of the usual convefgénce problems in-
Aperturbatlon theory), we can be confldent that - .
let ~ l(x 2l g%y Gt L1+ Koot DY
RS LI, u(trlK) (KOITIn y u)(n g vlT'K )|

= b |m(ex )]

= Vlfl lIm(x)I | (2w
'so that '
et~ 2 J5fF ()
| begmip |
L ‘ . _ o
= 2 XL - | tm (x)1 ] - _ (125)
f gkl - %2 | |
Now | Ius— ng = |1+1| 1 xsv, since mL’msg%}‘s-'g'E@
' | ‘zxfz ‘ _
So we conclude fe] ~ 2 N2 :KT, | Im ()1 _ (127).
| N E S L '
~ 3307 |m@)! .

l 1- x]e
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In the Sachs model, there is no CP violation in non-leptonic ”

decay processes, so the measured quantitygo

, (128)
Ny. = {nn ) T\ '(1.92}‘0..0)+)x10’-5 exp § -i(50£8) deg }
<ﬂ*ﬁ- \TIKS> ‘ ' ' :

is simply equai to € . Sa@hs originally préposed that x ~H, for then

the prediétion'(IEY) would be o |
'ﬂ+~_|= lel ~ 1.5x 10_5, s f o (129)

in éxceilent agreement with‘experiment.. However, ouf éxperiment

definitely excludes'sﬁch large Valués of»Im(x), andvéets the.limit

(at thé one standard deviation level)

lmGol ok, - (130)
|14x‘2 h .
This limit restricts the value of |n+_| that can be produced by the
Sachs mechanism to _ ' | : |
In, | = lels oo™, o (51)
a pfediétibﬁ that-is now in rather poor agreement with (128). 1In
view éf its order—of—magnitudevnature, ﬁhbugh,nthebprediétion (131)
is not badbeﬁbugh to rule out the model.with Cerfainty.
Many models of CP violation, including fhat of Sachs, prediét

an exact relation bétweenbthe modulus and phase of €.

This relation is obtained by noting that, although we cannot

‘calculate exact contributions of certain processes to the whole mass

matrix‘M, we can calculate the contributions to the decay matrix I.

For it follows from unitarity that

&Iri®) =&Irl®

Y ST nnriny (132

) e Y puey | YF TV K,

il
It

i
i

~
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where the sum 1is 0ver ali possible decayefinal states. Now the decey
matrix for the mass matrix in Eg. (111) is -

r = /-2Im(m) . ~2Im(a) -ick (133)
< —QIm(a) +ic ~2Im(m) ' ) |
so the CP violation iﬁ,the.decéy ﬁatrix is
(RUr1c® -&CIrIE®) =2i Re(c) (134)
| _ vt g% - fog - ger
:—hifrm(f*g) in the Sachs model.

¥

But, taking the real part of ¢ from Eq. (119), we have

Re(c) = -2 Re [ (uS-uL) ) - (135)
= —2[6Re( )+2 )\ Im(‘)] ¥
, where 6 = mS m, and we obtaln the relatlon o ' ‘ (136)
' y/ .
& Re(e€) +_%— x Tm( € ) Im(f*g) = Ny Im(x% .
f1-x |
U51ng the measured value of |n+ } , we may obtaln from Eq. (136) the

1
Sachs model predlctlon of the phase of Myt °§

“arg (ﬂ+_) = ‘arg ,(6)‘= sin l< i058 :25xﬁ>+ 43 deg. | (137)
: 1-x S :

For x>+ i, as orlglnally proposed by Sachs, the predlctlons are

-

arg (ﬁ%_). 67. deg for x = +1i, oo (138)

19 deg for x

and arg  (n, ) - i,

Both of these are in poor agreement w1th the measured phase;.(50+8)
- deg. -However, for x within the limits set by our experlment, our
:rresult (150) and Eq. (137) give

56 deg s arg . (n,_) s 50 deg ) - (139)

in good agreement with experiment.

In conclusion we may say that, although our experiment rules out
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large values of’IIm(x)‘ , this is noﬁ of great interest, as such large

 values are already excluded on the basis of the phase prediction (137).

The limits set én IIm(x)I by~6ui e?periment are almost'sufficient to
.rule'but the-ééchs model on.the basis of the prediction (131) of
|n+_| s but‘a limit of ,IIm(x)|'< 0.04 will be required to show with
certéinﬁy that the‘model is not wvalid.
In the above‘discussion,.weAhavé not mentioned the quantity
Too = G T kD | - | (1kc)
<“O#é"T | k5

because éxperimentél results on’lnoo_‘ afevStill uncertain. However;_

/

" -“the Sachs model clearly predicts Inool = ]q+1 = lel, co the result

B. The Coulomb ScafteringgCut.

"Ihe Ruther ford cross-section2u fbf the Coulomb scattering éf a
pion on a pfoton is : : ,i : B
L ( e >2 1 ) (141)
Q 2PC p Slnu @s/g : . : o V:

where p is the momentum of the pion, cf its velocity, and QS the

Q,

jol!

'scaﬁtering angle. For small angles, this gives

de o 2e -3 o :
‘E@g = 2n 5P :> o ‘ - (1k2)
which may be written ‘
| L2 \2 | - ’
do “2e” - ' , 143
— 7 en{— ] (pp6,) 3 . : . (143)
5ﬁd(pges) ¢ | : : -

‘Thus the total cross-section for Coulomb scattering with pBGS~> FS

o nr) e ().

S

C S
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The fraction of n+n— decays in which a pion scatfers with pBGS > FS
is given by

f

s
c ,
where 7 = 3){102'2 is the number of protons per cc in the bubble

ont U(pB@S>'FS) = 2nnl <2_e_2_) 2pe, o (1ks)
"chamber and £ is the average méaSured pion tfack lengfh. The factor
' of two occurs because fheré are two pions per.event. “

It is clear that a Coulomb scattering at the,end of a measured
track segmgnt will have no effeétvén the ﬁeasufed direction of the
track, while such'a'scattering nedr £he_beginning of the track will'
give-a.direction which igzinCOrrect by the.anglé of-scattering, és'{
: For scattering at intermediate pdinté,»the error inlthevdireétion of
- the track is mpfe difficﬁlt to calculate; however, it is safe to say.

that the average error is about A9 = 3 o Thus

pBAS = Ppge . - | S - (1k6)
and the fraction of events with ppA@ >F is |
f = 274 o(pBe, > 2F ) = 2nns <_32): F2 oL - (147)
] o 2 < -24 '
Taking £=15 cm and noting that e”/c = a H = 4.7x10 MeV-sec, -
we find B . _
f = 192 F °, , | , (118) -

Qhere F is expressed in (MeV/c) deg; -Fbr F;2 200, this gives

£ = bx0” . : o (149)
Thus, out of some 13 000 K oty decays thaﬁ survive our fiducial
- volume and dip angle éuts, we expect only 0.5 events with a Coulomﬁ
scattering Suéh that pBA@ > 2200 (MeV/c) deg.

Next we consider = —)p'v 'decays, which give rise to track

~direction errors in the same way as Coulomb scattering of the pion.
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In tﬁe case that‘thebmuon is.emitted perpendicular to the line of
flight of the pion in the latter's rest frame, we have
tang, = B¥/ B o .- (150)
whéré Qd is the dépay‘angle_in the laboratory, B¥ = 0.27 is the
muon velocity (in unit of c¢) in the pion'fest frame, and By = pc/nyT;
wherevp is the»pion momehtum. Thus for all t » p v deéays,'welhéﬁé
pPRAG "s pB9d< PO, < P tan 6, < B* mﬂ/c =37.7 MeV/c o (151)
when A@ is exbresséd,in radians, or = |
CPRAG < 2160 (Mev/c) deg, S _ (152) |

‘and our cut at pRAS = 2 200 (MeV/c) deg will remove all & — pv decays.

C. The Cut to Remove Segond—order Baékgroudd.

We consider‘first tﬁevexpected errors in the measuredvtrack 
guantities when a ?idn traék‘contains é COulomB‘séaﬁtéring such
. thatvaAG _F. We take'the‘following to be thevindependént ﬁeasufed
Quantitieé chafacteriziﬁg the track: ¢ , the azimuthal angle,s, the
dip:téngent,.and k, thg inverse projecfed momentum. In termé of

the dip M - and the momentum p of the track, we have

s = ffan X»; _ ,
k=1 /p cos A’ - : (153)
so p2 = (1 + 52) /k2 .

The r.m.s. errors in ¢ and s are

®¢ = 1 40 = 1 pkae
| N2 . cosn N2 | o - (15h)
" and 8s = 1 40 = 1 p°

N2 coézx N2

£ a0 .

For the momentum measurement, the worst situation occurs when the
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scattering lies at the middle of the measured track1segment. In

this case, we see from the diagram above that the r.m.s. error in

the track sagitta x is

5x = 1 £e = 1 00, L (1B9)
NG 2 o

where ¢ is the length of the segment. The sagitta and the inverse

projected momentum k are related by the equafion

, S
Bo ke (156)

X =

5
80

where B is the magnetic. field in kilogauss, so we obtain

sk = _20N2 AG . (157)
| 3B 4 o
NSRRI ! . e
Writing A6 =p B - F, we obtain for Coulomb. scattering
. 1
&5 d o = 1l kB~ F,
W2
s, = L pkBTF, o (158)
N2 | ' |
and | 'akc' = 2onND2 'p'le.'l F .
| 3B £

Next we consider the emission of two photons of momentum P at

the decay vertex; The largest angular errors occur when each pion

track is perpendicular to a photon direction in the centre-of-mass

&y
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frame; in this case A9 = P/p for both tracks, and .

- = 1 kP '
°¢, = L ¥, (159)
N2 .
o5, -1 pK P .
NE

The largest momentum errors, on the other hand, occur when each

pion track is parallel to a photon directibn, when 8p'= P and
Bk = .p'lkP . (160)

Y
The track reconstruction program-TVGP25 calculates for'eachb‘

track a 6x6bmatrix bf the measurement errors in the quantities
o, s; aﬁd k at the beginning and end of the measUrédvtraék segment.'
Taking F= 376 (MeV/vc) deg = 6.56 (MeV/c) radians and P =10 MeV/c,
we increased;fhé diagonal elements of the errpr;matrices_fbr the N
twbndecay tracks before-making the fit discussed on p.'50,'aCcording
to the prescription | |
(8 6,)° > (5¢,)°

+ (max (50, 803 )% (8607 5 (587 +
(max [6 ¢c,v8<p7] )2 s . '. o | (161)

and similarly for s and k, where the subscripts‘ﬁb"énd "e" ‘denote
values at the beginﬁing_and”end of the track, respectively. Althcugh'

this prescription is very crude, we believe that it shou1d enable

R N ' : D
- second-order background events to obtain a good value of X for

our special fit, which will lead to-their‘rejeétioh.
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'Thus the sma.ll AS . -AQ' effect suggested by our experlment
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(0.1 /o) on the branchlng ratio for the process (h)

- The axial current does not contrlbute_because only currents

Qf'natural>parity can be associated with the two pseudo- '

scalar hadrons in this process.

,Throughout our experiment, we have neglected the_errors due

to bremsstrahlung fluctuations in electron tracks, but this

- should have no significént effect on our analysis.

Rare decay modes of the A do not give fise to_background,

because-the decay proton track-is easily identified by range

':or'ionization. We neglect the“possibility of processes_such

as neutral K- ﬂfH-, which would.require,the:existence of
neutral currents.

5
7 min’
and t ﬂ' approprlate to the best three-body decay fit.

Since the best fit may occas1onally be 40 an: 1ncorrect decay
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- hypothesis, the expected errors in these quantities are'larger

thanbthose for-identified events. However, we find no evidence

‘from our Monte Carlo simulation that this effect gives fisé to

biases in the time distribution of the ambiguous events.

We use the result: .
-8/(86°

1 ,2\% ’
e AS)Z = sin(43 deg).
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