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A method which involves the use of K mesons produced in both the K? state and the K° state is proposed
to measure the decay rates of the short-lived and long-lived components of neutral kaons. A phenomeno-
logical analysis of these decay rates is carried out in the leptonic case, and a new test for CPT invariance

is suggested.

I. INTRODUCTION

CCORDING to standard quantum mechanics,
there are two states of the K% K° complex which
decay exponentially in vacuum.! Let us call them KZ
and K5, where S stands for short-lived, and L for long-
lived. The masses, lifetimes, and time-independent de-
cay rates of K and K are fundamental constants to be
measured. However, the neutral K-mesons are not pro-
duced in the K% and K7 states, but in the K° and K°
states, which have definite strangeness. Up to now, ex-
periments have mainly been performed using neutral
kaons produced in the K° state. But more information
could be obtained through the experimental study of
K mesons produced in the KO state as well.
In Sec. IT we propose a method to measure the ratio
R(n) which is defined for any decay mode # as

R(n)=[T5(n)J/[T*(n)], (1

where I'S(z) and T'“(n) are the decay rates, into the
final state #, of the short-lived and long-lived neutral
K mesons, respectively.

In Sec. IIT we use the example of leptonic decays to
show some of the conclusions that can be drawn from
the knowledge of these decay rates. _

We use, hereafter, the description of the K° K° com-
plex given by Lee, Oehme, and Yang.? According to
them, if CPT invariance holds,

| K8)=a| K)+8|K°),
|KL)=a| K%)—B|K°),
with |@|24-|8|2=1. In the notation of Ref. 2,
a=p/(|p|*+]q|?** and B=g/(|p|*+]|q|?)".
(e and B8 can be multiplied by the same arbitrary phase.)

(2a)
(2b)

II. GENERAL DECAYS

The states that we shall be concerned with will be
denoted by |K°(#)) and_|K°(#)). At time {=0, |K°(0))
=|K° and |K°(0))= | K°). The corresponding time de-
pendences are given by

[Ko0)=(1/20)[a(®) | KS)+O|KT)], ()

1 M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955).
2T. D. Lee, R. Ochme and C. N. Yang, Phys. Rev. 106, 340
(1957).

and
|K°(8)=(1/28)[a(®) | KS)—b(t) | K )], 4)
with
a(t)=exp(—imst—1/275),

b(t) =exp(—imgt—t/271), ®)

where mg and 75 are the mass and lifetime of the com-
ponent K5, and m; and 75 are those of the com-
ponent KZ.

Let us call 45(n) the amplitude for K% to go into the
final state #, and A%(n) that for K~ to go into the same
final state #. The corresponding amplitudes for K°(z)
and K°(f) are given in terms of 45(n) and A%(n) thus:

A%(n; )= (1/22)[a() A5(n)+0(t) A2 (n) ],
A%(n; )= (1/28)[a()A5(m)—b() AX(n)].

The decay rates are then

(6)

r0<n;t>=<L/4|a|2>{1a(t>12r5(n>+|ba>|2rL<n>
—}—2/ Re[a(t)b*(t)AS(n)AL*(n)]dp}, (7a)
T"(n;t)=(1/41612){Ia(t)IZPS(n)Jr!b(t)IZPL(n)

—2 / Re[a()6*()A5(n)4 L*(n)]dp}, (7b)

where I'S(n)= /| A5(n)|%dp and T'X(n)= S | AL(n)|%dp
are the decay rates into the mode # of the short-lived
and long-lived components, and dp is the phase-space
volume element.

The decay rate I'’(n) can be measured directly. In-
deed, starting from a neutral kaon beam, one gets in
vacuum a pure K beam, just by waiting for a time long
relative to the lifetime of the short-lived kaon. To meas-
ure the ratio R(n), we propose the following method:

(a) Experiments should yield the time dependence of
the rates I'(n; £) and I'(n; £), but not necessarily their
absolute calibration. Also, it is enough to know these
curves in two regions: one in which the time ¢ is of the
same order as the lifetime 75, or smaller, the other in
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which the time ¢ is far greater than the lifetime r5. We
denote the time variable in the latter region by 7.
(b) One plots the quantities

TY(n; )=yT%n;t), and TY(n;t)=06In;1),

where y and § are only scale factors chosen in such a way
that

T%(n; 1)
~ —1 when (—o. (8a)
I(n;1)
The practical requirement will be
TY(n; T)=TY(n; T). (8b)

We require relations (8) in order to replace the factors
1/|a]? and 1/|B8|? in Egs. (7) by a common one.? This
is possible, because for T>>7¢

Tn; T)~1/4|a|2X e TITLTL(n),
and

T9(n; T)~1/4|8]2X e TI"2TL(n).

Taking into account Egs. (7) and (8), and using the
values (5) for a(t) and b(¢), we get the following relation
for any time ¢ and any other time 7>>7g:

TV (3 )+ TV(n; 1) 2(TS(n)et!754+-TE(n)etz)
IY(n; T) - T'L(n)erits ’

9)

From Eq. (9) we deduce the third step.
(c) One plots the following quantity as a function of
time ¢, having chosen a fixed time T':

TY(n; )+ T (n; )
20(n; T)

P(t):etlrs—TITL[ —6_(‘—T)/TL:] . (10)

This plot should be compatible with a straight line
parallel to the time axis. Thisis a test for the exponential
decay; in the model of Laurent and Roos* for instance,
one should find a serious discrepancy in the region
6735t 8rg. If P(2) fits a straight line, then the ratio
R(n) is given by

R(n)=P(1).

An advantage of this method is that it is independent
of CP violation, and of any hypothesis on the inter-
action responsible for the decay. Note that this is not
the case with the method used by Ely ef al.® to measure
the leptonic charge asymmetries of K5 and KZ. A
further advantage is that one does not need to know the
exact number of K°and K° produced; it is only necessary
to count the number of events where K or K° goes into
the final state » after time ¢. If one could know the num-
bers of K°® and K° produced, then one could measure

3 At the same time, it allows us to work with a number of K°
different from that of K° even without knowing these numbers.

¢ B. Laurent and M. Roos, Phys. Letters 13, 269 (1964).

5 R. P. Ely et al., Phys. Rev. Letters 8, 132 (1962).
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the ratio
[a|2/]8]2=T%n; T)/T°(n; T) for T>>rs. (11

In a recent report, Gaillard® has suggested the use of
neutral kaons produced in the K state, but she assumes
the equality of @ and 8 up to the precision of the meas-
urements that she considers.

III. LEPTONIC DECAYS

As an example, we study the case of leptonic” decays.
They are interesting because they yield a test of CPT
invariance. Furthermore, since the AS=AQ rule seems
to hold to a good accuracy,? they can provide us with a
good measurement of the ratio |«|2/|8]2

We denote the AS=A(Q amplitude by

[=AK—> T Th)=[AK°— TIH5) ]*,  (12)
and the AS=—AQ amplitude by
g=AR°— I1t)=[A(K0— II*1-5) J*. (13)

’.I‘he relations (12) and (13) are consequences of CPT
invariance.” Writing (—) for (z—*»), and (+—) for
(wtl—v), we have

AS(—+)=af+8g, (14a)
AM(—+)=af—pg, (14b)
AS(+—)=ag*4-Bf*, (14c)
AM(+—)=ag*—pf*. (14d)

Then the decay rates of K§ and K into the various
leptonic modes are given by

rs<—+>=/ma|2|fw+1ﬁ|2|g12
2 Re(aB* fg*) i,

PS(+—)=/[lal2|g|2+lBl2lf12

+2 Re(aB* fg*) Jdp,
(15)

ra(—+)= [Clall i+ 817lg)"
—2 Re(aﬁ*fg*)]dp;

vek=)= [ Clal?lgle+ (617171
—2 Re(af* fg*) Idp.
From these expressions, we deduce the relation

PS(=+)FTH =)= D5(4 =)= TH(—+)=0. (16a)

¢ M. K. Gaillard (unpublished).

7 Leptonic decay here means either electronic or muonic decay,
therefore 7 stands for either e or p. !

8 Lagarrigue, communication in a seminar (unpublished).

®R. G. Sachs, Phys. Rev. 129, 2280 (1963).
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The quantities which can be precisely measured are the
ratios R(n) [see Eq. (1)]and r=T%4(4+—)/TL(—+).In

terms of these ratios, relation (16) reads
R(—+4)—14++7[1—R(+—)]=0. (16b)

If relations (16a) and (16b) are not satisfied, then CPT
invariance does not hold in leptonic decays of neutral
kaons. Indeed, we have taken into account the CPT in-
variance in the definition (2) of K5 and K%,2 and in the
derivation of Egs. (12) and (13).°

This test suffers from the following drawbacks:

(a) The CP invariance alone implies the relations

PR(+—=)—R(=+)=0
and
r—1=0,

which relations have (16b) as a consequence. Hence, be-
cause of the weakness of C'P violation,'? any discrepancy
from relation (16b) should be small.

(b) The phenomenological description of unstable
particles through which these conclusions have been
reached might be inadequate for dealing with a funda-
mental question such as CPT invariance.

In what follows, we assume CPT invariance to hold.
Then, using Egs. (15), we get the following relations:

(=) (=) (o= [B1)@F-G) -
DS()+TEI) TS0 4TE() F+G ’
where

TSI =)= PSIE(— )= TSIE(+ =),

PSIE) = ST ), = [ 114,

and
6= [ g1

10 J. H. Christenson ef al., Phys. Rev. Letters 13, 138 (1964).

If the AS=AQ rule is strictly valid, then G=0, and Eq.
(17) provides us with a rigorous value of the scalar prod-
uct (K8| KT); this value is given in terms of the ratios
R(n) and 7 by

(KS|K%)=|a|*—|8]?
2R(—)—rR(+—)]
 R(—H)+H1HR(+=)+1]

2(1—7)
R(=H)F1HRE-)+1]

Even in the case where the AS= AQ rule is only approxi-
mate, but G/F<K1, Eq. (18) will still provide us with a
very good value for the scalar product (K5|KZE), since
the relative error is equal to 2G/F. More precisely, the
ratio G/F may be as much as ten times bigger than the
CP-violating term |a|2—|B|%, the latter being of the
order of 1073.1% Note that, from this point of view, the
situation is much less favorable when one measures the
ratios of the decay rates into two pions. Indeed, the
study of Wu and Yang!! shows that a measurement of
R(xtr™) gives a good value of |e| =|a—pB]|/|B| only if
ImA,/A4, is much smaller than e itself [the notation
here is that of Ref. (11)7]. Unfortunately our method
gives only the real part of e. Because of the weak-
ness of the AS=AQ violation, a measurement of
Im(e)=2 Im(e8*) would be very difficult in leptonic
decays.

(18)
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