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The purpose of this paper is to call attention
to a class of experiments which provides, us-
ing strong interactions only, a complete deter-
mination of the mixing parameters p, ¢, p’,
and ¢’ that correspond to the linear relations
among 1K), |K°, |Kg), and IK[). (We do
not assume CPT invariance.?) We assume
that these linear relations can be written in
the form

1K) =p 1K) +qIK°),
IKL>:p'|K°>—q'1R°>. (1)

In any consistent theory of neutral K mesons,
the values of p, g, p’, and ¢’ that we so deter-
mine must agree with those determined by
means of the weak decays. It is worthwhile
to determine p, g, p’, and g’ without making
explicit use of the weak-decay experiments,
in order to establish this consistency, if it
exists.?

We consider two specific experiments. In
each experiment we begin with a known num-
ber of neutral K mesons of known strangeness
S, “born” at ¢t =0 in a liquid-hydrogen bubble
chamber in one or the other of the two reac-
tions

S=+1: 717 +p-A+K° (2)
or

S==1: K~ +p-K%+n. 3)

The experiment in each case consists of de-
termining the relative time dependences and
the absolute counting rates for both of the sec-
ondary reactions

S=+1: K°+p-~K*+n 4)
and

==1: Ko+p—~A+n™. (5)

In the remainder of this paper we first show
how either one of the two experiments (2), (4),
and (5), or (3), (4), and (5) can be used to de-
termine p, ¢, p’, and ¢’. We then discuss pres-
ent knowledge of p, ¢, p’, and ¢’ as obtained

from the weak decays.
The inverse of Eq. (1) is

\K®) = (pq' +p'q)™*q"\K ) +q1K ),
IK®) = (pq’ +p'q)-‘[p'1KS>-leL>]. (6)

Of the eight real parameters p, ¢, p’, and ¢/,
only three are independent of conventions of
normalization and phase.?»* They may be ex-
pressed in terms of the two real parameters

(6/9)/(p'/q")=z=x +iy = |z |expig, (7)

and one (or the other) of the ratios 1p/q| or
Ip’/q’l. Alternatively, they may be expressed
in terms of |p/ql, 1p’/q’l, and ¢. CP invari-
ance® (with a particular phase convention) im-
plies p=g=p’=q’, whether or not T or CPT
invariance holds, and hence implies (indepen-
dent of phase convention) x =+1, y =0, and
Ip/ql=1p"/q’1=1; however, we know that CP
does not hold.® CPT invariance® (with a phase
convention) implies p’ =p and ¢’ =g, and hence
(independent of phase convention) x =+1, y =0,
and |1p/ql=1p'/q’| not necessarily equal to 1.7:8
T invariance®® (and a phase convention) implies
p’=q and g’ =p; then z =p2/¢® = q'*/p’?, with no
a priori constraint on the magnitude or phase
of z.

Let y(¢) denote the development in time (in
the K rest frame and in vacuum'®) of a neutral
K amplitude that is given at £ =0 by (0) = |K®),
corresponding to Reaction (2). Similarly let
¥(t) correspond to K° production at ¢t =0 via
Reaction (3), with $(0) = |K°). Assume? that
the Weisskopf-Wigner time dependence holds
for Kg and K, and define the time-dependent
factors fg=exp(-imgst—3Ast), 1 =exp(-imt
-3A;t), where mg, my, Ag, and A} are the
masses and inverse lifetimes of Kg and K .
Then we find

VO = (L +2) " GF g+ £ )IKO)

+ g/ Fg=1 IR)] ®)
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and

B0 = (W +2)" b/ Fg=F  NIK)
+(fg+af IRV, ©

We now consider separately the two experiments
corresponding to (2) and (3).

K° production via Reaction (2).—The relative
time dependence for hyperon production (5)
is given by the familiar factor™

Vg-f I P= eXp(—ASt) +exp(-A Lt)
—2{exp[—%(As +AL)tJ} cosmt,  (10)

where m =mg-m . Equation (10) leads to a
determination of |m | that is independent® of
the relations between p, ¢, p’, and g’. On the
other hand, the relative time dependence for
charge exchange (4) is given by

lzfs +fL B=(x%+y?) exp(-—xst) + exp(—ALt)
+2{exp[-—%(xs +AL)t]}
X (x cosmt +y sinmt) (11)

and can be used to find x and y.'* The absolute
counting rate for hyperon production (5) can

be used to determine |q’/p’| as follows. The
cross section for (5) is equal (assuming charge
independence) to twice that for K~ +p - A +7°,
which is known.'® The absolute counting rate
for (5) obtained from a known number of initi-
al K° can therefore be predicted from the cross
section, the density of liquid hydrogen, and

the K° flux factor 1q’/p’P|1+z|~2 obtained from
Eq. (8). The absolute counting rate for charge
exchange (4) provides a consistency check (or
an overdetermination) for x and y as follows.
The cross section for (4) is equal (assuming
charge symmetry) to that for K* +n -~ K® +p

at the same momentum. The latter cross sec-
tion is obtained from K™ charge exchange in
deuterium.!* Thus the yield for (4) gives the
K° flux factor |1+z|72=[(1+x)?+y?|~%

K° production via Reaction (3).—The relative
time dependence for charge exchange (4) is
given by Eq. (10) and determines |m|{, inde-
pendently of p, g, p’, and g’. The relative
time dependence for hyperon production (5)
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is given by

Ifs +sz 2= exp(—xst) +(x%+y?) exp(—ALt)
+ 2{exp[—%(1\s +AL)t1}

x (x cosmt—y sinmt) (12)

and determines x and y.!? The absolute count-
ing rate for charge exchange (4) determines
the K° flux factor 1p/q¥11+z1~% and hence
gives |p/ql?. The absolute counting rate for
hyperon production (5) gives |1 +z|~2 and hence
a check on z.

To summarize, either one of the two exper-
iments consisting of (2) followed by (4) and (5)
or (3) followed by (4) and (5) can provide a
complete determination of the relations among
b, q, p’, and ¢’ as defined in Eq. (1). They
can therefore provide tests of CP, CPT, and
T invariance, as well as tests of consistency
with values of p, g, p’, and g’ obtained from
the weak decays. (No explicit use was made
of experiments involving the weak decays.)

Experiments that involve coherent regen-
eration of K5 do not provide a complete deter-
mination of p, ¢, p’, and g’, and we do not
discuss them.'®

We now ask what is known about the relations
among p, q, p’, and g’ from presently published
experiments on neutral K decay. For our pur-
poses it suffices to consider decay into nt+7~.
Let ag and a; denote amplitudes for decay into
7*+7~ by Kg and K;. Then the decay rate
I(t) into 7* +7~ that develops from a number
N, of K° mesons produced at ¢ =0, and the cor-
responding rate I{f) from a number N, of K°
mesons at ¢t =0, are given according to (6) by

= ’ P ] ’ 2
I(t)—NOIpq +p'ql lqasfs+qaLfL|,

I(t) =—I‘?0 Ipg’ +P'ql“lp’asfs—t>aLfL 2. (13)

The magnitude of ay is about 2x1072 times

the magnitude of ag.® Therefore in experiments
for which ¢ never gets beyond ~107,, the decay
rate into 7t +77 is to within a correction of
order 1% (due to the interference term between
ag and aj) given by the contribution from Kg
alone.'® According to (13) we then have

N@™n~™)/N g
NG* ) /Ny ;F: (14)

where N(m*1~) and N(r*1~) are the time inte-
grals of I(t) and I(¢) from ¢ =0 to ~107,. Thus
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lq’/p’| can be obtained by comparing the branch-
ing ratio for Kg decay into 7*+7~ when the
initial meson is K° to that when it is K°. The
K° branching ratio has been determined in
many experiments. The K° branching ratio

is not easily determined (because N, is not
easily determined), and there is no published
value. However, a ratio that is closely related
to (14) has been determined by Armenteros

et al.'” and by Baltay et al.'® They stop anti-
protons in hydrogen and determine the ratio

Rate(p +p ~Kg +K~ +17) Nolq’l"’
Rate(p +p—-KS+K++7r‘) :_IVOIP’ 12’

y=

(15)

where Kg stands for the 777~ decay. In order
that » as given by (15) be a true measure of
lq'/p’ B as given by (14), we must assume that
the number N, of strong interactions p+p~K°
+K~ +71% is the same as the number N, of strong
interactions p +p - K°+K*+7~, that is, assume
that C is conserved in the strong interactions

of neutral K mesons.'® In that case we find
(adding the results of Refs. 17 and 18, and in-
cluding the case of an extra 7° from Ref. 18)

lq_f 2 560+438+953
'l "7 "585+413+957

Thus lg’/p’| is 1.00+0.016.

The remaining two parameters x and y [or
their equivalents |g/p| and the phase of z
=(p/q)/(p’'/q’)] remain undetermined. Rather
than consider other decay experiments, we
now use a powerful inequality given by Lee
and Wolfenstein.? Independent of whether or
not CPT invariance holds or whether or not
T invariance holds, the single requirement
of unitarity (i.e., conservation of probability)
plus the two experimental results /\L/Asz 1/655
and |mg-mp |=0.6A5 leads to the result

=1.00+0.032. (16)

4ASAL 1

2 — 200"
(AS+AL) +4(ms mL) 400

Ip*p'=gq*q' < (7)

When (17) and the experimental result (16) are
combined, one finds 0.9 s|g/p|<1.1 and that
the phase ¢ of z satisfies —0.1 rad < ¢ <+0.1
rad. According to P. Eberhard,? these limits
can be further narrowed by a factor of about
three by applying the unitarity condition to all
of the experimentally determined branching
ratios and using the result (16).

Thus from the weak decays alone and with-
out any special assumptions?! as to CPT (or

any other) invariance, we have the clear set
of results 1q’/p’1=1.00+0.016," (=0.97) < |q/
p1<(=1.03), and (==0.03) < ¢ < (=+0.03). It
remains to be seen whether the proposed de-
terminations using the strong interactions
will give the same answers.?

I am grateful for conversations with Sheldon L.
Glashow, Sidney Coleman, Philippe Eberhard,
and Michael Nauenberg.
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