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The purpose of this paper is to call attention to a class of experiments 

w}lich provides a complete determination using strong interact)ons only of the 

mixing parameters p, q, p', and q' that correspond1to the linear relations 

among I K 0
) , I K 0

) , I K5 ) , and I KL) . (We do not assume CPT in­

variance. 
1

• 
2

) We assume these linear relations can be written in the form 

I.Ks) = P I i<o) 

I KL) = p' I Ko) 

+ q I Ko) 

- q' I Ko) . 

(1) 

In any consistent theory of neutral K mesons the values of p, q, p' and q' 

that we so determine must agree with those determined by means of the weak 

decays. It is worthwhile to determine p, q, p', and q' without making explicit 

use of the wea~'-decay experiments, in order to establish this consistency, if it 

. 3 
ex1sts. 

We consider two specific experiments, In each experiment we begin with 

a known number 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 reactions 

s = + 1 
or 

s - 1 

- A+ K0 •'fT + p -
K- + p- K 0 + n. 

(2) 

(3) 
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The experiment in each case consists of determining the relative time de-

. pendences and the absolute counting rates for both of the secondary reactions 

S = + 1 : K 0 + p - K+ + n (4) 

and 

S = - 1 : K 0 + p - A + n + (5) 

In the remainder of this paper we first show how either one of the two 

experiments (2), (4), (5) or (3), (4), (5) can be used to determine p, q, p', 

and q'. We then dis'cuss preserit knowledge of p, q, p', and q' as obtained 

from the weak decays. 

The inverse of Eq. (1) is 

I 

IKO) = (pq' + p'q)-1 lq' I Ks)+.ql KL )J 
(6) 

1
-Ko)= -1 l (pq' + p'q) . p' I Ks)- PI KL) ]. 

Of the eight real p·arameters p, q, p', and q'. only three are independent of 

. f 1· . d h 2 ' 4 Th b d . f conventions o norma 1zat1on an p ase. ey may e expresse 1n terms o 

the two real parameters 

(pjq)j(p 1 /q') = z = x + iy = jzl exp i<j>, (7) 

and one (or the other) of the ratios I pfq I or I p'/q1 j . Alternativ~ly, they may 

be expressed in terms of lp/ql , I p 1/q 1 1 , and <j>. 5 
CP invariance implies 

(with a particular phase convention) p = q = p 1 = q 1 , whether or not T or CPT 

hold, and hence implies (independent of. phase convention) 

x = + 1, y = 0, and jp/qj = IP' /q 1 1 = i; however, we know that CP does not 

hold, 
6 

CPT invariance 
5 

implies (with a phase convention) p' = p and q 1 = q, 

and hence (independent of phase convention) x = + 1, y = 0, with jpjqj = jp 1/q 1 1 
. ( 

t ·1 1 1 7 ' 8 T . . 2 • 9 . 1· ( . h h no necessart y equa to • 1nvar1ance 1mp 1es w1t a p ase con-

vention) p 1 f ~ and q I : p; then Z : p
2 
jq2 : q I 2jp1 2

1 With no a priori COnStfoaint 

on the magnittide or phase of z. 

I 
I. 

I ,, 

! 
1 

I 
I 
I 
! 

I 
I 

I 
I 
I 



• 

• 

• 

• 

-3- UCRL-16475 Rev. 

Let lj!(t) denote the development in time (in the K rest frame and in 

vacuum 10 ) of a neutral K amplitude that is given at t = 0 by .tlJ(O) = \K 0 ), 

corresponding to reaction (2). Similarly let lj!(t) correspond to K0 production 

at t = 0 via reaction (3), with l!J(O) = IK-o) 2 
Assume that the Weisskopf-

Wigner time dependence holds for KS and . KL' and define the time -dependent 

factors fs = exp( -im8t - 1/2 7>.8t}, fL = exp( -·imL t- 1/2 11-Lt}, where m 8 , 

mL, t-
8

, and }...L are the masses and inverse lifetimes or' Ks and KL. Then 

we find 

ljJ (t) ( 8}. 

and 

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

1. K 0 production via reaction (2): The relative time dependence for hyperon 

production (5) is given by the familiar factor
11 

1£8 -fL 1
2 = exp(-~8t). + exp(-~Lt) - 2 {•xp[ -1/2(~8t~L)t]} cos rot, 

"( 1 0) 

where m: =· m 8 -mL. Equation (10) leads to a determination of I m I that is: 

independent
1 

of the relations between p, q, p 1 , and q 1 •. On the contrary the 

·relative time dependence for charge exchange (4) is given by 

lz£8 t£L 1
2 = (x

2 +/) exp(- 's') + exp(- l\Lt)t2 { exp[ -1/2 (l\8 t l\L)t J} 
(xcos rot + ysin rot) ( 11) 

12 
and can be used to find x and y.. The absolute counting rate for hyperon 

·production (5)
1 
can be used to determine lqi /p' I as follows. The cross section 

for (5) is equal (assuming charge independence) to twice that for K-+p-.A:t-1T 0
, 

~ ~~ 

which is knbVI.n. 
13 

The absolute counting rate for (5) obtained from a knoWn 

number of i~~fial K 0 can therefore be predicted from the cross section, the 

density of liquid hydrogen, and the R0 flux factor I q 1/p 1 12 11 + z 1- 2 obtai~ed 

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 
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cross section for (4} is equal (assuming charge symmetry} to that for 

+ 0 . K + n - K + p at the same momentum. The latter cross section is obtained 

from K+ charge exchange in deuterium .. 
14 

Thus the yield for (4} gives the K 0 

;.\ 

j 

2. K 0 production via reaction (3): The relative time dependence for chc£rge ex-

change (4} is given by Eq. (10} and determines I m 1. independently of p, q, p 1 , 

and q 1 • The relative time dependence for hyperon production (5} is given by 

2 2 2 '{ . . } lf~+zfLI = exp(-X.8 t}+(x +y }exp(-A.Lt}+2; exp[-1/2(A.8 +A.L}t] 

(x cos mt-ysin mt) j ( 12} 

and determines x and y. 
12 

The absolute counting rate for charge exch.ange (4} 

2 -2 I z' 
determines the K 0 flux factor I pjq I 11 + z I and hence gives I pjq I... The 

absolute counting rate for hyperon production (5} gives 11 + z 1-
2 

and herlce a 

check on z. 

To summarize, either one of the two experiments consisting of (~-}, 
;:.;. ~~ 

followed by (4) and (5) or (3} followed by (4} and (5) can provide a complet1~. 

determination of the relations among p, q, p 1 , and q 1 as defined in Eq. -:f{}. 
' t l\' ~ . 

They can therefore provide tests of CP, CPT, and T, as well as tests ot1ton-.. 
I 

sistency with:values of p, q, p' and q' obtained from the weak decays. (N~· 
,.,, 

explicit use 'if~s made of experiments involving the weak decays.) 
.'('1 

Experi~ents that involve coherent regeneration of KS do not provide 

. 15 
a complete determination of p, q, p', and q', and we do not discuss them. 

We now ask what is known about the relations among p, q, p 1 , and q' 

from presently published experiments on neutral K decay. For our purposes 

it suffices to .~.~nsider decay into 1/ rr-. Let a
8 

and a L denote amplitud1s 

for decay into~+ rr- .by~ .Ks : ~?d . .KL •. : ,Tlien the de fay ·.rate .I(t) into rr + rr- th~t 

~evelops fro~V~.a number N0 of K 0 mesons produced at t = 0, and the corJ· 

- - -o respondingrate I (t) from a number N
0 

of K mesons at t = 0 are given 
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according to. (6) by 

I(t) =No lpq' + p'ql-21q'asfs + qaLf~l2 

- - I 1-21 12 r.(tJ = N0 pq' + p'q p'asfs- paLfL (13) 

-3 6 The magnitude of aL is about 2X10 times the· magnitude of aS. There-

fore in experiments for which t never gets beyond. -10 T 
1

, the decay rate 

into 'IT+'TT- is to within a correction of order '1% (due to the interference term 

16 
between aS and aL) given by the contribution from KS alone. Accord-

ing to (13) we then have 

+ -I N(-rr 'TT ) N
0 

. - +- -
N(-rr -rr )jN

0 

+ - - + - -where N(-rr -rr ) and N(-rr -rr ) are the time integrals of I(t) and I (t) from 

(14) 

t = 0 to -10 T 1 . · Thus I q '/p' I can be obtained by comparing the branching 

ratio for Ks decay into -rr + -rr- when the initial meson is K 0 t~ that when 

it is K0 
• The K 0 branching ratio has be~n determined in many experi­

ments. The K 0 branching ratio is not easily determined (because N
0 

is not easily determined), and there is no published value. However, a 

ratio that is closely related to (14) has been determined by Armenteros 

17 18 
et al. and by Baltay et al. They stop antiprotons in hydrogen and de-

termine· the ratio 

r-

- - + 
Rate (PI? - KSK 'TT ) 

+ -
Rate (pp - KsK -rr ) 

= (15) 

. + - < where KS stands for the -rr 'TT decay. In. order that r. as given by (15) be 

a true meastlte of jq' /p' j
2 

as given by (14) we must assume that the 

number of ~6 of strong interactions pp - K° K- -rr + is the same as the 

number 'N0 of strong interactions pp-: K° K+ 'IT-, that is, assume that 

\· 

I 
I 
~ 
I 
' 
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. 19 
C is conserved in the &:rong interactions of neutral K mesons, In that 

case we find (adding the results of references 17 and 18, and including 

the case of an extra ;r
0 from Ref. 18) 

I q I /pI 12 :: r :: 56 0 + 4 3 8 + 9 53 :: 3 2 
585 + 413 + 957 1· 00 ± 0 •0 • 

Thus jq 1/p 1 1 is 1.00±0.016 

The remaining two parameters x and y lor their equivalents 

I qfp I and the phase of z = (p/ q)/ (p 1 /q 1)} remain undetermined. 

Rather than consider other decay experiments, we now use a powerful 

inequality given by Lee and Wolfenstein. 
2 

Independent of whether or. not 

CPT holds or whether or not T holds,, the single requirement of 

unitarity (i. e. , conservation of probability) plus the two experimental 

I >): >!< 12 p pi - q ql ~ 

When (17) and the experimental result (16) are combined; one finds 

0. 9 ~ I qfp I ~1.1 and that the phase <!> of z satisfies -0.1 rad 

~ <!> ~ +0.1 rad. According to P. Ebe:::-hard, 
20 

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 without any special 

assumptions
21 

as to CPT (or any other) invariance, we have the clear 

set of results I q 1/p 1 j = 1.00 ± 0.016, 
19 

( ~. 97) ~I qfp I ~ ( ~1.03), and 

( ~- 0. 0 3) ~ <I> ~ '( ~+ 0. 0 3) . 

It remains to be seen whether the proposed determinations using 

thp strong·iil.teractions will give the same answers 
3 

I am grateful for conversations with Sheldon L. Glashow, Sidney 

Coleman, Philippe Eberhard, ;lnd Michael Nauenhe:rg. 

{16) 

( 1 7) 
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parameters obtained via the strong interactions and those ob-
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4. Strangeness conservation in strong interactions is assumed, and 

guarantees that I K 0
) and I K0

) are orthogonal, The most 

natural normalization conditions are therefore. j p j2 + j q j
2 

= 1 

and IP'I
2 

+ Jq'J
2 = 1. (If CP, or C, or P were conserved 

in weak interactions, I KS) and I KL) would also be 

orthogonal.) The relative phase of J K 0
) and I K0

) and the 

absolute phases of I K~) and l·i<~) can be chosen by con­

vention. These five conditions reduce p, q, p', and q' to 
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7. The best-known prediction of CPT invariance is that the masses 

and lifetimes of weakly decaying particle and antiparticle must 

be the same. [ T. D. Lee and C. N. Yang, Phys. Rev. '104, 

254 (1956). J But this result, like most other predictions fol-

lowing from CPT invariance, is guaranteed by CP invariance 

alone, whether or not CPT holds. 1 Thus CPT is most 

easily susceptible to test in those interactions where .CP 

is now believed to fail, namely in the weak interactions of 

neutral K mesons. Sachs 
1 

discusses a number of tests of 

CP and CPT invariance involving the decays of neutral K 

mesons and also involving elastic scattering and regenerative 

scattering of neutral K 1 s from nuclei. The experiments 

we consider in this paper have not been previously discussed 

as possible tests of CP,. CPT, and T, although they are well­

known Js possible experiments to determine the magnitude 

of the rhass difference lms-mLI . 

8. T. S. Wu and C. N. Yang, Phys. Rev. Letters..!]_, 380 (1964) 

give a systematic phenomenological analysis of neutra~ K 

decay, assuming CPT invariance. It is perhaps interesting 

to observe that their analysis shows that one can have p = q 

exactl>Jeven when CP invariance does not hold . 
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9. S. Coleman and S. L. Glashow, to be published. 

10; .. The nuclear mean free path in liquid hydrogen is several hundred 

times larger than the mean KS decay distance, for the experi­

ments we envisage. Therefore we assume that we can neglect 

coherent regeneration in the liquid hydrogen, and we take the 

K amplitude in liquid hydrogen to be the same q.s it would be 

in vacuum. That there is no "anomalous 11 (large) regeneration 

in liquid hydrogen has been shown by Christenson et al. (Ref. 

15). 

11. W. F. Fry and R. G. Sachs, Phys. Rev. 109, 2212 (~958). 

12. The sign of y is determined only relative to that of mS-mL. 

However, the sign of mS-mL can still be determined by 

using the method of elastic scattering of neutral K 1 s from 
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hydrogen, followed by 1T+ 1T- decay, as suggested by U. CamerirH, 

W. F. Fry, and J. Gaidos, Nuevo Cimento ~. 1096 (1963). 

The generalization of their formulas to encompass x /1 and 

y I 0 .!_s straightforward. 
: ~ 

13. For K mdtnenta between 300 and 500 MeV/c, this cross section 

'• 

has been measured by M. B. Watson, M. Ferre-Luzzi, and 

R.D. Tripp, Phys. Rev.· 131, 2248 (1963). 
' ---

14. For K momenta less than 810 MeV/c, see V. J. Stenger, W, E. Slater, 

D. H. Stork, H. K. Ticho, G. Goldhaber, and S. Goldhaber, Phys. 

Rev. 134, B 1111 (1964). 
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In a regeneration experiment like that of Christenson, Cronin, Fitch, 

and Turlay, Phys. Rev. 140, B74 (1965), the intensity of regenerated· 

K5 is prop;rtional to ·[: jq• lq 1
2 I j1 + z j

2
] I f5 - fL !2 

, where the 

time t in the terms fs and fL is the time the beam takes to 

traverse the slab of regenerator. We see that the dependence on 

thickness is independent of p, q, p 1 
' and q 1 

' and provides a 

determination of jm
5

-mLj that is independent of these parameters, 

+ -provided the iT iT decay from KL can be neglected compared to 

that from regenerated K
5

. The absolute intensity does depend on 

jq'lqj and on z, as well as on the optical-model parameters, but 

is difficult to determine experimentally. 

16. If q' lq or p 1 /p were pathologically small, we could not make such 

a statement, i.e. , we could not neglect qaLfL and paLfL in 

Eq. (13) for reasonably short times t. But we know this is not 

the case: q' I q is not pathologically small, because all published 

determinations 1of the lifetime .of KS start with a K 0 at t = 0, 

and the only time dependence seen in the first 10 K 5 mean lives 

is that of the exponential j f8 !
2 = exp- A.5t; p' /p is not pathologically 

small, because if one starts with a K0 at t = 0 one also gets the 

time dependence exp- A.
5
t, with the same value for A.5 as in the 

published lifetimes that start with K 0
• (For example, A. Barbaro-

Galtieri, private communication and to be published, finds the normal 

KS lifetime in an analysis of 20,000 iT+TT- decays arising from K0
.) 

Thus :("e. need not actually~ the smallness of I aLias I as determined 

in Re!. 6. 
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17. R. Armenteros, D. N. Edwards, T. Jacobsen, L. Montanet, J. 

Vandermeulen, Ch. D' Andlau, A. Astier, P. Baillon, 

J. Cohen-Ganouna, C. DeFoix, J. Siad, and P. Rivet, 

Physics Letters i2_, 170 (1965). 

18. C. Baltay, N. Barash, P. Franzini, N. Gelfand, L. Kirsch, 

lf 
G. Lutjens, J. C. Severiens, J. Steinberger, D. Tycko, and 

D. Zanello, Phys. Rev. Letters ~. 591 {1965}. 

19. In Refs. 17 and 18 the K 0 and K 0 are found by scanning for decays. 

Thus N
0 

and N
0 

are not determined. Therefore these experi­

ments do not rule out the rather pathological possibility that 

N
0
/N

0 
and I q'/p' 1

2 
are both different from unity but conspire 

in their product to give r = 1. This possibility can be eliminated 

by a measurement of the branching ratio for K 0 into 1T + 1T- . 

20. Philippe Eberhard, private communication and to be published. 

21o Wu and Yang
8 

show that the smallness of I aL/as I and the validity 

of the j~rj = ~ rule imply p::::q, if CPT holds. Lee and 

Wolfenstein
2 

show that p, q, p', and q' are closely equal even 

if CPT does not hold {or if there is an equivalent cosmological 

force) provided that the CP noninvariant Hamiltonian, HF' 

is very small. S. L. Glashow and S. Weinberg, Phys. Rev, 

Letters 14, 835 {1965), show that the 21T decay rates imply 

jpjqj 2 -1~1/25, provided CPT holds. S. Colemanand 

9 S. L. Glashow show that T invariance implies {with their 

h ... , . ) · 2/ 2 , 2 I , 2 p as e conventlon z = p q = q ·.. p . The experimental 

result (16) therefore implies jqjpj = 1.00±0.016 if T is good. 
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+ -They further show that the rates for KS- 21T and KL - 1T 1T imply 

that z is nearly real if T is good. M. Nauenberg (private 

communication) shows that the smallness of I aL/a8 I implies 

that any CPT violation must be small, namely, 

lq/p 1.1 1- z j ~ 4\aL/a8 j ::::: 8X10-
3

, unless there are 

accidental cancellations. 
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