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1. THE TWO TYPES OF NEUTRAL Κ MESONS

N EJEUTRAL K mesons do not belong to the c l a s s of

t ruly neutra l p a r t i c l e s : K° and i ts ant ipart ic le K°

have the respect ive s t r a n g e n e s s e s S = + 1 and S = - 1 .

Strangeness i s not a s t r ic t ly conserved quantity, how-

ever ; K° and K° can undergo the decays K° —* 2π, Κ°

— 2π. Therefore t rans i t ions K° = 2π = Κ° a r e p o s -

sible by way of v i r tua l π - m e s o n s t a t e s . This i s a

specia l feature of the neutra l Κ mesons , which o c -

cupy, as it w e r e , an in termedia te position between

truly neutra l p a r t i c l e s (π° m e s o n s , photons) and p a r -

t ic les that differ from t h e i r ant ipar t ic les by any s t r ic t ly

conserved quantum numbers (e lec t ron and posi tron,

neutron and ant ineut ron) . The difference in s t r a n g e -

ness between K° and K° mesons has the consequence

that the i r s t r a n g e n e s s - c o n s e r v i n g interact ions with

other p a r t i c l e s a r e different. For example, K° m e -

sons can be produced only in p a i r s along with K° m e -

sons, but K° mesons can also be produced in p a i r s

along with Λ0 and Σ hyperons : there fore the threshold

for production of K° m e s o n s i s much lower than that

for the production of K° m e s o n s . The only interact ion

between K° mesons of m o d e r a t e energ ies and nucleons

is that of sca t ter ing, e la s t ic o r with charge t r a n s f e r :

for K° m e s o n s react ions with production of Λ0 or Σ

hyperons a r e also poss ib le :

Ko + p-^A°+it\ (1)

We may say that K° mesons a r e m o r e easi ly produced,

and K° mesons in teract b e t t e r . Let us cons ider i n t e r -

actions which do not conserve s t r a n g e n e s s . It has been

found exper imental ly that Ku

two 7Γ m e s o n s :

mesons can decay into

-2π°,

• π* + π " .
(2)

L e t u s a p p l y t h e c h a r g e - c o n j u g a t i o n o p e r a t o r C t o t h e

i n i t i a l a n d f ina l s t a t e s of t h e s e r e a c t i o n s . It i s o b v i o u s

t h a t

CK°=K°,

C (2n°) = 2π°,

hit") = π + + π~.

(3)

T h u s t h e p r o c e s s e s (2) a r e n o t c h a r g e - i n v a r i a n t . T h e

o p e r a t o r C t a k e s t h e K° m e s o n o v e r i n t o i t s a n t i p a r -

t i c l e K°, w h i l e t h e r i g h t - h a n d s i d e s of t h e r e a c t i o n s

(2) r e m a i n u n c h a n g e d . It w a s t h i s c o n t r a d i c t i o n t h a t

i n 1955 l e d G e l l - M a n n a n d P a i s ^ t o a r e m a r k a b l e

d i s c o v e r y . T h e y i n t r o d u c e d s t a t e s w h i c h a r e s u p e r -

posit ions of Κ and Κ?o*.

(4)

The s ta tes K\ and K§ do not have definite s t r a n g e n e s s ,

but cor respond to eigenvalues of the change-conjuga-

tion o p e r a t o r :

(5)

According to Gell-Mann and Pais the decays (2) do not

go from the s ta te K° (or K°), but from the s ta te Kj,

which, like the π mesons that a r e produced, has a def-

inite C-parity ( + 1) . The possibil ity of observing the

react ions (2) allows us to s e p a r a t e out from the s ta te

K°, which does not have a definite value of C, the

eigenstate K$ of the o p e r a t o r C, and to study all of

i ts p r o p e r t i e s . Similarly, by observing a react ion of

decay of neutra l Κ m e s o n s to s t a t e s odd with r e s p e c t

to charge (for example, the decay K° — 3π°) one can

study the p r o p e r t i e s of the s ta te K$, which has the

charge par i ty C = — 1. Thus the s t a t e s κ} and KJ> a p -

p e a r as different p a r t i c l e s : we shal l s e e that they have

different l i fetimes and different m a s s e s . Thus a c c o r d -

ing to Gell-Mann and Pais the neutra l Κ mesons a r e

produced in s t a t e s with definite s t r a n g e n e s s — t h e y a p -

pear as K° or K° m e s o n s ; in the decays, on the other

hand, we observe the s ta tes κ} and Kj. The discovery

of nonconservation of par i ty Ρ and charge par i ty C in

weak interact ions did not a l t e r the r e s u l t s of Gell-Mann

and P a i s . Instead of the s e p a r a t e conservat ion laws for

Ρ and C we now have the i r product CP as a conserved

quantity. This t rans format ion is called the combined

pari ty, and cons is t s of replacing p a r t i c l e s by a n t i p a r -

t ic les and s imultaneously c a r r y i n g out an invers ion of

the space coordinates . All of the arguments that have

been given r e m a i n valid, s ince the o p e r a t o r CP has the

s a m e p r o p e r t i e s (3) and (5) as the o p e r a t o r C.

The existence of K? and KJi m e s o n s leads to ex-

t r e m e l y cur ious effects, which can be observed in

beams of neutra l Κ m e s o n s . Let us imagine a beam

of K° mesons produced by π mesons in a target A

(Fig. 1). These K° mesons can be r e p r e s e n t e d as a

superposi t ion of the s ta tes Kj and K°

*Here and in what follows we use the same letter to denote
a particle itself and its wave function.
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FIG. 1. Schematic
arrangement of the Pais-
Piccioni experiment.

t «

[ this re la t ion follows from the equations (4)]. Since

the lifetime of the KJI meson is much longer than that

of the Kj meson ( see below), the composition of the

beam will change as it moves far ther away from the

target A. At a sufficiently large dis tance from the

targe t A the beam will be pract ica l ly ent ire ly c o m -

posed of K' mesons . But the pure K$ s ta te contains

both the K° s tate and the K° s ta te in equal proport ions :

In other words, at sufficient d i s tances from the point

of production of the K° mesons an admixture of K°

mesons appears in the beam: K° — K°. The p r e s e n c e

of K° mesons can be detected, for example, by the

o c c u r r e n c e of the react ion (1), which is c h a r a c t e r i s t i c

of K° mesons . To observe this reac t ion a ta rge t Β

is placed in the beam. This s o r t of exper iment was

proposed by Pais and Piccioni in 1955. ^ Figure 2

shows the p r o c e s s as observed in a propane bubble

chamber, and the t rans i t ion K° — K° can be c lear ly

seen. The K° was produced by t r a n s f e r of charge

from a K+ to a carbon nucleus; at some dis tance

from the point where the K° is produced a react ion

caused by K° is observed:

Κ» + Ρ->Α° + κ*.

Similarly, if a beam of KJj mesons is sent through
matter, then owing to the difference in the ways the
K° and K° mesons that make up the beam interact
with the nucleons the composition of the beam will
change. When the beam emerges from the target one
can observe in it K\ mesons which previously were
not present in it. These remarkable properties of
mutual interconversion are characteristic of neutral
Κ mesons only, and a r e caused by the possibi l i ty of

K°-~ K° t r a n s i t i o n s .

The question may a r i s e as to why one does not

consider superposi t ions analogous to K° and KJ> for

other neutra l p a r t i c l e s , for example

ι ~ ι ~

FIG. 2.a) Photograph of the process K° -K°, observed in a
propane bubble chamber. The K° was produced from a K+ by
charge transfer to a carbon nucleus. The K° is revealed by the
reaction K° + ρ -*Λ + π+ (from [91): b) diagram of the process
seen in Fig. 2 a.

a n d n 2 d o not h a v e d e f i n i t e v a l u e s of t h e b a r y o n n u m -

b e r , b u t l i k e Kj a n d KJi t h e y h a v e d e f i n i t e v a l u e s of

t h e c o m b i n e d p a r i t y . T h e p o i n t i s t h a t t h e i n t r o d u c t i o n

of s u c h s t a t e s h a s no m e a n i n g , s i n c e t h e r e a r e no i n -

t e r a c t i o n s t h a t w o u l d l e a d t o t h e d e c a y of nj o r n 2

i n t o s t a t e s w i t h d e f i n i t e v a l u e s of C P , for e x a m p l e

into π m e s o n s . Otherwise, as for the neutra l Κ m e -

sons, t rans i t ions n—»n would be possible, which is

absolutely forbidden by the law of conservat ion of

baryon charge . Superpositions analogous to Kj and

Kj of c o u r s e a r e a lso meaningless for truly neutra l

p a r t i c l e s , s ince for them p a r t i c l e and ant ipart ic le

a r e identical .

2. THE LIFETIMES OF K? AND K§ MESONS

The difference between the l i fetimes of K° and KJ>

mesons is due to the fact that the decay p r o c e s s e s

available for these p a r t i c l e s a r e different. Let us con-

s ider the possible 7r-meson decays of neutra l Κ m e -

sons :

K-
3π°,

where η and η a r e the wave functions of neutron and
antineutron: unlike the s t a t e s η and n, the s t a t e s nj

The combined pari ty of the s ta tes (2jr°) and (π* + π" )
i s posit ive [ s e e Eq. (3)]. The s ta te (3ττ°) has nega-
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tive combined par i ty . In fact, owing to the fact that the

7r° m e s o n s a r e identical the orbi ta l s t a t e of the s y s t e m

(37Γ0) must be even: the CP par i ty of each π° meson

is negative: ΟΡ(π°) = - π 0 . Therefore 0 Ρ ( 3 π ° ) = - 3 π ° .

The GP par i ty of the sys tem (π+7Γ~π°) is ( - 1 ) ' + 1 ,

w h e r e I i s the orbi ta l angular momentum of the π°

meson re lat ive to the center of m a s s of the s y s t e m

(π+π~ ). This can be seen as follows. The CP par i ty

of the π 0 meson is negative. The CP par i ty of the

s y s t e m (π + τΓ ) i s always posit ive, s ince Ρ π

+

π -

= ( - 1 ) L , Ο π

+

π - = ( - 1 ) L , and Ο Ρ π

+

π - = ( - 1 ) 2 L = 1.

Here L is the re lat ive angular momentum of the s y s -

tem π + 7Γ (Fig. 3). Thus the combined pari ty of the

sys tem (τΓ+π"π°) is completely determined by the

value of Ι: ΟΡπ+π~πο = ( - 1 ) Z + 1 . Obviously Ζ = L,

since the spin of the Κ meson is zero . We now wri te

out the π -meson decays allowed for K}(CP = 1) and

for Κ| ( C P = - 1 ) :

{ 2π°,

K\ \
{ π* + π"

3π°,

π°. l = L = l, 3,

0, 2, 4,

It follows that two-part ic le decay (2π° or π + + π ) can

occur only from the s ta te K°: the K2 meson can decay

only into t h r e e π m e s o n s . Therefore the l ifetime of

the KJ meson against π-meson decay must be much

s h o r t e r than that of the K2 meson, s ince the phase

volume for t h r e e - p a r t i c l e decay is much s m a l l e r than

that for two-par t ic le decay. The l i fetimes τ(Κ?) and

T(KJ>) of these mesons against al l possible decays d e -

pend also on the probabi l i t ies of leptonic decays,

A c h a r a c t e r i s t i c feature of these decays is that the

final s t a t e s do not have definite values of CP [ for

example, CP ( e + + ν + Έ" ) = e" + ν + π + ], and c o n s e -

quently they a r e equally access ib le for K? and K2.

The p r e s e n c e of the leptonic decays does not lead to

equalization of the l ifetimes of K? and Κ2 mesons,

however, because the probabi l i t ies of t h e s e decays

a r e re lat ively smal l . According to the m e a s u r e m e n t s

of Luers and o ther s ^ the ra t io of the probability

Γ 2 ( L * ) for leptonic decays of KJ> -to the probability

Γ 2 ( +• - 0 ) for the decay KJ! — π+ + π" + π° i s

FIG. 3. Notation scheme for
the orbital angular momenta of
t h e s y s t e m (π+π~πα) ( s e e t e x t ) .

Γ 2(+-0)
= 6.5 ±1,0. (6)

The lifetime of the K" meson has been determined ex-

per imenta l ly in the bubble chamber from the flight

distance (dis tance from point of production to point

of decay) of neutra l Κ mesons that decay into two

π m e s o n s . The value of τι found from the r e s u l t s

of s e v e r a l r e s e a r c h e s is Μ

%(K°) = (1.00 ±0.04)·10^ 1 0 sec .

M e a s u r e m e n t s of the lifetime of the KJJ meson can be

made by studying t h r e e - p a r t i c l e decays of neutra l Κ

mesons at d i s tances from the point of production which

a r e la rge enough so that the K.\ component has c o m -

pletely decayed.* This is the way the most re l iable

values of T 2 have been obtained. In the work of Alex-

ander and o ther s ^ m e a s u r e m e n t s of τ2 w e r e made

in a 180-cent imeter hydrogen bubble chamber . Neutral

Κ mesons w e r e produced in the chamber itself by the

action of π~ m e s o n s : π~ + ρ —* Λ + K° ( Ρ π ~ = 1.03

BeV/c ). In this work only those decays of Κ mesons

w e r e r e g i s t e r e d which w e r e accompanied by an a s s o -

ciated decay Λ —* ρ + π~ vis ible in the chamber . The

resul t ing possibil i ty of a detailed kinematic analys is

made possible a re l iab le se lect ion of c a s e s which were

actually decays of neutra l Κ m e s o n s , and a l so an a c -

cura te knowledge of the " a g e " of the decaying Κ m e -

son. For the determinat ion of τ2 c a s e s were selected

in which Κ mesons decayed with t i m e s of flight 3.4

x 10" 1 0 < t < 20.0 χ 10" 1 0 sec (in the r e s t sys tem of

the Κ m e s o n ) . In this way cases of Kj decay w e r e

pract ica l ly excluded. The value of τ2 found in this

work was

ι 7^ 7 ~r ' )• 1 0 - s e c .

This value of τ2 is in good agreement with the value

τ(*:;) = (8.1 j j j ) · 10-» sec,

obtained in ^ by the method of direct measurement
of the dependence of the number of K2 decays on the
distance traversed. Crawford and others '-7-' obtained
the somewhat smaller value

= ( 3.6— 1.0 10" sec.

It must be remarked, however, that in this work the
hydrogen bubble chamber used in the determination of
τ was a smal l one (25 c m ) ; as in ^ , the K° mesons

w e r e produced in the chamber itself by the react ion

π " + ρ — Λ + Κ°. Thus the smal l s ize of the bubble

chamber did not p e r m i t spat ia l separat ion of the K\

and K2 decays . Therefore in the determinat ion of T 2

*The intensity of the K° beam produced in this way in the
latest experiments (L. B. Leipuner and others, preprint 1963)
was (2.5 + 0.6) · 10"3 particle per square centimeter per pulse.
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from the observed c a s e s of t h r e e - p a r t i c l e decay of Κ

mesons it was n e c e s s a r y also to know the ra t io

r t ( L ) / r 2 ( L ) of the probabi l i t ies H L * ) of leptonic*

decays of κ{ and K2 m e s o n s . Crawford et a l . ^ a s -

sumed that F 1 ( L ) / r 2 ( L ) = 1. Thei r assumption of the

value F 1 ( L ) / r 2 ( L ) = 1 i s not in contradict ion with the

value

JW-1 = 3 5 + 4

found in thei r work, and m o r e o v e r follows from the

Sakata model of the universal weak interact ion. In the

most recent p a p e r s , L5>8^ however, t h e r e a r e indica-

tions that r j / r 2 = 9 (with an e r r o r of the o r d e r of

the quantity i t se l f ) . These las t r e s u l t s a r e very i m -

portant in themse lves , s ince they contradict the Sakata

model; these prob lems will be considered in m o r e d e -

tai l in Sec. 7; at p r e s e n t we only point out that if we

a s s u m e in accordance with the exper imental data that

the ra t io is Ti/T2 = 9, then the exper iment of Craw-

ford and o ther s [ 7 ] leads to the value T(KJJ) = (8.2 ± 3)

χ 10~8 sec . The values of r 2 obtained in E5>63 do not

depend on any assumptions and can differ from the

t r u e value of τ2 only owing to exper imenta l e r r o r s .

If we a s s u m e that the values of τ ( Κ 2 ) found in ^5 > 6^

a r e the most re l iable, the ra t io of the l i fetimes of κ}

and K2 mesons is found to be

r2 _ 7.8-10-8
ΐ Γ ~ 1.0" 10-1° -'ου.

3. THE DIFFERENCE OF THE MASSES OF K? AND

KJJ MESONS

The possibil ity of the t rans i t ion K° — K° necessar i ly

leads to a difference between the m a s s e s of κ{ and K2.

In fact, the variat ion with t ime of the s ta tes K° and K°

can be wri t ten (if we neglect the decays of these p a r -

t ic les )

where δ is the m a t r i x e lement for the t rans i t ion

K° ==* K°. Using the express ions for the s ta tes K° and

K2 in t e r m s of K° and K°, we easi ly get

L

i .e., the difference of the m a s s e s of κ{ and K2 mesons

is Am = 20. It is seen from this that Am = 0 only for

ό = 0, that is , if the t rans i t ion K° = K° is forbidden.

The difference of the m a s s e s of κ} and K2 mesons

FIG. 4. Virtual states possible for Kj and K° mesons.

can also be understood if we r e c a l l that the CP p a r i -

t ies of these p a r t i c l e s a r e different. Consequently the

vir tual s ta tes in which K\ and K2 mesons spend p a r t

of the i r t ime a r e a lso different: the vir tual s ta tes a c -

cess ib le to the Kj mesons a r e those with an even num-

ber of π mesons , and these s ta tes a r e not access ib le

to the K2 meson (Fig. 4). This must lead to a differ-

ence between the m a s s e s . It is impossible, however,

to calculate the magnitude of the m a s s difference Am,

or even to d e t e r m i n e i t s sign, s ince at present t h e r e

is no apparatus for calculating vir tual interact ions of

strongly interact ing p a r t i c l e s . A qualitative e s t imate

of the magnitude of Am (but not of i ts s ign) can be

made from a considerat ion of the d i a g r a m s of Fig. 4.

Obviously each conversion Κ —- π is proport ional to

the weak-interact ion constant G Since the d i a g r a m s

have two v e r t i c e s , we have Am ~ AG2. F r o m d i m e n -

sional considerat ions the constant A must be p r o p o r -

tional to μ5, where μ has the dimensions of m a s s .

Taking μ = ΐ η π , we find Am ~ 10~5 eV; for μ = mK,

we get Am = 10~2 eV. The quantity Am is usually

expressed in units Ti/c2Ti = 6 χ 10~6 eV, where r t i s

the lifetime of the κ} meson. The exper imenta l d e -

terminat ion of Am (see below) has given the value

Am ss 10~5 eV = 10~3 8g. The determinat ion of such a

smal l m a s s difference is a br i l l iant example of the

use of the wave p r o p e r t i e s of p a r t i c l e s in a m a c r o -

scopic e x p e r i m e n t . *

Let us cons ider the idea of this exper iment. Sup-

pose that at the initial t ime t = 0 (near the t a r g e t )

there is a pure K° s ta te . Let us denote by K ( t ) the

state of the sys tem in quest ion—the beam of neutra l

Κ mesons at the a r b i t r a r y t ime t ( i .e . , at var ious

dis tances from the place where they a r e p r o d u c e d ) .

Then for t = 0 we wr i te K ( t ) in the form K(0) = K°

= 2 " 1 / 2 (Kj + Kjj). At the t ime t we obviously have

*The quantity r2 is mainly determined by the leptonic decays
of the K° mesons. The nonleptonic decays of Kj can be taken
into account with adequate accuracy by using the data [Eq. (6)]
of Luers.M

*The experimentally determined value Am ~10"5 eV indicates
that there is no interaction with AS = 2, since with such an in-

teraction the amplitude for the transition Κ -*Κ would be pro-

portional to G, not to G2, and the magnitude of the mass differ-

ence would be Am ~ 10"2 eV.
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Κ (t) = -±- (K[eEl'- 2tlY + K°2e
iE2'- ^ v ) .

Here Ej and E 2 a r e the respect ive energ ies of the

K° and K!> mesons , Tt and τ2 a r e the i r l i fet imes, and

γ is the Lorentz factor of the beam of neutra l Κ me -

sons . Using the express ions for K° and K2

we find

Κ (t) = | -

Thus the probabilities for observing the states K° and
K° in the beam at the time t are

) = | ee
El'~

cos(6<)],

(7)

Here δ = Ej — E 2 ^ mAm/E. The t ime dependences (7)

of the probabi l i t ies W(K°) and W(K°) a r e shown in

Fig. 5. F igure 6 shows the t ime dependence W(KC)

obtained with var ious values of Am. It can be seen

from Figs . 5 and 6 that the possibil i ty of K° — K°

wf/t'j,

FIG. 5. Time dependences
of tiie intensities W(K°) and
W(K°) in a beam which is a pure
K° state at time t = 0.

5 S t? 6 S 10

t rans i t ions leads to c h a r a c t e r i s t i c osci l lat ions of the

intensi t ies W(K°) and W(K°) as a beam of neutra l Κ

mesons t r a v e l s through vacuum. The observat ion of

these osci l lat ions provides a possibil ity for d e t e r m i n -

ing the m a s s difference Am of K{ and K2 mesons to

a very high degree of accuracy. As can be seen from

Fig. 6, one possible way to d e t e r m i n e Am is to m e a s -

u r e the number of K° mesons in a beam originally

composed of K° m e s o n s as a function of the " a g e " of

the Κ m e s o n s . One can identify the K° mesons from

the react ion (1) which is c h a r a c t e r i s t i c of these p a r -

t ic le s . Such an exper iment was f irst done by Camer in i

and others '- 9 ^ in 1960. Subsequentlyl-1 0^ t h e s e authors ,

using the s a m e method, obtained a somewhat m o r e p r e -

cise value of Am. In the exper iments of Camer in i and

others ^ 9 > 1 0^ the K° mesons were produced in a propane

bubble chamber in a c h a r g e - t r a n s f e r react ion of K+

m e s o n s , K+ + η — K° + P. Also photographs were s e -

lected in which the Κ meson produced in this react ion

caused an interact ion in the K° s ta te , i .e . , gave r i s e

to a Λ o r Σ hyperon:

(8)

FIG. 6. The time dependence WK°(t) in a beam initially com-
posed of K° mesons, calculated for various values of Am.

A typical photograph of such an event is shown in Fig.

2. M e a s u r e m e n t s of t i m e s of flight of the neutra l Κ

mesons from the point of production ( i .e . , from where

the K+ meson d i s a p p e a r e d ) to the point of production

of a hyperon by the K° meson were used to construct

the distr ibution function I g o ( t ) . This quantity I g o ( t ) ,

the number of K° mesons interact ing during the t ime

At, b e a r s the following re la t ion to

(9)

where η is the number of nuclei per unit volume, σ is

the c r o s s sect ion for interact ion of K° mesons with

these nuclei, and ρ is the momentum of the Κ m e s o n s .

Ax = ( p / m ) At is the dis tance t r a v e r s e d by the K° m e -

sons in the t ime At; ση Ax is the probability for a K°

meson to undergo interact ion in the t i m e At. In Ε9-1"]

the reac t ions (8) of interact ion of K° mesons w e r e o b -

served in a propane (C3H8) bubble chamber ; the r e -

lation (9) is then wri t ten in the form

^ - ^ Δ ί . (10)

Here a c ( p ) and σ υ ( ρ ) a r e the c r o s s sect ions for the

react ions (8) on carbon and hydrogen nuclei, No i s

Avogadro's number, ρ is the density of the propane,

and A is the molecular weight of propane. Figure 7

shows the exper imenta l dis tr ibution lK°( t ) as found

in Lioj^ a n ( j a lso theore t ica l d is t r ibut ions calculated

from Eq. (10) for the values Am = 1.5 "h/τ^ and Am

= 0.75K/T!. It can be seen from this figure that the

curve of Igo(t) for the value Am = 1.5K/TJ is in good

a g r e e m e n t with exper iment ; Fig. 8 shows the c o r r e -

sponding plausibil ity function Ρ ( A m ) . F r o m the func-

tion P ( A m ) shown in Fig. 8 it follows that the e x p e r i -
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FIG. 7. Distributions of Ικ°(ί) as measured in the experiment

of Camerini and o t h e r s M . The curves are the theoretical distri-

butions of I K ' 0 (t) for the values Am = 1.5 fi/r and Am = 0.75 tf/r.

FIG. 8. The function Ρ (Am)

for the agreement between the

experimental distribution lK°(t)

(see Fig. 7) and the theoretical

distribution of Eq. (9) for vari-

ous values of m (according to

the data oft10]).

w"

o as 1.5 Ζ 2.5 3

mental distribution Ι χ 0 ( t ) found in this work corre-
sponds to the value

Δκ = ( 1 . 5 ± 0 . 2 ) | - = (0.9±0.12)·10-5 eV.

A similar experiment was made in 1961 by Fitch
and others. [ 1 1 ] Their result (Am = (1.9 ± Ο.Ζ)^/τί)
agrees within the limits of error with the value of Am
found in ^1 0λ

Another method for determining the quantity Am,
which is also based on the use of the wave properties
of beams of neutral Κ mesons, will be considered in
the next section.

4. THE GENERATION OF K? MESONS IN A BEAM
OF Kj MESONS

It follows from the difference between the lifetimes
of K° and KJ> mesons that at a sufficiently large dis-
tance from the place where neutral Κ mesons are pro-
duced the Κ? component has decayed completely and
the beam will consist of Kj mesons only. If, however,
we send the KJ! mesons through matter, an admixture
of Kj mesons appears again in the beam. In fact, the
pure KJ1 state contains K° and K° components in equal
amounts:

In passing through matter more of the K° component
"drops out" of the beam, because of its stronger in-
teraction. The resulting change of composition of the
beam is equivalent to the appearance of an admixture
of Κ} mesons. The K? mesons that appear in this way
move in exactly the same direction as the primary
beam of κ ' mesons. The interaction of the Κ mesons
with matter also leads to the appearance of "different"
KJ mesons, whose direction of motion does not coin-
cide with that of the primary beam. These K\ mesons
are the Kj component of the elastically scattered K°
and K° mesons which "compose" the primary K§
beam. Since K° and K° mesons are scattered by nu-
clei (and by nucleons) with different amplitudes, it
is obvious that the scattered wave must contain Kj
mesons. The scattering of the K° and K° mesons
which leads to the generation of K$ particles at angles
θ > 0° can occur owing to two processes: diffraction
scattering by nuclei, and elastic scattering by individ-
ual nucleons. In what follows we shall consider these
processes separately. The process of production of
K} mesons in the direction of the beam is coherent,
in the sense that the total effect from the interactions
with the different nuclei or nucleons in the matter is
described not by adding up the corresponding intensi-
ties, but by adding the amplitudes. Therefore the am-
plitude for the generation of KJ mesons in this proc-
ess is proportional to the number Ν of nucleons in
unit volume, and the corresponding probability is pro-
portional to N2. The regeneration o£ K} mesons owing
to diffraction scattering of K° and K° by nuclei and
the elastic scattering by individual nucleons is not a
coherent process. The intensity of the κ} mesons
generated in this way will be proportional to the first
power of N. The pronounced difference between the
angular distributions of the coherent and incoherent
processes of regeneration of K° mesons makes it ex-
perimentally possible to distinguish them reliably. We
shall show later how a comparison of the probabilities
of these two processes can be used to determine the
magnitude of the mass difference Am between Kj and
K° mesons. At present we only point out a factor which
makes the description of the process of generation of
Κ? mesons in the passage of K;> mesons through matter
a complicated one as compared with the description of
the process of generation of K° mesons in a beam of
K° mesons, as given in Sec. 3. The complication is
due to the fact that whereas the generation of K° in
a K beam occurs in vacuum owing to the more rapid
decay of κ} as compared with K§ and to the mass
difference of K° and K·!, the generation of κ} in a KJ>
beam occurs as the beam passes through matter, so
that besides the reactions which conserve the combined
parity (decay of κ{ and KJl) there are also processes
which conserve strangeness (interactions of the K° and
K° mesons with matter).

We proceed to a detailed consideration of the proc-
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esses of coherent and incoherent production of Kj me-
sons in the passage of KJ> mesons through matter.

The coherent generation of K1) mesons is due to the
change of composition of the beam owing to the decay
of the Κ mesons and the i r interact ion with m a t t e r . Let

us f irst cons ider the genera l c a s e of change of compo-

sit ion of a beam which initially cons i s t s of an a r b i t r a r y

superposi t ion φ(κ\, KJ!) of the s ta tes K$ and KJ|. We

denote by ψ(χ) the wave function of the s y s t e m ( K J K 2 )

as a function of the dis tance χ which the beam of neu-

t r a l Κ mesons has t ravel led through the m a t t e r . φ(χ)

can be r e p r e s e n t e d as a superposi t ion of K° and K°

s t a t e s , or of Kj and KJ> s t a t e s :

it follows from Eq. (4) that

(ID

(12)

We shall find the differential equations that descr ibe

the changes of the ampli tudes a t and a 2 for the v a r i -

ous values of x. In the absence of interact ion with

m a t t e r the composition of the beam will change only

owing to the decay of the Kj and KJ> m e s o n s . Accord-

ingly the express ions for the change of the ampli tudes

aj and a 2 with t ime can be wr i t ten

'~4U'

or

(13)

s ince dx = ν dt. Similarly

1 2 γ τ 2 )
α 2 .

Here ν and Ε a r e the speed and energy of the Κ m e -

sons, and γτ is the lifetime in the laboratory c o o r d i -

nate s y s t e m .

Let us consider the changes of the ampli tudes a t

and a 2 " a l o n g the b e a m " owing to the interact ion of

the Κ m e s o n s with m a t t e r . Since the reac t ions in

which the Κ mesons in terac t ( s c a t t e r i n g and a b s o r p -

t ion) occur with conservat ion of s t r a n g e n e s s , the e i -

genfunctions in these p r o c e s s e s before the interact ion

a r e the s t a t e s K° and K°. The changes of the a m p l i -

tudes a and a corresponding to these s ta tes [ see

Eq. (11)] can be wr i t ten in the well known way^1 4^ in

t e r m s of complex indices of re f ract ion expressed in

t e r m s of the forward sca t te r ing ampl i tudes :

for the Κ mesons and

for the K° m e s o n s . Here f (0) and f (0) a r e the values

of the sca t te r ing ampli tudes of the K° and K° mesons

at the angle θ = 0, Ν is the number of nuclei p e r unit

volume, and k is the momentum of a K meson. Then

the changes of the amplitudes a ( x ) and a ( x ) can be

wr i t ten:

da ., da
-j— = ikna, -r— =dx ' dx

The corresponding changes of the amplitudes ;

a2 can be obtained by using the re la t ions (12):

da* i , , —v 7 , i , ^ , ^

and

(14)

Adding the express ions (13) and (14) for daj/dx and

d a 2 / d x , we get

(15)

These equations descr ibe the changes of the function

ψ(χ) along the beam, i .e. , owing to coherent p r o c e s s e s .

The equations (15) can be solved for a r b i t r a r y initial

conditions, that is , for any values of aj and a 2 at χ

= 0. The solutions so obtained d e t e r m i n e the compo-

sit ion of a beam of neutra l Κ mesons moving in the

original d i rect ion after pass ing through the dis tance

χ in the m a t t e r .

Let us now consider the c a s e of i n t e r e s t to us, in

which the initial beam is in the pure K2 s ta te [ a ^ O )

= 0, a 2 ( 0 ) = 1 ] , We a r e in teres ted in the amplitude

aj (x = L ) , which d e t e r m i n e s the number of coherently

generated Kj mesons after passage of the beam through

a plate of thickness χ = L. The solution of (15) can be

decidedly simplified in the case of a plate which i s thin

enough so that the mean f ree path against interact ion

of the Κ mesons is much l a r g e r than L. Under t h e s e

conditions the probability of generat ion of Kj mesons

is re lat ively smal l , and also we can pract ica l ly neg-

lect the interact ion with the m a t t e r of the κ\ m e s o n s

that a r e produced. It must be pointed out that the c a s e

of a " t h i c k " plate cannot be rea l ized in p r a c t i c e b e -

cause of the smal l l i fetime of κ} m e s o n s . This can

be seen from the following n u m b e r s : the m e a n free

path of the Kj meson against decay is about 3 cm,

whereas the free path against the interact ion is ~ 40

cm (in c a r b o n ) . Therefore the Kj mesons will decay

r a t h e r than in te rac t . It follows that the t e r m ( i/2 ) χ

k (η — η) aj in the express ion (15) for da2/dx can be

omitted. In solving the equations (15) we can also set

T 2 = <*> ( s e e Sec. 2 ) . In this approximation the a m p l i -

tude a t ( x ) which sat is f ies (15) is of the form

2πΝ( (Ο)
2δ

(16)
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Here δ = Ej - E 2 ~ ηιΔίη/Ε. The number of coherently

generated K° m e s o n s in the b e a m after pas sage through

a plate of thickness L is given by the express ion

Let us introduce the d imensionless quantities

L L
I-.

Λ ' i = ( m 1 - m a ) x i = — - τ 4 .

(17)

(18)

In t h e s e v a r i a b l e s t h e i n t e n s i t y I ( K j ) c a n b e w r i t t e n

i n t h e f o r m

' — e (19)

It can be seen from Eq. (19) that the intensity I(K})

is proport ional to N 2, i .e. , to the s q u a r e of the nuclear

density of the m a t t e r , as must be the case for a c o h e r -

ent p r o c e s s . The re la t ion (19) d e s c r i b e s the intensity

of the KJ mesons generated coherently in the passage

of a beam of KJ> m e s o n s through m a t t e r , and thus c o m -

pletely solves the problem we had se t for ourse lves .

Let us now go on to the t r e a t m e n t of the incoherent

generation of K$ mesons .

The incoherent generat ion of K° m e s o n s occurs

owing to two p r o c e s s e s : the diffraction sca t te r ing of

K° and K° by nuclei and the e las t ic sca t te r ing by i n -

dividual nucleons. The K.\ mesons so produced move

in the direct ion of the s c a t t e r e d K° and K° waves, and

thus can be distinguished exper imental ly from the c o -

herent ly produced K° m e s o n s , whose d i rect ion of m o -

tion coincides with that of the p r i m a r y beam. Figure 9

shows the angular dis tr ibution F ( c o s Θ) of the K°

mesons generated by K!| mesons in pass ing through

an i ron plate. ^ The dis tr ibut ion F ( c o s Θ) shows

a dist inct peak at 9 = 0, which is formed by the c o -

herently produced Kj m e s o n s . At somewhat l a r g e r

angles F (cos θ) cons i s t s mainly of κ} mesons which

a r i s e in the p r o c e s s of diffraction sca t te r ing of the

K° and K° waves by nuclei . Finally, at angles θ > 10°

the main contribution to F (cos θ) i s that of the K$

mesons that a r i s e in the p r o c e s s of e las t ic sca t te r ing

of the K° and K° waves by individual nucleons. Let

us cons ider the p r o c e s s of diffraction generat ion of

Kj mesons at s m a l l angles . The c r o s s sect ions for

diffraction sca t te r ing of K° and K° mesons by nuclei

a r e descr ibed by the respect ive ampli tudes f (0) and

f ( 0 ) . Since the p r i m a r y beam was in the KJi s ta te ,

the di f f ract ion-scattered wave can obviously be r e p -

resented in the form

κ dit t = - ^ {/ (0) ^

= y «/ (0) -7(0)] Ki+if(0)+7(0)] κ»}.

Thus the amplitude of the diffraction-generated
mesons is

0950 0,960 WOO

FIG. 9. Angular distribution of the KJ mesons generated in a
beam of K° mesons in its passage through an iron plate, in the
experiment of Good and others.[13] The data plotted give the sum
of the distributions F(cos ff) for plates of thicknesses 3.6 and
14.5 cm. The smooth curve corresponds to the distribution F^iff
(cos ff) of the diffraction-generated KJ mesons, with normalization
adjusted to the experimental data.

The amplitude f2i d e t e r m i n e s the number of Kj m e -

sons produced in the layer dx and pass ing on through

the thickness L - x in the direct ion of the incident

b e a m :

(20)

Here Ν is the nuclear density of the m a t t e r and Ω is

the solid angle. Integrating the express ion (20) over

χ and using the notations (18), we get

(21)
dfi

The incoherent generat ion of K° mesons owing to

elas t ic sca t te r ing of K° and K° mesons by individual

nucleons has a realt ively broad angular dis tr ibution

and makes no appreciable contribution to the number

of KJ mesons moving in direct ions at s m a l l angles

(Θ « 0°) with the beam.

The study of the coherent generat ion of K\ mesons

in a beam of KJ> p a r t i c l e s can be used to d e t e r m i n e the

m a s s difference of Kj and κ!> mesons . This follows

direct ly from the re lat ion (19). It is also seen from

Eq. (19) that the intensity of the coherently generated

κ} mesons depends on the amplitudes f (0) and f ( 0 ) ,

which at p r e s e n t a r e not very accurate ly known. We

can e l iminate the unknown amplitudes f and f if we

take the ra t io of the intensit ies of the coherent and in-

coherent p r o c e s s e s of production of K° mesons at

smal l angles (Θ a* 0°) with the p r i m a r y beam. F r o m

Eqs. (19) and (21) it follows that this ra t io is given by

ANA I
R =

I
"2 12(1 + 4Δ») ( !-«- ' ) '

(22)
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F o r a p l a t e t h i c k n e s s L m u c h l a r g e r t h a n t h e l i f e - p a t h

Λ = v y t o f t h e K ° m e s o n , I = L / Λ —• °°, t h e f o r m u l a

(22) t a k e s a p a r t i c u l a r l y s i m p l e a n d p e r s p i c u o u s f o r m

( 2 2 a )

T h i s w a y o f d e t e r m i n i n g A m w a s p r o p o s e d i n 1 9 5 8

b y M . G o o d . ^ 1 2 ^ T h e e x p e r i m e n t w a s d o n e i n 1 9 6 1 b y

R . G o o d a n d o t h e r s . ' - 1 3 ^ I n t h i s e x p e r i m e n t a w e l l c o l -

l i m a t e d b e a m of K ° m e s o n s p a s s e d t h r o u g h a b u b b l e

c h a m b e r , i n s i d e w h i c h a n i r o n ( o r l e a d ) p l a t e w a s

p l a c e d i n t h e p a t h o f t h e K§ m e s o n s ( F i g . 1 0 ) . T h e

angular dis tr ibut ion F ( c o s Θ) of the κ} mesons p r o -

duced in this plate and r e g i s t e r e d by decays into two

mesons i s shown in Fig. 9. This dis tr ibution F ( c o s Θ)

clear ly shows a peak at angles 9 = 0° formed by the

coherently generated K$ m e s o n s . At somewhat l a r g e r

angles F ( c o s Θ) i s made up mainly of Kj m e s o n s p r o -

duced owing to diffraction sca t te r ing of K° and K° by

nuclei . Finally, at angles θ > 10° the main contr ibu-

tion to F ( c o s Θ) i s that of κ{ mesons that a r i s e in

p r o c e s s e s of e las t ic sca t ter ing of K° and K° waves

by individual nucleons. It can be seen from Fig. 9 that

the ra t io R for the coherently produced and diffraction-

produced KJ mesons can be r a t h e r rel iably determined.

Equating the ra t io R e X p found in this way to the t h e o -

r e t i c a l value (22), the authors w e r e able to obtain the

value

The values of Am obtained in this and other r e -

s e a r c h e s a r e shown in Table I.

u n i t

30"

v f
FIG. 10. Schematic

representation of the pro-
pane bubble chamber in
the experiment of Good
and o t h e r s . Μ

Table I. V a l u e s of t h e m a s s d i f f e r e n c e A m

of Kj a n d KJ| m e s o n s found f r o m t h e

d a t a of v a r i o u s p a p e r s

Method

The distribution W (t)

[see Eq. (7)]

Coherent generation of K° in
a K̂  beam

Διη in units

-fi/r = 6 Χ ΙΟ"6 eV

1 . 9 ± 0 . 3

1 . 5 ± 0 . 2

0 . 8 4 + 0 ' 2 9

—0,22

Refer-

ence

11

10

13

5. WHICH IS HEAVIER: K? OR Kjj ?

The p r e s e n t theory of weak interact ions does not

give any answer to the question: which is heavier, the

Kj meson o r the κ | m e s o n ? In the exper iments on

the difference between the m a s s e s of κ} and KJ> which

we have d i scussed it was poss ible to d e t e r m i n e only

the absolute value of Am. F o r the determinat ion of

the sign of Am other exper iments have been proposed,

which a r e a lso based on the use of the wave p r o p e r t i e s

of beams of neutra l Κ m e s o n s . As yet, however, t h e r e

a r e no exper imenta l r e s u l t s . One such proposed ex-

per iment is as follows.'-15-' A beam of KJ> mesons is

sent through two thin plates A and B, which a r e made

of different substances and separa ted by the distance

χ = vt, where ν is the speed of the KJ> m e s o n s . As the

r e s u l t of passage through plate A t h e r e appears in the

beam an admixture of Kj m e s o n s which have been c o -

herent ly produced and a r e moving in the s a m e d i r e c -

tion:

l + aiK'.. (23)

The dependence of the amplitudes a t and -a2 on the

thickness of the plate i s descr ibed by Eq. (15). F o r the

case of thin p la tes , for which the admixture of K.\ m e -

sons that a r i s e s in passage through the plate is smal l ,

the re la t ion (23) can be wr i t ten approximately in the

form

K\—>K\ + aiK\ (a t<Cl). (24)

The expres s ion for the amplitude a4 has been obtained

e a r l i e r [ s e e Eq. (16)]. It follows from Eq. (16) that

for thin plates (kL « 1, where L is the thickness of

the p l a t e ) the amplitude a ^ L ) of the κ} mesons c o -

herently produced in plate A is given by

ITS vkL(nA—nA) _ ίφ
<J( [L·) «5 „ • = &Ae ·

Here Q A and <pA a r e r e a l numbers which c h a r a c t e r -

ize the p r o p e r t i e s of plate A (we r e c a l l that the i n -

dices of re f ract ion η and ή a r e complex n u m b e r s ) .

At the posit ion of plate Β the amplitude of the K{ m e -

sons produced in plate A is wr i t ten

ί φ . i m i ' - ^ : / O [ U

aAe
 Ae <=τι, (25)

where t i s the t i m e of flight of the Κ mesons through

the dis tance χ = vt between plates A and B. In plate

Β the KJ> m e s o n s of the b e a m * generate a new " p o r -

t i o n " of coherent K° mesons with the amplitude

(
aBc

VBe 2 t2. (26)

Thus the amplitude a t of s ta te Kj beyond plate Β is

the sum of the ampli tudes (25) and (26):

• B e c a u s e t h e t h i c k n e s s L i s s m a l l t h e compos i t ion of the

beam c h a n g e s only s l i g h t l y in p a s s i n g through p l a t e s A and B,

a n d i s s t i l l mainly Kj m e s o n s .
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a, =

The intensity Ι (κ}) of the Kj mesons beyond the s e c -

ond plate is determined by the s q u a r e of the absolute

value of the amplitude a^:

+ 2aAaBe~ cos (Δφ + Δηι • t). (27)

Here Αφ = φρ^ -φ# and Am = m j - m 2 . By observing
the osci l lat ions of I(K°) descr ibed by the t e r m
- cos (Αφ + A m » t ) in the express ion (27) as a func-
tion of the dis tance χ = vt between the p lates , one can
in pr inciple find the sign of Am. To do so, however,
one must know the quantity Αφ = φ Α ~ΨΒ- The phases
φ A and φ-Q must be determined independently, for ex-
ample from exper iments on the sca t te r ing of K° and
K° mesons by the nuclei of which plates A and Β a r e
composed.

Another method for determining the sign of the
m a s s difference Am has been proposed by U. C a m -
er in i and o t h e r s . ^16^ Figure 11 i l l u s t r a t e s the idea of
this exper iment . A beam of neutra l Κ mesons , which
is initial ly in the p u r e K° s ta te , undergoes s c a t t e r i n g
by a nucleus (or a nucleon) after the t ime t ' . Among
the s c a t t e r e d neutra l Κ mesons one se lec t s the c a s e s
of decay into two π m e s o n s , i .e. , one se lec t s the κ}
component. The dependence of the intensity of the Kj
component on the t ime t ' i s different for the c a s e s
m 2 > mj and m 2 < mj, where m1 and m 2 a r e the
m a s s e s of κ{ and K2 m e s o n s . In fact, the amplitude
of the beam of neutra l Κ m e s o n s at the point of s c a t -
t e r i n g " 2 " (see Fig. 11) can be wr i t ten

Κ (f) =
V'2 V2 -•]•

In the p r o c e s s of sca t ter ing at the point " 2 " the am

plitude K ( t ' ) is changed in the following way:

KJ decay

FIG. 11. Scheme of experiment proposed by Camerini and
othersM for the determination of the sign of the mass difference
of Kj and Kj mesons.

where f and f a r e the respect ive sca t ter ing a m p l i -
tudes of the K° and K° components. F r o m this we
can easi ly find the intensity I(K{) of the κ} compo-
nent at the point of the decay " 3 "

•τι)

( Ι / Ρ - I / I 2 ) e 2 τ ι Τ 2 cos (Δτ/ιί') + 2 Re (//*) ((Γ η"-<

_ _
+ 4 I m ( / / * ) e

S in(m 2 —

T h e e x p r e s s i o n f o r I ( K j ) d e p e n d s o n s i n ( m 2 - m ^ t ' ,

a n d t h u s i s d i f f e r e n t f o r t h e c a s e s A m = m 2 — xa.^ > 0

a n d A m < 0 . A t t h e s a m e t i m e , i t c a n b e s e e n f r o m

t h e e x p r e s s i o n f o r I ( K f ) t h a t t o d e t e r m i n e t h e s i g n

o f A m i t i s n e c e s s a r y t o k n o w t h e a m p l i t u d e s f a n d

f, w h i c h a t p r e s e n t a r e n o t w e l l e n o u g h k n o w n . I t i s

in teres t ing to point out that Ι (κ}) has only an expo-
nential dependence on the t ime t : the osci l lat ing t e r m s
in the express ion for I(K}) a r e functions of the t ime
t ' only. A p i c t u r e taken with a propane bubble c h a m -
b e r of an event in which a K° meson is s c a t t e r e d by
a proton and then undergoes Κ — 2π decay is shown
in Fig. 12.

6. THE W A V E PROPERTIES OF A SYSTEM OF

NEUTRAL Κ MESONS

Interesting features of the wave properties of the
system K°K° have been considered by V..I. Ogievetskii,
E. O. Okonov, and M. I. Podgoretski i . № A K°K° pa i r
can be produced, for example, in the react ion π~+ ρ
— K° + K° + η. The sys tem K°K° has the definite
s t rangeness S = 0, and a l so the definite value of the
combined par i ty CP = + 1 . This l a s t is because under
charge conjugation C a boson-antiboson sys tem a c -
quires the factor ( - l r : this s a m e factor a l so appears
as the resu l t of space invers ion P. Thus the CP t r a n s -
formation leads to multiplication of the wave function
of the K°K° s y s t e m by ( - 1 ) 2 1 = +1.

The decay of the sys tem K°K ° can occur according
to the s c h e m e s K?Kf, K2Kf, or KjK2. Because they a r e
composed of identical p a r t i c l e s , the s y s t e m s κ}κ{ and
K!!K 2 always t r a n s f o r m with an even value of the orbi ta l
angular momentum I. Therefore the combined par i ty
of such p a i r s i s always + 1 . The sys tem K J K 2 can
t r a n s f o r m with any value of I, and there fore i ts c o m -
bined par i ty is CP = ( - l r + 1 . F r o m this follows the
extremely in teres t ing s i tuation in which the decay
scheme (KjK?, K^K§, o r KjKJj) is a detector of the
par i ty of the orbital angular momentum of the sys tem
K°K°. F o r example, if the K°K° p a i r is produced n e a r
threshold, so that 1 = 0, the decay can occur only a c -
cording to the s c h e m e s K°Kj or K2K2, but not a c c o r d -
ing to the scheme K$K2. The paper cited gives a d e -
tai led study of the change with t i m e of the composit ion
of a beam of two neutra l Κ mesons which began as
K°K° p a i r s . In such b e a m s t h e r e a r i s e c h a r a c t e r i s t i c
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FIG. 12. a) Photograph showing scattering of a K° meson by a
proton and its subsequent 2π decay. The time between the pro-

duction of the K° meson and its scattering is 1.1 χ ΙΟ"10 sec.

(fromt16]) b) Diagram of the process shown in Fig. 12 a.

b e a t s , whose per iod does not depend solely on the m a s s

difference Am of Kj and KJ! m e s o n s . By studying

such beats one can in pr inciple d e t e r m i n e the sign of

Am. We do not give a m o r e complete descr ipt ion of

the r e s u l t s obtained in E17^ because t h e r e a r e no c o r -

responding exper imenta l data.

7. LEPTONIC DECAYS OF NEUTRAL Κ MESONS.
THE AS = AQ RULE

The leptonic decays of neutra l Κ mesons

K(
(28a)

(28b)

lead to poss ibi l i t ies for observing specific i n t e r f e r -

ence effects. Let us use the following symbols for the

amplitudes for leptonic decays of K° m e s o n s *

•For definiteness we are considering the "e lec t ronic" de-
cays of neutral Κ mesons. Everything that will be said, except
the absolute magnitudes of the amplitudes a and b, also applies
to the "μ-mesic" decays K->ff- + μ + + ν.

(K°/n~e*v) = a, ( A ' ' / n V v ) = ii.

T h e n t h e a m p l i t u d e s f o r t h e c h a r g e - c o n j u g a t e p r o c -

e s s e s of d e c a y of K° m e s o n s a r e

(K°ln*t-v)=a*, (K° / nSv) = b*,

w h e r e a * a n d b * a r e t h e c o m p l e x c o n j u g a t e s of t h e

q u a n t i t i e s a a n d b . If w e m a k e t h e u s u a l a s s u m p t i o n

that the combined parity CP is conserved in the de-

cays of Κ mesons, the amplitudes a and b must be

real. Taking a and b to be real and using the rela-

tions (4), we get the following expressions for the am-

plitudes of the leptonic decays of K° and κ!> mesons:

— (b-a) '
V'2 ° J

(29)

Let us now consider the probabilities W for the decay

p r o c e s s e s Κ — π + + e~ + ν and Κ —• π" + e + + ν in a

beam of neutra l Κ mesons which is initially (at t = 0)

in the pure K° s t a t e :

V2 K

From the relations (4) and (29) it follows that

- a) e

» + 2 (δ2 — α2) e2Til»v cos (δί)},

cos (δί)},

mAm

(30)
It can be seen from Eq. (30) that the expressions for
W ( π + + e~ + ν) and W ( π " + e + + ν) contain not only

exponentially d e c r e a s i n g t e r m s but a lso osci l lat ing

t e r m s which depend on Am.

The re la t ions (30) can be used for the exper imenta l

determinat ion of the ra t io b/a (for a known value of

A m ) . Theory (the Sakata model of the weak i n t e r a c -

t ions ) p r e d i c t s b = 0. The equation b = 0 follows

from the application to the p r o c e s s e s

of the ru le AS = AQ, * which follows from the fact that

in the Sakata model t h e r e a r e no interact ions with AT 3

= % for the strongly interact ing p a r t i c l e s . It can be

seen from Eq. (30) that the AS = AQ rule, i .e., that

b = 0, leads to the equation W (π* + e~ + ν) = 0 at

t = 0, where t h e r e is a pure K° s ta te . F u r t h e r m o r e ,

as the " a g e " of the Κ mesons i n c r e a s e s the p r o b a -

bility of the decay Κ —• π + + e~ + ν will vary in a c c o r d -

*The rule AS = AQ means that in processes occasioned by
weak interactions the change of strangeness of the strongly in-
teracting particles is equal to the change of their charge.
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ance with the value of Am. Another effect of the van-

ishing of the amplitude b is that the probabi l i t ies Γ ( L )

of leptonic decays of K° and K2 mesons a r e equal:

r y L * ) = i y L * ) . This can be s e e n from Eq. (29),

which gives immediately

The hypothesis that I V L ) = F 2 ( L ) has been used by

Crawford and others W in the determinat ion of the

quantity τ2 ( s e e Sec. 2 ) . As has a l ready been pointed

out in Sec. 2, however, a number of exper iments have

given indications that the Sakata model does not apply

to the decays of Κ m e s o n s ; it has been observed that

r t ( L ) s* F 2 ( L ) , i .e. , the amplitude b is not zero . I m -

provements in the accuracy of these r e s u l t s a r e of

very g rea t importance for the construction of a theory

of the weak interact ions . Let us consider these ex-

p e r i m e n t s in somewhat m o r e detai l . In &] a separated

beam of K+ mesons was sent through a 75-cm propane

bubble chamber, in which observat ions were made on

the " V - f o r k s " from the leptonic decays (28a) of neutra l

Κ mesons produced in the c h a r g e - t r a n s f e r react ion

K+ + η —- K° + p. Thus the initial s ta te (at t = 0) in

this exper iment was a pure K° wave, and the p r o b a -

bil i t ies of the observed leptonic decays Κ —• π + + e~ + ν

and Κ —' π' + e + + ν must be given by Eq. (30). Using

the value of Am found in other e x p e r i m e n t s , ^ 1 0 ' 1 1 · 1 3 ^

the authors came to the conclusion that the i r observed

distr ibut ions in t ime W e x p(7r + + e~ + v) and WeXp(7r~

+ e + + v) [ see Eq. (30)] a r e consistent with the values

- - u . o o _ 0 1 2 ana

The leptonic decays of neutra l Κ mesons have a l so

been studied by Alexander and other s ^ in a 180-cm

hydrogen bubble chamber . The r a t i o they found,

= 6.6*2, c o r r e s p o n d s to

| or ^ = θ . 4

The smal l number of c a s e s observed did not justify a

pre ference for e i ther of these two poss ib i l i t ies ; the

value

is in good agreement with the r e s u l t of Fly and other s

The fact that the amplitude b is not z e r o means that

the interact ion that leads to the leptonic decays of Κ

mesons allows t rans i t ions with Δ Τ 3 =
 3/z, which a r e

incompatible with the Sakata model of the weak i n t e r -

action. The exper iments '-5'8-' that have been mentioned,

which indicate violation of the rule AS = AQ, decidedly

complicate our ideas about weak interact ions, which

had hitherto fit so well into the framework of the Sakata

model. Owing to this it is a m a t t e r of very great i n t e r -

es t to get further confirmation of the exper imental r e -

sults obtained in t5,8]> a n ( j improved accuracy in the

values.

8. THE ISOTOPIC PROPERTIES OF NEUTRAL Κ

MESONS

The K° meson forms an isotopic doublet with the K+

meson, and the K° meson forms an isotopic doublet

with the K~ meson. Thus the isotopic spin of the Κ

meson is Τ κ = V2. Isotopic spin is not conserved in

the decay of s t range p a r t i c l e s : theory (the Sakata

model of the weak interact ions ) pred ic t s only quite

definite ru les for the change of the isotopic spin in

the π-meson decays of Κ m e s o n s : AT = V2, %. We

can affirm, however, from all of the exper imental

data on the decay of s t range p a r t i c l e s , that the a m -

plitudes for t rans i t ions with AT = 3/2 a r e much s m a l l e r

than those for t rans i t ions with AT = V2- Let us con-

s ider what consequences follow from the application

of the rule AT = V2 to the decays of neutra l Κ m e s o n s .

F i r s t of all we must cal l attention to the fact that the

lifetimes of charged and neutra l Κ mesons against 2π

decay a r e very different:

τ (Κ* —> 2π) = 5-10-8 sec ,

and this is in excellent agreement with the rule AT

= V2. In fact, the π mesons from the decay K+ — π*

+ π° can only be in a s ta te with Τ = 2. It is eas i ly

verified that the s ta tes with Τ = 0,1 a r e forbidden.

Since the isotopic spin of the Κ meson is Τ κ = V2,

this react ion can go only with AT = %. On the other

hand the decay Κ? — 2π can occur with AT = V2, and

this means that the probability of this p r o c e s s is

l a r g e r by a factor 500. Applying the rule AT = V2 to

the p r o c e s s e s K° ·— π + + π~ and K.\ —• 2π°, we can c a l -

culate the i r re lat ive probability

-i- 12π») = Τ '

The exper imental value of R is R e x p = 0.30 ± 0.05.

Applying the r u l e AT = % to the decays of K+ and K°

mesons into t h r e e π mesons and using the pr inciple of

isotopic invar iance, we get

( Λ ^ — ^ on) 11 ( Λ — > O J I ) = 1 , Z .

I n f i n d i n g t h e s e r a t i o s w e h a v e a l s o t a k e n i n t o a c c o u n t

the difference of the m a s s e s of π* and π° mesons ,
which leads to s o m e change of the respect ive phase vol-
u m e s . The use of the rule AT = V2 enables us to get
from the exper imental ly known l i fet imes of K+ mesons
against decay into var ious channels predict ions of the
probabi l i t ies of the var ious types of decay of the Kj!
meson:

-3JT0,

Kl

' = 4.6·10β sec

' = 2.3·10β sec"
" 1
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Γ = 3.4· 106 sec"

Γ = 3.4·106 sec

Γ = 3.3·10β sec

Γ = 3.3·10° sec

,-ι
,-Γ
-1

F r o m t h i s w e g e t a s t h e t o t a l p r o b a b i l i t y o f d e c a y o f

the K§ meson Γ ( ΐ φ = 20.3 χ 106 s e c " 1 , which c o r -

responds to the l ifetime τ ( Κ 2 ) = 5 x 10 8 s e c . This

value of τ(Κ$) is c lose to that found exper imental ly .

The ra t io predicted (for ΔΤ = V2)

2.3-10»= 0.17
l\,(/.±) 13.4-10»

is also in good agreement with the exper imenta l value t

The probabilities of leptonic decays of K° mesons have
been measured in a number of researches. EM,8] The
results obtained are shown in Table II. In ^5>18^ the
leptonic decays of neutra l Κ mesons w e r e studied at

r a t h e r large d i s tances from the place where the m e -

sons were produced: that i s , the pure K2 s ta te was

se lected experimental ly . In the exper iment of Craw-

ford and o t h e r s ^ it was imposs ib le to dist inguish the

κ} and KJ> decays experimental ly ( see also Sec. 2 ) :

the value of Γ 2 shown in Table II was obtained in that

paper on the assumption that F ^ L * ) = r 2 ( L ± ) . A

compar i son of the data of Table II with the p r e d i c -

tions of the Sakata theory of the weak interact ions

shows that within the l imits of exper imenta l e r r o r

these r e s u l t s a r e not in contradict ion with the theory.

At the s a m e t ime, the obtaining of m o r e a c c u r a t e va l -

ues of the probabi l i t ies of the var ious branches in the

decay of Κ mesons is now of very g rea t importance in

connection with the exper imental indications of a v io-

lation of the Sakata model in the decays of neutra l Κ

m e s o n s , which w e r e descr ibed in Sec. 7.

The r e a d e r will a lso find discuss ions of var ious

quest ions connected with neutra l Κ mesons in E 1 9 ~ 2 1 J .

Table II. Exper imental probabi l i t ies F 2 ( L )

of leptonic decays of K2 mesons

Decay

j q - e i + jT^ + v

Probability Γ 2 ,
sec" 1

(9,3±2.5) ·10«

(20 .4 ΐ 7

6 ; 2) .10β

(6.2±2,0) ·10«

( 5 , 6 ± 3 , 0 ) · 1 0 ·

Refer-
ence

5

7

18

18

J A . P a i s a n d M . G e l l - M a n n , P h y s . R e v . 9 7 , 1 3 8 7

( 1 9 5 5 ) .
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