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INTRODUCTION

I N August, 1964, at the International Conference on
High Energy Physics at Dubna, came the first an-
nouncement of the sensational results obtained by a
group of experimenters at Princeton University in
the USA. Christenson, Cronin, Fitch and Turlay had
observed the decay into two 7r mesons of the long-
lived component of a neutral K beam obtained at the
Brookhaven proton accelerator.

The K meson, which is created within a time of
1O"23 sec in nuclear collisions, is a state with definite
strangeness S = 1. Its antiparticle K has strangeness
S = - 1 and, since the weak interaction can change
strangeness, transitions K ^ K occur. Despite the
fact that in such transitions the strangeness changes
by two units and that the transitions occur in second
order in the weak interaction, there is nevertheless a
strong readjustment of the K and K states since the
corresponding levels are degenerate.

If CP invariance were strict, the states between
which there are no transitions and which have a defi-
nite mass and lifetime would be the CP-even and CP-
odd combinations of the K and K mesons. They are
called Ki and K2 mesons, respectively. These states
are respectively the short- and longlived components
of the K beam. The lifetimes of the Kt and K2 are
markedly different. This is related to the fact that the
Ki can decay into two IT mesons, while for the K2 such
a decay is forbidden by the conservation of CP parity.
The lifetime of the Kt is approximately 600 times
smaller than that of the K2. Thus the K4 mesons
should rapidly disappear from a K meson beam, and
at times much greater than the lifetime for K! decay
into two IT'S the Kj's should no longer be observed.
Until recently this was strongly supported by the ex-
periments and served as the basic argument in favor
of CP conservation.

In the experiment of the Princeton group, M they
looked for K —-2TT decays at a distance of ~ 19 m from
the point of creation of the K mesons. For a momen-
tum of p ^ ~ 1.1 GeV/c (which corresponds to a meson
velocity v ~ 0.91c), this distance is ~ 300 decay
lengths for the Kj. If the experiment were done in
vacuum, one could assert that the Kj mesons should
vanish completely from the beam (their residue in the
beam ~e~3 0 0) . Nevertheless decays into two 7r's were
observed in the experiment with a probability 2.6
x 104 sec"1 (per K2 meson in the beam). This means
that: 1) either there is a contamination of Kt mesons
of order 4 x 1O~4 % at large distances from the point
of creation (since the probability of Kt —* 2n decay is
~ 0.7 x 1010 sec"1), or 2) the K2 can decay into two
TT'S.

It is important to point out that the experiment of
Christenson, Cronin et al. was not done in vacuum.
The K-meson beam passed through air, and at the last
stage through a vessel containing helium at atmospheric
pressure. In this medium regeneration of the Kj's
from K2 is possible. Regeneration can also occur in
the walls of the apparatus. But from various control
experiments, and also using existing data and con-
firmed theoretical notions about regeneration of Kx

mesons in matter, the authors estimated that such an
effect, under their experimental conditions, was 106

times less than that required to explain the observed
effect.

Thus an explanation of this experiment requires a
radical change of our notions. All-in-all it appears
at present that the most natural conclusion is that CP
parity is not conserved.

The invariance of nature with respect to the oper-
ation of combined inversion and the related conserva-
tion of CP parity—this is the beautiful hypothesis first
proposed by Landau^ to preserve the invariance of
empty space (vacuum) under spatial inversion. It
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arose after it was established in 1956 that spatial
parity (P) is not conserved in weak interactions.*
The denial of CP conservation (and the associated
breakdown of the T invariance of nature) is a difficult
step for theoretical physics. Our vaunted "common
sense" does not permit us to picture isotropy of space-
time together with a preferred direction of the time
axis. The connection between conservation of CP and
T parity comes from the CPT theorem (cf. Pauli W),
which has a very profound basis in theory. The prin-
ciples of special relativity and the connection between
spin and statistics (which is itself a consequence of
the theory of relativity and the positive character of
the energy) automatically lead to conservation of CPT.
The connection made by the relativity theory between
charge conjugation (particle-antiparticle interchange)
and the direction of flow of time extends so far that one
can formally interpret an antiparticle as a particle
propagating backward in time (cf. Feynman'-4-'). Gen-
erally speaking, it may nevertheless turn out that CPT
parity is not conserved, and then the violation of CP
invariance observed in the experiment of Christenson,
Cronin, et al will not mean nonconservation of time (T)
parity. Only future experiments can tell us the correct
answer. At the moment it is natural to want to choose
the lesser of two evils. In the mathematical structure
of our present relativistic physics there is literally no
place for a violation of CPT invariance. It is therefore
highly probable that the experiment of the Princeton
group also indicates the absence in nature of invari-
ance with respect to time inversion t—- - t or, as we
say, violation of T invariance.

The transformation t —• - t as a symmetry element
in quantum mechanics was first investigated by Wig-
ner. ^ The meaning of time reversal in classical
physics has been studied relatively recently (cf. M ) .
We shall consider some consequences of time reversal
in classical and atomic physics, t

All the interesting consequences are in the form of
selection rules: such and such a phenomenon cannot
occur if there is T invariance. If our interpretation
of the experiment of Christenson, Cronin, et al is cor-
rect, this selection rule will not be absolute. Phe-
nomena which contradict T invariance can arise both
in atomic and in classical physics via the weak inter-
actions.

a) In the first place, elementary particles can now
have an intrinsic dipole moment. Since the dipole mo-
ment d is necessarily along the spin a (there being
no other preferred direction), the relation d ~ a con-
tradicts T invariance (as well as P invariance),

It is remarkable that it was precisely the K mesons (charged,
in this case) which first exhibited the effect of nonconservation
of spatial parity (the famous r — 6 problem).

TThe reader will find interesting considerations about T in-
variance in connection with thermodynamics and the law of increase
of entropy in the book of Landau and Lifshitz (cf.[7]).

since d is a time-symmetric vector (d—- d when
t —• - t ) , while a is time-antisymmetric. The ab-
sence of electric dipole moments has been checked in
many experiments (cf. ^8~11^), but the accuracy of
these experiments was not sufficient to see the small
dipole moment resulting from nonconservation of T
parity in weak interactions.

b) T invariance leads to a twofold degeneracy of
atomic levels in an arbitrary electric field (Kramers'
theorem). Levels with angular momentum projections
J z and - Jz have the same energy. Now such a de-
generacy will be lifted. This is related, in particular,
to the possible existence of a dipole moment of the
electron [cf. point a) ] .

c) Since the magnetic field H is a time-antisym-
metric vector, considerations of T invariance forbid
the phenomena of "pyromagnetism" and "piezomag-
netism" (the appearance of a magnetic moment in a
crystal on heating or compression). Now pyromag-
netic and piezomagnetic effects could in principle
occur because of the weak interactions.

d) One might find a circular asymmetry of the con-
ductivity in crystals. Usually the absence of circular
asymmetry (a difference in conductivity for currents
circulating clockwise or counterclockwise in the
crystal) is deduced from T invariance.

e) We know the effect of rotation of the plane of
polarization of light passing through a medium placed
in a magnetic field (Faraday effect). The rotation of
the linear polarization vector e' in the transmitted wave
compared to the polarization e in the incident wave
is proportional to the magnetic field: e x e' ~ H.
Breakdown of T and P invariance in the weak inter-
actions would lead in general to a rotation of the po-
larization in matter because of an externally applied
electric field, so that € x e' ~ E. *

We are sure that this is not a complete list of ef-
fects which could occur in principle in atomic and
macroscopic physics if the K2 actually decayed into
two T 'S . We should add to this the large number of
new phenomena in elementary particle physics, whose
consideration is the main content of this survey.

But in order to draw such far-reaching conclusions
one must have a confirmation of the Princeton results
in many independent experiments. A single experi-
ment is of course not enough for a complete clarifi-
cation of the situation. We must also remember that
the K meson is a very complex object. Its decays
through virtual processes involve the whole physics
of weak interactions, including the high-energy region.
Because of the smallness of the Kj—K2 mass differ-
ence, this system is sensitive to very weak external
fields. In other words, the experiment of the Princeton

*Aside from this we know that breakdown of P invariance itself
can lead to the appearance (because of the weak interactions) of a
rotation of the plane of polarization of light in matter containing no
optically active molecules (cf. the papers of Zel'dovich and
Perelomov[12' I3]).



2TT DECAY AND P O S S I B L E C P - N O N C ONSE R V A TION 447

group takes us into a range of phenomena which no
other high-energy experiment has penetrated. Con-
sidering how limited our knowledge is, we cannot ex-
clude the possibility that nature has prepared a new
surprise for us in this region. In this sense we should
consider most seriously the possibility that the Prince-
ton results will be confirmed by other experiments. We
shall see later that CP nonconservation is not a unique
conclusion to be drawn from the decay of the longlived
component of the K beam into two w's. But if we are
considering CP parity, it is important to point out that,
aside from experiments on spin correlations in the /3
decay of polarized neutrons ^143 (with an accuracy of
the order of ten percent) and experiments on asymme-
tries in nonleptonic decays of hyperons £ls] (with even
poorer accuracy), there is not a single experiment in
which conservation of CP parity in weak interactions
has been established to even tens of percent. Up to
now, as we have said, it was precisely the absence of
K2 —* 27r decays that was regarded as the basic argu-
ment in favor of conservation of CP parity.

In this survey we shall discuss the physical conse-
quences of the experiment, accepting its results as
fact.

If there is not conservation of CP parity or if the K
meson beam passes through some external field (in
which K2 ^ Kj transitions can occur), the states Kt

and K2 no longer coincide with the shortlived Kg and
longlived K L components of the beam. Ks and K L
should be defined as states having a definite mass and
lifetime. These are the states that decay according to
a simple exponential law. The experiment of Christen-
son, Cronin, et al measures the probability per unit
time of the decay K L —̂  TT+ TT .

We present the data on decay rates of the Kg and
and K L mesons into various final states in a Table:

Decay
mode

JI+JT~
2n»

Leptons
n+.-t-.-l"

Decay
Kb

2/3-1,1.
1/3-1,1•

— 11
.- 2
--.4

Total

rate

10+-1
10+1

1.1-

106

10-'

sec"1

KL

2.6-10-2
Unknown

- 1 1
- 2
- 4
- 1 8

S e c t i o n I o f t h e s u r v e y g i v e s a g e n e r a l t r e a t m e n t o f

t h e p h e n o m e n a of d e c a y a n d i n t e r f e r e n c e i n a K m e s o n

b e a m . *

In S e c . II w e s t u d y t h e n a t u r e of t h e i n f o r m a t i o n

w h i c h f o l l o w s f r o m t h e d a t a o f t h e P r i n c e t o n g r o u p .

A l o n g w i t h t h e e x i s t e n c e o f t h e K L —*7r+7r~ d e c a y , t h e

s m a l l n e s s o f t h e o b s e r v e d e f f e c t r e q u i r e s a n e x p l a n a -

t i o n . T h e d e c a y K^ — ir**' i s 4 x 1O~ 6 o f t h e K g

— 7r+7r~ d e c a y .

In S e c . I l l w e d i s c u s s a t t e m p t s t o e x p l a i n t h e e x -

p e r i m e n t o n t h e b a s i s o f a h y p o t h e s i s o f t h e e x i s t e n c e

i n n a t u r e o f n e w f i e l d s w i t h a m a c r o s c o p i c r a n g e of

t h e i r f o r c e s . H e r e i t i s a s s u m e d t h a t C P i s r i g o r o u s l y

c o n s e r v e d .

In S e c . I V w e p r e s e n t a t t e m p t s t o e x p l a i n t h e e x -

p e r i m e n t o n t h e b a s i s o f v a r i o u s m e c h a n i s m s o f b r e a k -

d o w n o f C P i n v a r i a n c e .

I t m a y b e t h a t a l l t h e m o d e l s w e c o n s i d e r a r e t o o

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

B u t t h e i r c o n s i d e r a t i o n i s i m p o r t a n t f o r i n d i c a t i n g

v a r i o u s s p e c i f i c l i n e s f o r f u r t h e r e x p e r i m e n t a l s t u d y

o f t h e p r o b l e m .

If t h e l o n g l i v e d c o m p o n e n t K L c a n d e c a y i n t o 2ir,

i n t h e K m e s o n b e a m t h e a m p l i t u d e s f o r t h e K g — 2K

a n d K L —* 2TT d e c a y s a r e c o h e r e n t , a n d o n e c a n h a v e

i n t e r f e r e n c e b e t w e e n t h e m . T h i s l e a d s t o n e w f e a -

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

I n t e r f e r e n c e p h e n o m e n a of t h i s s o r t a r e c o n s i d e r e d

i n S e c . V .

I n t h e l a s t s e c t i o n , S e c . V I , w e e n u m e r a t e v a r i o u s

e x p e r i m e n t s w h o s e p e r f o r m a n c e i s n e c e s s a r y i n t h e

f u t u r e i n c o n n e c t i o n w i t h t h e K L —" 2ir d e c a y a n d t h e

n o n c o n s e r v a t i o n of C P p a r i t y .

I. G E N E R A L P R O B L E M S O F T H E T H E O R Y O F K

M E S O N D E C A Y

1 . G e n e r a l T h e o r y o f t h e D e c a y o f t h e K M e s o n

T o s t u d y t h e d e c a y o f t h e K m e s o n w e u s e t h e

H e i t l e r d a m p i n g t h e o r y . A n e q u a l l y c o n v e n i e n t m e t h o d

i n a l l r e s p e c t s i s t h a t o f W e i s s k o p f a n d W i g n e r ^ 1 6 ^

( w h i c h w a s u s e d b y L e e , O e h m e a n d Y a n g ^ 1 7 ^ i n a

p a p e r o n t h e s y m m e t r y of t h e w e a k i n t e r a c t i o n s ) .

B u t t h e d a m p i n g t h e o r y i s a m o r e g e n e r a l m e t h o d ,

w h i c h p e r m i t s u s t o d i s c u s s q u a l i t a t i v e l y t h e q u e s t i o n

o f c o r r e c t i o n s t o t h e e x p o n e n t i a l d e c a y l a w . *

S u p p o s e t h a t i n i t i a l l y t h e r e i s a s t a t e | K ) , w h i c h

c o r r e s p o n d s t o a K m e s o n c r e a t e d i n n u c l e a r c o l l i -

s i o n s p r a c t i c a l l y i n s t a n t a n e o u s l y a s c o m p a r e d t o i t s

l i f e t i m e . It i s t h e r e f o r e c o m p l e t e l y c o n s i s t e n t t o a s -

s e r t t h a t t h e s t a t e | K ) i s a n e i g e n s t a t e o f t h e e n e r g y

H, n o t i n c l u d i n g t h e w e a k i n t e r a c t i o n ( t h e a c c u r a c y of

t h i s s t a t e m e n t b e i n g n o w o r s e t h a n 1 0 " 1 3 , t h e r a t i o o f

t h e c h a r a c t e r i s t i c t i m e s f o r t h e s t r o n g a n d w e a k i n t e r -

a c t i o n s ) . T h e t i m e d e p e n d e n c e o f t h e s t a t e | K ) i s

g i v e n b y t h e t o t a l e n e r g y o p e r a t o r H + W , w h e r e W

i n c l u d e s b o t h t h e w e a k i n t e r a c t i o n s H w a n d a n y

m a c r o s c o p i c f i e l d s ( i f s u c h e x i s t ) .

W e w a n t t o k n o w t h e t i m e b e h a v i o r o f t h e d e c a y a m -

p l i t u d e C j ( t ) = <j I K ; t > o f t h e s t a t e | K ; t >

= e - i ( H + W ) t
K ) i n t o a n y o n e o f t h e e i g e n s t a t e s j o f

*This Section contains the derivation of a rather large number
of formulas that are used later on. The reader interested only in
the results can cheerfully omit this material. A final summary of
the formulas (without derivation) i s given in Sec . II.

*The reader wil l find a simple and physical ly lucid treatment
of the phenomena in a K meson beam when CP parity i s conserved
in the paper of Ze l 'dovich . [ 1 8 ]



448 M. V. T E R E N T ' E V

the Hamiltonian H. We give the following treatment
in the rest frame of the K meson.

The amplitudes Cj(t) satisfy the Schrodinger
equation

<a|= 2_<
b=K, K

so that the conditions

(a = Ks,KL) (1.10)

(1.1)

with the initial condition Ci(0) = 6\\c. Here e; are the
i l f H H| j> |j> W ( | |eigenvalues of H: H| = £j j>, = ( j | W | j ' ) . We

write Eq. (1.1) with its boundary condition as an inte-
gral equation

(1-2)

(a | a') = 6a, „.,
2 |a)<a[= 2 \b){b\

a=Ks,KL 6=Ki g
are satisfied.

In accordance with these definitions, the amplitudes
and matrix elements in the new representation have the
form

j' 0

whose solution we assume in the form of a Fourier
integral

(1.3)

(0 l i ^ i )
b=K, K

(f\W\a)= y2i_(j\W\b)Uba (a = KB

b=K, K

Equation (1.6) in the new representation is

2

). (1.11)

Then (a = Ks,KL). (1.12)

Fa (E)—-

•" ' l E-Ej + ib T 2J w'<i' E_'e. + i8 • (1-4) It is now convenient to choose the matrix U in (1.9) and
r '_ (1.10) so that the matrix V(E) = U-1A(E)U in (1.12) is

Among the j t a t e s | j ) there is a state | K) correspond- diagonal. We then get
ing to the K meson, which in the absence of the weak
interactions has a mass m identical with that of the K
meson. The degeneracy of the states |K) and | K)
permits a separate treatment of the decay amplitudes
cg( t ) and Cj^(t). It is therefore convenient to sepa-
rate out the Fourier components of these amplitudes
in (1.4). We look for a solution of the form

(1.13)

rJt K(E)FK(E)+TjTi(E)FE(E)\, (1.5)

with j * K,K, where by_definition Tj?K(E) and T J ; K ( E )

are zero for j = K or K. In the following we shall
agree to assign the index j to states not including K
or K.

We then get from (1.5) and (1.4) the system of two
equations

2 [ (£ — ff2)6o,6-T-yJto, b (E) ^Fb(E) = Co(0) (1.6)
b=K, K

(where a is either K or K), and the matrix A(E) is

7a,b+ 2 -%!.7'+Sa )"1 ' ( 1 ' 7 )

where Tj>D(E) is the solution of the following system:

„ Wj y Ty b (E) —

Now it is convenient to go over to the other repre-
sentation. In place of the states |K) and |K) we con-
sider their linear combinations | Kg) and | K L ) :

where A.a(E) are the eigenvalues of A(E). From now
on we limit ourselves to the lowest order in the inter-
action W in the matrix Tj>Q,(E). We then get from
(1.5)

' 2 ^ . - - S ^ X i i T U*K,K), (1.14)

and the final expression for the amplitudes

'dE

>= 2 -

-*>E—m -hy K (E)

Wj, aca (0) P

(1.15)

-m + y Xa (E)

(1.16)

The properties of the eigenvalues Aa(E) can be in-
vestigated by writing the matrix X(E) as the sum of
two terms:

X (£") = F (E) ~\- 2iM (£"), (1.17)

where F and M are hermitian 2 x 2 matrices with
the respective matrix elements

\a)= (a = Ks, KL). (1.9) , K

b=K, i
We write the corresponding covectors by using the

inverse matrix

2 '

(1.18)

(1.19)

where nj( £j) is the density of states with energy



K, 2TT DECAY AND P O S S I B L E C P - N ON C ON S E R V A TION 449

The integral in (1.19) is taken in the sense of the
principal value. This integral diverges formally and
must be cut off at some energy in a theory that cor-
rectly takes account of the contribution of the high en-
ergy region. We shall never calculate explicitly the in-
tegral in (1.19). All we need is the possibility of writ-
ing \(E) in the form (1.17).

Then it follows simply from the positive definite -
ness of T(E) and the hermiticity of T(E) and M(E)
that the real parts of the eigenvalues ys(E) = R e ^s( E )
and 7 L ( E ) = Re A-L(E) of the matrix A(E) are positive.
The absolute value of A.a(E) is very small. We shall
show later that A.a(

E) ~ 10~5 e V - O n t n e other hand,
the scale 5 over which \a(E) varies significantly as
a function of E is determined by the masses of the
elementary particles (more precisely, by the energies

u€;). Thus, to very good accuracy \a(E)/6
10~13 d l t th d d

10~u —
10~13, and we can neglect the dependence on E in the
argument A.a(E) in (1.15) and (1.16), i.e., we can a s -
sume that A.Q,(E) ~ \a(m). Then the only singularities
of the integrands in (1.15) and (1.16) will be simple
poles in the lower half of the complex E plane. The
integration is now elementary. We get

= 2

(1.20)

We have also introduced the new notation. If we sepa-
rate out the real and imaginary parts of \a(m):

Xa(m) = Ya + 2iAa, (1-22)

then ya > 0 will determine the lifetime of the state
| a), while the quantity m a = m + Aa gives the mass
of the state \ at).

The structure of expressions (1.20) and (1.21) is in
no way related to the various simplifying assumptions
we made in deriving them. In particular the res t r ic -
tion to the lowest approximation in the interaction W
is in no way fundamental. Including higher approxima-
tions gives only small corrections to ma and ya, but
we still find these parameters from experiment. The
form of the interaction W was not fixed by us. The
exponential character of the decay of the state | a)
is , however, related to our assumption that the quan-
tity Xa(E) is a constant.

The probability per unit time for decay of the K
meson into channel j is given by the expression

3

This probability is obtained from (1.21) in the form

= 2it | 2 WJt aCct (t) I
2 5 (ej-rn) n} (m) tfe,, (1.23)

if we neglect the change with energy e; of the matrix
elements WjjQ! and the density of states nj(ej) on

scales of order ya, Aa. If the interaction W also con-
tains contributions from any external fields, the decay
a — j still proceeds through the weak interaction, so
that WjjQ, = (H\y)j,a! in formula (1.23). In the sequel
we shall say that the amplitude for the decay a — j
is the quantity

= (j\Hw\o.)ca(0). (1.24)

In accordance with the definition (1.11) and formula
(1.20), the time dependence of the amplitude for the K
and K states is given by the expression

c£(t)= 2
b=K, K

(a = K,K).
(1.25)

2. Nonexponential Corrections to the Decay Law

The matrix Aa ^(E) has branch points correspond-
ing to the masses of physical states to which transi-
tions are possible from the |K) and | K) states. In
our approximation in the interaction W, it is obvious
from formulas (1.17) or (1.18) and (1.19) that all the
singularities of this type lie on the real axis of the
complex E plane. Consider, for example, the thresh-
old for creation of IT mesons. The corresponding
energy is E^nr = 21x17,-. Deforming the contour of in-
tegration in (1.15) into the lower halfplane, we get an
integral of the jump in the function (E - m+ (i/2)ya(E))~1

over the cut:

e-iEt(-i(-idE). (1.26)

Again deforming the contour into the lower half-
plane and computing separately the contribution from
the pole at E -ma « - (i/2)ya , we get

2it
Ya {Ethr — i dz).

The asymptotic behavior is easily calculated. If
Vor( E th r + z ) ~ ( Z / E t h r )n 2 Ta when z — 0, since
Ethr - m o ; y> Ta. t n e correction term to the exponen-
tial decay will be

Ya (1.27)

The relative contribution of this term when y^t ~ 1
is ~ 102G (10~13 ) n / 2 . The presence of other branch
points, which are related to the possibility of decay
of the K and K into other channels, leads to the ap-
pearance of additional corrections to the basic decay
law e ~1'2Tai . The general structure of these correc-
tions is again of the form of (1.27), where E t j j r is the
energy of the corresponding threshold, and n deter-
mines the nature of the singularity (branch point) at
the point E = E^-nr.
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But the problem of finding such corrections may
not arise because of their smallness. In fact the am-
plitude (1.27) is determined by the contribution of
states whose energies differ markedly from the en-
ergy of the initial state, since the Fourier integral of
(1.27) contains only the narrow range E ~ E^hr = 211%.
But in any experiment on K meson decay one can only
include events in which the energy of the decaying
state lies in the region of the peak corresponding to
the pole at the point E » m ^ in (1.26). The theoret-
ical width of the peak is ya, while experimentally it
is determined by the resolving power of the apparatus
<5 » ya (in present day experiments 6 ~ 1 MeV ). In
principle it is impossible to distinguish from the back-
ground any events that do not coincide with the peak.
In fact just what is the sense of our initial assumption
that at time t = 0 only the amplitude cĵ (O) for the K
meson state was different from zero? It is valid only
so long as we are interested only in a very narrow r e -
gion around the peak, of order ya, since the position
and shape of the peak are essentially determined by
cj^(O). The region far away from the peak depends
essentially on details of the wave packet describing
the initial state. Thus the inclusion of correction
terms of the form of (1.27) is completely inconsistent
with our choice for the initial state. It is beyond the
accuracy set here.

There still remains the important question of ex-
actly what is the actual contribution of nonexponential
corrections to the decay law. From the experimental
conditions we can get rid of all events not falling within
an interval ~ 6 (the experimental resolution) around
the peak at E « m a . It seems reasonable to cut off
the integral in (1.26) by using some function p(E) such
that p(E) = 0 when | E - m a | > 6, p(ma) = 1. We
choose the law of falloff of p(E) at the ends of the in-
terval 6 so as to simplify the further calculations:

± a y f o rQ(E)-

This corresponds to choosing the initial state to be a
wave packet with a "width" ~ 6 (in this connection cf.
the papers of Schwinger ^19^ and of Jacob and Sachs, ̂ 2O

where one can also find references to earlier work).
The time dependence of the resulting corrections to
the exponential law is essentially determined by the
nature of the falloff of p(E) when E — ma - 6. We
find (for ya « 6 « ma)

When y t tt ~ 1 the correction terms are completely
negligible for any values k > 0, and become important
at values of t so large that c a ( t ) becomes less than
10~22( 10"13 )k . Thus it appears impossible to explain
the experiment of Christenson, Cronin et al on the
basis of deviations from the exponential law.

II. K L — 7r+7r" DECAY AND CONSERVATION OF T,
CP AND CPT.

1. Formulas for States and Decay Amplitudes.

Since the physical amplitudes (1.23) and (1.25) con-
tain products of matrix elements of the matrix U and
its inverse (introduced in (1.9) and (1.10)), it is mean-
ingful to look for U within a factor, which corresponds
to an arbitrary normalization of the states | Kg) and
| K L ) . The matrix U brings the operator F + 2iM,
which we shall call the "mass operator," to diagonal
form [cf. (1.17)]. The matrix U can be chosen as

1 1 1 1/rs
1 — s/r . (2-1)

Accordingly the states | Ks) and | K L ) , which di-
agonalize the mass operator and which in this sense
have a definite mass and lifetime, will be the following
combinations of |K) and |K) (cf., for example,
Sachs M

\KS) = - 1

• ° • - i / A b

j ^ L ) = y = ( l J f i : ) - " | Z } ) ,

(2.2)

The parameters r and s appearing in these formulas
are

(2.3)

(2.3')K K ~~ MK' K)

The matrix elements of T and M were defined in
(1.18) and (1.19). In the future we shall write the am-
plitudes c K ( t) and c K ( t ) simply as Kg(t) and

K L ( t ) [similarly, c K ( t ) = K(t) , c g ( t ) = K ( t ) ] . The
quantities Kg(t) and KL(t) change with time accord-
ing to the simple exponential law

(2.4)

where the parameters ya and Aa are the real and
imaginary parts of the eigenvalues of the matrix
F + 2iM:

, K — st a — J
(2.5)

We note that the states |Kg) and | K L ) are neither
orthogonal nor normalized, so that they are not
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" s t a t e s " in the usual quantum mechanical sense. The
time dependence of the "normal" K and K meson
states is given from (1.25) in the form

K(t) =

imst--yst -imLt- , yLt2VL],(2.6)

where

(2.7)

(where we are particularly interested in the case
where K(0) = 0).

The time dependence of the probability for decay of
the K meson into any state j is given according to
(1.23) in the form

. (2.8)

The decay rate w is usually defined as the proba-
bility for decay during a time interval t small com-
pared to the lifetime of the decaying particle, i.e.,
for yat « 1:

= 2mj{m) | (/ | Hw | Ka) Ka (0) \ (2.9)

Here K a can be either the Kg or K L , or the K or
K-meson. It is the decay rate w that is most fre-
quently determined in experiments. It is determined
by the decay amplitude A(K a — j) [cf. formula (1.24)]:

w = 2nnj (m)\A (Ka ->

2. Limitations Following from T, CP, and CPT
Invariance.

Invariance of the interaction W under time reflec-
tion (T), combined inversion (CP), and the operation
CPT lead to various relations between matrix elements.
To obtain these, we first determine the result of apply-
ing these operations to the K meson state. We adopt
the conventions

CP\K)= K), "j

(2.10)T\K) = {K\,

CPT\K) = {K\, ]
assuming that the arbitrary phase factor that can ap-
pear in such transformations is equal to unity. For the
class of problems we shall treat, this arbitrary choice
of phase is completely unimportant. The only impor-
tant point is that the K meson is assumed to transform
according to the usual laws for a scalar particle under
the operations CP and T.

The eigenstates | j ) of the Hamiltonian H in gen-
eral transform differently under CP and T. Since we

are assuming that [H, CP ] = 0, we could choose as
the states | j ) eigenstates of CP. But this is not a l -
ways convenient. The only important thing is that the
law of transformation of the states | j ) under CP is
the same as for the eigenstates | j0) (corresponding
eigenstates of the free Hamiltonian Ho). Let | j ' ) be
the state obtained from | j ) by the operation CP.

If among the states | j ) we consider states of zero
angular momentum, definite parity and isospin, then
for such states the standard representation of the T
operation is*

T\j) = e2ibi{j\. (2.11)

Here the phase 6; depends on the nature of the inter-
action in the state | j ) (cf., for example, Gell-Mann
and Watson^22^). If this interaction is small (for ex-
ample, in the state |7r+e~P'), where only electromag-
netic forces are important), the state | j ) can be r e -
garded as a product of wave functions for free par-
ticles, and the phase <5j = 0.

Thus we obtain the following relations between
matrix elements for the respective cases of T, CP
and CPT invariance:

{K\W\j) = (K\W\j')

(from CPT),

(from CP),

( from T).
(2.12)

We have made use of the antiunitary character of the
T operation, the hermiticity of the Hamiltonian and
the invariance condition W = O^WO, where 6 is
one of the three operations CPT, CP, or T.

Using expressions (1.18) and (1.19) for the mat-
rices F and M, we get from (2.12)

K (fromCPT), (2.13')

(fromCP). (2.13")

Because of the hermiticity of F and M, the relations
(2.13) mean that the matrix elements F J ^ J ^ and MJ^J^
are real.

From (2.13) and (2.3) we find that the parameters
r and s, giving the diagonal combinations of the K and
K mesons, are

s = l (from CPT), (2.14')
r = l, s = l (iromCP). (2.14")

It is immediately obvious from (2.2) that, in accor-

*0ne chooses either in or out states as the states |j>. Then
for example,

T\j; in> = ( | = 2 ( / ; out|;'; in)
i'

Here Sjj'is a matrix element of the S matrix. If the states |j > are
classified according to angular momentum, parity and isospin (if
we neglect electromagnetic corrections), Sjj'= e2lSi Sjj", and we
get the result (2.11).
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dance with genera l p r inc ip les , when we have CP in -
va r i ance ,

)

These s t a t e s a r e the CP-even and CP-odd combina-
t ions of | K ) and | K ) . They correspond to the Kj and
K2 mesons .

3. The K L ^ 7 r + 7 r " Decay.

The ra t io of the ampli tudes for the K L —* n*ir~ and
Kg —• 7r+7r~ decays can be obtained from (2.2), (2.7) and
(2.9):

n~ \HW\~K)
| Hw\ K) '

(2.15)
Here CPT invar iance leads to the condition s = 1
[cf. (2.14)].

Two 7r mesons in an a r b i t r a r y s ta te , being subject
to Bose s t a t i s t i c s , a r e a CP-even sys tem:

CP | Jl+JT> = ( _ 1)2L | Jl+jT> = | Jl+jr),

where L i s the orbi ta l angular momentum. In our
case only the s ta te L = 0 e n t e r s . Thus conservat ion
of CP par i ty means

In this case

s=l, /• =

A ( K L - > • J T + J I - )

A (Ks -*• i x + i t - )

(2.16)

= 0 .

T h u s t h e l o n g l i v e d c o m p o n e n t o f t h e K m e s o n b e a m

c a n n o t i n t h i s c a s e d e c a y i n t o t w o it m e s o n s . O n t h e

o t h e r h a n d t h e e x p e r i m e n t o f C h r i s t e n s o n , C r o n i n e t

a l i n d i c a t e s t h a t

( 2 . 1 7 )
A (Ks -* • n+n~) '

( w h e r e w e u s e a b s o l u t e v a l u e s ) .

N o n c o n s e r v a t i o n o f C P T ( t o g e t h e r w i t h C P c o n s e r -

v a t i o n ) c a n n o t e x p l a i n t h e r e s u l t s o f t h e P r i n c e t o n

g r o u p . A s a r u l e , i n o t h e r p h e n o m e n a i n a K m e s o n

b e a m a l s o , c o n s e r v a t i o n o f C P p a r i t y m a s k s a n y p o s -

s i b l e n o n c o n s e r v a t i o n o f C P T . O n t h e o t h e r h a n d C P T

i n v a r i a n c e h a s a v e r y p r o f o u n d b a s i s i n t h e o r e t i c a l

p h y s i c s , a n d t h e r e i s n o r e a s o n a t p r e s e n t t o d o u b t t h e

e x i s t e n c e o f s u c h a s y m m e t r y . W e s h a l l a s s u m e t h a t

t h e w e a k i n t e r a c t i o n s c o n s e r v e C P T .

B u t i t i s p o s s i b l e t h a t i n t h e e x p e r i m e n t o f t h e

P r i n c e t o n g r o u p t h e K m e s o n s i n t e r a c t e d w i t h s o m e

e x t e r n a l f i e l d s u c h t h a t

= V + HW, ( 2 . 1 8 )

w h e r e H ^ y i s t h e u s u a l w e a k i n t e r a c t i o n , V t h e i n t e r -

a c t i o n w i t h t h e e x t e r n a l f i e l d ; w e s h a l l r e f e r t o t h i s

f i e l d b y t h i s s a m e l e t t e r V . W e s h a l l n o t c o n s i d e r i n

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

m e d i u m i n w h i c h t h e b e a m i s p r o p a g a t i n g . S u c h a n

e f f e c t i s c l o s e l y r e l a t e d t o t h e e x p e r i m e n t a l c o n d i -

t i o n s , a n d i f t h e s e a r e s e t c o r r e c t l y t h e a b s e n c e o f

i n t e r a c t i o n s w i t h t h e m e d i u m c a n b e c h e c k e d i n c o n -

t r o l e x p e r i m e n t s .

N e v e r t h e l e s s t h e p r o p a g a t i o n o f t h e K m e s o n s o c -

c u r s i n t h e p h y s i c a l v a c u u m , w h e r e o n e c a n n o t e x c l u d e

t h e p r e s e n c e o f f i e l d s p r o d u c e d b y d i s t a n t o b j e c t s . I n

t h i s c a s e e v e n i f t h e w e a k i n t e r a c t i o n Htyy i s C P a n d

C P T i n v a r i a n t , w e c a n n o t s p e a k o f c o n s e r v a t i o n o f C P

a n d C P T i n d e c a y s , s i n c e t h e K m e s o n s d o n o t f o r m a

c l o s e d s y s t e m .

I t i s h a r d t o i m a g i n e a n e x t e r n a l f i e l d t h a t c h a n g e s

t h e s t r a n g e n e s s , s o w e s e t V K , K = 0> a n d i n a d d i t i o n

v K , j = V K , J = 0 . B u t t h e m a t r i x e l e m e n t s V K , K a n d

V K , K m a v b e d i f f e r e n t . T h i s l e a d s t o a n a p p a r e n t n o n -

c o n s e r v a t i o n o f C P a n d C P T . ( T h e p a r a m e t e r s i n

( 2 . 3 " ) w i l l d i f f e r f r o m u n i t y ) . T h e i m p o r t a n t p o i n t i s

t h a t t h e e f f e c t s o f k n o w n t y p e s o f f i e l d s c a n b e n e g -

l e c t e d , b e c a u s e t h e y a r e e i t h e r t o o s m a l l ( i f w e a r e

d e a l i n g w i t h e l e c t r o m a g n e t i c i n t e r a c t i o n s , w h e r e

V K , K a n d V j ^ K m a y d i f f e r b e c a u s e o f t h e d i f f e r e n c e

i n t h e r a d i i o f t h e c h a r g e d i s t r i b u t i o n s f o r t h e K a n d

K ) , o r h a v e t h e s a m e e f f e c t f o r a p a r t i c l e a n d i t s a n t i -

p a r t i c l e ( i f w e a r e d e a l i n g w i t h g r a v i t a t i o n a l f o r c e s ) .

H I . K L — 7 r + 7r" D E C A Y A N D P O S S I B L E E X I S T E N C E

O F N E W F I E L D S .

1 . K — 7r+7r~ D e c a y i n a n E x t e r n a l F i e l d . G e n e r a l

C o n s i d e r a t i o n s .

I m a g i n e a K m e s o n i n i t s r e s t s y s t e m i n t e r a c t i n g

w i t h a n e x t e r n a l f i e l d . T h e n a t u r e o f t h i s i n t e r a c t i o n

d o e s n o t m a t t e r a s y e t ; t h e o n l y i m p o r t a n t p o i n t i s t h e

a s s u m p t i o n t h a t t h e K a n d K h a v e d i f f e r e n t p o t e n t i a l

e n e r g i e s i n t h i s f i e l d . W e a r e a s s u m i n g t h a t t h e w e a k

i n t e r a c t i o n tt\y c o n s e r v e s C P . T h i s m e a n s t h a t r = 1

a n d | = 1 i n ( 2 . 1 5 ) , b u t t h a t s c a n d i f f e r s l i g h t l y f r o m

u n i t y s o t h a t t h e d e c a y K L —* T + 7 T " c a n o c c u r . U s i n g

( 2 . 3 ' ) a n d ( 1 . 1 9 ) , w e o b t a i n i n l o w e s t a p p r o x i m a t i o n i n

t h e e x t e r n a l f i e l d

( 3 . 1 )

U s i n g ( 2 . 5 ) , i t i s e a s y t o e x p r e s s s i n t e r m s o f t h e

d i f f e r e n c e s i n w i d t h a n d m a s s f o r t h e K g a n d K L

m e s o n s :

s = l _ j ^ J ? — ( 3 . 2 )

N o w ( u s i n g ( 2 . 1 5 ) o r r = £ = 1 ) w e g e t t h e r a t i o o f

t h e a m p l i t u d e s :

A (KL ->• u+n-) _

A (Ks -*• n+n-) ~~

w Tr~VK,K

( 3 . 3 )

T h i s r a t i o w a s f o u n d i n t h e r e s t s y s t e m o f t h e K

m e s o n . I t s f o r m i n t h e l a b o r a t o r y s y s t e m i s d e t e r -

m i n e d b y t h e l a w s o f t r a n s f o r m a t i o n o f t h e m a t r i x e l e -
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ments Vj£ K a nd Vj£ K- Thus, in addition to a violation
of CP invariance one will in general also observe a de-
pendence of the ratio of the amplitudes on the refer-
ence system, which manifests itself as an apparent
violation of relativistic invariance.

2. Possible Nature of the New Fields. C23-24]

Imagine that the field V is produced by macro-
scopic bodies. As sources of this field we may imag-
ine either the hypercharge Y or the third component
of the isospin T3. Then K and K would have opposite
charges with respect to the new interactions. Suppose
that

" K, K— 2 °' K'K 2 °-

It is convenient to express the result in terms of the
potential V in the laboratory system, where the K
mesons move with velocity v (in the experiment of
Christenson, Cronin et al, y = (1 - v2 )1/2 » 2.5 ).
This can be done if we know the tensorial character
of the new field. If it is a vector field, the static po-
tential V is the fourth component of a vector, and
Vo = yV. (This assumption is quite natural, since in
a local theory scalar and tensor fields have the same
static potential for a particle and its antiparticle.)
We find

A(KL-
A(KS-

) = y_
j

2-10"3 (3.4)

(where we mean equality of the absolute values ).
In this case we get a very interesting effect of de-

pendence of the ratio of the amplitudes on the energy
of the K-meson beam. If such an apparent violation
of relativistic invariance were observed experimen-
tally, this would be a serious argument in favor of the
existence of the V-field. This dependence of the ratio
(3.4) on velocity is a fundamental result. Even if the
field V is scalar we should still get the factor y in
(3.4). In fact, in a local theory (without derivative
coupling) a scalar field has the same interaction with
particle and antiparticle (the K and K mesons in our
case), and this is not what we want. So we must take
the scalar field with gradient coupling, and this again
leads to a linear dependence on energy as in (3.4).

Since the mass difference and difference of widths
of the Kg and K L mesons are approximately the same
and of order 10~5 eV, V ~ 10~8 eV. Thus, because of
the smallness of the mass difference, the experiment
of the Princeton group is sensitive to very weak po-
tentials. There is not another experiment on elemen-
tary particles at present that has a comparable sensi-
tivity to low energies.

If the V-field is a vector field, its quanta must have
a mass. This is related to the fact that the source of
the field is a nonconserved current, since the "charges"
Y or T3, unlike the electric charge, are not rigorously
conserved. Furthermore, if the V-field is massless,

gauge invariance implies that we cannot measure the
absolute value of the potential V, but it is just the ab-
solute value of V that enters in the amplitude ratio
(3.4).

If the mass of the quanta of the V-field were n o

where Rg is the radius of the Galaxy, then

(3.5)

-1

V. 1 & m.~ « '

where fg is the coupling constant, Mg is the mass of
the Galaxy, mp is the proton mass (Mg/nip is the t

hypercharge of the Galaxy, or except for a factor of
two, the third component of its isospin). Taking
Rp- ~ 1O22 cm, Mg ~ 1068 mD, we get f| ~ 10~49.

If the range of the new forces is determined by the
radius of the Solar system, then n ~ Rg1, where Rg
is the distance from the Earth to the Sun [Re 1.5
x 10 3 cm). For the corresponding constant we find
f| ~ 10"47.

Finally, :f ji ~ Rg1, where Re is the Earth radius
-46(R e = 6 x 108 cm), then f| ~ 10

As pointed out by Weinberg, ^25^ there is a strong
limitation on the mass of the quanta of the V-field
which is imposed by considering effects of real radi-
ation of soft quanta. The amplitude for emission of
a real quantum with polarization e^ and momentum q
in the K —- 2TT decay is

^ ) ' (3-6)

where p is the momentum of the K meson, A(K—-27r)
is the amplitude for K —- 2ir decay without emission
of soft quanta, f is one of the constants fg, fs, or fe.
(Since we are assuming that the quanta carry off a
small momentum, we can neglect emission from the
immediate region in which the K —* 2TT decay occurs.)
Then the relative probability for emission of a quan-
tum with energy u £ E is

If
101

E ~ 100 MeV an
7 (MeV)~2 and R

(w2 —

( -

~ 10

2m

- R"
13

2rfco

) "
-1

If ;

___ /

then
a ~ R

•2£2
t v

f2/
-1

(3.7)

then we
would get f2

s/V 10 (MeV)"2 and R ~ 103, i.e., in
s

both cases the K meson would be completely unstable
with respect to decay with emission of quanta. Finally,
in the last case 2R"1

~4
I2

e/n
2 ~ 10"6 (MeV)"2, and

Thus this is the most realistic case.we get R ~ 10
Here one can still increase the mass somewhat, but
the range of the forces should still be enough so that
the K meson "feels" the macroscopic objects around
it. We conclude that the mass JX should lie within the
limits

(3.8)

It seems improbable that the mass of the quanta of
the V-field would fall precisely within the interval
(3.8). This is one of the difficulties with this theory.
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One could however look for a way out here. In fact
the arguments that led to (3.8) are to a large extent
internally contradictory. The condition f2E2/V ~ 1 in
the theory of the vector field means going into the r e -
gion of effectively strong coupling (cf., for example, '-26-').
When f2E2/;it2 » 1, the diagram we are considering,
with radiation of a single quantum, gives an effect
whose magnitude is incompatible with unitarity. It is
necessary to consider other processes, which should
lead (if the theory of interaction of a vector field with
a nonconserved current makes any sense at all) to the
appearance of an effective form factor that falls off
rapidly with increasing E. Thus, R in (3.7) cannot be
greater than unity. But exactly what the value of R is
when f2E2/pi2 » 1 we cannot say, since we cannot make
any calculations in this region.

The theory with a macroscopic V-field is also un-
usual in that the potential V has an absolute signifi-
cance (it is measured in the experiment of Christen -
son, Cronin, et al.). Here we have a profound differ-
ence from electrodynamics, where only gradients of
the potential are measurable. There are arguments
(cf., for example, ^27-) that it is difficult to make such
a theory compatible with the principles of the theory
of relativity. But it seems to us that these arguments
do not represent a proof. To settle the question one
would have to measure (3.4) as a function of the en-
ergy of the K meson.

The existence of the new interaction would lead to
a violation of the principle of equivalence of gravita-
tional and inertial mass, since in addition to the or-
dinary Newtonian attraction between bodies there
would now be a force depending on the number of nu-
cleons. A modification of the Eotvos experiment
(cf. Dicke -28^) gives a limit for the coupling constant
for such an interaction:

/2<2-10-45. (3.9)

The values of fg, f| and f| do not contradict this
relation. It is interesting that if the range of the new
force field is determined by the size of the earth Re,
Dicke's experiment does not give as strong a res t r i c -
tion on f2 as that from the original experiments of
Eotvos, which have an accuracy which is two orders
of magnitude poorer.*

The nature of the new interaction (attraction or
repulsion) could in principle be established by ex-
periments on regeneration of K mesons in matter.
In these experiments one should study the interfer-
ence between the amplitude for K2 — K regeneration

*Recently Lee[29] proposed a theory in which the V-field is
scalar and massless. In his theory the potential V is constant over
time and space. One cannot simply subtract such a background and
associate its energy with the vacuum, since V has opposite signs
for particles with opposite hypercharges. Here there will be no
observable violations of the equivalence principle. But the velocity
dependence of the ratio (3.4) remains.

in ma t t e r and the amplitude for the K2 — K t t r a n s f o r -
mation in the V-field. In this c a se (cf., for e x a m -
p i e , ™ )

2n» ,,
A(KL- yV —
A(Kt - it+ar-) 2 (3.10)

where n is the density of matter, fĵ  and fj^ are the
amplitudes for forward scattering of K and K mesons
in matter.* The quantity 27rn/m (fK"~fR) *s t n e ^if-
ference of the effective interaction energies of K and
K with matter.

If the decay K L —• w*v~ is actually explained by the
exis tence of some new long-range forces , then nowhere
except in the decay of the neutra l K mesons should one
detect an apparent violation of CP invar iance . The d e -
g ree of violation of CP invar iance in the decays of neu-
t r a l mesons will in all c a se s be de termined by the
smal l p a r a m e t e r 1 - s [cf. (3.3), (3.2)]. Thus, for e x -
ample , the charge a symmet ry in the leptonic decays
of the long- and short l ived components of the K meson
beam a r e given by the formulas

w(KL-
(3.11)

These formulas a r e gotten assuming the AS = AQ
ru le . To get (3.11) we must use (2.9). (2.2) and (2.7),
with r = 1 and (1 - s ) « 1. In calculating the ma t r ix
e lements (vev | H ^ | K L S ) we must cons ider that
<7r+e~57| H W | K ) = 0 and (ir~e*p\ H w |K) = 0 because
of the AS = AQ ru le and, in addition, (7r+e~'?| H ^ |K)
= (7r~e+ |K) because of the conservat ion of CP
pari ty in the decays .

We a lso mention the formulas

w (KL -
w (A's-
w (KL -

-:x+e-v)
(3.11')

It i s in teres t ing that while the charge a symmet ry (3.11)
a lso appears when s = 1, because of violation of CP
invar iance in weak in teract ions (for the case r * 1,
cf. l a t e r ) , the difference in l i fet imes of the Kg and
K L re la t ive to decay into ir~e*v ( in a K beam s a t -
isfying the AS = AQ r u l e ) occurs only when s * 1
and thus prec i se ly c h a r a c t e r i z e s the degree of non-
conservat ion of C P T .

*One can make an estimate of the effect of the matter on the
experiment of Christenson et al. Using data on the cross section
for interaction of K mesons with light nuclei, it is reasonable to
assume for helium that <TK —OK ~ 10 mD (where CTK and OK are the
total cross section for K and K respectively). On the other hand,
from the optical theorem Im (f̂  — fg) = p/4n (CTK — CTJJ)- Since
n = 3 x 10" atoms per cc and p/m = 2, Im f̂  ~ )fK|> we get 2mi/m
(fK — fic) ~ 6 x 10"12 eV. This means that in the experiment of
Christenson et al the interaction with the medium gives for the
amplitude ratio A (KL^V)/A(KS^77+^) a value that is 103 - 10"
times smaller than that observed.
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IV. KL — 7r+7r~ DECAY AND NONCONSERVATION
OF CP.

1. Semiphenomenological Treatment.

We shall consider the data on the K L —- 7r+7r~ decay
as evidence for CP nonconservation. We shall again
assume that CP is conserved in strong and electro-
magnetic interactions, and that CPT is rigorously
conserved. We shall also assume that there are no
external fields of the type considered in Sec. III. We
then have from (2.15) and (2.14)

A (Ks - "1 + & 2-10"3. (4.1)

This equation is to be understood to apply to the ab-
solute values, and now holds in an arbitrary coordi-
nate system. From (4.1) we see that the violation of
CP invariance observed experimentally is character-
ized by the two parameters £ and r . The first is r e -
lated to the nonconservation of CP directly in the
K—»7r+7r~ decay, while the second characterizes the
CP nonconservation in virtual processes.*

A very important point is that the parameters £
and r are completely independent. But it is difficult
to imagine a situation in which | and r differ mar-
kedly from unity and still have | r » 1 to within 0.4%,
as we must have [from (4.1)]. To understand this
point it is convenient to introduce the amplitudes
for K decay into states of definite isospin T:

{'An,

(4.2)

Here 6^ is the phase for scattering of the two 7r me-
sons in a state with isospin T. The fact that it is just
A^ that appears in the second equation of (4.2) is a
consequence of CPT invariance. CP conservation
would mean that Â p is real, but now A^ 1

where

aT = \ Ar (4.3)

T h e r a t i o (TT*W~ | H W | K >/< TT^TT" | H W | K ) , e x p r e s s e d

in t e r m s of t h e a m p l i t u d e s a-p, i s e q u a l to

S i n c e t h e A T = '/2
 r u l e i s w e U c o n f i r m e d by e x p e r i -

m e n t ( i n p a r t i c u l a r fo r K d e c a y s ) w e s h o u l d h a v e

a 2 / a 0 « 1. T h i s m e a n s t h a t t h e p a r a m e t e r x in (4.4)

i s

— iy'2 • 2 — q>0) € 1. (4.5)

*Using the definition of i

\K2> = ~{\K) - |7O},we
V 2

', in (2.15) and the formula

get <Jt+Jt- | Hw | K2) = -L- (i _ j) x

(it+jt" | Hw \ K). Thus we may say that <f ̂  1 characterizes the non-
conservation of CP arising from K2~>n-+ rr'decay itself, while r £ 1 is
related to the CP nonconservation which results from the mixing of
the K2 and K, s ta tes .

On t h e o t h e r h a n d t h e q u a n t i t y r [cf. (2.3)] c a n b e

w r i t t e n in t h e f o r m

(4.6)

w h e r e F ' and M ' a r e d e t e r m i n e d by t h e c o n t r i b u t i o n s

to t h e m a s s o p e r a t o r f r o m a l l p o s s i b l e s t a t e s e x c e p t

t h a t of t w o 7r m e s o n s w i t h T = 0. S i n c e t h e K —- 2n

d e c a y i s m o s t i m p o r t a n t a n d t h e a m p l i t u d e fo r T = 0

p r e d o m i n a t e s in i t , a2, » | F ' | . B u t w e c a n n o t c l a i m

t h a t M ( 0 ) » M ' , s i n c e t r a n s i t i o n s off t h e e n e r g y s h e l l

a r e i m p o r t a n t h e r e , and i n p a r t i c u l a r t h r e e TT m e s o n s

in t he i n t e r m e d i a t e s t a t e c a n m a k e M ' c o m p a r a b l e

w i t h M ( 0 \ On t h e o t h e r h a n d , a§ and M ( 0 ) s h o u l d b e

a p p r o x i m a t e l y e q u a l , s i n c e aj) d e t e r m i n e s t h e " w i d t h "

of t h e K m e s o n , w h i l e M < 0 ) and M' d e t e r m i n e t h e

m a s s d i f f e r e n c e of Kg and K L (cf. (2 .5) ) . T h u s a

" s t r o n g " n o n c o n s e r v a t i o n of C P in t h e K —- 2?r d e c a y

( in o t h e r w o r d s , a l a r g e v a l u e of t h e p h a s e CPQ and a

l a r g e d e v i a t i o n of t he p a r a m e t e r £ f r o m u n i t y ) i s c o n -

t r a d i c t e d by t h e e x p e r i m e n t a l d a t a , s i n c e t h e v a l u e of

r wou ld no t b e p r o p o r t i o n a l t o e21(^o, and c o n s e q u e n t l y

t h e q u a n t i t y 1 - £ r in (4.1) would n o t b e s m a l l c o m -

p a r e d t o u n i t y .

S t r i c t l y , t h i s m a y no t b e t h e c a s e if M ( 0 ) and M '

h a v e t h e s a m e p h a s e a s a.2ae
Zlcf>0. T h e n r ~ e 2 1 ^ 0 , and

t h e K L —7r+7r~ d e c a y w i l l a g a i n be s u p p r e s s e d . * But

e q u a l i t y to w i t h i n t e n t h s of a p e r c e n t of t h e p h a s e s of

fe2 (0M ( 0 ) and M ' , i n t h e p r e s e n c e of a " s t r o n g "

v i o l a t i o n of C P i n v a r i a n c e , m a y b e r e g a r d e d a s n o t h i n g

bu t a s u r p r i s i n g a c c i d e n t .

T h u s a s i d e f r o m t h e v e r y f a c t t h a t t h e r e i s a p o s -

s i b l e v i o l a t i o n of C P i n v a r i a n c e , t h e n e w t h i n g in o u r

s i t u a t i o n i s a l s o t h a t t h e v i o l a t i o n of C P i s a v e r y w e a k

e f f ec t . T h e v i o l a t i o n of C P i n v a r i a n c e i n w e a k i n t e r a c -

t i o n s , l e a d i n g t o n o n l e p t o n i c d e c a y s w i t h s t r a n g e n e s s

c h a n g e , s h o u l d a m o u n t t o t e n t h s of a p e r c e n t i n t h e

a m p l i t u d e . Such s m a l l e f f e c t s of C P n o n c o n s e r v a t i o n

a l s o c a n n o t a s y e t b e e x c l u d e d f r o m t h e o r d i n a r y /3

d e c a y of t h e n e u t r o n .

T h e m e a s u r e m e n t of e f f e c t s of C P n o n c o n s e r v a t i o n

in w e a k i n t e r a c t i o n s i s d o n e a s a r u l e by o b s e r v i n g

c o r r e l a t i o n s of t h e t y p e a x ( p , x p 2 ) , p t x ( p 2 x p 3 ) ,

ffj x (<r2 x <T3 ). (An e x c e p t i o n i s t h e d e c a y of t h e n e u -

t r a l K m e s o n s , w h e r e t h e r e a r e o t h e r w a y s of t e s t i n g

*This phenomenon (examples of which we shall meet repeatedly
in the sequel) is related to the fact that CP nonconservation is
manifested in the differences in phase of the corresponding ampli-
tudes. The phase of an individual amplitude is as much a matter of
convention as the phase of a single state. The assertion that CP
is not conserved because some amplitude is complex, when it
should be real if we start from the rules (2.12), is meaningless
because, together with the amplitudes, the rules (2.12) themselves
can be changed by including an additional phase factor. This per-
mits us to shift the reference phase for all phases by setting
eft = 0. As we see from (4.2), this is equivalent to a redefinition of
the phase of the K meson, |K>^eiq>0 |K>. We shall not make use of
this possibility since we must then change the rules (2.10) and
(2.12), which is inconvenient pedagogically.
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CP conservation.) These quantities change sign when
t — - t (when CPT invariance holds, tests of T and
CP conservation are the same thing). But we cannot
claim that observation of such correlations implies
nonconservation of CP. (In fact, polarization of pro-
tons perpendicular to the plane of scattering is ob-
served in pp collisions, but this does not mean that
CP is not conserved in strong interactions.) Here
there is a difference in principle from the situation
where spatial parity (P) is not conserved. There
it is sufficient to observe some pseudoscalar quan-
tity. The difference is connected with the presence of
final state interaction. As a rule, the amplitude for a
real decay is a superposition of the amplitudes for de-
cays into states with definite angular momentum, par-
ity and (or) isospin. Each of these amplitudes has
"its own" scattering phase e ^ in the final state. (We
saw, in the example of the K —*• 7r+7r~ decay, that

A (K = Y2Aaef« -(- A2e
i6>,

where Ao = | A 0 | e ^ ° , A2 = \A2\e *, cp0 = cp2 = 0 if CP
is conse rved . ) The in ter ference of the different a m -
pli tudes r e s u l t s in a cor re la t ion of the type sin (6 —6')(T
x (pj x p 2 ) , which thus occurs even if CP is conserved.*
(We note that the sca t te r ing phase <5 —- - <5 for t — - t . )
Only in decays of the type IT —* n + v, /u —~ e + v +D, i s
the re no in teract ion in the final s t a t e . In decays of the
type n—•p + e~+'i> there is e lec t romagnet ic i n t e r a c -
tion, and sin (6 - 6') ~ a (or ~ Z a if we a r e dealing
with nuc lear /3 decay) . Thus, effects of C P noncon-
serva t ion at the 0.1% level in /3 decay (not to speak of
the nonleptonic decays of hyperons) a r e prac t ica l ly i m -
possible to dist inguish on the background of final s ta te
in te rac t ions .

The re a r e , however, a whole var ie ty of mechan i sms
of violation of CP invar iance for which the observed
smal l re la t ive probabil i ty of K L ~~* 'K*v" decay should
sti l l give r i s e to in teres t ing poss ib i l i t ies of o b s e r v a -
tion of other p r o c e s s e s .

2. CP Nonconservat ion and Trans i t ions with AT
TV2. [30,31]

There a r e ve ry in te res t ing consequences if CP i s
not conserved in decays in which the AT = V2 ru le i s
violated. In the K—2n decay this " p r o m o t e s " the
decay to the s ta te with isospin T = 2.

In addition to the p a r a m e t e r £ introduced e a r l i e r ,
it is convenient to use

Express ing this ra t io in t e r m s of the ampli tudes for
t rans i t ion to s t a tes with definite isospin, we have

*It is important, however, that correlations of the form
p1x(p2xpJ) and a,x(ff2xj3) can occur when CP is conserved only if
the final state interaction does not conserve spatial parity.

t'
aoe

(4.8)

where x ' « i 2V~2a2/aoel(62~6<>) sin (cp2-<?<>)• Writ ing

r in the form r = e ^ 0 (1 - e ), we find in lowest a p -
proximat ion in e, x, and x ' , from (4.1) and the ana lo-
gous formula for the 27r° decay,

W) ~ 1 ( e ~ * ' ) = ? ( n o exper imenta l data) . (4.9")A[K

On the other hand,

A {Kg
.4 (As-»-2JIO) r+"f?^i(A--

n+n-) n /-^ ,
x, x' (4.10)

The las t s tep in (4.10) i s a consequence of the AT = l/2

rule in the K —- 2ir decay. But the analogous ra t io of
ampli tudes for the decay of the longlived component
K L may be completely different. In fact, from (4.9'),
(4.9") and (4.10) we get

A (KL -*- 2 °̂)
(4.11)

Taking account of (4.10) and the equation x ' = - 2x
[cf. (4.8) and (4.5)], we easi ly get the two limiting
c a s e s :

A (KL • = V 2 for e > x, (4.12)

(4.13)

The f i rs t case [formula (4.12)] co r re sponds to CP
nonconservat ion mainly because of vi r tual p r o c e s s e s .
Here e « 4 x 10~3 [ this follows from (4.9')] and

—- sin (cp2 — <po)ao
«4-10- 3 .

The ra t io a 2 / a 0 can be es t imated as 4 x 10~2 from
data on the ra t io of probabi l i t ies for K+ — 7r+7r° and
K—•7r+7r" decays ; then | <p2 -<p<) I « 0.7 x 10"1 .

The second case [ formula (4.13)] i s possible if the
CP nonconservat ion is caused mainly by in te r fe rence
of the AT = V2 and AT = 3/2 (or AT = 5/2) ampli tudes ,
and in this sense is an indication of CP nonconserva-
tion in nonleptonic decays with change of s t r angenes s .
One might imagine (though this is not n e c e s s a r y in
the var ian t we a r e cons ider ing) that it is just the i n -
te rac t ions that give r i s e to t rans i t ions with AT = 3/2

(or AT = s/2) that a r e the " c a r r i e r s " of the CP non-
conservat ion ( i . e . , only the phase <p2 * 0 ) . We then
get from (4.9')

Y 2 - ^ sin <p2 4-l(r3andcp2 ^ 0.7 -10"1.

It is easi ly shown that e = ( l - r ) ~ a2/aj) '<p2 , and
in fact is much l e s s than the p a r a m e t e r x ~ a 2 / a 0

# <p 2 .
Thus , m e a s u r e m e n t of the ra t io (4.11) i s of very

grea t in t e res t . In addition to our d iscuss ion , m e a s u r e -
ment of this ra t io is important in connection with the
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remark of Greenberg and Messiah ^323 that there are
no experiments in which it has actually been verified
that the v meson is a boson. If this is not the case,
we cannot assert that the 7r+7r~ state has a definite
CP parity. In this case CP may be conserved, K L
= K2, but the decay K2 -—v*ir~ will not be forbidden.
But the state |27r°) with total angular momentum
1=0 has positive CP parity independent of the sta-
tistics. Thus the K2 —*2TT° decay is forbidden by CP
conservation independent of the statistics.

3. CP Nonconservation and Leptonic Decays

The analogy suggested by the nonconservation of
spatial parity is to look for the class of interactions
that would be the " c a r r i e r s " of CP nonconservation.
The violation of CP invariance in processes caused
by such interactions would be maximal. This sort of
picture is by no means necessary. But it is still im-
portant to consider various models of this type, since
predictions following from them may stimulate ex-
perimental investigations.

Let us suppose that CP is conserved in nonlep-
tonic decays of strange particles and in all decays
with conservation of strangeness. Nonconservation
of CP will occur in the K — 2ir decay through virtual
leptonic decays that change the mass operator F + 2iM
(cf. M ) .

In this model the parameter £ in (4.1) is equal to
unity because of CP conservation in nonleptonic de-
cays, while the parameter r is

(4.14)
A , h !

Here T*- and JVr contain only leptonic contributions to
the mass operator. They make possible virtual tran-

sitions of the type K AS=AQ - +^ 7r e it
is important that the nondiagonal matrix elements

L L
^K,K anc* M K . K are different from zero only if the
AS = AQ rule is violated. It is clear that this is not
connected with the specific choice of intermediate
states, but is a reflection of the fact that in the tran-
sition K —• j — K the strangeness changes by two units
while the charge does not change at all.

It is known that leptonic decays of the K meson are
600 times less probable than the K — 2TT decay. Thus

l_ N
Fj£ K ' ^ K K <<: !• If a n analogous inequality holds for

I N
the matrix elements Mg j ^ and Mg ^ *, we get for the

*This assumption is actually quite arbitrary. The assumption
of a predominant role for the 2n intermediate state is justified if
we are dealing with transitions on the energy shell (factor FK,K);
but the states including lepton pairs may give a large contribution to
Mic,K because the domain of integration over energy of the inter-
mediate states in Mjj^ will in this case no longer be "cut off" by
the strong interactions, and should in general be considerably
larger than for two rr mesons (cf.[34]).

parameter 1 - r , which in accordance with (4.1) deter-
mines the amplitude ratio A ( K L —̂TT̂TT )/A (Kg —- TT*IT ),

FL .-f-2iImM!-
K, K K, K (4.15)

We shall assume that the matrix elements for t ransi-
tions with AS = AQ and with AS = - AQ are of the
same order, and differ in phase by ~ TT/2 (then

I I I , N
'i? i<r). If we take Fi? vIV^ v

I m r K,K

N
K

t h e n

1 -r
TVr"

1 1 (4.16)

This is somewhat less than the value 2 x 10 3 given
by experiment. One cannot of course attribute serious
importance to such a small difference. The only im-
portant thing is that from the point of view of violation
of CP invariance in leptonic decays the observed ef-
fect is large.

In this model, among others, the most important
point is apparently the assumption of the existence of
decays with AS = - AQ. Such decays have as yet not
been observed. It is interesting, however, that the
latest data supporting the AS = AQ rule must be in-
terpreted differently if there is a large CP violation
in such decays.

Let us consider the situation in more detail for
the example of the K —7rey(Ke3) decay. To simplify
the formulas we introduce a new notation for the ma-
trix elements:

f = (n-e+x\Hw\ K),

< = {x+e-7\Hw\ K)

(it~e+ H
K),

\K)

= AQ,

AS= -AQ. (4.17)

In (4.17) we have already used the CPT invariance of
the weak interactions. The additional requirement im-
posed by the CP invariance is the reality of the am-
plitudes f and g.* The time dependence of the decay
probabilities K —• 7r+e~ V and K — ir'e* v is given by
the formulas

*The amplitude f, for example, is equal to [F,(q2) p^+ F2(q
2)q/J] x

"e yu(l + ys) vv where ue and v^ are the Dirac spinors for the elec-
tron and antineutrino, p^are the components of the K meson momen-
tum transferred to the leptons. There are similar expressions for
the amplitudes for Kw, K̂ 3 and K^3 decays. The form factors F,
and F2 are real if CP is conserved. From the fact that the decays
into an electron and in a ^ meson are comparable, it follows that
F2 <F:, since the same form factors can be used for the electron
and the y. mesonic decays. Since the factor q^y^ can be reduced
to the electron mass by using the Dirac equation, the contribution
of F2 to the decay probability will be very small for the electron
decay.
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rK-e+v(t) (4.18")

(A = mg - m ^ is the mass difference of the mesons).
These formulas are obtained from (2.8) taking ac -

count of (2.4) and (2.2) (where we note that s = 1 from
the invariance of CPT).

Usually one measures experimentally the probabili-
ties of the decays (4.18) after summation over the spin
and energy variables of the leptons. We indicate such
a summation by the brackets ( ). Recent experi-
ments '-35-' have measured the ratio of the coefficients

in front of the exponential factors e '^ and
formulas (4.18') and (4.18"). This ratio is

„ IP (A's ->- Jiev) _ < I g +/*|2>

in

g—j* \
(4.19)

The parameter r is equal to unity quite accurately,
as can be seen from (4.19) and (4.16).

The value a = 0.85lo;|s was found. If CP were con-
served, a value of unity for a would indicate the ab-
sence of decays with AS = - AQ (i.e., g = 0). If, as is
assumed in our model, CP is not conserved and g ~ if,
then the existence of AS = - AQ decays is compatible
with the condition a = 1.

To get information about the amplitude g, one must
measure the ratio

w (K -
'wJJT-

-v) I g !2) (4.20)

but the experimental time resolution so far attained is
insufficient for investigating this ratio.

There exist, however, data favoring the AS = AQ
rule from other processes (cf., Okun' E36H). In order
to explain the suppression of the AS = - AQ ampli-
tudes in these processes, one needs various additional
assumptions. One can therefore not deny that our just-
hatched model is already on the verge of contradiction
by experiments. Still we shall consider the conse-
quences following from the model.

In the Ke3 and K^ decays there should be a large
time-dependent charge asymmetry. CP violation in
itself leads to a charge asymmetry, but if the AS = AQ
rule holds, the charge asymmetry

F(K-
Jt-e*v)

l - 2 R e ( l - r ) (4.21)

is small and independent of the time. This follows di-
rectly from (4.18') and (4.18") with g = 0.

The charge asymmetry in KL decays

-n+c-'v) _ I <? — '"/* 12

is a small effect of order (1 - r ) in all cases.
In the model we are considering, the maximal effect

of CP nonconservation should occur when there is inter-
ference between AS = AQ and AS = - AQ amplitudes,
since they have a large relative phase. Together with
the CP violation, there should be a violation of T in-
variance. Thus, for example, in the K L — itev and

_ decays, the transverse polarization o"j_ ~ k
x k^ of the electron or n meson should be large.

If CP nonconservation reduces simply to a shift in
phase by IT/2 of the AS = AQ and AS = - AQ interac-
tions, there will be no observable effects in the decays
of K* mesons or hyperons, because of the lack of the
necessary interference. Thus the form factors Fj and
F2, which determine the amplitude for K^3 decay (cf.,
the last footnote) can have only a common phase. Only
in the decay of neutral K's does such a mechanism for
CP violation manifest itself.

4. The Possible Existence of New, Very Weak, Inter-
actions.

Another model that we shall consider (cf. C37])
starts from the usual form of the weak interaction as
a product of currents

IT G T T+
(4.22)

where + Kn + s,, -icrt^. Here and
are the usual leptonic, hadronic strangeness-conser-
ving, and hadronic strangeness-changing currents (in
accordance with the AS = AQ rule); t^ is a new cur-
rent, which changes strangeness according to the AS
= -AQ rule; it is defined so that the factor i guaran-
tees that the following terms in H\y are CP-odd:*

H\y =ia
\ 2
G

) "2

(4.23)

'^M )•

The interaction gives transitions with AS = 2.

A CP violating contribution to the mass operator al-

ready appears in first order in H.^2. The small pa-

rameter (1 - r ) is of order
A'2 ,(k\H$f\K) Gin

A- • ~ , , l s - m L - i r l ( y s - y L ) " - • ' A ( 4 l 2 4 )

( w h e r e A , t h e m a s s d i f f e r e n c e m g - m L , i s ~ 1 0 ~ s e V ) .

D a t a o n t h e K L — - 7r+7r~ d e c a y ( c f . ( 4 . 1 ) ) g i v e t h e

e s t i m a t e TJ ~ 1 0 " 1 1 ( w e c a n a s s u m e £ = 1 i n ( 4 . 1 . )

D e v i a t i o n o f £ f r o m u n i t y a r i s e s o n l y f r o m t h e i n t e r -

*We note that in first order in the weak interaction one cannot
obtain CP nonconservation using the usual expression for the cur-
rent J^ in the V-A theory of the weak interactions. The current sM
can always be multiplied by an arbitrary factor exp (icps). Such a
transformation corresponds to conservation of strangeness in the
absence of weak interactions. The current l^ can always be multi-
plied by an arbitrary factor exp (i<yv). This corresponds to conser-
vation of neutrino number in the absence of weak interactions. We
can thus always arrange it that the three currents l^, sM and g^
are added with a common phase e1* C^+g^+s^ (and this phase,
too, can be eliminated by a transformation corresponding to charge
conservation). Thus CP invariance imposes no limitations on the
form of the current.
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action which gives co r rec t ions ~ rj (but not

77crm/A) to the ordinary weak in terac t ion which p r o -
duces t r ans i t ions with AS = 1 ) .

In such a model the only rea l ly observable effects
of CP nonconservat ion a r e connected with the condition
r * 1. These a r e (except for the fact of K L —* T + T ~
decay) the charge a s y m m e t r y in the leptonic decays
of neut ra l K mesons [cf. (4.21)].

The sca le of al l such effects i s de te rmined by the
ve ry smal l p a r a m e t e r r\. Such effects a r e , in p a r t i c u - t ransformat ion by C P : *
la r , the violation of T invar iance in leptonic decays of rpjii),i
neut ra l K mesons (because of in te r fe rence between the '
AS = - AQ in terac t ion with ELJ and the usual weak i n -

and the in terac t ion (4.26) conse rves C P . The nonlep-
tonic in te rac t ions a r e obtained as a product of hadronic
c u r r e n t s j j p and also conserve CP under the t r a n s -
formation ru l e s (4.25).

Now we suppose that the c u r r e n t s jjip have a mixed

behavior under C P . Namely, let J ^ = J ^ ' 1 1 + JJfj*'1,

where J^1 ' ' has the same spatial and unitary p r o p e r -

t i e s a s J ^ , while J^' differs in the sign of i t s

(CPY1 = — r|;/;>• ! (plus sign for n = 4). (4.28)

te rac t ion , in the same way as in Sec. 4 ) , the t ime d e -
pendence of the charge a s y m m e t r y (cf. Sec. 4 ) , CP
violation in nonleptonic decays with AS = 1 (because
of in te r fe rence between H^ 1 and the ord inary weak
in t e r ac t ion ) .

5. C P Nonconservat ion and Cur r en t s of the Second Kind.

One in te res t ing possibi l i ty i s to r e l a t e the CP non-
conservat ion to c u r r e n t s of the second kind, which have
so far been assumed not to occur . The model cons id-
e red below (cf. E383) i s closely re la ted to the a s s u m p -
tion of SU3 s ymmet ry of the s t rong in te rac t ions . It
a r o s e in connection with exper iments on the KL~-TT*TT~
decay, but does not explain the s ize of the effect ob -
se rved exper imenta l ly . However, even if in the future
the K L —* 7r+7r~ decay is explained in some way not in -
volving CP noninvar iance, t he r e is no ba s i s a p r io r i
for excluding a l a rge CP violation in other p r o c e s s e s .
In this sense the va r ious predic t ions of this model d e -
s e r v e s e r ious considerat ion.

The hadronic p a r t of the vec tor J ^ and axial j A
c u r r e n t s appear ing in the weak in te rac t ions i s a def i -
nite combination of components of the octet of h e r -
mit ian c u r r e n t s . The quanti t ies j i p = j Y / ^ + J j ^ ^
t rans fo rm in a definite way under the CP operat ion:

T]( =

= Tii7
(
li
i) (minus sign for n = 4),

= 2 , 3 , 5 , 6 , 8 ) , T| ;=—1 (t = 1, 4, 7).
(4.25)

The weak in terac t ion descr ib ing , say, /3 o r n d e -
cays of ba ryons , has the form of a product of cha rge
c u r r e n t s

G_
\'~2

Co.) . (4.26)

For decays without change of s t r angeness , J^
= cos 9 (J^1J + ij /(2 )), and i n c r e a s e s the charge of the
hadron by unity (AQ = 1) , while for decays with change

^4) ^5>^4) ^5>of s t r angeness J^ = sin 6 ( J " ' + iJ^ a ' ) and gives t r a n -
si t ions with AS = AQ = 1.

We note that for the CP operat ion,

CPlVb{CPy1 = lt, (4.27)

It i s obvious that the charge cur ren t J^ appearing
in the weak in terac t ion (4.26) will a lso have the s t r u c -
tu re Jju where

CPJl(CP)-1=-(Jl)+. (4.29)

The cu r r en t Jf( (like the c u r r e n t s Jji • ) is said to be
a c u r r e n t of the second kind. The in terac t ion (4.26)
will now be invariant under CP reflect ion. The behav-
ior of j ]J and j j , under CP t ransformat ion has i n t e r -
es t ing consequences for the p rope r t i e s of the m a t r i x
e lements for leptonic decays . These ma t r ix e lements ,
for the vector and axial pa r t s of the cur ren t , r e s p e c -
tively, have the form (for baryon decays )

^ i i = /iYn ~1~ /2CTuv9v ~\~ tan.
Ay. = giYiiY5 "~t~ t>2<?nY5 + ?3°;nv9vY5' (4.30)

It is impor tant that the t e r m s f3q^ and g3o^,,q,,y5

" a r i s e " only from the c u r r e n t s of the second kind j j^,
and the o thers only from J^-. This will always be the
case if the s t rong in terac t ions a r e SU3 invar iant and
conserve C P .

In fact the group SU3 always contains a reflection
operat ion O R , which changes e i ther the sign of AQ
or the s igns of both AQ and AS. In the f i rs t case this
is the t rans format ion that changes a neutron into a
proton (n 3= p ) . In the second case it i s the t r a n s f o r -
mation n ^ 2 ~ . These operat ions give the t r a n s f o r -
mat ions

JR°R (J")+

•'H I ' l l ) • (4.31)

TR T
JjJ and J^ t r ans form in the same way (with the

same phase ) , s ince the i r p roper t i e s under SU3 a r e
the s a m e . Consequently the c u r r e n t s J ? and jJj have
definite and opposite pa r i t i e s with r e spec t to the p r o d -

*The two-component nature of the neutrino imposes strong
restrictions on the choice of the analogous device for violation of
CP through weak currents. A CP violation could be introduced by
adding to the usual lepton current the expression

But to good accuracy such terms are forbidden by the data con-
cerning n* —>-e* v/Ji* ->-u.*v.
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uct of the two operations: CP and O^-reflection. Their
matrix elements must also have this property if the
strong interactions are CP and SU3 invariant. The
matrix elements of V^ and A^ transform in the same
way under the transformation OR, since they are s im-
ilar components of an SU3 vector. But we know that
f3q/U changes sign relative to the first two terms in
the matrix element V^ under the CP transformation
(cf., for example,t39^). Similarly g ^ ^ y s changes
sign relative to the first two terms in the matrix ele-
ment A^ under the CP transformation. Consequently
the terms f3q;U and g3O^yqj/y5 have different parities
under the reflection CP x OR. Thus fjq^ and g3oy^qt>y5
are the matrix elements, respectively, of the vector
and axial parts of the current of the second kind, J*-
Using the property (4.29) we can in the usual way show
that fj, f2, gi, g2 are real, while f3 and g3 are imagi-
nary.

Similar arguments in connection with the K^ decay
permit the conclusion that in such a model the form
factor F2 in the amplitude for K^ decay [cf. the foot-
note following Eq. (4.17)] "came" from a current of the
second kind, and is therefore pure imaginary. It is in-
teresting that a large value for the imaginary part of
F2 is not in contradiction with existing data on the K^3

decay.
Observable effects of CP nonconservation are asso-

ciated with interference of currents of the first and
second kinds. It is important that f3 and g3 partici-
pate only in forbidden transitions. Thus the violation
of CP and T invariance should be small in P decays
with a low energy release Q, even if the absolute val-
ues of f3 and g3 are comparable with fj and g^

But a large value of currents of the second kind
should show itself clearly in virtual transitions and
nonleptonic decays of particles. In this sense the
small effect seen in the K — 2ir decay cannot be ex-
plained.

In effects where CP violation cannot be observed
(spectra, decay probabilities, longitudinal polariza-
tions), currents of the second kind will appear only on
the background of second-forbidden transitions, since,
because of the 90° phase shift, interference terms of
the type Re fjf3* will be absent.

To observe effects of violation of T invariance,
one must look for correlations of the type a x (p t xp2)
or <rx x (a 2xp) in decays with large energy release,
in particular in decays of hyperons, K^3 decay, ex-
periments on JX capture, or in neutrino experiments.*
The scale of the observable effects should be of order
QR, where R is the size of the decaying system
(R ~ m"1 or mp1 for decays of K mesons and bary-
ons).

*It is especially convenient to study the correlation a x [pA x pe ]
in the 2* ->-A e* v- decay. Here we have a relatively large energy
release (compared to 0 decay), and the polarization of the A can
be measured directly from its decay.

6. K L — 7r+7r" Decay and CP Nonconservation in

Strong Interactions.

So far all the models considered dealt with CP non-
conservation in weak interactions. We have assumed
that CP is strictly conserved in strong and electro-
magnetic interactions. But it has been pointed out by
L. B. Okun' E40J that the accuracy with which CP con-
servation has been established in strong interactions
is not sufficient to exclude the possibility of Kj^^-n^n'
decay because of a small violation of CP invariance in
the strong interactions. In fact, let us imagine that
the strong interactions are not CP invariant. Then the
state 17r+7r~ ) of two strongly interacting ir mesons no
longer need have the same CP parity as do two free TT
mesons.Let | TT+TT~ ) = |7r+7r";CP = 1) + |7r+7r";CP = - 1 ) .
Then, in the fundamental formula (4.1), the parameter £
is equal (if the weak interaction conserves CP) to:

t <«+.t~ Hw | A'>
<JT+n- \HW\ K)

= \ \HW\K) — Ci+n-; CP=—l \HW\K)
n~\ CP=—l \H,r\K) (4.32)

If the CP-odd admixture in the state \ir*n~) is
small (of order 0.1%), then 1 - | ~ 10"3. The same
order of violation of CP appears in the mass oper-
ator, so that 1 - r ~ 10~3. In accordance with (4.1),
this all leads to an experimentally observable prob-
ability for K^ — 7r+7r~ decay.

If we assume that the CP violating correction of
0.1% in the strong interaction at the same time con-
serves spatial (P) parity, we can understand the ab-
sence of dipole moments of nucleons (cf. C8>9]). Data
supporting T invariance (according to the CPT theo-
rem this is equivalent to CP conservation) of the
strong interactions, obtained by measuring polariza-
tions in pp-scattering at low energies, ^41J and also
from a comparison of cross sections for direct and
inverse reactions, C423 have an accuracy of 2—3%.

Thus, in order to exclude this possibility we r e -
quire an increase in accuracy of an order of magni-
tude in experiments to test CP conservation in strong
interactions.

V. INTERFERENCE PHENOMENA IN A K-MESON
BEAM.

We now consider various interesting new effects,
which occur in a K-meson beam if the KL — 2ir decay
exists. These phenomena are related to the possibility
of interference of the K L — 2ir and Kg — 2ir decays
(cf., for example, E43H). Here, as a rule, the precise
mechanism of the CP violation is unimportant. The
interference is determined by the amplitude ratio

A(KL- - JI+JI-)
A (Ks

(5.1)

Thus, for example, the probability for decay into two
IT mesons as a function of time is obtained directly
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KL(0) _A,
Ks(0) e (5.2)

from (2.8):

T2jl(t) = w(Ks->2ji)

where A = mg -n iL- (In the laboratory coordinate
system we must substitute t — ti ab /y, where tiab is
the time in the lab system, and y is the Lorentz fac-
tor) .

If we are considering a K meson beam (K(0) = 1,
K(0) = 0) then K L (0 ) /K s (0 ) = 1 (cf. (2.7)). Then

-f

When e -rs t 1/3 ,-YLt

(5.3)

1, the interference term
has a marked effect (cf. '-43-'). In the experiment of
Christenson, Cronin, et al, they measured the absolute
value of the ratio (5.1), A measurement of the func-
tion r2 7 r( t ) allows us to determine the phase x-

If we are considering a K beam (K(0) = K(0) = 1),
then K L ( 0 ) / K S ( 0 ) = - S2 [ cf. (2.7)]. In formula (5.2),
s = 1 if CPT is conserved. Thus in expression (5.3),
for a K beam only the sign of the interference term
is changed. If CPT * 1, we get additional small cor-
rections, whose form will depend on the specific form
of the CPT violation. Thus, for example, in the model
of Bernstein et al.C23'24^ (macroscopic field) these
corrections are easily calculated using formulas (3.2)
and (3.3).

Another possible way of observing interference is
to place a piece of material (regenerator ) in the beam
of K L mesons (i.e., at a sufficient distance from the
point of creation of K and K). The amplitudes for 2w
decay of the KL and Kg mesons (produced in the mat-
ter by regeneration) are coherent, and again we can
have interference. We shall not give a detailed inves-
tigation of such phenomena here. We restrict ourselves
to some rather general remarks.

The admixture of Kg mesons appearing after pas-
sage of the beam through a layer of matter of thickness
d (when t0 = d/v is the time in the lab system for pas-
sage through the layer), is given by the regeneration
coefficient a (cf., for example, tul

Ks (t0) = aKL(t0) = aKL(0) e ^ V
a = R (1 - exp ( - (X's - X'L) /„)). (5.4)

Here

where eg ;L
 a r e the respective energies of the Kg and

K L mesons, p is their momentum and Tg.^ their life-
times. The value of R depends on the properties of the
material and is expressed linearly in terms of its den-
sity and the difference of the amplitudes for forward
scattering of the K and K mesons in the material.
Even for dense materials, R is small (thus, for cop-
per, R £ 10-1).

On emerging from the material, each of the ampli-
tudes Kg and K L develops with time according to the

factors e~ s and e" L
 > respectively. Thus the

probability for decay into two IT mesons at a time t
after emergence from the material is [ again from
formula (2.8)]

KL (tp)

= w (Ks —» 2JT)

Ks(0)

KL (h) ;2

(fe- (5.5)

41

But if the decay is observed inside the medium (for
example, in a gas or liquid) at time t0, then*

KL CO)
KS(0)

(5.6)

By changing the thickness of the layer of material,
its density and the substance (in other words, by
changing the modulus and phase of a), one can change
the interference picture markedly. In principle one
could achieve vanishing of the probability r27r in (5.6)
because of completely destructive interference.

VI. EXPERIMENTS NEEDED FOR THE PROBLEM
OF THE KL —7r+7r~ DECAY AND CP NONCON-

We now enumerate various experiments whose per-
formance in the future is particularly important. The
need for each of the experiments on the list has already
been noted in connection with the various models we
have treated. We have also indicated the expected size
of the effect. (In the summary, we refer to the appro-
priate place in this survey.) But these experiments
are primarily important for their own sake, indepen-
dent of the models in which they were proposed.

1. Measurement of the ratio W(KL~-7r+7r~)/w(KL—•2TT°)
(cf. IV, Sec. 2).

2. Measurement of the time dependence of the prob-
ability for K — n*iT~ decay at times with e " ^ ~ 10~6

(cf. V).
3. Measurement of the dependence of the ratio

W(KL~"-7r+7r~)/w(Kg ~* 7r+7r~) on the velocity of the K
mesons (cf. Ill, Sees. 1,2).

4. Measurement of the charge asymmetry in lep-
tonic decays of the long-lived component
w(KL — 7r+e~i?)/w(KL—T~e+y) (cf. Ill, Sec. 2, IV,
Sec. 3).

5. Measurement of the ratio w(Kg—irei>)/v/(K.ii—~veu)
(cf. IV, Sec. 3, III, Sec. 2).

*We note that

If to/yr s » 1. then a = R and does not depend on t0. If, on the
other hand, to/yrL « 1, then KL (t0) = KL (0) and also is indepen-
dent of t0. Thus when yr s « t0 « yr^, the quantity F277 (t0) in
(5.6) is practically independent of t0.
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6. Measurement of the charge asymmetry
F(K—-ir*e~i>)/r(K—-ir~e*v) as a function of time
(cf. IV, Sec. 3) .

7. Measurement of the transverse (perpendicular
to the production plane) polarization of \x mesons and
electrons in K^3, Kg3, K^, and Ke3 decays, and ob-
servation of correlations of the type u^ x (p x p^)
(cf. IV, Sees. 3,5) .

8. Observation of correlations of the type <7X (pixp2)
and UiX(px(r2) in /3 decay, leptonic decays of hyperons.
ix capture, and neutrino experiments (cf. IV, Sec. 5).

9. Test of T invariance in nonleptonic decays of hy-
perons. Regarding the nature of these correlations,
cf. C15>393.

10. Increase in accuracy in experiments testing CP
invariance in strong interactions (cf. IV, Sec. 6).

11. Observation of interference between KL—-7r+7r~
and Kg—7r+7r" amplitudes in regeneration experiments
(cf. V).

Note added in proof. A confirmation of the results of['] has
recently appeared in two experiments: De Bouard et al., Phys.
Letters 15,58 (1965); W. Galbraith et al., Phys. Rev. Letters
14,383 (1965). No energy dependence of the ratio KL^7+>-/Ks->n-4n"
was seen. Thus the effect of an external field (cf. Ill) appears to
be excluded. There has been little clarification of the theoretical
aspects of the problem, even though more than ten papers have
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