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K L — 2 μ DECAY
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A brief survey of the possible explanations of K L — 2μ decay i s given. Some of these explanations
cannot be rejected on the bas i s of the existing exper iments , and special experiments must be set up
to test them. If the problem of K L — 2μ decay is not brought about by experimental e r r o r s , the most
plausible explanation appears to be the existence of a new interaction between kaons and muons.
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1. INTRODUCTION

A. s e r i e s of e x p e r i m e n t s ' 1 1 c a r r i e d out with the aim
of searching for the decay K L — 2μ led to a sensa-
tional negative resu l t : the decay was not detected. The
most accurate of the e x p e r i m e n t s ' 2 1 gave the following
upper bound on the K L — 2μ decay width:

Γ(ΚΙ.-»2μ)4ζ.Τΐ=ΐ.8-ΐ0->ΓΙ. (90% confidence level) (1)

where F L i s the full width of the K L meson. If the
theoret ica l calculations a r e t rusted, this resul t contra-
dicts another experimental resul t concerning the decay
K L — 2 y f l > 3 ] :

(2)

(3)

Γ (KL -*• 2y)ITL = (5 ± 1)·10-«·).

A c c o r d i n g to the t h e o r y [ 4 ] ,

Γ (KL -ν 2μ,)/Γ (KL -π- 2 r ) > 1.2-10-»,

and consequent ly t h e r e e x i s t s a t h e o r e t i c a l l o w e r bound

Γ (KL-*• 2μ)/Τί > ( 6 ± 1.2)-10-».

a ) Are the e x p e r i m e n t s r e l i a b l e ? The e x p e r t s c l a i m
that the e x p e r i m e n t 1 ^ i s r e l i a b l e . In many r e s p e c t s it
i s a r e c o r d - b r e a k i n g o n e . F o r i n s t a n c e , the r a r e decay
K L — 2TT s e r v e d a s the background for the decay K L
— 2μ in this experiment, about a million events of this
decay having been r e c o r d e d . Nevertheless , we cannot
consider the experimental resul t final on the bas is of a
single experiment, even a very good one. This history
of e lementary part ic le physics during the past 15 y e a r s
forewarns us against th i s . It suffices to r e c a l l the
claims concerning the tensor variant in the β decay of
He 9 , the absence of the decay η — ev to an accuracy
10"5, the violation of the AQ = AS rule in K° meson

•The tables of ['] give the value (5.6 + 0.5) X 10"4 for this ratio. Ac-
cording to [ 3 b ] , the world average values is equal to (5 ± 0.5) Χ 10"4. The
result F ( K L - * 2γ)/ΐγ = (4.6 ± 0.9) Χ 10"4 of the ITEP group [3 c] was not
taken into account in the averaging in the tables of ['] ·

decays, the e lectron spect rum with ρ = 0 in the decay
of the muon, the charge asymmetry in the decay
τ] -— ir+ir~;r0, the violation of the equality t/Oo = *?+-> ^ d
other instances of experiments which seemed rel iable
but turned out to be i n c o r r e c t . Therefore new exper i-
ments on the s e a r c h for the decay K L — 2μ a r e e s -
sent ia l .

As to the resul t (2), it is an average over severa l
e x p e r i m e n t s ^ 1 which differ in thei r methods and a r e
in mutual agreement . Nevertheless , it would be highly
desirable to determine the K L — 2γ decay width with
much g r e a t e r accuracy .

In view of the fact that the exper iments which we
a r e discussing (especially s e a r c h e s for the decay
K L — 2μ) require great skill, much effort and a large
amount of t i m e , it i s absolutely essent ia l to analyze the
theoret ical side of the problem. (We note that, if both
theory'* 1 and experiment on K L — 2y decay a r e c o r -
r e c t , then the probability of obtaining experimentally
the resul t (1) for K L — 2μ decay amounts to (2—3)
χ 10"3.)

b) Is the theory re l iable? In the past year this ques-
tion has been considered in a s e r i e s of original works,
which we shall d i scuss in detail below, a s well as in
rev iews ' 5 1 .

The derivation of the relation (3)—the theoret ica l
lower bound on the K L — 2μ decay probabil i ty—seems
sufficiently convincing. This is precisely why the r e -
sult of the exper iment^ 1 i s so surpr i s ing .

We shal l d i scuss the derivation of the relat ion (3) in
detail in the following section. We point out now only
that the basic idea consists in calculating the imaginary
p a r t of the ampli tude. Allowance for the r e a l par t can
only increase the value of the decay probability.

The imaginary part a r i s e s from K L — η — 2μ
trans i t ions on the m a s s shel l , where η is some state
which actually occurs in the decay of the K L meson.
The two-photon intermediate s tate (Fig. 1) gives the
main contribution to the imaginary p a r t . This contr i-
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FIG. 1

button can be calculated in a well-defined way if the
K L —· 2 y decay amplitude is known and the t ransi t ion
2γ — 2μ is described by quantum electrodynamics .
The phase space of the other s tates (e.g., 3ττ and 2τιγ)
is much s m a l l e r . This is why we can suppose that the
contribution of the two-photon state is dominant in the
imaginary part of the amplitude. The inequality (3) is
then valid.

The theoret ica l foundation of the relation (3) has , as
it were, t h r e e l a y e r s . The lowest layer is the hypothe-
s i s that such general principles of physics a s the uni-
tar i ty of the S-matrix and the CPT theorem a r e valid.
On the bas i s of these principles alone, the imaginary
part of the K L — 2μ decay amplitude can be expressed
in t e r m s of the t ransi t ion amplitudes on the m a s s shel l .

The next layer is the hypothesis that there is no
" l o s s " of kaons into unknown decay channels, i .e., that
there a r e no part ic les of m a s s less than (or of the
o r d e r of) the m a s s of the kaon other than those which
a r e listed in the tables of'11: γ, ν, e, μ , π and K. Al-
lowance for new decay channels in the unitarity condi-
tion, if they existed, could a l te r the theoret ica l value
of the K L -~ 2μ decay probability.

Finally, the uppermost layer is the hypothesis that
the known part ic les which a r e produced in K L decay
have only the usual interact ions and that the es t imates
of the o r d e r of magnitude of the imaginary par t s a s -
sociated with the various intermediate s tates a r e valid.
If, for example, pions interacted strongly with muons,
it would not be justified to neglect the contribution of
the 3 π state in the imaginary part .

c) Plan of the review. Sec. 2 is devoted to a de-
tailed discussion of the derivation of the relation (3).
It is c lear from the discussion in the preceding subsec-
tion that our ideas about e lementary par t ic les and
their interact ions must be changed in some way if the
experimental and theoret ica l values of the K L — 2μ
decay probability a r e real ly incompatible with each
other . In accordance with the three layers of the
theoret ica l foundation of the inequality (3), we consider
in Sees. 3 — 5 these possible changes: 1) new i n t e r a c -
tions of the known part ic les (Sec. 3); 2) new part ic les
and, in par t icular , new light par t ic les (Sec. 4); and
3) violation of the fundamental principles of physics
(Sec. 5).

The existence of new part ic les o r interact ions would
obviously show up not only in the decay K L — 2μ but
also in other exper iments . One of the main tasks of
this brief survey is to consider whether the possibil i-
t ies 1) to 3) enumerated above a r e incompatible with
the known experimental data.

2. CONSERVATIVE THEORY OF THE DECAY

K
L
 - μ

+
μ"

a) The unitarity condition. The bound (3) on the
K L —• μ+μ" decay probability is derived with the help of
the unitarity condition, which enables us to express the

imaginary part of the decay amplitude in terms of a
product of the matrix elements for the transitions
K L -* η and η — 2μ (η is some state into which the
K L meson can actually decay). The specific c h a r a c t e r
of the present case consis ts in the fact that, to calcu-
late the imaginary part, it is sufficient to use CPT in-
variance, without requring Τ invariance a s usual . Let
us explain this in greater detai l .

Introducing the usual relation between the S- and
T - m a t r i c e s

S = 1 + IT,

the unitarity condition

SS* = 1

can be written in the form

where Tj is the amplitude for the transi t ion from the
state i to the state f, the summation is taken over a l l
s ta tes η for which a r e a l transit ion is possible, and
τ η is the phase space of the intermediate s ta te . The
a s t e r i s k denotes complex conjugation (see Appendix 1
for the normalizat ions of the amplitudes).

In the case of the decay K L — μ+μ", the initial s tate
is

KL = K2 + eiST,, ( 4 )

where K2 and Ki have definite CP parity, - 1 and +1,
respectively. As e is smal l (| e | = 2 χ 10"3), we shall
neglect the t e r m eKx for the t ime being.

A muon pair with total orbital angular momentum
equal to zero i s formed a s a resul t of the decay. The
s ta tes of this pair ^0 and 3 P 0 have CP parity - 1 and
+1 and a r e henceforth denoted by the indices μ. and
μ + , respectively. If the polarization of the muons is
not fixed, these s tates do not inter fere .

Let us consider a transit ion to one of them. It fol-
lows from CPT invariance that

where the state i is obtained (to within phase factors)
from the state i by CP conjugation. Since the initial
and final s ta tes a r e eigenstates of the operator CP in
the case in question, the CPT transformation reduces
to the Τ transformation (to within a phase factor) and
we have

η=±τ[. (5)

The amplitudes T* can always be defined in such a way
(by extracting a factor i) that the unitarity condition
has the same form independently of the sign on the
right-hand side of (5):

Im 7Ϊ* = -i-J (6)

where the index 2 denotes the state K2.
b) The two-photon imaginary part. As we have al-

ready mentioned, the two-photon intermediate state
(see Fig. 1) dominates in the unitarity condition (6).
The corresponding contribution to the imaginary part
is calculated in Appendix 1. Restricting ourselves to
this contribution alone and assuming that the CP parity



406 D O L G O V , ZAKHAROV, and O K U N '

is conserved in the decay K2 —- 2y, we have

Γ (K2 - * 2μ)/Γ (K2 - * 2γ) = (α2/2ζ;) K / m K ) 2 In2 [(1 + v) v)] (7)

where ν is the velocity of the μ meson in the rest sys-
tem of the kaon (ν » 0.9).

If we assume that CP invariance is violated
maximally in the decay K2— 2γ, then the lower bound
on the ratio of the K2 — 2μ and K2 — 2y decay prob-
abilities will be the same as for the decay of the K!
meson with CP conservation^6':

2μ)/Γ - 2γ) = (oA>/2) (n

= 1

1 In2 [(1 + v)l(\ - υ)]

10-»
(8)

c) The other imaginary p a r t s . In a d d i t i o n t o t h e

two-photon contribution, the states 2ιτχ, 3π and 3iry
give a contribution of the same order in the weak and
electromagnetic coupling constants. However, their
phase space is considerably smaller and we can expect
that allowance for these states does not alter the result
in an essential way. Some quantitative estimates of the
contributions of the various states to the absorptive
part of the K L —* 2μ decay amplitude are presented in
the table.

The following remarks are appropriate in connection
with these estimates:

1) The 2ny state (see Fig. 2). The calculation^1 is
somewhat less definite here than in the case of the two-
photon imaginary part. If the form factor of the pion
and the form factors in the decay K2 — 2ny are
neglected, the answer is expressed in terms of the
K2 — 2πγ decay probability. Allowance for the form
factors can alter the result by about a factor of two [ 7 > 8 ].
Only an upper bound on the K L — 2τιγ decay probabil-
ity is known experimentally at the present time. In the
table we give an estimate of the upper bound on the
2Try contribution from [ ? 1. We note that this estimate
is smaller than that in r 8 1 by about an order of magni-
tude.

2) The 3jr state (see Fig. 3). The calculation uses
model-dependent ideas to a much greater extent. The
3π - 2γ transition amplitude can be found within the
framework of current algebra [ 9 ' 1 0 ) 1 8 ] . The value 10~5

presented in the table is obtained^101 on the basis of
these calculations and dispersion relations. Simple
order-of-magnitude estimates (allowing for the ratio of
the 3π and 2γ phase spaces) give the value ~10"4.

d) Allowance for the terms ~e. So far, we have
neglected the term eKi in formula (4), assuming that

r />

FIG. 2

y μ

- r \ !

τ 7

FIG. 3

s — s 7

F I G . 4

F I G . 5 F I G . 6

K L = K 2 . We s h a l l now e s t i m a t e t h e c o n t r i b u t i o n of

t h i s t e r m . U n f o r t u n a t e l y , t h i s e s t i m a t e wi l l b e e x t r e m e l y

unreliable, owing to the fact that the decays Ks — 2μ
and Kg — 2y have not been observed experimentally,
so that the Κ! — 2γ and Κι — 2μ transition amplitudes
are unknown. We recall that, if CPT is conserved, then

Ks = Kt + *K2.

The experimental upper bounds are

Γ (Ks->•2μ)<rg = 7· 10-«rs »

( s e e a l s o f o r m u l a (14) b e l o w ) and

1,2.10-»^»".

A d o p t i n g t h e c o n s e r v a t i v e h y p o t h e s e s

(9)

Γ (Κa ->- 2μ) ~ Γ Ι Μ ρ (KL -* 2μ) ~ Ι

Γ (ΚΒ - * 2γ) ~ Γ (KL -> 2γ) 10-«rs

t h e t e r m s p r o p o r t i o n a l t o € g i v e a c o n t r i b u t i o n ~ 1 0 " 3

to the KL — 2μ amplitude. We note that the phase of
this contribution depends not only on the phase of e
(experimentally e « 2 χ 10"3e l 7 7 A but also on the pres-
ence of the absorptive part, which depends on the con-
tribution of the real two-pion intermediate state.

e) Terms of order G2. The initial interest in the
decay K L — 2μ was connected with the search for
neutral currents in the weak interaction. Even if
neutral currents do not enter the initial weak interac-
tion Lagrangian, they can, and in general must, arise
in second order in the weak interaction constant (Fig.

State η

Im Τ (XL -«- η -«. 2μ)

2v

1 ΙΟ" 2*

3π

- 1 0 - 5 "

2rt

~ 10-3 * "

πμν

ίο-'·"·

"The result is based on a calculation of the diagram of Fig. 2 in [ 1 . In [8] the
result 5 Χ 10"2 was obtained, which in our opinion is an overestimate.

" T h e 3π-2γ block in the (3η-2γ-2μ) amplitude (Fig. 3) is calculated within the
framework of current algebra [ 9 · 1 0 ] . Using the simple dimensional estimate (3π|2μ) =
(οί*/ΐΒκ)μΎ$μφπ Ifor the (3π—2μ) amplitude, the result is about an order of magnitude
greater than that given in the table.

***The result is based on a dimensional estimate for the 2π-2μ transition amplitude:
(2π12μ) = (α2/ίαχ)μμι/πτ. Calculations according to perturbation theory are given in [']
(Fig. 4).

****The result is based on a rough estimate of the diagram of Fig. 5.
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6). The amplitude of Fig. 6 is quadratically divergent,
and according t o r u ] the resul t can be written in the
form

2 in the theory with an
I intermediate W boson,

' ->-μν)= ( «) 132 in the four-fermion

theory;

h e r e G = 10" 5/mp and Λ is a cut-off p a r a m e t e r . It
should be s t r e s s e d that, if such general principles a s
the unitarity of the S-matrix and CPT invariance a r e
valid, then the amplitude corresponding to Fig. 6 is
purely r e a l and consequently cannot compensate the
two-photon absorptive part (see Fig. 1). An absorptive
part in the o r d e r G2 could appear a s a resul t of a r e a l
intermediate τιμν state (see the diagram in Fig. 5).
However, the contribution of this s tate on the m a s s
shell is s e v e r a l o r d e r s of magnitude smal le r than the
contributions of the 2-ny, 3π and 2π s tates considered
above.

f) Violation of the conservative theory and compen-
sation. We see that, in comparison with the contribu-
tion of the 2γ s ta te, the contribution of al l the other
intermediate s tates is smal l . However, the es t imates
presented above make use of theoret ica l values of the
coupling constants of kaons, pions, photons and muons.
At the present ime, experiment allows significantly
l a r g e r values of these coupling constants in a number
of c a s e s . We can therefore not exclude the possibility
that the contribution of some of the channels is much
g r e a t e r than the conservative e s t i m a t e s . We have also
already mentioned other possible violations of the
theory: " l o s s " of kaons into hitherto unobserved decay
channels of the K L , and violation of fundamental prin-
cip les .

A compensation of the two-photon imaginary part is
introduced in a l l the models for violation of the theory
which a r e discussed below. Let us note one t r iv ia l
numer ica l fact. To el iminate the discrepancy between
theory and experiment, it suffices to compensate not
the full imaginary part of the amplitude but 0.45 of i ts
value. If the width of the decay K L -* 2y is not
5 χ 1 0 " 4 T L but 4 χ I O ^ Y L » which does not contradict
a single individual experimental measurement of
T ( K L -* 2 y ) f 3 ] , then the fraction of the compensating
t e r m is decreased from 0.45 to 0.35.

3. NEW INTERACTIONS?

a) Anomalous Κ χ μ μ interaction. Christ and L e e f l 2 ]

(see a l s o r l 3 1 ) advanced the hypothesis that the K L — 2μ
decay probability is suppressed as a resul t of a smal l
admixture of the Ki s tate in the wave function of the
K L meson:

Κ ι. = +

It is c lear that two conditions must be satisfied in this
c a s e . Fi r s t ly , the Ki -— 2μ decay amplitude must be
much la rger than the K2 -» 2μ decay amplitude, in
o r d e r to compensate the smal l value of e . Secondly,
CP invariance must be strongly violated in the decays
K° — 2μ . Otherwise, the final s ta tes in the decays
Ki — 2μ and K2 — 2μ a r e different, they do not in ter-

fere in the total K L — 2μ decay probability, and com-
pensation of the two-photon imaginary part cannot
occur .

1) Violation of CP invariance in the decay Ks — 2μ.
Let us first a s s u m e that there exists a CP-odd in terac-

corresponding to an amplitude
ing a magnitude such that

(10)

= ϊ Τ ^ Κ ι μ γ 5 μ hav-

< Γ £ (11)

(see Appendix 1, formulas (1.3) and (1.5)).
It is easily seen from formulas (11) and (7) that the

inequality

must be satisfied. This in turn means that the
Ks — 2μ decay probability must be bounded by

1.2-10-» > Γ (Ks ->- 2μ)/Γκ > 1.10"·. (12)

We note that the probability of the hypothetical CP-odd
decay Ks — 2μ turned out to be of the same order of
magnitude as the probability of the known CP-odd decay
K L —• 2π, so that the interaction (10) has a natural
o r d e r of magnitude. The possible existence of a C P -
odd Κχμμ interaction of such a magnitude was con-
s idered s e v e r a l y e a r s ago by L i p m a n [ 1 5 a i and by
Marshak and his c o w o r k e r s [ 1 5 b l .

We shall now consider a somewhat more exotic pos-
sibility.

2) Violation of CP invariance in the decay K L — 2γ.
Let CP be conserved in the decay Ks — 2μ (whose
amplitude is assumed to be much larger than the a m -
plitude Τ γ , as in the preceding subsection) but max-
imally violated in the decay K2 ~~ 2γ. Then the two-
photon imaginary part is s m a l l e r (see Sec. 2b) and the
amplitude T^* satisfies the inequalities

while the Ks — 2μ decay probability is bounded by

1.0 -ΙΟ-5 > Γ {Ks -* 2μ)/Γ5 > 6 ·10"'. (13)

P r o f e s s o r Kleinknecht has informed one of the authors
of a pre l iminary resu l t obtained at CERN:

Γ(ΑΓ8-*2μ)<Γ§=1.5·10-· (90% confidence level). (14)

The possibil it ies (12) and (13) could be closed down by
improving this result by a factor of t h r e e . However,
the uncertainty associated with the e r r o r in measur ing
the K L — 2 γ decay probability should be borne in
mind when comparing the theory with experiment. If
this probability amounts to 4 χ 10"4 of the full decay
probability, then the lower bounds in the relat ions (12)
and (13) d e c r e a s e to 6 χ 10"7 and 3 χ 10~7, respectively.

b) Anomalous (2π)(2μ) interaction r i e ]. So far we
have assumed that the decay Κι — 2μ is a result of a
direct interaction of Kx mesons and muons and that, by
virtue of the hermit ian c h a r a c t e r of the effective
Hamiltonian (more precisely, by virtue of unitarity and
C P T invariance of the S-matrix), the phase of the
Κι — 2μ decay amplitude is fixed. However, it is c lear
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that the K2 — 2μ transition amplitude can be maximally
compensated when the matrix element Τ if and the
product e T ^ have opposite phases. If the amplitude
T ^ is purely imaginary, then the lowest limit on
T(Ks — 2μ) is attained when the phase of Τ μ is equal
to π/4. (Recall that φ^ = ττ/4.) In this case the lower
bounds (12) or (13) can obviously be reduced by a factor
of two:

Γ(ΛΓ8->2μ)/Γ8>5·10-', (12')

if CP parity is violated in the decay Ks — 2μ , and

>3·10-', (13')

if CP parity is violated in the decay K2 — 2γ.
A large phase of the Kg — 2μ amplitude could be

caused by an anomalously strong (2π)(2μ) interaction.
If the K2 — 2γ decay amplitude is CP-even, then the
anomalous (2π)(2μ) interaction must violate CP invari-
ance and its effective Lagrangian is of the form

If CP parity i s not conserved in the decay K 2 — 2γ,
the anomalous (2π)(2μ) interaction can be CP invari-
ant . In this case its effective Lagrangian is of the form

<ν«κ(<ρ,·,φί)(μμ)· (16)

The la t ter possibility was considered i n [ 1 6 ] . F r o m the
requirement that the phase of the amplitude Tg 1 *,

which we denote by φ ^ , be close to 7r/4, it i s easy to

o b t a i n r i s a ] , by using the unitarity condition,

d = (256π2 sin2 cpg"/^^) (Γ§/Γ8) « 3 · ΙΟ"4,

c\ = (256na sin2 <ps*/&>*$) (Γ§'Γβ) as 2 · 10"1,

where we have adopted the corresponding lower bounds
(12') and (13') for the ratio r g / r g .

The value c± ~ 10~2 obtained for the (2π)(2μ) i n t e r -
action constant is much larger than in perturbation
theory Γ β ] , according to which this constant is a quantity
of second order in a. Nevertheless , the CP-invariant
interaction (16) could have failed to show up in the ex-
per iments with muons which have been performed so
far (measurement of the anomalous magnetic moment
of the muon, the c r o s s sect ions for scat ter ing and
production of muons, and the levels of μ-mesonic
atoms) . As to the CP-noninvariant interaction (15), for
a coupling constant ~10" 2 it would give a neutron dipole
moment exceeding the present upper bound on dn by 2
to 4 o r d e r s of magnitude. This is a ser ious argument
against the hypothesis that such an interaction ex i s t s .

We note that Gai l lard [ 1 7 1 obtained a lower limit
than (13'): (Ks — 2μ) ζ 1.6 χ 10"7 Ts- This limit can
be attained if the phase of T(Ks -* 2μ) is equal to 45°.
The anomalous (2π)(2μ) interaction was introduced i n [ 1 7 ]

in a manner which is not c l e a r . Moreover, in analyzing
the decay K L —· 2y i n t l 7 ] it was assumed that the modu-
lus of the t e r m e T ^ in the expression T ^ = Ί% + ζτ\
is equal to its maximal value (9) allowed by experiment
and that the phase of this t e r m coincides with the phase
of T ^ ; this r e q u i r e s , in addition, an anomalously
s t rong (2ir)(2y) interact ion. Such a conjunction of four
anomalies in the decays K L — 2γ and Ks — 2γ and in
the (2ττ - 2μ) and (2π - 2γ) interactions s e e m s to us
extremely improbable.

Thus, if one succeeded in demonstrating that r £
= 5 χ ΙΟ"4 T L and r g < 3 χ 10"7 Γς, then the hypoth-
es i s t l 2 ] that the amplitude Τ μ and Ί^ mutually can-
cel could be considered to be refuted. We have al-
ready discussed above how the limiting value of Γ ^
given by (12') and (13') decreases as a function of the
magnitude of r £ . If L,£ = 4 χ 10"*, we would have

rig > 2.9 x 10"7 T s and rig > 1.6 χ 10"7 T s , r e s p e c -

tively, instead of (12') and (13').
We turn now to the discussion of those mechanisms

of compensation of the two-photon absorptive part of
the amplitude Τ £ for which the t e r m €T^ i s not s i g -
nificant.

c) Anomalous (3π)(2μ) i n t e r a c t i o n [ 1 6 C ' 1 8 1 . Can the
contribution of the 3ττ channel to the imaginary part of
the K L —• 2μ decay amplitude be 3 to 4 o r d e r s of mag-
nitude larger than the natural e s t imates presented in
the table? It appears that it cannot be, if this enhance-
ment must be dependent on an anomalously large value
of the 3ττ — 2γ t ransit ion amplitude.

In fact, such an interaction would lead, generally
speaking, to a large 3n production cross section in
colliding lepton b e a m s r i 8 ' I 9 ] (Fig. 7), which is incom-
patible with experiment. The discrepancy can be
avoided by a s s u m i n g r i 9 ] that the (37r)(2y) interaction
is strong for an invariant 3π m a s s :£ m g but that its
amplitude drops sharply for large m a s s . However,
such a possibility is extremely art i f icial .

If the enhancement of the contribution of the 3ir
channel is dependent on a direct 3n —• 2μ transit ion
caused by some unknown interaction of muons with
hadrons, then no direct inconsistencies with experiment
appear . In part icular , a r a t h e r s t rong interaction of
hadrons with muons i s compatible with the data on the
energy levels of μ-mesonic a toms, on g - 2 of the
muon, on elast ic scat ter ing of muons by protons, and
on inelastic scatter ing of muons by protons with pion
production (see Figs . 8—10, where the smal l black
circ le r e p r e s e n t s the anomalous (3π)(2μ) interaction
under consideration). The experiments which a r e most
sensitive to such an anomalous interaction a r e a p p a r -
ently those on elastic scat ter ing of muons by protons
at not very high energies (~1 GeV) and at large angles
(~180°) and those which measure g - 2. (The diagram
of Fig. 8 gives a value close to the experimental upper
limit for a cut-off value Λ = 1 GeV.)

Nevertheless, the explanation of the resul t (1) by an
anomalously s trong (3π)(2μ) interaction s e e m s highly
implausible for the following reason, noted by M. Zh.
Shmatikov. The smal l value of the imaginary part of
the K L — 3TT —• 2μ transit ion amplitude is explained
by the smal l phase space of three pions, which is p r o -
portional to Q 2, where Q « 70 MeV is the energy r e -
lease in the decay Κ — 3π. This suppression is
generally absent in the r e a l part of the amplitude.

μ μ

π Ι \ π \ π-.- π

F I G . 7

π

F I G . 8

Ν Ν

F I G . 9
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Hence, if the imaginary part of the amplitude of Fig. 11
is compared with the imaginary part of the amplitude
of Fig. 1, the r e a l part corresponding to Fig. 11 will
be g r e a t e r by a factor ( m x / Q ) 2 , where m x i s some
hadron m a s s , while the contribution of the r e a l part to
the probability will be l a r g e r by a corresponding factor
( m x / Q ) 4 . For example, if ηΐχ = m ^ , then ( m x / Q ) 4

~ 2.5 χ 10 3 . The r e a l part of the amplitude for the
transi t ion K L -* 3ττ — 2μ must therefore cancel the
contributions of the other d iagrams to high accuracy .
The necessi ty of such a cancellation s e e m s to us to be
a very ser ious argument against the possibility in
question.

d) Anomalous (2ττγ)(2μ) i n t e r a c t i o n [ 2 0 ] . An anomalous
(2-πγ)(2μ) interaction (Fig. 12) with the coupling con-
stant required for the compensation of the two-photon
absorptive part of the amplitude T ^ by the contribu-
tion of the 2ity s tate would lead to an anomalously
large c r o s s section for the photoproduction of muon
p a i r s (Fig. 13). The possibility of such an interaction
can be excluded on the bas is of experimental data.

e) Anomalous (2·γ)(2μ) in teract ion 1 2 1 1 . The contribu-
tion of the d iagram in Fig. 1 can be compensated if one
a s s u m e s that t h e r e is a violation of quantum electrody-
namics for the muon as a resul t of a (2γ)(2μ) i n t e r a c -
tion (Fig. 14). However, to avoid a contradiction with
the data on g - 2 and on muon photoproduction, it must
be assumed that the anomalous interaction is maximal
when the m a s s of the two muons is of the order of the
kaon m a s s and that it drops sharply if the m a s s of the
two muons ei ther increases or d e c r e a s e s (more p r e -
cisely, if the photon energy d e c r e a s e s ) . Such a behav-
ior requi res in turn that the effective dimensions of
the muon be large and is qualitatively incompatible
with the beautiful agreement of the data on g - 2 with
calculations according to quantum electrodynamics .
This possibility can be definitely " c l o s e d " by m e a s u r -
ing the c r o s s section for muon pair production in the
p r o c e s s e s represented in Figs . 15 and 16 to within a
few percent .

f) Strong interaction between muons. A strong in-
teract ion between muons, if it existed, could, of course,
a l t e r the value of the diagram of Fig. 1. However, it
would a l te r the value of g - 2 to just as great an ex-
tent, which is inadmissible in view of the great p r e -
cision with which theory and experiment agree on

g - 2. It s e e m s to us that the only possibility which is
not excluded is the existence of a dimuon resonance
with a m a s s equal to m ^ and which is so narrow that
its contribution to g - 2 becomes tolerably smal l . In
essence, such a resonance would be a new part ic le,
and we shall r e t u r n to it in the following section.

4. NEW PARTICLES?

a) What purpose do they s e r v e ? The s implest way
in which some unknown part ic les could reduce the

FIG. 14

Ζ e e

FIG. 15 FIG. 16

lower theoret ica l bound on the K L —* 2μ decay proba-
bility is to contribute to the imaginary (absorptive)
part of the K2—• 2μ amplitude. In this case, they must
first of al l appear in the decay of the K L meson and
consequently must be lighter than the K L meson and,
secondly, they must interact with muons. We note that,
the s m a l l e r the width of the decay of the K L meson
into these part ic les , the s t ronger they must interact
with muons in o r d e r to give the required value of the
absorptive part of the K L — 2μ amplitude.

b) Fundamental r e s t r i c t i o n s . What res t r ic t ions
must be imposed on these new part ic les? They must be
neutral , since otherwise thei r photoproduction would be
observed. They cannot interact strongly with muons,
since this would lead to the wrong value of g - 2. The
relat ive probability of decay of the K L meson into
these part ic les cannot be large . This asser t ion is un-
doubtedly c o r r e c t if these part ic les decay rapidly and
if the i r decay products a r e charged. The situation is
more uncertain if these part ic les a r e " u n o b s e r v e d "
(stable or decaying through unobserved channels, e.g.,
neutra l ones).

If there existed a large loss into an unobserved
channel, the sum of the part ia l decay widths of the K L
meson would not be equal to the full width. However,
a s far a s we know, no experiments have been performed
in which the number of produced and decaying K L
mesons a r e directly compared. That the loss into un-
observed channels cannot exceed ten percent is c lear
from the following considerat ions.

The absence of unobserved channels is easily con-
firmed experimentally for the Kg meson, in which case

t l K + d b t l K Λ 0 dnot only Kg —
g

ΤΓ+ΤΓ decays but also
Kg Λ 0 decays

g g

a r e m e a s u r e d . T h e Kg l i f e t i m e i s s m a l l , and i t i s

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

Kg m e s o n s a r e i d e n t i c a l . (One c a n j u d g e t h e n u m b e r of

Kg m e s o n s p r o d u c e d , for e x a m p l e , by s e l e c t i n g t h o s e

events in which the decay of a Λ hyperon is detected in
the reaction τΓρ — Κ°Λ° or by observing the charge-
exchange reaction K"p — K°n.)

Moreover, the so-cal led "vacuum r e g e n e r a t i o n "
phenomenon, in which the interference of the n*ir~ de-
cays of the K^ and Kg mesons is observed, permits a
di rect determination of the p a r a m e t e r s | rj+-1 =

I T K L / Τ Κ Ο I a n d > consequently, the absolute and not
the relat ive magnitude of T ( K L — π+τΓ). On the other
hand, the rat io T ( K L — 7 r V ) / r ( K L — al l observed
channels) is known. Thus, it is possible to find the
width of al l the observed channels and, by comparing it
with the inverse lifetime of the K L meson determined
by the exponential decay curve, we can see that these
quantities agree to good accuracy.

The smal l loss of K^ mesons into unobserved
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channe ls can a l s o be judged indirect ly on the b a s i s of
the fact that the Δ Τ = % ru les for leptonic and for
nonleptonic decays, which re late the part ia l widths of
the K^ and K* mesons , a r e satisfied to within a few
percent and the fact that K* mesons have no unobserved
decays .

What a r e the other experiments which could throw
light upon the existence of new neutra l light par t ic les?
To answer this question, let us consider certain con-
c r e t e models which have been studied in the l i t e r a t u r e .

c) The λ part ic le m o d e l [ 2 2 ] . In this model one a s -
sumes the existence of neutra l λ part ic les of spin y2

and m a s s less than Ο.δίηκ, which contribute to the ab-
sorptive part of the K L —· 2μ amplitude (Fig. 17). If
the λ par t ic les a r e stable and do not have a s t rong
interact ion, they must be penetrat ing and a r e s imi la r
to the neutrino in this r e s p e c t . By passing through the
shielding, they should lead to observable effects in
neutrino exper iments , e.g., the production of μ*μ~
p a i r s (Fig. 18) in spark c h a m b e r s .

E s t i m a t e s show [ 2 3 ' that the number of such pa i r s
produced by λ part ic les under the conditions of the
neutrino experiment c a r r i e d out at CERN would have
to be of the o r d e r 0.1—1, which is two o r d e r s of mag-
nitude greater than the expected number of muon pa i r s
produced by the neutrino (Fig. 19).

We note that the expected number of muon pa i r s
produced by λ par t ic les i s uniquely determined by the
product of the K L — λλ decay width and the λ Ζ
— λμ+μ"Ζ reaction c r o s s section. But just this product
is fixed by the value of the imaginary part of the dia-
gram in Fig. 17. F r o m this point of view, an improve-
ment in the accuracy of the neutrino experiment by an
o r d e r of magnitude would be of in teres t . Experiments
in which the source of neutr inos (and possibly other
penetrat ing part ic les) is not the charged mesons ir*
and K±, as usual, but the neutra l ones K° and K°,
would be of special i n t e r e s t .

d) The y° meson m o d e l [ 2 4 ' 2 5 1 * In this model one
a s s u m e s ^ * the existence of a neutra l vector meson
with m a s s of the o r d e r of 350 MeV, which contributes
to the absorptive part of the K L — 2μ amplitude owing
to the diagram of Fig. 20. An interaction of the χ
meson with the muon would give a contribution to the
magnetic moment of the muon (Fig. 21). A bound on the
constant of this interaction follows from the data on
g - 2. This in turn implies the fulfillment of the in-
equalityt ·

*We are grateful to A. G. Dolgolenko, A. G. Meshkovskii and W. A.
Shebanov for discussions of the experimental bounds presented in this
subsection. The χ meson was also proposed independently by A. N.
Moskalev.

fThis number differs from that presented in [ 2 <] by a factor of two;
seef 2 5 *].

FIG. 20

X

FIG. 21

The e x i s t i n g e x p e r i m e n t s l e a v e a l m o s t no " l i f e t i m e
s p a c e " for the χ° meson. The χ° — e*e~ decay width
is bounded by t 2 5 a l

Γ (KL -*- χ»ν -* e+e-y)/FL < 2.7 -10-5.

The x ° — ti°y d e c a y width i s bounded byf 2 5 a ]

Γ (KL -*• χ°γ -» n<>yy)/TL < 1.5 -10-'.

The χ" — μ*μ" decay width i s apparently bounded by

Γ (KL ->- x"V -> μννΚΓΐ. < 4-10"*

(This last inequality is obtained on the bas is of the
experimental work f 2 e i on the search for the decay
K L -» η*τι'γ and may prove to be incorrect if the de-
tection efficiency for muons in this work is less than
that for pions).

If the χ° meson is stable (for m^ < 2πΐμ) o r decays
by unobserved channels r ] , then for ΐ η χ < 300 MeV
the width T ( K L — x°y) is apparently bounded experi-
menta l ly t 2 7 ] by

Γ (KL ->- x°v)/rt < 4 -10-*.

The decay χ 0 -» 2μ must certainly take place if η ι χ 0

> 2ηΐμ. It is possible that this decay is not observed
because it constitutes only a smal l fraction of the x °
decays and the main decay channel is unobserved (e.g.,
χ° — vv). For m x 0 > 300 MeV, the experimental
s e a r c h f 2 7 1 for the decays K L — {y + neutra l par t ic les)
does not exclude this possibility. However, the
χ —• vv decay width can be bounded by the data of the
neutrino experiment, since events of the type in Fig. 22
were not observed.

e) Pseudokaons and a "narrow" dimuon. A special
c las s of models is comprised by those in which one
a s s u m e s that the physical long-lived K° mesons (which
we shal l denote by K L ) represent a coherent superpo-
sition of " o r d i n a r y " K L mesons and some other un-
known part ic le K^—a pseudokaon with m a s s equal to
mk such that

KL = KL+iK'L.

But such a model immediately r a i s e s a number of
quest ions. Do Kg mesons also exist? Do the Kg and
K L mesons have s trong interact ions? What symmetry
will ensure the degeneracy of the K' and Κ mesons? ?
And so on. Leaving al l these questions unanswered, let
us explain how the existence of K' mesons could a l t e r
the theoret ica l bound on the K L — 2μ decay proba-
bility. The idea is the same a s in the mechanism of
compensation of the K2 and Kl decays which was d i s-
cussed above: The K L — 2μ decay amplitude and the
K L —• 2μ decay amplitude, multiplied by e, must in-
ter fere destructively.

How can such a model be tested? The compensation
caused by the destructive interference of K L and e K L
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will be violated when a K L beam passes through a
plate, if the s t rong interact ions of K L and K L a r e dif-
ferent. The number of decays into 2μ must therefore
r i s e behind the r e g e n e r a t o r . The s ize of this effect
depends on the value of i and consequently on the
K L — 2μ decay probability, whose value we cannot
predict .

Certain bounds on the Κ ^ μ ν ' μ interaction constant
and consequently on the K^ — 2μ decay probability
can be obtained from the existing experimental data .
Thus, the decay probability cannot be very smal l , since
otherwise the K' mesons, if they do not have s trong
interact ions, would penetrate through the shielding in
the neutrino experiment and would produce 2μ decays
in the detectors , which have not been observed exper i-
mental ly. An upper bound on the Κ^,μ>5μ interaction
constant follows from the data on m e a s u r e m e n t s of
g - 2 of the muon and the μ Ζ — μ μ μ Ζ reaction c r o s s
section.

The influence of the regenera tor on the K L — 2μ
decay probability which was discussed above may be
substantial if the K L — 2μ decay probability is close
to its lower limit and is of the order of magnitude of
the Ks — 2π decay probability. The effect is extremely
smal l if the K^ — 2μ decay probability is close to its
upper l imit .

An attempt to explain both the decay K L —· 2μ and
the decay K L — 2π (without violation of CP invari-
ance) by introducing pseudokaons is contained i n [ 2 8 ] .

We conclude the discussion of par t ic les with m a s s
close to the kaon m a s s by mentioning one further prob-
ability. As noted by A. L. Lyubimov, there would be no
inconsistency with the decay K L — 2μ if the decay
K L — 2y had a part ia l probability much s m a l l e r than
5 χ 10~4 and if one observed in the e x p e r i m e n t s ^ 1 the
2γ decays not of the K L meson but of some other p a r -
t icle with a m a s s , say, 20 MeV smal le r than the K L
m a s s . The 2μ decays of this part icle could then not
be detected in the e x p e r i m e n t ^ 1 owing to the Κμ 3

background in this m a s s region of the 2μ sys tem. The
fact that the same number 5 χ 1(Γ 4 i s obtained in
various experiments with different energies of the K°
mesons constitutes an argument against such a possi-
bility.

5. NEW VIOLATIONS OF PRINCIPLES?

To exhaust al l the remaining possible solutions of
the problem of the decay K L — 2μ , it becomes n e c e s -
sary to reconsider those principles of physics which
a r e the bas i s of the theoret ica l inequality (3). F i r s t of
al l , the unitarity of the S-matrix and the CPT theorem
will come under suspicion.

a) Violation of CPT i n v a r i a n c e [ 2 9 ] . It is well known
that the imaginary par t s of the matr ix elements of the
p r o c e s s e s have two or ig ins . Fi r s t ly , there is the p r e s -
ence of r e a l intermediate s ta tes which give a non-zero
absorptive par t . Secondly, t h e r e is violation of Τ in-
var iance. In discussing the imaginary part of the
Κ 2μτ'5μ matr ix element, we have so far considered the
first possibility—the various r e a l intermediate s tates
2γ, 3ττ, 2πγ, λλ, χγ, e t c .

Let us now consider the second possibility—violation
of Τ invar iance. Let us a s s u m e that the Κ2μ7-5μ a m -

plitude has an imaginary part which is dependent on a
T-noninvariant interaction with a dimensionless con-
stant ~ 1 0 - 1 2 , partially compensating the imaginary
part which is dependent on the r e a l intermediate state
2γ. Since the CP par i t ies of the K2 meson and the
muon pair in the ^ o state a r e identical, CP parity is
conserved in the Κ2μ>5μ amplitude. It follows from
this that a violation of Τ invariance implies a violation
of CPT invariance in this c a s e :

CP = + 1 , τ = — ι , CPT = - l . ( 1 7 )

If t h e v i o l a t i o n o f C P T i n v a r i a n c e s a t i s f i e s t h e c o n d i -

t i o n s ( 1 7 ) , i t i s v e r y c o m p l i c a t e d t o d e t e c t i t i n o t h e r

e f f e c t s . ( T h i s m a y n o t b e s o if, a t t h e s a m e t i m e , t h e

i n t e r a c t i o n v i o l a t e s s o m e o t h e r s e l e c t i o n r u l e s s u c h a s

A S < 2 , c o n s e r v a t i o n of m u o n i c c h a r g e , e t c . ) H o w e v e r ,

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

s e l e c t i o n r u l e s

CP = —1, Τ = + 1 , CPT = - 1 , (18)

then there must appear non-zero differences between
the l ifetimes of part ic les and antipart ic les and between
the m a s s e s of part ic les and ant ipar t ic les . As to the
m a s s e s , it follows from the accuracy with which the
so-called Wu-Yang tr iangle is verified experimentally
that

This excludes a universal violation of CPT invariance
with the selection rules (18) and a dimensionless con-
stant ~1(T 1 2, since a P-even interaction with AS = 0
and such a constant would yield

K i o - mKo)'mK ~ ΙΟ"12. ( 1 9 )

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

t h i s c a s e a t t h e l e v e l 1CT4 t o 1 0 " 5 , w h i c h i s a b o u t o n e

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

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

existence of the CP-noninvariant interaction responsi-
ble for the decay K L — 2ττ, with the selection ru les

CP =-= —1, Γ = —1, CPT — +1, (20)

an interaction with the selection ru les (17) in conjunc-
tion with the interaction with the selection rules (20)
must lead to p r o c e s s e s having the selection ru les (18).
To be s u r e , the dimensionless constant character iz ing
these p r o c e s s e s will then be significantly smal ler than
10~12. The value of th is constant will be different in
different models for the violation of CP and CPT with
the selection rules (20) and (17). Thus, for example, if
a superweak interaction with a dimensionless constant
~ 1 0 " l e is responsible for the violation of CP, then the
dimensionless constant character iz ing the amplitudes
with the selection ru les (18) will be of the o r d e r 10~28.
It will be of the o r d e r 10" 2 1 if CP is violated in a
milliweak interaction with a constant of the order 10"9.
The experimentally most access ible CPT-odd effect in
this case would apparently be in the neutra l kaon sys-
tem, owing to the well-known enhancement mechanism
associated with the smal l difference between the
m a s s e s of the K L and Ks mesons . The point is r e -
quired in the theoret ica l analysis below.

Returning to the amplitudes of first o r d e r in the
C P T - and T-odd interaction with the selection ru les



412 D O L G O V , ZAKHAROV, and O K U N '

(17) (without the corrections due to the CP- and T-odd
interaction), it should be stressed that such an inter-
action leads to the appearance of an additional phase
factor in the amplitudes (an identical one for particle
and antiparticle decay) which is not associated with
real intermediate states and is not determined by the ι
unitarity condition. Such an interaction does not lead
to a difference between the particle and antiparticle
decay amplitudes. The search for it is therefore very
difficult. In order to demonstrate that it is the violation
of CPT invariance which is responsible for the observed
anomaly in the case of the decay K L — 2μ, it is neces-
sary to experimentally "c lose" all the other possible
explanations. If a CPT-noninvariant interaction contains
pseudoscalar currents, it could show up in the decay
K L — 2e at the level of accuracy which is already at-
tained. However, if this interaction contains not pseudo-
scalar but axial currents, the sensitivity of experimental
searches for the decay K L —• 2e will have to be in-
creased by 4 to 5 orders of magnitude.

We considered above the violation of CPT invariance
within the framework of the S-matrix formalism in a
purely phenomenological way. A violation of CPT in-
variance is possible in quantum field theory only if such
fundamental principles as causality, Lorentz invariance
and positivity of the energy are violated. The question
as to whether these principles can be reconciled with a
violation of CPT invariance within the framework of
the S-matrix formalism remains open at the present
time.

b) Unitarity of the S-matrix? As is well known, the
condition of unitarity of the S-matrix

StkSkm=l>lm (21)

constitutes a compact mathematical expression of two
physical principles: conservation of probability and
the superposition principle. Conservation of probabil-
ity means that the sum of the probabilities of all the
transitions from a given initial state to all possible
final states is equal to unity. Conservation of probabil-
ity is described by the diagonal terms of the equality
(21), for which i = m:

1 (22)

(23)

The nondiagonal terms of (21) are of the form

and express the superposition principle*.
It should be noted that the direct application of the

unitarity relation to kaon decay (the transition from the
relation (22) to the relation (6)) requires special
reservations. The point is that the S-matrix relates
stable states to one another, while the kaon is unstable.
Strictly speaking, the relation (6) is therefore not
exact but approximate. However, the corrections to it
are negligibly small, since they are certainly smaller
than™ r K L / m K .

At the beginning of this review we discussed how

*We are grateful to I. Yu. Kobzarev for calling our attention to the
fact that the relation (6), interpreted as a relation among experimental
quantities, can be violated in theories in which the superposition princi-
ple does not hold.

the unitarity of the S-matr ix in conjunction with C P T

invariance leads to a theoretical bound on the K L — 2μ
decay probability. We have just seen how this bound
may change if we abandon CPT invariance. Unfortun-
ately, we cannot consider violation of the unitarity of
the S-matrix at even such a phenomenological level as
violation of CPT, since in this case the S-matrix ap-
paratus itself must be altered.

The question as to the need to test the unitarity of
the S-matrix and the superposition principle experi-
mentally in connection with the discovery of violation
of CP invariance has been discussed in the litera-
turet 3 1 1 .

The best method of testing the unitarity relation is
apparently to compare with experiment the well-known
Bell-Steinberger relation t 3 2 ], which constitutes an ex-
panded transcription of the relation (23) in the case of
KL,S mesons:

(mL-m8
-ι (Ka \KL) = % B,r\t, (24)

where mL,S a r e the masses.of the K L S mesons, Bj
= r ( K s —' i)/rs , and rji = T ^ / T J ^ ; here i = 77V,

Λ 0 , veu, ττμν, 7rVir°, 3ir°, 2τιγ, etc. As is well known,
all the quantities which enter the relation (24) can be
measured experimentally. We note in particular that
it would be desirable to measure Γ( Kg — 3ir°) or to
obtain a good bound on this quantity.

It is also of interest to test the unitarity condition in
other decays: β decay of the neutron, Κμ3 decay, non-
leptonic decays of hyperons, etc. The phases in these
processes are measured to an accuracy in the range
1—10°. This can apparently be regarded as an experi-
mental demonstration that unitarity of the S-matrix for
these processes is valid, at least to such an accuracy.

c) Other principles. At the present time we see no
serious basis for casting doubt upon the other princi-
ples of modern physics in connection with the decay
K L — 2μ, in particular, such principles as Lorentz in-
variance, conservation of angular momentum, and con-
servation of energy and momentum, although the ac-
curacy with which these principles are verified in the
high-energy region is not great. In our opinion, it would
be better to test these fundamental principles more
accurately without any reference to the K L — 2μ prob-
lem.

However, such a point of view is not universally ac-
cepted. Thus, for example, according to a hypothesis
of B. A. Arbuzov, nonconservation of momentum is a
specific property of the decay K L — 2μ itself. In this
case the muons from the decay K L — 2μ have mo-
menta different from those required by the ordinary
kinematics and are therefore not detected in the ex-
periment1 2 1.

6. CONCLUSIONS

During the past 20 years, kaons have undoubtedly
contributed more to our understanding of the laws of
the microworld than any one of the other known ele-
mentary particles: the discovery of kaons played a
major rule in the introduction of the strangeness quan-
tum number, and the study of kaon decays led to the
discovery that C, Ρ and CP invariance are violated.

For all these years, muons have remained one of
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the most profound puzzles . It can even be said that they
have become a more and m o r e profound puzzle. We
have learnt very much about them during these y e a r s ,
but the question "why is the muon heavier than the
e l e c t r o n ? " has no answer, as before. If the m e a s u r e -
m e n t s r 2 > 3 1 a r e c o r r e c t , it i s possible that they a r e a
kaonic key to the mystery of the muon. In this case it
i s highly probable that the 70's will lead us to the un-
ravell ing of this mystery .

The brief survey presented above shows that we
lack the experimental facts required to exclude a whole
s e r i e s of more or less plausible anomalies in that part
of e lementary part icle physics which is usually con-
s idered to be well studied.

We shal l give h e r e a short l ist of the experiments
which have been discussed in connection with the K L
—- 2μ problem.

1) A continuation of s e a r c h e s for the decay K L
— 2μ and the measurement of the Ks —• 2> decay
probability in s e v e r a l independent exper iments .

2) Searches for the decays Ks — 2μ with an a c -
curacy up to 10~7 and the measurement of the Ks -» 2y
decay probability.

3) Searches for anomalous interact ions of muons
(elastic and inelastic scat ter ing of muons by nucleons,
production of muon pa i r s in hadron and in photon colli-
s ions, g - 2, and μ-mesonic a toms) .

4) Searches for new light par t ic les in the decays of
K L mesons (by photon decays, by the equilibrium of
the produced and decaying K L mesons , s e a r c h e s for
anomalous events in neutrino exper iments, and
s e a r c h e s for the decay K L — 2μ under various condi-
t ions, in part icular after a r e g e n e r a t o r ) .

5) A tes t of CPT invariance and, in par t icu lar , a
comparison of the lifetimes and part ia l widths of par t i -
cles and ant ipart ic les at the level ~10" 5 .

6) A careful quantitative test of the Bell-Steinberger
relat ion, which is based on the unitarity of the S-matrix,
and a measurement of the so-called T-odd corre la t ions
in Κμ3 decay, β decay of the neutron, and the decays

of hyperons.
7) A tes t of the fundamental conservation laws (of

energy, momentum, angular momentum, and Lorentz
invariance).

We have attempted to analyze above how ser ious the
problem of K L — 2μ decays is and to what extent the
proposed solutions of this problem a r e inconsistent
with the existing experimental data. In judging the
various hypotheses, however, no only the absence of
discrepancies with experiment but a lso the elegance of
these hypotheses i s a c r i t e r i o n . Nearly a l l the possible
explanations of the K L — 2μ problem which a r e d i s-
cussed in this review seem arti f icial and unattract ive
at the present t i m e . F r o m this point of view, it would
be natura l to expect that the experimental data on
ei ther K L — 2μ o r on K L — 2y, or on both decays,
will change and come into agreement with the theory.
However, it would be of much g r e a t e r interes t if the
experimental data did not change and the bas i s of the
theory had to be a l te red . In this case , the c r i t e r i a for
elegance would also change, a s has already happened
more than once in the past .

We a r e grateful to E. B. Bogomol'nyi, G. V.
Grigoryan, N. N. Nikolaev, M. V. Terent 'ev, M. A.

Shifman and M. Zh. Shmatikov, whose joint works have
helped to clarify a whole s e r i e s of problems for u s .
We a r e also grateful to V. B. Berestetski i , B. L. Ioffe,
I. Yu. Kobzarev, M. S. Marinov, S. G. Matinyan, Β. Μ.
Pontecorvo, I. V. Chuvilo, I. S. Shapiro, and E. P.
Shabalin for useful remarks after having read the
manuscript of this review.

APPENDICES

1. CONTRIBUTION OF THE TWO-PHOTON STATE TO
THE ABSORPTIVE PART OF THE Kz — 2μ DECAY
AMPLITUDE

The contribution of the two-photon state to Abs T ^
is determined by the graph of Fig. 1 and can be written
symbolically as

where

d-x

A b s r " = ; I

2ω,)] [d'*s/(2n)» 2ω2] (2π)4

( l .D

- k, - k2)

i s t h e p h a s e s p a c e o f t h e t w o y q u a n t a , t h e s u m i s t a k e n

o v e r t h e p o l a r i z a t i o n s ( e j ) , a n d # i s t h e k a o n m o m e n -

t u m .

The 2y — 2μ transit ion amplitude is described by
quantum electrodynamics and is equal to

(1.2)i \(p,-% , [ ( p i - ί ,} μ,,

where pi and p 2 a r e the μ" and μ+ momenta, r e s p e c -
tively.

The amplitudes T ^ and τ £ a r e theoretical ly un-
known and we p a r a m e t r i z e them in the most general
way, without assuming the conservation of CP invar i-
ance .

Α μ*μ" pair produced in the decay of a K2 meson
can be in the 'So or the 3 P 0 s tate by virtue of conser-
vation of angular momentum. Since the CP parity of a
fermion-antifermion system is equal to ( - 1 ) S + 1

; where
S is the total spin of the pair, CP is conserved
(CPiJiysp) = - 1 ) in the decay into the s ta te ^ o , while
it is violated ( ϋ Ρ ( μ μ ) = +1) in the decay into the s tate
3 P 0 . In view of th i s , the amplitude T ^ can be r e p r e -
sented in the form of a sum of two t e r m s :

2 T J ^ I 1 ' ' ι Y5~t~ l v j ) Ma« \*-." /

where ν = 0.9 is the velocity of the muon in the kaon
r e s t sys tem, and the indices " ± " indicate the CP
parity of the (μ+μ~) pai r . The factor i is extracted in
o r d e r to express the absorptive part in t e r m s of
Im T ^ * or, in other words, to make the quantities
T ^ * r e a l in the absence of r e a l intermediate s tates
(i.e., if the decay K L — 2y were forbidden). This
statement is easily understood by considering that in
the absence of r e a l intermediate s tates the decay a m -
plitude can be regarded a s a matr ix element of some
effective Lagrangian, which must be hermit ian. In this
case the a s se r t ion that T ^ * a r e r e a l follows from the
fact that the quantities ψγς_2, ]ϊ75μ and ΐμμ a r e ant i-
hermit ian.

The K2 — 2 y amplitude can be written in an ana-
logous way a s

r i = i | p j c , i ? r ( 1 . 4 )
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The first term in the expression (1.4) corresponds to
CP-conserving decay and the second to CP-violating
decay.

The amplitudes Τ are related to the decay proba-
bility as follows:

( 2 . 3 )

( 2 . 4 )

Γ (Κ, -* 2μ) = (mKv/8n) [| ?f" |· +1 f f+ |«],

Γ (K2 - 2γ) = (mK/6in) [| Τ Γ \2 +1 Τ J + |«J.

(1.5)

(1.6)

Substituting (1.2), (1.3) and (1.4) in (1.1), we obtain the
following relation, which determines the imaginary
parts of the quantities Τ 2

μ ± :

μ, [Im Τ if" V5 + ' "- 1 Im Τ|ί+1 μ> =

= i>2 f dx [fl~ (ga^tks — ksal'ie) + T'i+eafiv6kivkl6) JTiVa [(Pi — ίί + ιημ)/2ρΜ Υρμ,.

( 1 . 7 )

We note that both terms in (1.2) give an identical con-
tribution to Im Τ 2

μ ± .
Using now the relations

μΐΥα (Pi — *l + Μμ) ΥβΜ2 = μι (2pia — YcA) Υβμζ, . ,

Ya*iTse a3V6*iv*!S = 2i (*,*ζ) γ 5λ, * *

a n d t a k i n g i n t o a c c o u n t t h a t t h e t e r m ~ p 1 Q ! i n ( 1 . 8 ) r e -

d u c e s t o z e r o i n t h e i n t e g r a t i o n o v e r d-r, ( 1 . 7 ) l e a d s t o

t h e f o l l o w i n g t w o e q u a l i t i e s :

mj-rj" J dx (ρ,*,)"1 μιϊβ*ιμ«. (1 .9)

*,)-ι μ, (m^mj. + 2pikl'ki) μ2. (1.10)

The integration in (1.9) and (1.10) is performed
trivially and we finally obtain

lmT$-/T%- = v-i{lmT$+/T%+) = (anili/imK)v-iln[(l + v)/H-v)]. (1.11)

We implicitly assumed that Im T^ = 0 in the deriva-
tion of this result. Consideration of the unitarity con-
dition for the decay Κ — 2 γ shows that this is actually
so, if anomalously strong (3π| 2γ) and (2π| 2γ) inter-
actions do not exist.

Substituting (1.11) in (1.5) and using the relation
(1.6), we obtain the lower bound on the K2 — μ+μ~ de-
cay probability (formulas (7) and (8)).

2. THE UNITARITY CONDITION FOR DECAYS OF
THE K L MESON

According to the arguments given in Sec. 2a, the
unitarity condition permits a direct calculation of the
imaginary part only for transitions between states with
definite CP (or C) parity. Let us therefore first con-
sider the Ki ; 2 — 2μ transition amplitudes:

here the indices " ± " indicate the CP parity of the μμ
pair. The unitarity condition for these amplitudes takes
the form

imrj'± = (i/2)21&αιτ»±^±)·ψτ·;*ιτιΐ)·], (2.1)
η

I m ^ ± = ( l / 2 ) 2 ^τη[Τ^(Τ^)*±τ^ ( Γ ^ ) . ] ; ( 2 . 2 )
η

here Τμ^ is the CP-conserving (μμ) ± —* η ± transi-
tion amplitude, and T n ^ is the CP-violating (μμ)

± — η τ transition amplitude.
Considering now that K2 = K L - eK1; we have

S u b s t i t u t i n g ( 2 . 3 ) a n d ( 2 . 4 ) i n t h e r e l a t i o n ( 2 . 2 ) , w e

o b t a i n

Im Γ£± ± Re { dxn { ± T™ (

(
By virtue of the relation (2.1), the last two terms

in (2.5) are equal to ±ie Im T/ 1*. Using this, we
finally obtain

}
(2.5)

= (l/2) ^ Jdxn [ ± rjp (Re e)

( h e r e we h a v e r e p l a c e d e T i by e T s ) . T h i s r e l a t i o n

expresses the imaginary part of the KL — 2μ decay
amplitude in terms of amplitudes for physical proces-
ses and is the basis of the theoretical analysis.
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