VoLUME 15, NUMBER 17

PHYSICAL REVIEW LETTERS

25 OCTOBER 1965

ford, D. Cline, and M. Olsson, Phys. Rev. Letters 14,
715 (1965).

5M. Olsson and G. Yodh, Phys. Rev. Letters 10, 353
(1963); M. Olsson, University of Maryland Report No.
379, May 1964 (unpublished); M. Olsson and G. B.
Yodh, to be published.

8F. Selleri, Lectures In Theoretical Physics (The
University of Colorado Press, Boulder, Colorado,
1965), Vol. 7B.

At isobar threshold the ratio (s—m?)/(u—m?) =-3.5,
this being the relative importance of the exchanged
pole and the direct pole.
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Fitch, Roth, Russ, and Vernon' have recent-
ly reported an important additional result on
the apparent CP invariance violation in K ,°
decays.?”* We discuss below the implications
of their result, with particular reference to
particle-mixture theories of long-lived K°— 27
decays.’®

As described more fully in reference 5, the
experimental results cited in references 2-4
(which we call the LLD effect) could be explained
within the context of CP invariance either by
postulating the existence of a spinless parti-
cle state S in the neighborhood of the K° mass,
which mixes withK , = (K°+K°)/V2 and gives
rise to the long-lived 7*71~ component, or by
ascribing the LLD effect to the action of a sca-
lar cosmological field which, by causing K°
and K° to have slightly different energies, acts
as a regenerating medium. It is reported! that
there is maximal constructive interference
between the regeneration amplitude which is
essentially purely imaginary,® due to a mater-
ial regenerator, and the LLD amplitude; there-
fore, the LLD amplitude must be purely imag-
inary® too. A classical long-range field would
provide a real energy difference between K°
and K° and therefore give rise to a real® LLD
amplitude; consequently, the observed inter-
ference effect provides strong evidence against
the cosmological hypothesis.” Thus the parti-
cle-mixture theory remains as the sole surviv-
or for explaining the LLD effect within the frame-
work of CP invariance.

The result of reference 1 further restricts
the parameters of the particle-mixture theory.
Whereas on the basis of the experiments re-

ported in references 2-4, one knew that the
mass of the state ¥ must equal the K° mass
to the accuracy of the mass determination in
those experiments, i.e., of the order of 1 MeV,
the observed interference requires that this
equality hold to within the width y, of the short-
lived component,® viz., Img-my|<y; ~107° eV.

According to the particle-mixture theory,
which is devised solely to save CP invariance,
the CP = -1 component of neutral kaons, K,
=K _=(K°-K°) /Y2, cannot contribute to 27
decays. The occurrence of interference must
be understood as follows. Due to the differ-
ent interactions of K° and K° with matter, the
state K, will no longer be characterized by
simple exponential decay within the regener-
ating medium. Using the notation of refer-
ence 5 and retaining quantities only to lowest
order in 6 and 0 (see below), the states which
undergo pure exponential decay are

¥ =18 )=0IK ), IK,)=K,)+01% ), (1)

and ¥y ), which we assume to be negligibly
affected® by the regenerator. A neutral kaon
beam within the medium is described by the
state vector

I\I'(t)):a!\IJS’>exp[——(y1’/2+im "t]

1

+b |K2'> exp[—(yz’/2+im "t)

2
+cl¥ Jexpl-(, /2+im )], (2)
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where a, b, and ¢ are constants and
m, ~iy," /2=m ~iy, /2
-0l (my-m,)~ily, +v,)/2],
my, =iy, /2=m,~iy,/2
—ol(m,-my)~ily,+v,)/2), (3

and we have introduced the dimensionless par-
ameters

0= (N /m ) f=F N Om =mo)=ily =y )/217,
o= (N /m ) (f+)(m =m =il =y ,)/2)70 (4)

my is the mean K°® mass, N is the number den-
sity of nuclei in the regenerator, and f and f
are the forward-scattering amplitudes for K°
and K°, respectively. From (1) and (2), we
see that |K,) should be re-expressed as

IK2>= |K2’>+5|\I's’> (5)

when the beam enters the medium. The ¥g’
component dies away rapidly, leaving the long-
lived K," component which, to our accuracy,
has the same amplitude as the incident K ,,.
However, whereas K, cannot decay to 27, the
amplitude for K,’ to decay to 7*n7 is, accord-
ing to (1), 0A., where A, is the amplitude for
Vg -nt 47, The interference reported in
reference 1 is then, according to the parti-
cle-mixture theory, between this amplitude
and the n*7~-decay amplitude @, from the
other long-lived state ¥;. The two amplitudes
are coherent because both ¥; and K,” arise
from the same K° production events in the tar-
get in which the K° beam originates.® After
traversal of a thickness L of regenerator suf-
ficient to let the ¥g' component decay to a
negligible level, the intensity of n*n~ decays
would be

I <16a +54 P2 (6)
a Cc C

with

(Py/my )0 =L(my=m =ity )= )/21L

+[(mz'—mL)—i(yz'—yL)/zlL (1)

where Pk is the kaon momentum and L is

the distance from the regenerator to the tar-
get in which the kaon beam originates. In keep-
ing with our assumption that ¥ is negligibly
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affected by the regenerator, we take its mass
and lifetime to be the same as in vacuum. We
see from (7) that the relative phase factor ¢??
oscillates with a period of (Pg/my)2n/(mg'~my)
in L, and consequently, all interference effects
disappear when we average the intensity I

over an interval Al unless |mgy'-m | <(21/Al)

X (Pg/mF). Under the conditions of reference 1,
0«1, so that m,’=m,, and the region over
which interference is observed is of the order

of the decay length for the amplitude of the short-
lived component or greater, hence we conclude
that !mz—le < yq, which is the conclusion
stated at the beginning of this section.

The result of reference 1 also confirms our
assessment, made in reference 5, that direct
production of S particles must be weak com-
pared to neutral kaon production. Maximum
interference between the regeneration ampli-
tude and the LLD amplitude can occur only if
the two are fully coherent, which is possible
only if the incoherent contribution to the LLD
effect is negligible in comparison to the co-
herent one.

Equations (6) and (7) suggest another sim-
ple test of the particle-mixture theory. The
relative phase of the two terms in (6) depends
on the distance from the target to the regen-
erator.'® By varying this distance, the rela-
tive phase could be varied; consequently, the
magnitude of the interference effect would vary
also. The measurement of the intensity I;
as a function of L, over an interval AL would
provide a measurement of mj, to an accuracy
of “1/AL,. Only if (mp-iy/2)=(mg-iy9/2)
would the interference effect be independent
of the displacement of the regenerator, which
is, of course, the result required if the LLD
arises from K ,— 27.

Possible tests for the particle-mixture the-
ory therefore are (i) measurement of the life-
time associated with the LLD effect,™ (ii) mea-
surement of the interaction length for the state
responsible for the LLD effect,% 2 and (iii) mea-
surement of the mass mj. The discussion of
section 3 suggests that a precision of v,/10
is quite feasible.

Should all these measurements yield results
which are indistinguishable from the parame-
ters of the usual long-lived state K,, we would
be faced with a situation very reminiscent of
the 7-6 puzzle, for which the simplest explan-
ation would be that ¥; =Ko, i.e., that CP in-
variance is violated. Nevertheless, we must
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emphasize that the observations of refer-
ences 1-4 cannot by themselves demonstrate
CP noninvariance, and that it is quite difficult
to exorcise the particle-mixture theory by
measurements on 27 decays alone. The only
difference between the predictions of the CP-
invariant particle-mixture theory and the hy-
pothesis of CP noninvariance with respect to
these decays is the following: Whereas the
first requires that the rate of appearance of
LLD events arising from a beam which con-
sists originally of pure K° be exactly equal

to that from a beam which is originally pure
K°, the two rates need not necessarily be equal
if CP invariance is abandoned. However, on
the basis of TCP invariance alone'® and the
known masses and lifetimes of K, and K,, we
conclude that such an asymmetry cannot ex-
ceed 5.7% and may very well be much smal-
ler. Consequently, such a direct demonstra-
tion of CP noninvariance may not be forthcom-
ing in the near future. In the absence of such
evidence, one could even argue that the pos-
tulation of a particle state S almost exactly
degenerate with K° and a superweak!* CP-in-
variant interaction (which is all that is required
to provide the necessary mixing of S and K )
may be preferable to an as yet unspecified
CP-nonconserving interaction.

It is therefore a question of the utmost im-
portance to examine processes where CP non-
invariance could manifestly appear. The mea-
surement of the charge asymmetry*® in the
leptonic decay of long-lived neutral kaons
acquires a special significance in this context.
If the AS =AQ rule is valid,'® this asymmetry
is expected to be of exactly the same magni-
tude as the one discussed in the previous par-
agraph and may perhaps be easier to measure.
Its value is predicted by the CP-noninvariant
theory once the experiments analogous to those
of references 1 and 2 have been performed
for the 2m° mode. The CP-invariant particle-
mixture theory, on the other hand, forbids
the existence of any charge asymmetry.
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The S-matrix methods that have been devel-
oped in recent years have usually been applied
to problems involving strong interactions only.!
The methods are based on the assumptions of
unitarity and analyticity. However, it is pos-
sible that these assumptions might also hold
true for the other types of reactions, and thus
it is instructive to use these techniques in other
fields too. In this note we apply S-matrix meth-
ods to interactions between leptons; in particu-
lar, we try to estimate the mass of the inter-
mediate vector boson using the bootstrap tech-
nique.?

In our calculation we limit ourselves to the
simplest type of process, namely, that of elas-
tic neutrino-antineutrino scattering, for which
only one helicity amplitude has to be considered.
We ask ourselves whether a neutral intermedi-
ate vector boson W° can exist. If it does exist,
it should appear as a pole both in the s and ¢
channels. Following the usual bootstrap pre-
scription, we use the pole in the { channel as
the input for our system of N/D equations. We
then look for a zero of Re(D) in the s channel,
which should occur at the same value as the
pole in the ¢ channel. Moreover, at these two
points the residue at the pole should have the
same value. If this happens we can say that
the system of equations explains the occurrence
of the W? in a self-consistent way.

For vv elastic scattering, the only parame-
ter which has the dimensions of mass is M,
i.e., the mass of the W°. It is advantageous
to use the variable x =s/M,,? in writing down
the dispersion relation (s, as usual, denotes
the square of the center-of-mass energy in
the s channel). If we define b =47sB and n =47sN,
then our input takes the form

b(x) =24 (1 +1/x)*In(x + )= (3 +1/x)}, ey
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while the dispersion relations for the numera-
tor N and denominator D functions are now of
the form

n(x)=b(x) 42 ooo—::(—,—)%:-;l—,[%b(x’)—b(x)]dx’, @)

D(x)=1-

_x_f“’ n(x)dx’ 3)

an2Jy, x'(x'-x)’

If we describe the effective Lagrangian of
the weak interaction by

L= ~(G/V2)JJT,

then our coupling constant is given by

f2= cszNi. (4a)

Assuming that the coupling constant of the scat-
tering v +v - v +7 is the usual G of the weak
interactions, we find that

f2=10"5M 2/M 2/2 (4b)
w b

(where M) denotes the proton mass), which
gives us a relation between the coupling con-
stant and the mass of the intermediate vector
boson.

As mentioned previously a single-channel
bootstrap calculation provides for the self-con-
sistent determination of two parameters, usu-
ally the mass and the coupling constant of the
exchanged particle. The equation for finding
the mass in our system is

ReD(x=1)=0, (5)

and the coupling constant can be determined
from

3 n(x)
= S an ) L ©)
x=1



