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Using a model in which the decays K,z — Il occur through a two-photon intermediate state, and con-
sidering only the absorptive part of the amplitudes, we obtain lower bounds on the ratios Rate(Ks, — II)/

Rate(Ks,z = vv).

1. INTRODUCTION

HE decays Ks— il and Ky — Il are of interest
for several reasons. Both are forbidden to first
order in the weak coupling constant w, since couplings
of neutral lepton currents to hadrons are believed
absent. A search for these decays, therefore, places
upper limits on the possible strength of such couplings.!
At the same time, the decays are not strictly forbidden,
and can occur in two distinct ways: by the combined
effect of weak and electromagnetic interaction,?? lead-
ing to an amplitude of order wo? (¢ being the fine-
structure constant), and by the weak interaction in
second order,* with an amplitude of order »?. The latter
contribution is of special interest as it depends on the
“weak-interaction cutoff’’ in those theories which give
divergent results for higher-order weak processes.?®
A theory has also been proposed in which the second-
order weak contribution to these decays is finite.® To
derive information about the details of the weak inter-
action from the experimental rates or limits of K°— /I,
it is essential to know the relative importance of the
weak-electromagnetic mechanism. In general, the
second-order weak and weak-electromagnetic ampli-
tudes will interfere. If, however, the observed rates are
considerably higher than the estimates based on the
weak-electromagnetic mode, one may attribute the
decays to second-order weak effects. i
A complete experiment on the decays Ks— Il and
K1 —Il, would consist of not only a measurement of
the decay rates, but also measurement of lepton
polarization and K 1 — K g interference. These additional
observations, though remote from present possibilities,
would yield tests of CP and CPT invariance in these
decays.” Here again, interpretation of the observations
requires some knowledge of the weak-electromagnetic
amplitudes.?

* Based in part on the author’s Ph.D. dissertation (unpub-
lishled), submitted to Carnegie-Mellon University (Pittsburgh)
in 1968.
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This paper attempts to give estimates of the weak-
electromagnetic decay rates of Ks— Il and K5 — .
We use as our model the decay of the K meson into a
pair of virtual photons which then materialize into a
pair of leptons. A calculation along these lines involves
evaluation of the Feynman diagram shown in Fig. 1,
and is beset with the problem of divergent integrals.
We note, however, that the Feynman amplitude has
an absorptive part which is finite and may be evaluated
exactly. It is thus possible to obtain an approximate
lower bound on the decay rates of K s— #l and K1 — I,
based on the absorptive part of the amplitude only, if
one knows the decay rates of Kg— vy and K1 — vy.
The latter has recently been measured by two groups®
with the result Rate(Kp— yy)/Rate(K;— all)=5
X107, corresponding to Rate(Kr— yy)=1.0X10*
sec™’. The decay K s — v has not been detected so far,
but a reasonable estimate of its rate can be made,
based on the model K s— #tr—(virtual) — vy, which
gives Rate(K s — yy)~2X 10% sec™1.1 The main results
of this paper are embodied in Eqgs. (14) and (15), which
represent approximate lower bounds on the ratios
Rate (Ks,.— il)/Rate(K s, — vv).

The decay K1 — Il was calculated by this method in
a previous paper.? We have included the results here
along with those for the decay Ks— Il to facilitate
comparison of the two cases. Throughout the discussion,
we treat K s and K1 as CP eigenstates, and assume CP
invariance for the decay amplitudes.

F16. 1. Feynman diagram for the decays Kz, s — I*I-.

9 M. Banner et al., Phys. Rev. Letters 21, 1103 (1968); R. C.
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2. ELECTROMAGNETIC DECAY RATES

The absorptive part of the amplitude given by the
Feynman graph of Fig. 1 is obtained most conveniently
through the unitarity relation

Abs(Itl-|T|K1,s)=% . kZ ,(l+l“| T|v(k,e)y' (B €))*

X{y(k, &)y (k)| T|Kyr,s)(2m)**(Q—k—Fk"). (1)
Here |v(k,e)y’'(k',¢’)) is a real two-photon state (on
the mass shell) with %, £’ and e, ¢ specifying the 4-
momenta and 4-polarizations, respectively. We denote
by Q, ¢+, and p_ the 4-momenta of the K meson, I+,
and {~. The symbol 3" i,¢,e stands for an integration
over the photon momenta and a sum over photon polari-
zations. If the matrix element ((tI~| T'|yvy’) is evaluated
in the Born approximation, Eq. (1) gives exactly the
absorptive part of the Feynman graph (Fig. 1).

Because of CP invariance, the decay of K s produces
an /*/~ pair with quantum numbers J=0, CP=+1,
corresponding to a 3P state (C=P=1). Only the parity-
violating weak interaction takes part here. Similarly,
K decays into a !*/~ pair with quantum numbers
J=0,CP=1, which is a 1S, state (C=1, P=—1). Only
the parity-conserving part of the weak interaction
contributes in this case. Using CP invariance and gauge
invariance, the matrix elements {(yy’|T|K,s) may be
parametrized as follows:

[(2w) (2") JV2(y (k,e)y' (R,€) | T| K 1)
=(y(k,e)y' (k') [ M| K 1)

=2f(K1— YY) €wpo€n&s'k ok’ /M2, (2a)
[(20) (2") J¥2(y (k,e)y' (k',€') | T| K s)
= (y(k,e)y' (k',€') | M| K 5)
=f(Ks— vyy)e-€ (2b)

(w, ' are the photon energies and M the K-meson
mass). In the rest frame of the K meson, and using the
gauge e-k=¢'-k'=0, we get
(v (kye)y' (k',€) | M| K 2)= f(Kr— vy)eXe -k, (3a)
(v (k,e)y' (k') | M| K 5)= f(K s — v¥)e-e'. (3b)
In terms of f(K1,s — vv), the decay rate of K1, s — vy
is given by

Rate(Kr,s = vv)=|f(Kr,s— vv)|*/16zM. (4)

For the purpose of carrying out the polarization sum
in Eq. (1), we choose as the two independent polari-
zation states of the 2y system the CP eigenstates
given by
|kk'; CP==1)

= ANL|k(L)E (L)% |k(R)E' (R))]. (S)

Here L (R) denotes helicity —1 (+1). The decay

SEHGAL

183

amplitudes of K1, and K g to these states are
(kk'; CP=~41|M|K1)=0,
(kb ;CP=—1|M|KL)=V2f(KL— YY),
(kk'; CP=+1|9M|K 5)=V2f(Ks—77),
(kk'; CP=—1|9M|K g)=0.

The unitarity equation [Eq. (1)] may now be written

Abs(itl-| M| K 1,s)

d%k d*k’

Z —2-:’. (2m)®

X E oy’ K ) |9 7

(6)

=3X3 (2r)*8(Q—k—F')

1
=EE\/ZJ'(KI;3 — )]
X / d cosO(HH-| M| B,b's CP=F1)%.  (7)
-1

The relation of the invariant amplitudes (7= [91| K 1, )
and (JtI-|9|yy’) to the T-matrix elements is
(| T|Kp,s)= (m2/2ME)V¥(It1- |9 | K 1, 8),
(PN Ty )= (m*/4PER) (|90 [ vy'),
where E=%M 1is the energy of the lepton and m the
lepton mass.
It remains now to obtain the matrix elements
(I*I=|9n| k' ; CP= 1) describing the amplitudes for
pair creation by photons in a definite CP state. For

photons of arbitrary polarization, the invariant ampli-
tude is

o]y (&, (#',¢€))
(Y- vk (v ly-e)yk
%-p, W p_

©)

—e(e)| Jsto-

Using (v:€)(y: €)= ¢€ - e—ioue'#e, ! this may be written

- [on |y (ke (K',€))
=36"0(p4)[ieXe' (ov-k/k-pr—ov-k'/E'- )
—e-e' (v K/ prty-k/k-p-)Ju(p-). (10)
The first term is proportional to the amplitude for I+/-
creation from a CP-odd state of two photons, the second
from a CP-even state. Thus, we have
(|| ke ; CP=—1)
=V2(3)iv(p+)Lowy-k/k- pr—osy-K'/k' - py Ju(p-),

(11a)

||k ; CP=41)

=—V2(3)5(p) [y -k'/k - prty-k/k- p-Tu(p-),

(11b)
1t We follow the notation and conventions of J. D. Bjorken and

S. D. Drell, Relativistic Quantum Mechanics (McGraw-Hill Book
Co., New York, 1964).
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where we have chosen the photon momenta to lie along
the z axis: k=2%|k|. Since by angular momentum
conservation the I*/~ pair will be created in the helicity
state |It(L)i-(L)) or |H(R)I-(R)), it is enough to
know the decay amplitude to one of these states, as they
contribute equally to the total decay rate. Evaluating
the spinor products, we get from Eq. (7)

Abs(+(R)I-(R) |91 | K 1)

e? 2 it 1
=——1f(KL— vy)— [ d cosb—————, (12a)
327 MJ, 1—p2 cos?6
Abs(+(R)F(R) | 91| K 5)
e 2 it B cos?@
=i—f(Kg— vy)— / d cosb————, (12b)
327 M J_ 1—32 cos?

where 8= (1—4m?/M?)'2, The lower bounds on the
decay rates of K g 1 — I*l~ are given by

Rate (KS,L - l+l—) > (2#)_1[3 (m/M)2M

X |Abs(I+(R)I=(R) || K s,L)]?.  (13)
From Egs. (4), (12), and (13), finally,
— [~ 2 2
Rate@e > 1) )zéo;(-"i) f(mﬁ—’s) : (14a)
Rate(Kz— vv) M/ g\ 1-8

Rate(Kg— I1l-)

VvV

Rate(K s — v7)

m\2 1 1 1487
%az(_> —[—2+— 1n—€]. (14b)
M/ B B 1-pB

If we assume 8= (1—4m?/M?)2~1, we get the ap-
proximate form of the above equations:

Rate(K 1 — i) m\2/ M\?
_—> 2a2<—) (ln—) , (15a)
Rate(Kr— vv) M m

Rate(Kg— Itl7) m\? M
_—> 2a2<——) I:—l—}-ln—-] . (15b)
Rate(Ks— vy) M m

Table I gives the numerical values for the ratios
Rate(K 1,5 — I+1-)/Rate(Kz,s— 7v),

computed from Eq. (15), as well as branching ratios for
Rate(Ky,s— It17) based on Rate(Kr, — vy)=1.0X10*
sec™! and Rate(K g — yv)=2.0X10* sec1.

3. DISCUSSION

We have calculated lower bounds on the electro-
magnetic rates of K1 — I*l~ and K g— Itl- by taking
only the absorptive part of the decay amplitude in our

TaBLE 1. Electromagnetic decay rates of Ky — It~ and
K5 — I*l~, The branching ratios

Rate(Kz,s — I*l7) /Rate(Kr,s — all)

are obtained on the assumption Rate(KL — vy) =1.0X10* sec™®
and Rate(Ks — yy) =2.0X104 sec™.

Lower Experimental
Ratio bound limit

Rate(Kr — ptu~)/Rate(Kr — vy) 21.1X1078
Rate(Kr — u*u~)/Rate(Ky —all) 2>80X107° <1.6X107%»
Rate(Kr — e*e™)/Rate(Kr — vy) 24.7X1078
Rate(KL — e*e™)/Rate(Ky —all) 23.6X1071 <1.8X1075»
Rate(Ks — ptp~)/Rate(Ks — vy) 21.6X107¢
Rate(Ks — utp~)/Rate(Kg—all) 22.7X1072 <7.3X1075»
Rate(Ks — e*e™)/Rate(Kg — vy) 23.7X107°
Rate(Ks — e*e™)/Rate(Kg—all) >6.0X10715

= M. Bott-Bodenhausen et al., Phys. Letters 24B, 194 (1967).

model. A calculation of the dispersive part cannot be
done reliably because of the uncertainty associated
with the cutoff required for a convergent result. Still,
one may hope that the dispersive part of the amplitude
is roughly of the order of the absorptive part, so that
the actual electromagnetic rates will be greater than
the lower bounds of Table I by only a small factor.
Two interesting situations can be envisaged. First, the
decays Kgs— It~ and Kj— I*l~ might be observed
at rates considerably kigher than our estimates. It
would be natural to conclude then that the second-order
weak amplitude dominates the weak-electromagnetic
one. Second, the decays might be observed at rates
much lower than the estimates we have made. This
could be explained by assuming that the second-order
weak and weak-electromagnetic amplitudes are com-
parable, but that they interfere destructively to produce
a low decay rate. The possibility of interference
certainly exists, because whereas the weak-electro-
magnetic amplitude has both an absorptive and a
dispersive part, the second-order weak amplitude has
no absorptive part at all, since no real intermediate
states are possible.®

We observe from Eq. (15) that in both K and K
decays, the e mode is slower than the u mode by roughly
a factor of (m,./m,)?. A similar strong suppression of the
e mode relative to the 4 mode is expected in the second
order weak process.” If the e:u ratio is very much
different from (m./m,)?, one would be faced with a
puzzle that might necessitate the introduction of
neutral lepton currents”? and/or a departure from
p-€ symmetry.

13 M. L. Good, L. Michel, and E. de Rafael, Phys. Rev. 151,
1194, (1966).



