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Some rare decay modes of the K meson in a current-current quark model.
L K ~ n t +t decay *
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K'~m'I'I decay is calculated in a zero-parameter modified baryon-loop model which has proven

successful in describing the weak radiative kaon decays. The weak Hamiltonian is phenomenologically

constructed from one-baryon octet matrix elements. The predicted branching ratio of the loop model

r,(e'e )= I (K'~ m'e'e )/I'(K'~ all) = 1.6 X 10 ~ [with r,(p'y, ) = 0.3 X 10 6 ] compares reasonably with

the prediction of a recent gauge-theory calculation of Lee and Gaillard, r, . (e+e ) 10 6 {with accept-
able values ranging between 3 X 10 and 0.5 X 10 ~) and is to be compared with the presently avail-

able experimental upper bound r',"&(e'e )&0.4 X 10~. %e also find the ratio 1 (Ks ~ w e'e )/
I'(K'~x'e'e ) to be essentially zero in the loop model, as opposed to its value of unity in the gauge-

model calculation.

The baryon-loop model, ' suitably modified for
weak interactions, ' ' continues to prove success-
ful in its description of the weak radiative kaon de-
cays. Attention must be paid to (i) the very recent
agreement of the model's prediction' of

F~„( K~0- v'v y)/F(K~ Oall) =7.8 x10 ' uithout
renoxmalization to Kl', - yy with the experimentally
measured branching ratio' F(K —~o w'w y)/

F( K~0- all) =(6.8 +1.9) xi0 ', as well as (ii) the
excellent agreement of the predicted branching
ratio4

r~ (K' v'v y-, 068 T,.~8OMev)
F(K'- all)

= 1.6 x10-'

with the experimental result of Abrams et al. , '
(iii) the model's qualitative explanation for K~ - yy
decay, ' and (iv) the consistency of the predicted
branching ratio' r = F~ (K'- v'yy)/F(K'- all)
= 0.64 x 10 ' with the present experimental upper
limit r„~ &3.5 &&10, which have been cited in
earlier communications. ' ' In this paper, as part
of the further exploration of the predictive power
of this redo Parameter model,-we take up the de-
cays K'- w'l'l and K08 vol'l .

In the modified baryon-loop approach, one re-
places the (parity-conserving) weak nonleptonic
Hamiltonian density relevant for hyperon decays, ' "

3C =~2Gcose sine -'(dc-'" d~'4"")

by an equivalent weak Hamiltonian,

3C~=-M2Ii Tr([B,B]X~)+v 2 DTr({B,B] As),

(2)

expressed in terms of physical baryon fields. "
3CI, is constructed from the parity-conserving one-
baryon-octet matrix elements of X~ so that

&B)13CwlB~& =&B~I3ColB &

=2v 2 9, ( if„;E-+d„,D)u;, (3}

in a parametrization due to Gronau. " He finds in
a (semiphenomenological) current-algebraic treat-
ment of nonleptonic hyperon decays based on the
symmetric quark model" a remarkable fit to the
experimental amplitudes for the values I' =4,7
X10 ' MeV, D/E=-0. 85. Thus, the total interac-
tion Hamiltonian for virtual photon decay is"

3C, =v 2 gf Tr([Biy„B]M} M2 gd Tr-([Biy„B]M)

+-,eA„Tr([By„,B]Q)

+ieA„Tr([M, 8 "M] Q)+3CI„

where, as in our earlier work, we follow Gronau
in taking d/f =1.8 (d+ f =1) with g'/4m=14. 6. Al-
though in principle one has SU(S}conserved at ver-
tices but broken in hadron masses, 'o in practice
one neglects such breaking in the baryon octet, re-
placing the differing intermediate baryon masses
by a "mean" baryon mass (m) of 1 GeV. ' '

For K'- w'l'l decay there occur two types of
loop graphs, "virtual bremsstrahlung" graphs and
structure graphs, examples of which are shown in
Fig. 1. [A loop-model description of this decay
was first suggested by Cabibbo and Ferrari" a
long time ago and before the introduction of SU(2)
symmetry, and it is useful to note that those fea-
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tures of their treatment which pertain to gauge in-
variance are preserved in the present calculation. ]
One finds (as in the calculation of Ref. 13) that the
"dominant"'4 part of the contribution of the "virtual
br emsstrahlung" graphs, where

x(k+P)"a„(k -P)J, (5)

Ab„(K'-w'l'l )=
w

[6dfF+3(f2- d2)D]
E

/4m' I -m /4m I -m /4m' I -m '/4m'

and"

a" (k -P}= —
(k P

&(P )y"o(P, )
I

cancels against the corresponding leading contri-
bution coming from the structure graphs. " Thus
the calculation must be carried to O(k; k, /m') in
the external invariants k, k, (k„k, =P, k) to pro-
duce the gauge-invariant amplitude,

A(K'- w'l "l )

=A (0}[(P k-P')k" +(P k-k')P"]a„, (8)

where P'=m, ', k'= m~'. The contribution of the
(four) "virtual bremsstrahlung" graphs to the
gauge-invariant amplitude [E(l. (8)] is straightfor-
wardly obtained from the closed form given in Eq.
(5) by expansion. However, the contribution from
the (six) structure graphs to the expression (8)
represents a more formidable calculational effort.
One first reduces the six structure contributions
to three, making use of (a} the symmetry of the
trace of (Dirac) matrices under transposition, (b)
the invariance of the Dirac trace under the simi-

where N is the number of f -type matrices in the
unitary-spin trace. The unitary-spin traces are
themselves accomplished with the aid of the iden-
tities"

is
»(d;fyfgf)) =

4 (d;,.f.g(+d;((.f dg+d;g. f.,(»

Tr(f; df df d)) = —'3 p (f;,„d„g( +f„„d„,,)

+Tr(d, f,f„f,), . (10)

so that one obtains for the aforementioned three
structure contributions

larity transformation such that C 2(y")rC = -y",
(c } the reflection i- -i of the loop momentum, and
(d) the result that

»(f.d )=»[(f d " )'1

=Tr( d, rf, r)

= (-I}"Tr( ~ ~ ~ d,f,),

4
= 16f 2 6'6'[)edfg ~ (T'f'-*6')D)J,Tr[y(f-m) 'f(f f-m) 'y(f f —f-m) '[, (»6)

A'") (K' —w'l 'l )structure

1 f '(g[ f2 66()rfd'F-2'6 )re[f,Tr[y'(f-m) 'f(f+f-m) 'y (f f-f )'[, (((6)-
A',„'„„„„(K'-w'l'l )

(dd* g[gerd+ fg,
' '

( f*frdj2))g, T ty, (f ) f-(f-f ) —«'(f 'f f-)'); (»-)-'
note that we have eliminated the pion momentum p in favor of that of the virtual photon, q. In fact, re-
writing A(K'- w'I 'l } in terms of q and k, one finds alternatively

(12)A(K' —w'l'l ) =A, (0)(-q'k" +q kq")a„, ~

so that by choosing k a =0, q' =0 in the Feynman integrals of (11a)-(Ilc) we may "read off" A, (0) as the
coefficient of q kq a; note also that the contribution to A. ,(0) 66 k'q a should vanish in this case. One finds
the confirmatory results
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A„,„„„„(K'-&'1'l;k a =q' =0)
4

=i16v 2 g'e'[~dfF+( ,' f'--+d'}D] q a[(-2q k-2k')+2(2q k —4k')+(-2k'}] (13a)

1(K'- v'l'i;k a =q =0) =48v 2 g e [dfF+(yf —vd )D] 2 ~(-q a)(2k —2q k), (13b)

with"

A, (O) = 3, ,' [v~fF+(Yf'-+~')D]. (14)

The decay rate is given by

' 200m~(K'- &'l'1 ) =o.' ~
3 6 [dfF+(~f'-v'd')D]2

2+ 2 2 Nl
2 2m 2

X l(mg +m~ - yaag )/2m~ 4m

)
(d -m~ 2 + 2 2

m ml(' + m ~ 2m~+ m~ +m, —2m~(d

(15)

where m, is the lepton mass (m, =m, , m&}. Ex-
pression (15) yields a branching ratio, " with

(
' )= ( } =1.6xl0 '

r(K -all) (16) (18)

[with r, (p,
'

p ) =0.3 x10 '], which in view of its
sensitive dependence (1"0: m ') on the "mean"
baryonic mass (taken to be 1 GeV)" is still com-
patible with the present experimental upper
bound, "x',"~(e'e ) 6 0.4x10 '. We note further-
more that a recent calculation of this branching
rat&o by I.ee and Gaillard" in the gauge model of
Salam" and Weinberg" predicts a branching ratio,
ro' (e'e ) -10 ' (with acceptable values ranging
from 3x10 ' to 0.5x10 '). We hope that experi-
mentalists will meet the challenge these predic-
tions pose with a measurement of this decay rate
in the near future.

The decay K~ - 7t 'L'L can also be calculated in
the modified baryon-loop model; however, in con-
trast with the gauge theory calculation of Ref. 22
[where it is found that" A(K'- v'e'e )
=A(K~- v e'e )], one finds in the loop model no
simple relationship between K ~ - m'L 'L and K'
—v'1'i ." Only the structure graphs [Fig. 1(b)]
are present in the case of K ~

- ~ 'L ' L, so that
their contribution toA(Ko~- w'I'1 ) is gauge-in-
variant by itself. We find in a, calculation com-
pletely analogous to that given for K'- ~'L'L
above that

A(Kz —v'l'i;k a=q2=0)

= -4 v 2 g'e'[ 2df F + (f'+d')D]

x[(-2q k -2k')-(2q k-4k')+(-2k')],

However, since ~A, (0)/A, (0) ~-10 ', r,(e'e ) is

(a)

(b)

FIG. 1. Graphs contributing to K —7(l'l decay in the
baryon-loop model. (a) Graphs for K'-~'L l decay via
the emission of a virtual photon from either charged
leg ("bremsstrahlung graphs"). There are two additional
graphs (not shown) obtained by inserting X~ in the lower
segment of the fermion loop. (b) Structure graphs
for K —el+i decay. (Only this class of diagrams con-
tributes to K~& —~l'L decay. ) There are three addition-
al graphs (not shown) obtained by inserting Xz in the
lower segment of the fermion loop.
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essentially zero in the loop model.
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