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I. INTRODUCTION

The decay Kr*ﬂ'e+e—'was suggested some time ago as a process in
which effects due to (virtual) heavy quarks may play an important role.
In particular, in the four-quark model Gaillard and Leel considered this
decay as occurring mainly through a mechanism involving an effective sdy
vertex whose origin was in diagrams with a virtual u or c¢ quark coupled
to the photon.

For the decay K%:+n+e+e_ the width predicted from such considerations
is of the right order of magnitude to agree with its measured value,2
which was often regarded'as a success of the theory. However, later calcu-

lations3’4’5

of the QCD corrections to the free (with respect to strong
interactions) quark result of Ref. 1 show that they not only change its
magnitude, but, with typical choices of parameters, its sign as well.
Furthermore, the analysis in Ref. 3 would indicate that other diagrams
give contributions to the amplitude for K%3+ﬂ+e+e— which are just as im-
portant as the mechanism of Ref. 1. From the point of view of making
accurate predictions it is discouraging that some contributionskenter with
opposite signs.

In this paper we will reconsider the decay K-+ e+e_ in the six quark
model with QCD corrections. Because of the entrance of virtual heavy
quarks into the calculation of the effective interaction, the additional
b and t quarks of the six quark model could be of some imporfance, as
could the change in QCD corrections due to their presence.

of evenimore concern to us here, and what led us to undertake this
investigation, is the question of CP ;iolation. The decay K'-*ﬂ°e+e— is

2

forbidden with only one intermediate vy (or 7°%) if CP were conserved. The



physical situation, where CP is not conserved, permits contributions to
KL°->ﬂ°e+e_ both from the KOQE() mass matrix and from CP violating decay
amplitudeé. As already noted hy Ellis et al. 6 in the six quark model
without QCD corrections, the presence of a virtual t quark in the diagram
leading to an effective sdy vertex can yield a CP violating contribution
from the decay amplitude comparable to that from-the mass matrix. We
investigate this question here within the context of full QCD corrections
to both the CP comnserving and CP violating amplitudes.

In the next section we present the general method of calculating an
effective Hamiltonian for processes of the type K&1Te+e_, with QCD correc-
tions performed in the leading logarithmic approximation. The technique
we adopt is somewhat different than used previously,4 but equivalent.
Section III is devoted to examining the results of applying the method
to the specific case of six quarks, with numerical results given for both
the CP conserving and CP violating parts. The dependence of QCD correc-~
tions on the choice of parameters is discussed and the physical reasons
for their sign and magnitude established. This is applied to CP violating
effects in KL->ﬂ°e+e—, where QCD corrections are found to cause a change
in relative sign between the real and imaginary parts of that portion of

+ - . e
the decay amplitude arising from the s+dy-+de e single quark transition.

IT. THE EFEECTIVE HAMILTONIAN FOR K~+7 e+e-
The task of deriving an effective Hamiltonian for weak decays of the
type K-> e+e— is accomplished in a very similar manner to that for the
effective Hamiltonian for AS = 1 nonleptonic processes which we have

recently considered in the six quark model. The only notable but obvious



change is that the matrix elements of the effective Hamiltonian are
generally to be evaluated to order e2, the lowest relevant order in
electromagnetism. In the particular case of a six quark model of the
weak and electromagnetic interactions, one successively considers the
W boson, t quark, b quark, and ¢ quark as heavy and eliminates them
from explicitly appearing. The resulting effective Hamiltonian contains
only u, d, and s quark fields and can be written as a sum of Wilson coef-
ficients times local four-fermion operators,z;CEQi.

This sum contains exactly the same six locél four-quark operators
as the previously calculated nonleptonic effective Hamiltonian7 (which
are order e® and hence their matrix elements must be evaluated to order

2 + -
e” for K+7 e e ) plus one more operator.

2
. Q, = (Z—H)EYU (1-vg)d Ty e
which is of order e2 and hence its matrix element need only be evaluated
to order e° to get an amplitude correct to order ez.

Furthermore, on recognizing Eyu(l-y5)d as the quark representation
of an isospin rotation of the usual strangeness changing weak current,
its matrix elements between K and 7 can be identified with those involved
in the decay K-+ 7mev. The magnitude of T(K—+nm e+e_) arising from just

the new term C7Q in the effective Hamiltonian is then directly pro~

7
portional to C;r(Kr+nev), with completely known factors in the proportion-
ality.

Having laid out the general features of this problem, especially in

comparison with the earlier comstruction of an effective Hamiltonian for

AS = 1 decays to order eo, we proceed to the actual calculation relevant



to this paper. Most of the details will be relegated to an appendix and
we will draw upon some results derived in our earlier work,7 stressing
only new aspects of the calculation.
In the standard SU(2)®U(1l) model of weak and electromagnetic
interaction the six quarks are assigned to ri
(@gs (@ps (g3 (85 (Bps (b)y

and left-handed doublets

@) () G,

of the weak SU(2) gauge group. The primed fields are not mass eigenstates.
However, they can be related to mass eigenstates by a unitary transforma-
tion, With the standard choice for the phases of the quark fields this
transformation has the form

4’ c -s.¢

1 13 ~81%3 4\
L _ 16 is
s =1 s ¢1C,Cq S,858 C1Cy83 + s,cqe s (L
: 18 _ 18
b 5152 C1SyCq + cy84€ C18,83 c,cqe b

I

where ¢, = cos 6., s,
i i

i sin ei, ie{1,2,3}. The signs of the quark fields

are chosen so the 8 8, and 6, lie in the first quadrant. Then the

1° 72 3

quadrant of the CP violating phase § has physical -significance and cannot
be chosen by convention. The measured phase of the CP violation parameter

g€ can be used to determine8 that § lies in the upper half plane if 8 and

s, can be treated as small quantities.

3

In the absence of strong interactions an effective Hamiltonian for

K=+ e+e— can be derived by treating the charged W boson as very heavy

5
and keeping only the leading contribution in l/MW' Then9
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where
) _[= — — —
0q _'Bsaua)V—A (quB)V—A * (sada)V—A (uBuB)V—A] - lvral, (3)
and
Aé =s,¢, (C1c2C3 - SZSBEiG)" ‘ (4a)
A, = sys, (clszc3 + czs3e_id) . (4b)

In Eq. (3) the color subscripts & and B are summed over {1,2,3} when
repeated, normal ordering of the four-fermion operators is understood,

and the notation
@y @y = (F0)Y, A =15)0(0) 1F(IY (1 =y ¥ (o) ] (5)

is used. Since the electromagnetic fine structure constant is small the
K-> e+e— matrix element of the effective Hamiltonian is to be evaluated
to the lowest possible order in electrdmagnetic interactions (i.e.,
order e2).

Now introduce the strong interactions in the form of quantum chromo-
dynamics (QCD). Thé effective Hamiltonian in Eq. (2) with the W boson

removed is replaced by9

2 +
G a(Mw) a
- _ _F (+) +)
Hors 23 [[u(uz)] (4,07 + A0 )
(6)
2 )
+[G(M§)] 0 (A 0l & Atoi')) l + h.c. ,
0-(11 ) c cC

where the leading logarithmic approximation has been used. In Eq. (6)

2, . . . . .
a(M”) is the running fine structure constant for strong interactions and



= 6/(33 - 2N)
()

2

al?) = -12/(33 - o))
where Nf is the number of quark flavors, which equals six at this stage.
The K> 7 e+e— matrix element of the effective Hamiltonian in Eq. (6) is
to be evaluated to all orders in the strong interaction, to zeroth order
in the weak interactions, and to order e2 in the electromagnetic inter-
action.

The next step is to consider the t quark as very heavy and eliminate
it from explicitly appearing in the effective Hamiltonian for the decay
K=>7 e+e—. What happens to the operator Oéi) is identical with the case
of AS = 1 weak nonleptonic decays9 so we ﬁocus our attention on OEi).

Assuming that m is much greater than all the other quark masses

and the momenta of the external states allows us to expand the matrix

+
element of OE_) in terms of matrix elements of operators not explicitly
containing the heavy t quark field:9
B, () ' 2
<|ot |> = Z B, (mt/u,g)<|0il> +6(1/m) . (8)
i

The primed matrix elements are to be evaluated in an effective theory of
strong (and electromagnetic) interactions with five quark flavors, strong
coupling g', and mass parameters m&,m&,...,mé. That is
<lo,|>'= <|o,|>(gle,m,m! 5o com)) . (9)
To carry out the expansion in Eq. (8) in the leading logarithmic

approximation seven linearly independent operators are necessary. The

, . 7 . , ' .
first six may be chosen’ just as in the absence of electromagnetism



0 = (5,d )y (Ggugdy s
0y = (5,dg)y_, (¥gu )y s
03 = (544)y-4 :(Gsue v-p Tt (EBbB)V—A]
04 = (S4dgy_y :(GBuoz)V-A Foot (EBboc)V-A]
05 = (5,4,)y_s L(GB“B)V+A Feeot (EB‘;’B)WA]

0 = (5dp)y_s [(EBuu)VH\ Teeot (BBba)\HA]
and close under strong interaction renormalization in the absence of
electromagnetism. 1In the presence of electromagnetism a seventh operator
must be added; it is chosen most straightforwardly to bel

2

0. =3-(sd)

7 41 ‘o a’V-A (ee)V * (11)

We choose instead to define for calculational purposes,

2
(- e - =
0} = (?)(sada)v_A (ce)y - (12)

The utility of our definition will become clear shortly,

With either definition of the seventh operator, the Wilson coef-
ficients Bgi)(mt/u,g), as defined in Eq. (8), are independent of the
electromagnetic coupling e if we work to order e2 in the overall ampli-

tude. They satisfy the renormalization group equation9

7 .
: 2 I €5
El‘:(u -8—1-:1- + B(g) og + Yt(g)mt amt’+ Y (g)>6ij
R R E)

Here B(g) is the QCD beta function, which has the perturbation expansion



3
B(g) = -(33 - W) E=+ 02 (14)
£ 3
48w
with Nf = 6. The Y(i)(g) are the anomalous dimensions of O(i), with

perturbation expansion

Y'(+)( y = _&5 + ﬁ(gl*) _ (15a)
4
-) 2 4
v = - B+ o) . (15b)
2T

The anomalous dimension matrix yij(g') is that of the operators Oi and
is to be evaluated in the effective theory of five quark flavors

(t quark removed). It is defined by

7
-1 d
' 1 -
Yy (87 E;ﬁ-zik Yan kg o (16)

where the Z(g') relate unrenormalized to renormalized operators via

(0) _ \ |
0. = %;_zij(g )0, (17)

With the more straightforward definition of O7 in Eq. (11) v'(g")

has the structure”

i1 v vt Y16 Y17
YEL o+t Tes Yg7
0 ... 0 0
In a perturbative expansion the Yij with 1 < 1,j < 6 all start in order
(g')z, but the Y4y start in order (g')0 and this difference in powers

of g' means that these two pieces of the anomalous dimension matrix must

be split off and treated separatelybin solving the renormalization group
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equations at each stage of removing another heavy quark field.* On
the other hand, with the definition in Eq. (12) which we will use, y'(g")

has the structure

] 1 \
Y11 © Y16 Y17

o ... 0 797

Now all entries start their perturbation expansion in order (g')z. The
solution of the renormalization group equations is a standard one which
may simply be extended from the 6 x 6 matrix case of ref. 7 to the 7 x 7
case of interest here. After that it is just a matter of brute force
computation. Both definitions of O7 of course give the same final
result, as is illustrated by an explicit calculation in Appendix A.

Notice that in either case the elements Y%j for 1 < i,j < 6 are
identical to those that would be present in the absence of electromag-
netism. An inspection of the renormalization group equation (Eq. (13))
then shows that the Bj for 1 < j < 6 obey exactly the same equations as
they would in the absence of electromagnetism. Thus the Wilson coef-
ficients of the operators 01""’06 will be the same as calculated
previously for the effective AS = 1 nonleptonic Hamiltonian.

The actual 7 x 7 matrix yij(g) to order g'2 is given in Appendix B.
Eigenvectors of Y'T, according to Eq. (13), correspond to combinations
of operators which are simply multiplicitively renormalized (i.e., do

not mix with other operators). We denote by V the matrix which diagonal-

izes y'T to give eigenvalues yg(g')with 1 <j<7. The solution to the
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diagonalized version of Eq. (13), the renormalization group equation for
+ -
the Bj(‘)(mt/u,g), involves a running coupling g(mt/u,g)defined as in

ref. 7, from which we define
o ﬁnz) = [g(m/u g)]2/4w (18a)
st t'"?

as(uz) = g2 /tm . , (18b)

More precisely, in leading log approximation the Bj(i)(mt/u,g) are related
in the solution to linear combinations of the Bi(i)(l,é) weighted by the
V's and powers of as(mi)/as(uz). Values for the Bi(i)(l,é) are obtained
by noting that at mt/u = ] the strong interaction fine structure constant
is small and no large logarithms are generated when the renormalization
point is equal to the top quark mass. The coefficients Bfi)(l,é) can be
replaced by their free (no strong interactions) field values. A direct
calculation of the effective Hamiltonian to order go and e2 with the W

boson and t quark removed from the theory gives

G
T -
Heff =~ —-—Ac[o ) + Oc( )]

272 ¢
GF
- ;;% At[(Ol + 02) + (—Ol + 02)] (19)

2
G 2 m
_Sr (2 <_e_> A gn<_.t_> (G d). (3e)
/§.<9) 4“2 t u2 o a’V-A v

where p is the renormalization point for electromagnetic interactions
and the calculation has been done in a mass independent subtraction
scheme chosen so that the coefficient of 07 has no pieces independent

of mt/u. From Eq. (19) we read off the free field values:



g (5 _ p (®)

1 = Bl (1,0) = 1
#) _ 4 (%) _
By ' =B, '(1,0) =+l
Y I I C I 20)

as in ref. 7, and, with our definition of 0!,

= B7(i)(§1{?:/u =1,g)

| -2 m 2
g( )£n(t )
9 2 2

‘An u

'

7

"

= 1 M

This last result follows even though O contains l/g'z, since the loga-
rithm vanishes when the remormalization point equals the t quark mass.
Our final aim is to derive an effective Hamiltonian independent of
the heavy W boson, t quark, b quark, and c quark fields. To do this the
b quark aqd ¢ quark must still be considered as heavy and removed from
explicitly appearing in the effective Hamiltonian. However, the key
differences between this calculation and that of deriving the nonleptonic
effective Hamiltonian for AS=1 weak decays have already been illustrated
in our discussion of how the t-quark is removed from explicitly appear-
ing in the theory. From here on we follow the path discussed in detail
in Ref. 7, defining effective couplings g'" and g''' in the 4 and 3 quark
theories, respectively, diagonalizing the transpose of the anomalous
dimension matrices y"(g") and y'''(g''') with matrices W and X, respec-—
tively, and treating all the solutions of the renormalization group
equations in leading log approximation. The actual matrices are found

in Appendix B. At the last step of removing the ¢ quark some care must
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be taken because there are only six (instead of the naively expected
seven) linearly independent four—fermion operators. With the brute
force portion of the calculation completed we revert from our choice for
the seventh operator, Q}, to Q7, with an appropriate factor in the cor-
responding Wilson coefficient.

In the light 3-quark sector the effective Hamiltonian for the decay
K>rm e+e_ is the following sum of Wilson coefficients times local four-
fermion operators. |

'%%ff = - ;g:slc2c3 %;'Ciqi + h.c. s (21)

where the sum is over i = 1,2,3,5,6,7 and

Q = (5,4 )y p (ugUgly s

Q, = (5,dg)y_p (gu)y_
Qg = (5,80 y_p [Ggugdyy + Ggdgdy p + (gsgly y]
Q5 = Gud)y_n [(gugdypy + @gdgdquy + (Sg3p)ginl (22)
Q= (3,dg)yp [Cuguydypy + (dgd)yn * (545,) gya !
2
Q = %n— (5,9,)y_4 (e)y -

This is to be compared to the corresponding effective Hamiltonian in the
"free quark model," i.e., no strong interactioms, which with the W, t, b,

and ¢ quarks removed from explicitly appearing is
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G
= F = =
Hets /5 1°1%3 (syuy)v-n (Updgdy-a
GF 2 e2 K ’ "mtz
—— <—9—‘IT—><ET_> AC n (___Cz >+ At n (—'—2 ) (23)
/2 " "
X (Sadu)V—A (ee)V + h.c.
The matrix elements of the operators Qi in the effective Hamiltonian (21)
are to be evaluated to all orders in the effective theory of strong inter-
actions with 3 quark flavors and coupling g''' (since strong interaction
perturbation theory is probably not valid), and to the lowest possible
order in electromagnetic interactions. The Wilson coefficients Ci are
independent of the electromagnetic coupling e. Each Wilson coefficient
2

has a real and imaginary part, being of the form a + bt where T = Sy +

§,CyS3 e—iG/clc3 and a,b are real numbers. The imaginary part arises
from diagrams with virtual heavy quarks. The operators Ql’ Q2, Q3, Q5
and Q6 occur in the effective Hamiltonian for AS =1 nonlepfonic weak
decays and their Wilson coefficients are the same as in that problem,7

where the operator Q7 (which arises due to electromagnetic interactions)

is absent.



ITI. NUMERICAL RESULTS AND DISCUSSION
We now proceed to choose a parametrization for a(Mz) and values for
the W boson and heavy quark masses in order to evaluate the coefficients
of the local four-fermion operators in the effective‘Hamiltonian.
In leading log approximation, within which we are working,

2 12n 1
a (Q7) =
s 33, %)

(24)

We shall take A2 = 0.1 GeV2 or 0.01 GeVz, thereby including roughly the
range of values suggested in recent experimental and theoretical analy-

ses.lo

If the leading log approximation is in fact valid, the calcula-
tion is insensitive to the precise value of Az. We take m, to be 1.5
Gev, m = 4,5 GeV, and m, = 15 GeV or 30 GeV, and do not differentiate

between, for example, m and mg, the b quark masses in the effective

strong interaction theories with 6 and 5 quarks, respectively. Mw = 85

GeV. Finally, since as(uz) is to be of order unity, we let as(uz) 0.75,

1.0, and 1.25.

'Values of the coefficients of the local operators Ql’ QZ’ Q3, QS’
Q6 and Q7 in Eq. (21) were calculated for the values of the parameters
given above. As mentioned in the previous section, the coefficients of

all but Q7 are exactly the same as in the absence of electromagnetism ‘

and are found in ref., 7. Values of C7 for A2 = 0.1 and 0.01 GeVz, m, =

15 and 30 GeV, and as(uz) = 0.75, 1.0, and 1.25 are found in Table I.

2

Choosing one "typical" case (A2 = 0.1 GeV", m, = 15 GeV, and as(uz) = 1)

and combining the results here with those in ref. 7, we have
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G .
= - X -

Hags = = SlClCB{( 0.87 + 0.036T)Ql
+ (1.5 - 0.0361)Q,

+ (-0.021 - 0.0121)Q,

- (25)
+ (0.011 + 0.0077)Q,

+ (-0.047 - O.O72T)Q6
+ (-0.066 + 0.0581)Q, } ,
2 ~-1i8
where T = s, + S,C 848 /clc3.
To check on the sensitivity to varying other aspects of the calcula-

tion, Table II contains the values of C, that follow in the six-quark

7

model with 62 = 63 = 0 (so that 7 = 0) and with mixing of the "penguin

operators" Q3, QS’ and Q6 with Ql’QZ and Q? neglected, In Table III on

the other hand, values of C, are given which pertain to the four quark

7

model, again with mixing of the '

'penguin' operators Q3, Q5, and Q6 with
Ql’ Q2 and Q7 neglected. Comparison of Tables I, II, and IIT quickly
shows that for a given value of Az‘and as(uz), changing m, from 15 to 30
GeV, dropping mixing between "penguins'" and the usual operators, or
going from a six quark to four quark model each results in less than a
factor ~1.5 change in Re C

Of course, setting 6, = 63 = 0 or going

7° 2
from the six to four quark model (Tables II and III, respectively) makes

2 -ié _ .
T = 8, + szczs3e /clc3 = 0 and therefore forces Im C7 = 0. Changing

A2 from 0.1 to 0.01 GeV2 or as(uz) from 0.75 to 1.25 makes a somewhat

2
larger effect -- over a factor of 2 for either A2 or as(u ) in some cases.

Note that din the case of changing A2 both Re C. and, when applicable,

7
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Im C7 (proportional to the coefficient of t) change, and that they both
change magnitude in the same direction. Thus their ratio is somewhat
less sensitive to changes in parameters than each is individually.

More interesting is to compare the results with QCD corrections
to those of the "free quark model," i.e., g = 0. 1In this latter case
we read off from Eq. (23) that

~ _ 2 nEZ vmtz
C7 = + o I:Q,n<~;—-2—> + Tﬂ,n(—n-l—z)] . (26)
. o

We need to choose the scale parameter u in Eq. (26), which refers to
the renormalization point of electromagnetic interactions (QCD is turned
off!), if we are to make a comparison with the QCD corrected values of
C7. The obvious choice of u is such that as(uz) has the appropriate
value when the strong interactions are turned on (i.e., such that
as(uz) = 0.75, 1.00, or 1.25 in Table I). In Table IV we then list the
"free quark' values of C7 for Az = 0.1 and 0.01 GeVz,mt = 15 and 30 GeV,
and as(uz) = 0,75, 1.00, and 1.25, using this prescription for u in
Eq. (26). Comparison of Table IV with Table I immediately reveals that
Re C7 changes sign due to QCD corrections, but Im C7 (proportional to
the coefficient of t) does not. This result, which is at first glance
surprising, may be understood physically as follows.

If we again neglect strong interaction induced "penguin' type
operators (which we have seen make little numerical difference in C7),
then the operator Q7 comes about from heavy quark loops, as illustrated

graphically in Fig. 1. It is an "electromagnetic penguin operator,"

whose strength is determined by the integration over the momentum
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carried around the quark loop and the strength of the four-quark weak
interaction arising due to W exchange with QCD corrections. Analytically
we may rewrite the last integration in the formula for C;i) in Appendix A
(i.e., Eq. (A.14)) in terms of momentum instead of the running coupling.

Then we find, as in Ref. 3, that
d®> ), 2 (=), 2
¢, « [ 1P h - Pidr 27)
q

with C(+)(q2) and C(_)(qz) the coefficients of the operators
Oy = (syu)y_p (ugdedy p + (s,d )y y C(ugugdy

and

(]
|

= Gy (Cgdgdyon = Godys (gugdy s
in the effective Hamiltonian for nonleptonic weak interactions at a mass
(+
-)

squared scale characterized by q2. The coefficients of C and C(—) in

(+)

Eq. (27) stem from color. 1In the free quark model C = =1, and the

integration in Eq. (27) leads to the characteristic logarithms in Eq. (26).
In the integration range from uz to mc2 the ¢ and t quark contributions
(with coefficients AC and At’ respectively) add, leading to the first

term in Eq. (26) proportional to Qn(mczluz), while between m and m,

only the t quark contributes, leading to the second term in Eq. (26)
proportional to Tn (mtz/mcz).

With strong interactions turned on, C(+)(q2) is suppressed, while

-6/25 a

C(_)(qz) is enhénced, having forms [as(qz)/uS(sz)] nd

[as(qz)/aS(MWZ)]lzlzs, respectively, with four quarks operative. With

reasonable choices of strong interaction parameters the enhancement of

C(—)(qz) and suppression of C(+>(q2) for values of q2 < mc2 more than
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makes up for the extra factor two in the first term in the integrand in
Eq. (27) and the integral from uz to mc2 has the opposite sign from the
free quark model. On the other hand, for reasonable QCD parameters the
enhancement (suppression) of C(_)(qz) (C(+)(q2)) is considerably less at
q2 ~ mtz,and the integration range from mc2 to mtz, which contributes
the term in C7 proportional to T, turns out to yield a result which has
the same sign as the free quark model result. We then understand in a
fairly physical manner the change in sign or lack of it in applying QCD
corrections to the free quark model result for C7.
Precisely because of the cancellation between the two terms in the

integrand, the values of C_ after QCD corrections found in Table I are

7
in general considerably smaller in magnitude than those of the free
quark model which are given in Table IV. In any situation where an
operator is induced only through mixing with other operators its Wilson
coefficient will be the sum of several terms which partially cancel
against one another. However, in the case of both Re C7 and Im C7 it is

a particularly delicate cancellation and we are wary about taking the

QCD corrected results for C, too seriously. Also Re C7, like Re C6’ for

7
example depends primarily on integration from u2 to mc2 where the lead-
ing log approximation is most dubious.

With these limitations on the accuracy of the calculation in mind,
let us now look at the predicted rates for K+we+e_, and especially
Kr+woe+e— which to order e2 proceeds through violation of CP. First
let us calculate the contribution arising through the "electromagnetic

penguin' operator Q7 in the effective Hamiltonian in Eq. (21). For

K rtete™ we find an amplitude
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G 2
+ ++ - F et
AR»>m ee) = - 8,613 (4_">C7

f+ (K + 'lr)u eyue ,

(28)

where Ku and wu represent the K and v four-momenta, respectively, and f+
is the form factor in K’L3 decay. TFor comparison, this latter process

has an amplitude:

o GF f

A(K >T e v) = - §,Cq /~ (K + v) vY (1- ys)e . (29)

Similarly, the amplitude for Ks+ﬂ°e+e_ (neglecting CP violating effects)
is
G 2

A(Ké+woe+e_) =';§ 161 3<4 )C (-£ )(K4‘“) eY e . (30)

As already noted, to order e2 the amplitude for Kt+woe+e_ involves only

CP violating effects. Recall that

k> = (*e) |&° - (1- ) R
. I eTaE
2(1+|el)

The value of ¢ depends on the phase convention used for the IKO> and [K0>

. (31)

. o /=
states. We adopt the usual phase convention where the K (Ko) states

—iE-

have a quark content e sd (elgas) and § is chosen to make the KQ+Wﬂ

(I=0) amplitude real, apart from final state 7T strong interactions.

in/4

Then € =~ (2:;10—3)e and

G 2
A(Kt+ﬂoe+e—) = /; 161%3 ( ) (-£ )((E—-lg)Re C7 + 1 ImC )

(32)
x (K+ Tr)u Eyue
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In Ref. (7) it was shown that

E=£fIm CG/Re C6

when the fraction of the Ko+ (I=0) amplitude arising from the operator

Q6 in the effective Hamiltonian for AS =1 weak nonleptonic decays, f, is
-

large. The only measured decay of the form K*me e is K+r e e with a

branching ratio2 of (2.6 + 0.5) x 10—7. If this were all to arise from

the C7Q7 piece of the effective Hamiltonian it would imply

|c7l > 0.3 (33)

The values of C7 which are found in Tables I to III (with QCD cor-

rections) are all a factor two or more smaller than this.ll Tn addition
to those of Q7, other possible contributions, illustrated in Figs. 2a
and 2b have been estimated by Vainshtein.gg_gl.3 In our effective
Hamiltonian formalism contributions such as thesel? arise from taking
matrix elements of Ql’ Qz, Q3, Q5 and Q6 to order ez. With the "wvacuum

insertion" method of estimating matrix elements they find comparable con-

+ +

tributions of differing signs for the decay K++ﬂ e e . It is particu-

larly interesting that for Fig. 2b they find that the "penguin" term

C6Q6 in the effective Hamiltonian gives comparable contributions to the

normal (V-A) X (V-A) terms C + C This is unlike the case for

20y

ordinary nonleptonic AS =1 weak decays (such as K+mw) where matrix

1Y

elements of Q6 are argued to be strongly enhanced over those of Ql and
QZ' In the case at hand such an enhancement factor again arises, but is
compensated by a factor <r2>K+ - <r2>Tr+ in terms involving Q6 versus
just <r2>K+~in those involving Ql and Q2. Noﬁe that in applying this

. : - . o+ - o + -
method of estimating matrix elements to either Ks°+ﬂ ee or K»mee
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the relevant electromagnetic charge radius squared that enters is that
of the K° which, as.expected, is measured!3 now to be much smaller than
that of the K+ or n+. This gives some indication that the terms in the
matrix element of ClQ_l + C2Q2 involving the charge radius will be less
important in K°»1°e'e  than they are in Kontete.

One should also note at this point that the matrix elements of

6
2: CiQi taken to order e2 must be u dependent. This follows since C7 is

1
1 dependent while the matrix elements of Q7 are not,lLF so that matrix
elements of C7Q7 are explicitly u dependent. However, the total ampli-

tude obtained from the effective Hamiltonian cannot depend on the renor-

malization point, whose choice is arbitrary. Therefore the matrix

6

elements of the remaining terms, Z Cin, must somehow compensate for
1

that of C7Q7.

This fact can be seen most strikingly in the "free quark model"
effective Hamiltonian of Eq. (23). Here only the operators Q2 and Q7
enter. The logarithmic coefficient of Q7 is explicitly dependent upon
y, while matrix elements of the operator Q7 itself are not. The opposite
pertains to Q2: its coefficient is explicitly y independent, and hence
its matrix element must be u dependent in just such a way as to exactly
compensate the coefficient of Q7. Explicit calculation verifies this.

The same kind of situation occurs in the case of AS=1 nonleptonic
decays.7 There the Wilson coefficient of the "penguin' operator Q6 is
explicitly u dependent, but u dependence in the matrix element of Q6 as
well as in the matrix elements of éé CiQi must compensate that of C6

1
in just such a way as to make the net physical amplitude independent of
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the choice of renormalization point u (at least if the Wilson coeffici-
ents are calculated exactly). On top of this, the accuracy of the
"vacuum insertion" approximation, which is usually used to evaluate the
matrix elements, must be y dependent since it separates a renormalized
local four quark operatoxr into a product of renormalized quark bilinears.
Consequently, both in our previous application of the AS =1 nonleptonic

7

effective Hamiltonian’ to K>nm decays and in the present paper we are

wary15 of making quantitative predictions using this method for evaluat-
ing the matrix elements of Ql...Q6.
If we stick to just Q7, whose matrix element (but not Wilson co-
efficient) is unambiguous, we see from Egs. (28)land (32) that
A(Kt+ﬂ°e+e—) ( ImC7>
s - fe-diE+id . (34)

AR rTete) ReC,

Since Im C7 arises from Im 1 = —5233czsin6, we see that Table I has

Im C7/Re C7‘= c czsinG, with C a positive number with a magnitude

®2°3
roughly in the range one to four. The sign of C is opposite to that in

the free quark model, which was used previously to estimate it 1In

. 0 =0 . . . .
the six quark model the K -K mass matrix gives a contribution to € of

roughly9 (3 to 6) x s.8.¢ sin<5eiﬂ/4

953C9 , so that the € and iIm C7/Re C

7

terms in Eq. (34) give comparable contributions to the net CP violating

amplitude and Ime interferes constructively with Im C7/Re C_ and -§

7

when 63 can be treated as a small quantity.

The branching ratio for KL—+noe+e_ may be calculated from
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T >roete)

BR(Kt+ﬂoe+e_) =

(K +all)
(35)
+ + 4+ - (K +1%te”
_r®saty rhatetey T ,
F(Kﬂ+all) P(Kﬁ+all) T(K&4ﬂoe+e_)

with the first two factors on the right-hand side taken directly

 from experiment.z’16 To obtain a crude estimate, the ratio

P(Kn+ﬁ°e+e—)/P(K++ﬂ+e+e_) is assumed to follow the ratio of contribu-

tions from C7Q7 in Eq. (34). These assumptions yield

ImC_ |2
e -4 +4 -
1 . ReC7
€

BR(KL+1TOe+e_) ~0.5x 10" (36)

The final factor on the right-hand side of Eq. (36) seems unlikely to
gain us much more than a factor of two. This is very far below the

recent upper limit17

BR(Kt+ﬂoe+e_) <2x 10_6

and, moreover, at a level where it seems likely that the CP conserving
decay process through two intermediate photons, Kt+ﬂ°yy+noe+e_, also
contributes. In addition there are CP violating contributions from the
matrix elements of Ql',...,Q6 which must be added to that of Q7 to get
the full K§+noe+e— amplitude. It would seem that the change in sign of
Im C7/Re C

7 due to QCD corrections will remain a theoretical curiosity

incapable of being checked experimentally.
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APPENDIX A
Here we derive the effective Hamiltonian for Kﬁﬂe+e- in the four-
quark model when the mixing with penguin-type four-quark operators is
neglected. The purpose of this appendix is to compare the result of
the method used in Ref. 4 to that of the method used iﬁ Sec. II in a
situation where analytic expressions can be stated in each case.
After the W-boson is treated as heavy and removed from explicitly

appearing in the theory the resulting effective Hamiltonian density is

-6
‘”eff = 7 Sinec cosB -*-*2— OC
2v2 as(Mw)
s ~12/25 (a.1)
a (u7) )
+ "-_—2— OC + h.c.
aS(Mw)
(1)

The operators 0C are defined in Eq. (3). The matrix elements of this

Hamiltonian are to be evaluated to order e2 in the electromagnetic inter-

actions.
The next step is to treat the charm quark as heavy and remove it
s . . 3 i_
from explicitly appearing in the theory. The matrix elements of 0 (£

C

may be expanded in terms of matrix elements (evaluated in an effective

m
three-quark theory with coupling g'Gﬁi,g)) of operators not explicitly

involving the heavy charm quark field. When the mixing with penguin-

type operators is neglected this expansion has the form

m m
o @) - L(i)("u&’g) o[> + 1) <_ﬁc_,g> <Jo_|>

o (o (A.2)
+ L7” <7I-,g) <|O7|>' .
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where
0, = (squy)y_p (gdplyy * (5,9)y s (Ugugdyy 4.3)
and, using the definition of Ref. 4,
e2 = -

The primed matrix elements in Eq. (A.2) are evaluated in an effective
3~quark theory with coupling g'. The factor of e2/4ﬂ is inserted into
the definition of 07 so that if we work to the lowest possible order in
the electromagnetic interactions the operators Oj’ je{+,-,7} undergo

a renormalization
(o) _
0. = 2: Zjioi (A.5)

where the Zji are independent of the electromagnetic coupling e. A

simple calculation of the renormalization of the operators Oi’ at the

one loop level, gives18

1 - 2g'2/l6ﬂze 0 8/9Te
12 12 2
235(8'%) = 0 1+ 4g'/167°¢  ~4/9me| . (A.6)
0 0 u28
" The factor of u2€ arises from the relation ei = uzgez. From (A.6)

4g'2/16w2 0 0

Lo 0 -8g'? /1677 0 . (A.7)

du
0 0 2eu%€

The term proportional to e is not negligible since it combines with terms

.-l . . . .
of order 1/e in Z to give an anomalous dimension matrix
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' -1 d
1 1 = —
Vi (g" zk: Zie Yo, ij
" 2g'2 /81 0 ~16/97
- 0 _ug'2jgn?  8I9m (A.8)
0 0 0

+
The Wilson coefficients L§—)(%$’é) satisfy the renormalization group

equations

5 d 9 (1) T, ()"
;KJE‘FB(g) a_g+ Yc(g) mc&;;+ Y (g)>6ij - Yij(g )} Lj <u , >

=0 . (A.9)

+
The y(_)(g) are the anomalous dimensions for the operators O+-and were
calculated in Ref. 19. The renormalization group equations (A.9) may be

solved with the aid of a running coupling constant é(y,g) defined by

-g_(}’ag) 1-v (%) ’
Iny =-f dx [——8_(%——] > g(l,g) =g . (A.10)

g

Because of the structure of the matrix v'(g') in Eq. (A.8), the re~

(+) (+)

normalization group equations for L+ and L_ relate them only to

+
themselves and they have a standard solution.9 The equation for Lg“)

+ +
relates it to i”), LE_), and itself, and has the solution
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) m r é (t)( N g'(l’é) 16

+ o] Y X

L7 (T ’ g) = exp dx B(X) ] f dz(gT\'B' (Z))
g

- g'(1,8) 5 X
x | exp f dx<~—'_2—2}-(-——>.\ L_E_—)(l,é)

L 8m B (x)

z
g' (1,) 8" (1) ;
d ___i__ ex dx_.lf_x__
f z 97T8' (Z) P f 8'”28' (X)
z

gi

4

X

L + Lf) (1,8) (A.11)

m m
where g = é(:%, %) and g'==g'(—3~, >. Now defining

= 6/25, a7 = —12/25 (A.12)
and utilizing

) =22 0 + @), B'() =

48w 48

—272 x3 + ﬁ(x5) and g'(1,8) = g,

(A.13)
the solution Eq. (A.1l) becomes

L a®

m a_(m°) N g _ _ ) -
Léi)("f’g): [ X 2)] (%)[' [ L A
o (u

t

g

e}

(A.14)

‘g‘ T
+ _/ iz z—3+ 24/27 §~24/27 Lft) (l,'é)] + L;i) (1,5)

|

g

Noting that the L§i)(1,g) may be replaced by their free field values

(see Sec. II) in a leading log calculation and using the solutions to

(%)

+
the renormalization group equations for Li_) and L gives
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e S ot W2\ /27 (m2y\~6/25
Hoyep = —L sin8  coso N N o,
22 e e |\ o_and) 0, 0D

aé(uz) 12/27 0Ls(mZ) 12/25
c

"\ vy

as(mc) aS(Mw)

v 2.\=-33/27 2,\-6/25

. » I:—l—<1_<oas(u )> ><as(mc)>

9us(mi) 11 as(mi) ds(Mé)

N NG

—]_6 1 - ___.._é_ ——-——2—- 07 + h.c. (A.lS)

as(mc) aS(Mw) :

as the effective Hamiltonian desnity in the light 3-quark sector. This
is the result in closed form derived starting from the definition of O7
in Eq. (A.4), which is similar to that.in Ref. 4.

To perform the expansion in Eq. (A.2) in a manner similar to that

used in Sec. IT we use an operator O; defined by

2
' _ e - —
O7 = (EF) (Sada)V—A (ee)V . (A.16)

This has the advantage of giving an anomalous dimension matrix propor-

tional to the coupling squared, for when 0, is given by (A.16)

2 0 -32/9
2
1
v' (g = &~]o0o -4 16/9 ) (A.17)
1j 2
81
0 0o -27/3

In this case the renormalization group equations for the coefficients

m
Lj<:§’ é) are still given by Eq. (A.9), but now with the anomalous
t)

dimension matrix in Eq. (A.17). The equations and solutions for Li_
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(%) (£)(Pe . .
and L_7" are as before. For L7 08 the solution now is

o g (+) g'(1,8) 2
Lgi)(f- , g) = [expf dx Y _\x) 3(1(:){) ]u[exp f dx -—-+~——~—~—~227X ]

1
2 3 24778 (%)

8'(1,®) ) g' (1,) )
— 22 i _15X
+ f dz (————-——2 > [exp f dx <—~———~2 >]
o 978" (2) J 247787 ()

-~

« 11,5 + Lgi)(l,é) . (A.18)

. . . ) . .
Using the perturbation expansions for g, g' and Y( ) it is easy to show

m m

that Eq. (A.18) together with the solution for Lii)(qf',%> and L(i)<—g,2g
- ¥
lead to an effective Hamiltonian density which is identical with that

(in Eq. (A.15)) derived starting with the other definition of 0O Thus,

7
although the anomalous dimension matrices which correspond to the two
definitions of 07 are quite different, the effective Hamiltonian density
in the light 3-quark sector is independent of the way O7 is defined.
Finally we note that the results derived in this appendix are

equivalent to those in Ref. 3. This is most easily seen by converting

Eq. (A.1l4) to an integration over the momentum variable q2 through the

z = \llmocs(qz) (A.19)

substitution

with

2 2
0Ls(q ) = . Tr2 2
27 n(q”/A7)
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APPENDIX B
In this section numerical results are given for various quantities
which play a role in deriving the effective Hamiltonian for K ﬂé+e—.
When the top quark is treated as heavy, and removed from explicitly
appearing in the theory, a straightforward calculation of the renormali-

zation of the operators {0 .,0;} (defined in Eqs. (1) and (12)) at the

120"

one loop level gives an anomalous dimension matrix

-1 3 0 0 0 0o -8/3 |
3 -1 -1/9 1/3 -1/9 1/3 -8/9
2 Y o o -11/9 11/3 -2/9 2/3 -4/3 4
yij(g'> = E—E- 0 0 22/9 2/3 =5/9 5/3 -4/9 |+6(g'") (B.1)
8 0 0 0 0 1 -3 -4/3
0 0 -5/9 5/3 =5/9 -19/3 -4/9
| 0 0 0 0 0 0  -23/3

The element Y7; (g') arises because the coupling constant in the defini-
tion of O; (see Eq. 12) gets renormalized. The matrix Yi? (g') can be

diagonalized by the transformation

-1 'T v — L] 1
% TR IE: )ij = 5inj(g ) (B.2)
where
0 0 .69589 0 0 ~-.70658 0 )
0 0 -.69589 O 0 -.70658 0
0 -.20236 -.23196 .95985 .17132 .10094 -.40226
V.. =|0 28103 .23196 -.83058 .083375  ,10094 -.77672 |[(B.3)
] 0 -.044316 0O ~-.079869  ,96445 0 .31309
0 -.82989 0 -.16334  -.35439 0 -.26431
| 1 .74268 -,28117 -,16537 -.1587 .24133  .053852 |
and
[ -7.6667 |
- -6.8954
2 | -4
vi(gh = B | -3.2429 | + o' : (B.4)
J 8w 1.1166
2
| 3.1327 |
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Note that the last six of these eigenvalues are the same as thoge which
occur in the diagonalization of the anomalous dimension matrix in
Eq. (A.7) of ref. (7) where the effective Hamiltonian for AS= 1 weak
nonleptonic decays was discussed.

When the b-quark is treated as heavy the renormalization of the

operators'{Pl,...P;} where

P = uddyop Ggigdyy o

Py = (ydgdyon (gtyon o

Py = (Syd )y s L(GBuB yoa Toeot (egeg V—A] ’

P, = Gy, :(GBua)V—A oot (EBCOL)V_A] : (.5)
Ps = (5,8, yo :(Gsue)v+A Foo (EBCB)V+A] ,

K Basua)v+A +ooot (Esca)va] ,

g
i

2
e - -
7" (ETT) (5,4 )y - ale®dy |

gives rise to the anomalous dimension matrix

-1 3 0 0 0 0 -8/3
3 -1 -1/9 1/3 -1/9 1/3 -8/9

"2 0 o0 -11/9 11/3 -2/9 2/3 -8/3 4

ygj(g") = 5—5 0 0 23/9 1/3 -4/9 4/3 -8/9 |+6(")
87 0 0 0 0 1 -3 -8/3
0 0 -4/9 4/3 -4/9 -20/3 -8/9

A 0 0 0 0 -25/3 | (B.6)
y?? (g") is diagonalized by the transformation

1]
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l 1" — ll 1t
1?: Voo Yok Temw K = Sy Y (g") (B.7)
.2
where
0 0 .6558 0 0 .70643 0
0 0 -.6558 0 0 .70643 0O
0 .1l4452 -,3279 -,78005 J1414 -.11774 -.67561
W =|0 -.20298 .3279 .71236 067442 -,11774 -1.1468 |(B.8)
kj 0 .032867 O .041364  .96775 0 .42931
0 .72549 0 .096564 -.35021 0 -.34187
| 1 -.72643 -.13452  .25884- =-.28698 -.20256  .17641]
and
[ -8.3333 ]
-7.0428
112 -4 4
Ti(g") = B | -3.501 [ +0e™) . (B.9)
J g 1.0974
2
| 2.8909 |

When the charm quark is treated as heavy and removed from explicitly
appearing in the theory only the six operators Ql’ Q2, Q3, QS’ Q6 and
Q} (Q; &= (l/a;'(uz))Q7) defined in Eq. (22) are required. Calculating

their renormalization at the one loop level gives the anomalous dimension

matrix
-1 3 0 0 0 -8/3
) 8/3 -2/3 2/9 -1/9 1/3 -8/9
g" -11/3 11/3 22/9 -2/9 2/3 0
Y'lnj (g"") = '2 0 / 0 ! 0/ 1/ -g 0 +0(g"" . (8.10)
8r -1 1 2/3 -1/3 -7 0
0 0 0 0 0 -27/3
The matrix yggT(g"') is diagonalized by the transformation
"" rnT 1R} vn n
2 X v (8" Xy = 855 Y3 "D (B.11)

k,2



where

17524
~.17524
~.05212

.02923

.81415
-.17523

HOOOOO

and

"My
YJ g

-.69547
.69547

-.030131
.018233
.048407
.23577

"12

- &

8ﬂ2
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~.051101

.051101

.1607

.97515
-.34686

+.0090159

-7.2221
-3.7559
1.0761

2.6797

+ 0(%“‘ )

-.81229
-.54153
.27076
0
0
.24068

4

. 73489
-.73489
-1.2212

.24709
-.186
-.11186

(B.12)

(B.13)
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TABLE I
Coefficient of the operator Q7 (defined in Eq. (22)) in
the effective Hamiltonian, Hpp = (—GF slclc3//§) (2? CiQi)’
for decays like K-*n'e+e_ in the six-quark model,

= 2 , -1i8
T = s, + 85C,S € /clc3.

Parameters C7

2 2 2

a(u”) = 0.75, m, = 15 GeV, AT = .1 GeV -.036 + .056 1
2 2 2

afp™) = 1.00, m = 15 GeV, AT = .1 GeV -.066 + ,058 T
2 2 2

al{u™) = 1.25, m = 15 GeV, A" = .1 GeV -.091 + .059 <
2 2 2

alu™) = 0.75, m = 30 GeV, A" = .1 GeV -.034 + 127
2 | 2 2

a(u”) = 1.00, m = 30 GeV, AT = .1 GeV -.064 + 127
2 2 2

alp™) = 1.25, m = 30 GeV, AT = .1 GeV -,088 + .13t
2, _ 2 2

a(u) = 0.75, m = 15 GeV, A" = .01 GeV -.055 + .10t
2 2 2

a(u®) = 1.00, m = 15 GeV, A" = .01 GeV -.089 + .10t
2 2 2

a(p™) = 1.25, m = 15 GevV, A" = .01 GeV -.12 + ,10~
2 2 2

a(u™) = 0.75, m = 30 GeV, AT = .01l GeV -.051 + .18
2 2 2

a(p™) = 1.00, m = 30 GeV, A" = .01 GeV -.085 + .18
2 2 2

a(u™) = 1.25, m_ = 30 Gev, A" = .01 GeV -.11 + .18
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TABLE II

Coefficient of the operator Q7 (defined in Eq. 22))

* s 1 1 = (= : \/—
in the effective Hamlltonlan,zﬁgff ( GF slél/ 2)

X (2; CiQi)’ for decays like K> = e+e— in the six-

i
quark model with 6

2=

®4

= 0 and mixing with the

penguin-type operators Q3, Q5 and Q6 neglected.

Parameters C7

2 2 2

a(u’) 0.75, m, = 15 GeV, A" = .1 GeV .037
2 2 2

a(u™) 1.00, m, = 15 Gev, A" = .1 GeV .069
2 2 2

alu™) = 1.25, o = 15 GeV, A" = ,1 GeV .096
2 2 2

a(u™) 0.75, m = 30 GeV, A" = .1 GeV .036
2 2 2

alu™) 1.00, m = 30 Gev, A" = .1 GeV .067
2 _ 2 2

a(n™) 1.25, m, = 30 GeV, AT = .1 GeV .093
2 2 . 2

alu”™) = 0.75, m, = 15 GeV, A" = .01 GeV .063
-2 2 2

aly’) 1.00, m, = 15 GeV, A" = .01 GeV .10

a(uz) 1.25, m = 15 Gev, A2 = ,01 GeV2 13
2 2 2

a(u™) 0.75, m = 30 GeV, A" = .01 GeV .060
2 2 2

a(u™) 1.00, m, = 30 Gev, A = .01 GeV .097

a(?) = 1.25, m = 30 GeV, AZ = .01 Gev? .13
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TABLE III
Coefficient of the operator Q7 (defined in
Eq. (22)) in the effective Hamiltonian,
Jgéff = (—GF 51n6C cosec//f)(é; CiQi),
for decays like K- &¢ in the four-quark

model when the mixing with the penguin-type

operators Q3, Q5, and Q6 is neglected.

Parameters C7
a(ﬁé) =0.75 , A2 = .1 gev? -.045
a?) =1.00 , AZ = .1 Gev? ~.081
au?) =1.25 , A% = .1 gev? -.11
au?) =0.75 , A% = .01 Gev? ~.10
a(u?) =.1.oo , A% = .01 cev® | -.15
a? =1.25 , a%=.016ev? | -.19
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TABLE IV
Coefficient of the operator Q, (defined in Eq. (22)) in the free
quark model (i.e., no strong interactions) effective Hamiltonian,
ggff = (—GF slclc3//§) (2; CiQi)’ given in Eq. (23). For given
values of a(uz) and A2 the renormalization point is determined by

u2 = A2 exp (12ﬂ/27u(u2)).

2
Parameters U C7

.2 2 2 2

a@@™) = 0.75, AT = .1 GeV", m, = 15 GeV .64 GeV .089 + .33 1
2 2 2 2 _

a(u®) = 1.00, A" = .1 GeV”~, m = 15 GeV 40 GeV 12 + .33 1
2 2 2 2

a(u™) = 1.25, A" = .1 GeV", m,_ = 15 GeV .31 Gev A4 + .33 1
2 2 2 2

a(u?) = 0.75, A" = .1 GeV", m, = 30 GeV .64 GeV L089 + 42T
2 2 2 2

a(u™) = 1.00, A" = .1 GeV", m, = 30 GeV 40 GeV A2 + 42t
2\ _ 2 _ 2 2

a(p®) = 1.25, A" = .1 GeV", m_ = 30 GeVv .31 Gev A4 + 42 1

a(u?) = 0.75, A% = .01 GevZ, m, =15 GeV | .064 Gev” | .25 + .33

a(uz) = 1.00, A2 = 01 GeVz, mt = 15 GeV 040 GeV2 .28 + .33 1
2 2 2 2

a(p™) = 1.25, AT = .01 GeV~, m = 15 GeV .031 GeV .30 + .33 1
2. 2 2 2

a(u™) = 0.75, A= = .01 GevV~, mt = 30 GeV 064 GeV 25 4+ 42T

au?) = 1.00, A% = .01 Gev?, m, = 30 GeV | .040 GeVZ | .28 + .42 1

2 2 2

a(uz) = 1.25, A .01 GeV™, m, = 30 GeV .031 Gev W30 + 42t
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FIGURE CAPTIONS

Diagram contributing to C7.v The black box represents W exchange

plus all strong interaction corrections.

. . . + -
Some diagrams contributing to K-+me e . The black box represents

the action of the effective Hamiltonian for AS =1 nonleptonic

weak decays.
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