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ABSTRACT

Strong interaction corrections to the nonleptonic weak interaction
Hamiltonian are calculated in the leading logarithmic approximation
using quantum chromodynamics, Starting with a six quark theory, the
W boson, t quark, b quark, and ¢ quark are successively considered as
"heavy" and the effective Hamiltonian calculated. The resulting
effective Hamiltonian for strangeness changing nonleptonic decays
involves u,d, and s quarks and has possible CP violating pieces both
in the usual (V-A) x (V-A) terms and in induced, "Penguin' type terms.
Numerically, the CP violating compared to CP conserving parts of the
latter terms are close to results calculated on the basis of the lowest

order "Penguin' diagram.
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I. Introduction

In the standard six quark model with charge +2/3 quarks u,c, and t
and charge -1/3 quarks d,s, and b the left-handed quarks are assigned
to weak isospin doublets and the right-handed quarks to weak isospin
singlets of the SU(2) ® U(l) gauge group of weak and electromagnetic
interactions. The mixing between quarks in doublets characterized, say,
by their charge +2/3 members, is describable by three Cabibbo-like angles
el, 62, and 63, and by a single phase, 8§, which results in CP violation.
The nonleptonic weak interaction that can result in a net change in quark
flavors is given to lowest order in weak interactions, and zeroeth order
in strong interactions, by the product of a weak current of left-handed
-quarks, a charged W boson propagator, and another weak current of left-
handed quarks. Neglecting the momentum transfer dependence of the W
boson propagator, one has the usual local (V- A) x (V-A) structure of
a current—-current weak nonleptonic Hamiltonian.

With the introduction of strong interactions, in the form of quantum
chromodynamics (QCD), things become more complicated. Consider, for
example, that part of the nonleptonic Hamiltonian responsible for decay
of kaons and hyperons which we write in terms of the "light" quarks u,d,
and s. As the strong interactions are turned on, not only is the lowest
order (V-A) x (V-A) term involving u,d, and s quarks modified by gluon
exchanges between the quarks, but there are diagrams involving virtual
"heavy" quarks in loops which contribute to the strangness changing non-
leptonic Hamiltonian. These alter the strength of the (V~A) x (V-A)
terms and introduce new terms with different chiral structure, e.g.,

(V-A) xV.
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It is the purpose of this paper to calculate the effective non-
leptonic Hamiltonian for strangeness changing decays in the six quark
model. We successively consider the W boson, t quark, b quark, and
¢ quark as very heavy, and use renormalization group techniques to
calculate (in the leading logarithmic approximation) the resulting
effective Hamiltonian remaining at each stage.

The basic techniques for carrying out such calculations have been

laid out previously.l’z’B’4

They were even applied in the four quark
model to get the effective Hamiltonian for strangeness changing decays
with the charm quark (and W boson) taken as heavy. However, there is
only one Cabibbo angle in the four quark model and no CP violating phase.
It is the CP violating pieces of the effective nonleptonic Hamiltonian
which are of special interest to us in this paper.

In a previous paper5 we have raised the possibility that the dia-
gram in Fig. 1 (the so-called "Penguin" diagram) gives rise to a term

Penguin

H in the effective Hamiltonian that yields amplitudes for strange

particle decay with important CP violating parts. Other analyses3’4’6

claim that such "Penguin" type terms make a major contribution to the

amplitudes for K decay into pions and are responsible for the AI =-%

rule. Assuming this we showed that in the six quark model the magnitude
of CP violation arising from the contribution of the matrix element of

HPenguin to the decay amplitude is comparable to that coming from the
mass matrix. It followed that the six quark model yields predictions

for the CP violation parameters of the kaon system (in particular e'/e)

which are distinguishable from those of the superweak model. -



b

Two questions could be asked about the validity of using Fig. 1 to
estimate the ratio of CP violating to CP conserving amplitudes. First
is the effect of multiple soft gluon exchanges. This has been answered
in Ref. 7 where it is shown how the local four-fermion structure of the
effective Hamiltonian is preserved despite the presence of multiple soft
gluon exchanges. Essentially, due to gauge invariance such soft gluon
effects go into corrections to the matrix elements of the local four-

. P in
fermion operator H engu

resulting from a calculation of the lowest
order diagram in Fig. 1. Thus, to leading order in the large masses
the ratio of imaginary (CP violating) to real (CP conserving) parts of
the K + 27 amplitude previously estimated by us is unchanged by the
presence of multiple soft gluon exchanges.

A second question is the effect of hard gluon exchanges. These are
expected to alter the results of our previous calculations. This paper
provides a detailed answer of the amount of this change. We systemati-
cally analyse the QCD corrections to the effective Hamiltonian in leading
logarithmic approximation.

In the next section we describe the method by which the effective
Hamiltonian for nonleptonic strangeness changing decays is to be calcu-
lated in the six quark model. Our approach is pedagogical and emphasizes
the underlying assumptions and the conditions necessary for the validity
of the leading log approximation. We proceed by successively considering
the W boson, t quark, b quark, and finally ¢ quark as heavy. In Section
ITI, numerical results are given. As expected, CP violating terms appear
in the resulting effective Hamiltonian, both in the old terms of (V-A) x

(V-A) form and in new "Penguin'" type terms. In the former they are
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quite small, but in the latter are large. The ratio of CP violating to
CP conserving amplitudes in "Penguin" terms is comparable to that calcu-
lated on the basis of the lowest order diagram in Fig. 1 for a typical
set of parameters. Conclusions are then drawn in Section IV. Many of
the details concerning the matrices of anomalous dimensions and their
eigenvectors and eigenvalues are relegated to an appendix.

II. Derivation of the Effective Nonleptonic Weak Hamiltonian

In the standard mode18 where the gauge group of weak and electro-
magnetic interactions is SU(2) ® U(l), the six quarks, u,c, and t with
charge +2/3 and d,s, and b, with charge -1/3, are assigned to left-handed

doublets and right-handed singlets:

u c t
; ) ; 5 (Wg s (g5 (g 5 (8 5 (B)g 5 (Blg -
L

The standard choice of quark fields is such that9

4’ ¢y ~$1C4 =518, d
1 _ _ is id

s = $1¢y C1CyCy ~ 8,848 ¢1Cy8, + S,Cqe s |, (1)
. ié _ is

b sls2 CISZCB + czs3e ClSZS3 c2c3e b

where ci==cos6i, si==sinei, i e {1,2,3}. Equation (1) defines the
three Cabibbo-like mixing angles ei and the CP violating phase, §. With-
out loss of generality the angles ei may be chosen to lie in the first
quadrant.1

Weak interactions involving the charged hadronic current follow

from the interaction term in the Hamiltonian density



H(x) = B I (x) W (x) + hec.

s (2)
2y2 M

where W; is the charge W boson field, J: the charged weak current defined
by

J‘J(o) = W(0)y, (1-v5)d"(0) + c(0)y, (1-75)s'(0) + £(0)y, (1-Y5)b'(0)
@A)y, + (esDy, ¥ ®Dg, (3)

and g is the gauge coupling constant of the weak SU(2) subgroup. With
no strong interactions the lowest order weak current-current interaction
at zero momentum transfer is described by the effective Hamiltonian

density

2
- & 5T -

e
so that the Fermi coupling GF//E = gz/(8Mé). In particular the strange-

ness changing piece of Eq. (4) is

(As=1) GF - -
Hors = _/5— —e8105(s,u dy_a (usdB)V—A

18, — -
+ speplegeyeg = spsge T (s,e)y g (Cpdgdy
—i§. - -
+ s5,(cysycy t cysqe )(suta)V—A(thB)V-A » (5)

where we have made the color indices o and 8 on the quarks (which when
repeated are summed from 1 to 3) explicit in preparation for the inclu-

sion of the strong interactions. It is convenient to rewrite Eq. (5) as



Ry

th’é%?l) = zGJ’ iA (o(+)+o( )y + A (o(+)+o( ))} , (6)
where
Oc(li) = [(S Uy dy-a(gdgdyon * (5,950 v p (Ugug V—A] = [ura, @
and
L A= speyleregey - spsie ) (8a)
AL = sysy(egsycq + cosqe =18y (8b)

Normal ordering of the four-fermion operators is understood. The space-
time coordinates of all operators are suppressed.

Now introduce the strong interactions in the form of quantum
chromodynamics (QCD), the gauge theory based on the color SU(3) gauge
group involving vector gluons interacting with quarks. The strong
interactions modify the lowest order weak effective Hamiltonian from
the form in Eqs. (4) and (5). We now proceed to derive in leading
logarithmic approximation the form of the effective weak Hamiltonian
in the presence of strong interactions with heavy W bosons and heavy
t,b, and c quarks.

First, we take the W boson as much heavier than any other mass
scale in the problem and consider the S-matrix elements of the weak
interaction between low momentum hadron states composed of light quarks
and differing in strangeness by one unit. This is just the calculation
performed in Ref. 11. Using the operator product expansion12 (noting

(£)

+
that the operators OC and Oé") are multiplicatively renormalized and

do not mix with other operators at the one loop level) we have that to
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leading order in the heavy W boson mass

G

; 4 _F
(-1)fa* <ln6ge0 .00 1> -~

NS M )<,0<+)(0)!>
u

+ A )(}iw,g>< SRIGIR
+ (+)(tw,g><lo(+><o>l>

+ AE") <¥,g)<|01§_)(0)|>}, (9

where p is the renormalization point of the strong interactions. The
matrix elements of the right-hand side are to be evaluated to all orders
in the strong interactions and to zeroeth order in the weak interactions.
The Wilson coefficients Aéi)(Mw/u,g) and Aéi)(Mw/u,g) depend on the
choice of renormalization scheme. Of course, the renormalized operators
Oéi) and Ogi) also depend on the renormalization scheme in such a way
that physical quantities are rendered scheme independent. We use the

. o , 13 . .
mass independent minimal subtraction scheme™~ where the renormalization

group equations14 are

(u 24 B - ()<>> “(%‘Kg) -0 . (10)

+
The y(t> characterize the anomalous dimension of the operators Oé‘> with

g=c or t. The function R(g) has the perturbation expansion:
3

Be) = -(33- M) —B— + a(g”)
48m

) (11)

where Nf (which equals 6 here) is the number of quark flavors. A

standard one loop claculation11 shows that y(i)(g) has the perturbation



expansion:
2
P = &5+ och (12a)
4
) e 4
vy (g = —22 + O(g) . (12b)
m

With the running coupling constant g(y,g) defined by

g(y,8)

- dx (13)
by = f B0
g

and g(l,g) =g, Eq. (10) has the solution

g8(M/u,g) |
() -
e R I A P

? B (x)
(14)
In a leading log calculation the coefficients Aéi)(l ,é(Mw/u,g)) can be
replaced by their free field values Aq given in Eq. (8) because the
running fine structure constant a = §2/4ﬂ is small at the mass scale of
" the W and because the value of their first dependent variable being
unity implies no other large logarithms can be generated by higher order

strong interactions. Using Egqs. (11) and (12)

Dy 2a®

- ) = - + terms finite at x=0 ’ (15)
with
a(+) _ 6 (163)
33 - ZN,f
2 o =12 (16b)

33 - 2Nf



-10-

Choosing p above the onset of scaling, Eq. (15) may be substituted back

into Eq. (l4) to obtain the result:16

- 2 )
(M
A . |B AW 8
q u s 8 - ) Aq
L g (1, ¢g)
(%)
)]
= A . (17)
- _a(uz) d

At this stage our effective weak Hamiltonian density is

(+)

- 2\1a
AESTY :ﬁl.{[u(mw)] (A,o(+) + A 0<+))
eff 23 l o (u2) cc t 't
(=)
2.1a
(1(1. )
+ [ Mg ] (Acoé‘) + Atog“)>} . ' (18)
a(u”)

The matrix elements of the above effective weak Hamiltonian density are
to be evaluated to all orders in the strong interactions and to zeroeth
order in the weak interactions. Note that g%;ff does not explicitly
involve the W boson field. We want to to derive an effective Hamiltonian
without explicit dependence on the heavy W boson, t quark, b quark and

c quark fields. Equation (18) is the first step towards this goal.

We now proceed to consider the t quark as very heavy and eliminate
it from explicitly appearing in our effective weak Hamiltonian for
strangeness changing processes. What happens to the operators O(i) and

+
0

+
is different, and we consider the more complicated case of OE“)

first.
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We assume that m, is much greater than all other quark masses, the
momenta of the external states, and the renormalization point mass, u.
The work of Appelquist and Carrazone17 tells us that to order llmi all
the dependence of amplitudes on the heavy t quark mass can be absorbed
into renormalization effects and hence into a redefinition of the
coupling constant, mass parameters, and scale of operators. This

suggestsllhe following factorization:

<lo( )|> Z B( ) ( ,g)<|0 > + @( ) , (19)
m
t

where the primed matrix elements are evaluated to all orders in an
effective theory of stromng interaction518 with 5 quark flavors, coupling

g (m /u,g) and mass parameters m' ,md,...,mb . Thus,
<Jo,I>r = <JogI> &'y u,ml s ey m) .

To carry out the expansion of Eq. (19) in leading log approximation we
find that six linearly independent operators Oi are sufficient. We

choose them as follows:

0y = (5,8)y_p (uudy s

0 = (-S-uds)v—A (Ggua>v—A

0, = (5,d)y, [(GBUB)V“A b+ (EBbB)V_A]

0, = (gadB)V—A [(aeuu)V-A + ..+ (EBbG)V_A}

05 = (5,4)y4 {( glglvea T (ngB)V+A}

0g = G,ddy ( D (Esba)v_‘_A] . (20)
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These operators are sufficient since they close under renormali-
zation at the one loop level. The operators O1 and O2 already occur to

zeroeth order in strong interactions: we read off from Eq. (7) that

B§i) = 3% (1,00 = s
Béi) = Béi) (1,0) = +1 . (21a)

The operators 03, 04, 05, and 06 are generated by the strong interactions

through "Penguin" type diagrams, so that in free field theory

7~
1+
o
o
N
1+
N’
it
o
~~
1+
~r

= 0 . (21b)

However, the operators 0i are not multiplicatively renormalized at
the one loop level, i.e., they mix among themselves. As shown in the
appendix, the renormalization group equation their coefficients

Bii)(mt/u,g) satisfy is

Ej: [( —8%-+ B(g) 5%'+ yt(g) mtra-r-z—t—+ Y(i) (g)) 6ij _ Y:;.?]?(g')]

m
B§i)<:§, g) = 0 . (22)

Here y'T is the transpose of the anomalous dimension matrix of the
operators Oi in the effective theory of strong interactions with 5 quarks

and coupling g'. It is the eigenvectors of Y’T

that correspond to
operators which are multiplicatively renormalized. We write the co-

~(+
efficient functions B§-)(mt/u,g) of these multiplicatively renormalized

operators as
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~(t)(mt ) -1 (%) (mt )

B, \—, = V.. B, —, 23
i\ 8 ;ljjug, (23)
and denote the corresponding eigenvalues of Y'T by yi .  The matrix y'

is found in the appendix along with its eigenvalues and the matrix V.
~(+
For the Bi—)(mt/u,g), the renormalization group equation corresponding

to Eq. (22) is

m
(u é%—+ B(g) é%'+ Yt(g)lnt5§;-+ Y(i)(g) - Yi(g'))Bgi)<7fu g) = 0.
(24)

The solution to this equation may be found with the aid of the running

coupling constant g(y,g) defined by1

é(y,g) 1_,Y (X)
oy = f {——L—} ax (25)
' . B(x)

with g(l,g) =g. Note that this is not the usual definition of the
running coupling constant (Eq. (13)), but the integrand in Eq. (25)
for small x has the same leading behavior given by 1/8(x) as the
integrand in Eq. (13). Setting y = mt/u, it is now easily shown that

the solution of Eq. (24) 1is

é(mt/Usg) () g'(l,é) —v! (%)
s®(Ie > i} Pand¢o) i
Bi (u ,g] = J|exp f ) dx || exp f ) dx
g g'(m, /u,g)
5P . (26

B' is the beta function in the effective theory with 5 quarké and
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coupling g'. This beta function has the perturbation expansion

3
]
31 (g = -(33-2M,) E + 0(g") (27)
487
with Nf =5, and we write
Yi(x) 2a£
- = + finite terms at x=0 . (28)
B'(x) X

Choosing p as before, above the onset of scaling, we may use Egs. (15)

and (28) to get16
()

, T2 5 a'

~(¢)(mt ) _|em) o R

B, |l—,¢g) = - | B, (1l,g) . (29)
POAE a(uz) o' (uz) *

We have used g'(l,g) =~ é(mt/p,g), which is valid in a leading log
calculation since the running fine structure constant is small at the
t quark mass. Finally, using the linear relationship between the

eigenvectors Ei and the Bi we have

(£

2.9-a 2 a!
(i)(mt ) _ [“(mt)} z ' [a(mt) } I 1@, -
B —,g] = v, .| — V., B, /(1,8
kow _ a(u?) i,j k3 a' (u?) i

(30)
)

Notice that the factor [a(mi)/a(uz)]—a out in front of the summation

in Eq. (30) combines with thf earlier factor [a(Mé)/oz(uz)]a(i> in Eq.
(16) to give [a(Mé)/a(mi)]a(—). In leading log approximation the co-
efficients Bii)(l,é) can be replaced by their free field values as given
in Eq. (21), since no large logarithms can be generated from QCD loop
integrals with the first argument of B§i)(mt/p,g) set equal to unity

and because we assume the running fine structure constant is small at

the t quark mass.
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(£)

The case of the operators 0c is much simpler. The charm quark
field which appears explicitly in these operators is of course not directly
affected at this stage of considering the t quark as very heavy and the

0@
c

are just multiplicatively renormalized:

m
<|O(+)I> = B(i’) (T}Z_’g) <|O§i)|>' . (31)

Note that the matrix elements on the right-hand side are again to be
evaluated in the effective five quark theory with coupling g'(mt/u,g).

C () .
The coefficients B (mt/u,g) satisfy

m
(u 821 + B(e) 5o * v (@) my 331 + v e - '(i)(g')>B(i)(—u£, g) = 0.
(32)

()

The anomalous dimension Y'(i)(g') is that of OC and is a function of
the coupling g' in the effective five quark theory, while Y(i)(g) depends

on g, the coupling in the six quark theory.

Solving Eq. (32) in the same manner as Eq. (24), gives

8 g(m /Ll’g) gl(l é)
B(i)<ﬂ >= f e d ’ l—————'( ) ) ax|8%) (1,8
" s 8 B(X) X exp 8 (%) » 8
gl
) ' (£)
o)) ) o (m2) : Gy -
= > —5= B~ (l,8) . (33)
{P(u ) a' ()

In leading log approximation B(i)(l,é(mt/u,g)) can be replaced by its free
field value of +1.
Our effective weak Hamiltonian density is now free of explicit

dependence on the heavy t quark field and has the form:



poa @ @)
p0s=1 _ _ °F H “(mt>} {a(Mw)] A o™
eff 3 a'(uz) a(mi) c ¢c
1 () =)
a@) 1% [ee]® _
t (=)
+ 2 > A, 0 (34)
o' (u%) o (m?) c
' (+)
- - 2, qal - 2,12
a(m?) 153 a(Mw)
Y A . VT%BG)) A O
k(za Flaeedh] 3 Newdh] TFF
(Y o@D 1% ra(MfJ)‘a(_)
t -1 (—))
+ vV, . | —m——— V.. B, A O
© <i,j Hlawhl 51 Mlewh] F k%

All operators on the right-hand side are to have their matrix elements
evaluated in the effective theory with five quarks, coupling g’(mt/u,g)
and masses m&, mt, ...,mé.
The next step of considering the b quark as very heavy is similar
to what was just accomplished for the t quark, with the addition of some
indices. This time the matrix elements of the operators 0i of Eq. (20)

evaluated in the effective five quark theory are to be expressed in terms

of matrix elements of

Pl = (Sada)V—A (uBuB)V‘A
P2 = (sads)v__A (ugua)V—A
P, = (Sada)V~A [(uBuB)V_A + ... + (c CB)V_AJ

P, = Gy, [(asua)v_A T (EBCQ)V_A]
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a2’/
|

5 = (sada)V—A [:uBuB)V+A A (CBCB V+A]

la~]
|

s = (Sudgdyoa [(“ Uydyep toeee F o (egey V+A] (35)
evaluated in an effective theory with four quark flavors (u,d,s, and c).
The coupling and masses in the effective four-quark theory are denoted by
g" (m},/u,g") and ma s ves ,mg , respectively. To leading order we may

write

= |

[l _ n
<Jo > = };ck<

,g') <Pn>" s (36)

where the prime (double prime) denotes evaluation in the effective five

(four) quark theory. The Ci(mé/u,g') can be shown to obey an equation

of the form

Zl:(u 24 878" ot YW gy

k,n
+ v k(g') § 6jk Y"T(g") ]CE (Eb—, g') =0 , (37)

with y' and ¥" being anomalous dimension matrices of the operators

0 ..,0, and P

120+ 0¢ 1,...,P6,‘respectively.

Defining the linear combinations of coefficient functions

<k ('_ ) an k(i’g'> (38)

as corresponding to operators which are multiplicatively renormalized,
i.e., do not mix with other operators, the renormalization group equations

diagonalize into the form
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2 3 d
(u au T BN gemt vpymy g+ v (e’) - Yg(g")>

™

3 J

(2o

L g') ij = 0 . (39)

The matrices W and y" together with the eigenvalues of the latter are

found in the appendix.

With the aid of a new running coupling defined by

568 | e
gny = ./P — b ax (40)
2! B'(x)

these equations may be solved very analogously to Eq. (24). We leave out

some of the details and skip to the solution in the leading logarithmic

approximation:
o (T “'(mﬁz) i -1
Ck(\T’g) ) g::a(jvij [—u-cu—z)—} ij)
' EOTR 1) (%
(SO ) B - w

For reasons stated before, in a leading log calculation the coefficients

C%(l,é') can be replaced by their free field values:

ct
i

2 _
c;(1,0) = Sy . (42)

+
The operators Oé") are multiplicatively renormalized and the expansion of
their matrix elements gives results like those in Eq. (33) with appropriate

changes.
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Our effective Hamiltonian now takes the following form at the

four-quark level:

N N ! K

(AS=1) Cp {[“'(méz)r [ a(m ) r {u(MDZJ)] +)
o = - _— A 0O
eff 2/2 o (u?) a' (m{)z) a(mi) ¢ ¢
"(-) ' (=) -)
e I e I e s
-+ A O
o (u) o' m{)z) oc(mi) c
2 2, qa!
a'(m") am) 173
+ Zw [———— w ! z)( A ————t——} vt
k,n<z,m " u"(uz)] i)\ Alarah]
(+) =)

0 () a0 ]?
) (B(+)[ ] A+ Bf'){ ] A ))P } (43)
i t i 2 t n
a(m ) a(mt)

The final step of considering the charm quark as very heavy is more
questionable from the phenomenological viewpoint. It also involves a
technical point which is easy to miss. When we proceed to expand the
matrix elements of the operators Pl""’P6 evaluated in the effective
four quark theory in terms of matrix elements of operators evaluated in

an effective three quark theory, it is natural to define2

Q1 B (gada)V-A (u uB)V A
QZ - (gadB)V—A (GBuu)V—A
Q = (sada)V_A [(EBUB)V_A + (asde)V—A + (s SB)V A]

Q, = (udpyy [(Gsua)V—A * @)yt (gssa)V—A]
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i

Qs (5493 )y-a [(ue“s vea F (dgdgdyyy + (sess)v+A]

Q = (sydgdy_y [(Gsua)wA + (dgd gy + (58, V+A] (44)

These operators close under renormalization at the one-loop level, but

they are linearly dependent:
Q4 = "Ql + Q2 + Q3 . (45)

Hence we must then use only 5 operators,19 which we choose as Ql’QZ’Q3’
QS’ and Qg-.

Expressing matrix elements of the operators evaluated in the
effective four quark theory in terms of matrix elements of operators
evaluated in the effective three quark theory, we write

m"
<Je > = 2 D (—f ; g")<|er>"' : (46)
r=1,2,3,5,6

with g'"' and mu', mg', m;' representing the coupling constant and quark

masses in the effective three quark theory. The linear combinations
m'l mll
xr (_C nl - -1 s (_¢ u)
Dn(u,g) ;erDn<u,g (&47)

are the coefficients of multiplicatively renormalized operators. The

diagonalized renormalization group equations are

_?___ e n L) w_uw_9 we oty uy]
[u o T8 (g e + oy m o] + oy (8") - v (8"

:E: ~r [T
. D (-——, g > w. =0 R (48)

and have the solution in leading logarithmic approximation after re-
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expressing the D's in terms of D's,

" @H)
zz: wnm ' 2 wmz
n,p \ m a" (%) ,

all(mgz) a'c'l' 1 p
Zxrq —_— qu D (1,g" . (49)

q a'"(uz)

=
= n
L
B
= |
U.q-
~
1}

In leading log approximation the DE(l,é") can be replaced by their free

field values, Dg. These are an, except when n=4, in which case Di==-1,

2 _ 3 5_.6_
D;=1, D, 3=D,=0.

4 =1, and D 4

Because we are considering the charm quark as heavy, the operators

+

NED
c

are no longer just multiplicatively renormalized at the one loop

level and we must also expand

) yen (r)(i“_'é )
<o P = ZrDr =8 <l : (50)

®

The renormalization group equations obeyed by the D "/u,g") are

Z[<u—a%+ B" (g" 3—27- Yo (8") m] aic TS )(g")> pr~ Y "‘T( " )]

r

I'

] <+>(" ) )
u g 0 . (51)

The coefficients corresponding to multiplicatively renormalized operators
are just as in Eq. (47), and the solution to Eq. (51) with the usual

approximations is

w(z) a™

2.1-a 2
"(m” ) ll(mll)
(i)i“_c_,.)=°‘c -1 (9
Dr < u ' 8 [ 2 ] Z qu [ e J qu P (l )
a (u )

(52)
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(¥)

The free field values, Dp = D;i)(l,O), are D(i) = *] D(i) = 41, and

1 > 72
all others zero.

We are finally ready to collect all our results and write the pre-
viously advertised effective Hamiltonian in the "light" three quark sector.
It is the following sum of Wilson coefficients times local four-fermion

operators which do not explicitly involve the heavy W-boson, top, bottom,

and charm Guark fields:

2 |||
_ G Of."(m") _
w3 IS |21t o)

2/2 { r \p,q o (u?) a P

o () () &)
o' @HE [ e@d P [emn]®

2 2 2 Ac Qr
o' (m ) a'(mf - Lla(m)

Z(Z X, q [—'——(in——)] X! D(+))

o' (U ) qpP P

n(’) v(") ("')
@] [aEd P [eep)?
' 2 2 2 Ac Q.
a" () a’ (m?) a ()

S (S S

kan9r Psq OL'"(U ) qap

o (mb ) a(mz) aJ
- 3 t -1
W W C ji: v, . ———————} V..
P nm[ (m,.z)} m k)( kj{. 12 ji

1]

+

(+) )

<B +)[ } A+ Bl [a(Mw)] At>>Qr} . (53)
a(m ) a(mt) '
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All summations are from 1 through 6, except those over p,q, and r which

run through 1,2,3,5, and 6.

III. Numerical Results for the Effective Nonleptonic Hamiltonidn

We are now in a position to perform the arithmetic operations made
explicit in Eq. (53) and to examine the resulting Wilson coefficients of
the operators Ql’QZ’QB’QS’ and Q6 in the effective Hamiltonian for non-
leptonic, strangeness changing interactions. Since the matrices, V,W,
and X, as given in the appendix, are composed of irrational numbers and
gsince various fractional powers of a(Mz) with M2==M%, mi, etc. are
rampant, quantitatively rather little is transparent about these co-
efficients in general. We then are forced to proceed by choosing a
parametrization for a(MZ) and values for the W and quark masses, sub-
stituting in Eq. (53), and reading off the coefficients of the Q; for
that particular set of choices.

Moreover, our outlook is basically qualitative. We have calculated
the QCD effects in the leading log approximation. While we have some
confidence that at the first step MW is a large enough mass for this to
_be a credible procedure, by the last step of considering m, a heavy mass
we have used this approximation beyond the region where it can be rea-
sonably justified.

On the positive side, what is carried out here is well defined and
systematic. The degree of accuracy is obviously no worse than any of

>" which involve only the "heavy' charm quark

the earlier calculations
(and W boson) in leading log approximation. Not only is the accuracy of

the calculation expected to be better for the b and t quarks, but their
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effect was not taken into account previously. With regard to CP viola-
tion they play a dominant role as we shall see presently.

To investigate the effective nonleptonic Hamiltonian numerically we
first of all need to decide on the running QCD fine structure constant
a(Qz), the values of the heavy quark masses, an& uz or alternately a(uz).

In leading log approximation

12n 1

0@ = , (54)

where we take A2 = 0.1 GeVz, a value consistent with recent data when
QCD is used to parametrize the breakdown of scaie invariance in deep
inelastic neutrino scattering.20 When the leading log approximation is
valid, the calculation is insensitive to the precise value of A. The
number of quark flavors is Nf==6 for the fine structure constant we have

called u(Qz), while a'(Qz), a"(Qz), and (ﬂ"(Qz) have N_.=5,4, and 3

£
respectively, as they pertain to effective theories with those corres-
ponding numbers of quark flavors.

We take m_ to be 1.5 GeV and my to be 4.5 GeV on the basis of 1
and T spectroscopy.21 The t quark mass is unknown at this time, and
we use values of 15 GeV and 30 GeV to get an idea of the sensitivity of
the results to this quantity. For MW we take the value 85 GeV, con-

sistent with the value obtained within SU(2) ® U(l), given the recent

measurements22 of sinzew. In evaluating Eq. (53) we do not differentiate

between mé and m mg and m,, etc.,, again consistent with our leading

log approximation philosophy.
Finally a value is required for u(uz) (or more exactly cﬂ"(uz)).

We want to choose u to be a typical "light" hadron mass scale or inverse
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size, where a(uz) is of order unity. We let a(u2)==0.75, 1.0 and 1.25
to check the variation of the resulting effective nonleptonic Hamiltonian
to this choice. In fact, the values of S-matrix elements of the weak
interaction cannot depend on the choice of the renormalization point U,
or equivalently a(uz). The matrix elements of the four—-fermion operators,
Qi’ also have an implicit u dependence which exactly compensates that of
their coefficients which we have calculated. We are left to make a choice
of y, hopefully close to the typical light hadron mass scale of the pro-
blem, so that "hard" gluon effects are contained as much as possible in
the Wilson coefficients and not the matrix elements of Qi’ but high
enough that their calculation in leading log approximation makes some
sense.

In terms of the operators, Ql’QZ’QB’QS’ and Q6 defined previously
in Eq. (44), the nonleptonic Hamiltonian involving u,d, and s quark
fields has the form:

G
(as=1)y _ _ F { (-
S it = 51¢;C4 l( 0.87 + O.O36T)Q1

/2

+

(1.51 - 0.0361)Q,
+ (-0.021 - 0.0121) Q,
+ (0.011 + 0.0071)Qs

+ (<0.047 - 0.0727)Qg ; , (55)

when mt==15 GeV and u(u2)==1 and where

- 2 -i8
T = s, + $,C S48 /clc3 , 7 (56)

along with the other masses specified previously. Values of the co-
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efficients for all six cases corresponding to a(ﬁ2)==0.75, 1.0 and 1.25
and mt==15 GeV and 30 GeV are found in Table I.

Referring back to Eq. (5), we see that before accounting for the
effects of QCD, the coefficients of the usual four-fermion operator Ql’

as well as the "Penguin"

induced operators Q3,Q5 and Q6 were all zero.

In the sector involving u,d, and s quarks the strangeness changing weak
Hamiltonian then just involves Q2 with unit coefficient. Thus the pre-
sence of strong interaction QCD corrections has brought in the operators
Ql’QS’QS and Q6’ changed the coefficient of QZ’ and given all coefficients
an imaginary (CP violating) part through the quantity T, which enters
through "Penguin' type diagrams involving a heavy quark loop.

The portion of the nonleptonic Hamiltonian involving only the opera-
tors Q1 and Q2 is the traditionally calculated (V-A) X (V-A) four~fermion
piece with neglect of all "Penguin" effects. The sum of coefficients of
Ql and Q2 is proportional to the coefficient of an operator transforming
purely as I=3/2, which cannot mix under strong interaction renormaliza-
tion with Penguin contributions which are pure I=1/2. As a consequence,
one simple check of the calculation is to note that the quantity T,
arising from "Penguin" contributions, always has the same magnitude and
opposite sign in its contribution to the coefficients of Q1 and Q2.

The combination of operators QZ--Q1 transforms purely as I=1/2,
while the combination Ql-l-Q2 has an I=3/2 piece. The ratio of coeffi-
cients of Qz-—Q1 and Q2+Ql is a measure of AI=1/2 or octet enhancement
by QCD, as first calculated in Reference 11. Our inclusion of

"Penguin" operators and their mixing makes little numerical difference

for the coefficients of Q1 and QZ' Slightly more important in comparison
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with earlier work is our taking into account not only the heavy W boson,

but each heavy quark successively in computing the leading log QCD
)

effects. As a result the earlier [Q(Mé)/a(UZ)]a s replaced by
() () ()
() /@ 1®  a@p/e' @I @) /e @ 1®
lll(i-)
+  [a" (m"z) Ja ™ (uz) ]a ’

C

even if all Penguin effects are neglected. Numerically the coefficient
of QZ--Q1 is enhanced by a factor of 2 to 3 and that of Q2+Q1 suppressed
by 0.6 to 0.7 for our choice of masses. In agreement with all earlier
results this is in the correct direction, but much too small to explain
the high degree of accuracy of the AT =1/2 rule in nonleptonic decays of
strange particles.

The Penguin terms Q3,Q5 and Q6 transform as purely I=1/2 on the
other hand. Our calculation indicates their coefficients are smaller
than those of Q1 and Q2’ typically by an order of magnitude for Q6'
However, arguments can be made that the (V-A) x (V+A) structure of Q6
leads to enhanced matrix elements,24 by one order of magnitude or more,
when the nonleptonic decays involve pions in the final state. Rather
extensive analyses of strange baryon and meson decays seems to support
the hypothesis that the matrix elements of the operator Q6 make major
contributions to such decays and can quantitatively account for the
success of the AI=1/2 rule.3’4’6’25

As already noted, through strong interaction effects each operator
in the effective Hamiltonian has a coefficient with an imaginary as well
as real part. This imaginary part, which in each case enters through

Imt and is then proportional to §,C,8 sin 8§, leads to CP violation in

3

decay amplitudes.
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This is in addition to CP violating effects which occur in the mass
matrix in the six quark model. We recall that for the K° - K° system,

calculation of the contribution to the mass matrix given in Fig. 2 leads

to26
Im M12
e = ——= = 25,c,8,8in8 P(8,, 1) (7)
Re M
12
with -
2 n&nn 2 ninn
52 (1 + —1—1'] ) - cz(n + 1_-”
P(Bz,n) = > (58
4 4 22 (ninn
Czn + SZ - zszcz ( 1_n

when sy and sy are considered as small quantities. Here n = mi/m% and

M12 is the element of the K° - R° mass matrix defined by27

_ <KO[H|n><n |0, [
M, = <&’|m |R®> +Z +

“en (59)
n Mo ~ Ty

When 6 =0 and there is no CP violation we define the real decay

(6=0) for K° » mn (I=0) by

amplitude AO

_ ' _ 18
<27r(I=0)|HT§6—0)|K0> = Ac()‘s"o) e O s (60)

where 60 is the I=0 strong interaction ww phase shift. A similar

(s=0) for K° > nm (I=2).

definition applies to the amplitude A2

When S9C5S4 siné # 0 and CP is violated, an inspection of the
coefficients of the operators Q1 and Q2 immediately shows that the ratio
of their imaginary to real parts is ~ lOnzszczs3 sin §. This is not true
for the "Penguin" type operators Q3,Q5 and Q6 where the corresponding

ratio is ~ $,C9Sq sin 8. 1If these later operators contribute at all
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significantly to K° decay, clearly they will yield the largest CP
violating effects in these amplitudes. We recall in particular that
matrix elements of Q6 are supposed to be especially large and important
in decays like K° + 71 involving final state pionms.

Let f be the fraction24 of the K° » 7 (I=0) amplitude arising from
the "Penguin" type operator Q6. Then the total amplitude for K° > wm

(I1=0) when 6§ #0 is to a good approximation,

A m AL8=0) 4 pa(6=0) In C¢/Re G

0 0 (61)

6 ?

where C6 is the coefficient of Q6 in the effective nonleptonic Hamiltonian.

Defining

g = fImC6/ReC (62)

6 s
we have

~ (6=0) _ig
AO AO e

» (63)
since £ is small.

The standard convention that A0 is real27 may be accomplished by

redefining the phases of the K° and K° states:
K% + e ME|R%
|K0> - e+1E|R°>

At the same time

Im M Im M
———13+————}£+2gssm+zg .

Re M12 Re M12

In standard notation27 the CP violation parameter
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Im I‘12 + iIli2

e = i—4— . (64)
__S__I:+~( -m)
2 1img =y

. 2 ~ ‘i1 .
Experimentally 8 1/2(FS-PL) (S —(mg-mL). Within the convention A, real

27,29 .
ImI'lz/Ili2 can be neglected.”"’ Using 2ReM12 = mg -m , we have

~ A ein/4

v (e, +28) . (65)

The phase angle /4 in Eq. (65), which originates in the KL and Kq mass
and width values, has the precise value29 43.80i0.2°, just as in the
superweak model.30
The other CP violation parameter
1(62-60) Im A2

1 ~ 1
£ 8T — e _— . (66)
Y2 Aq

CP violation from the "Penguin' type operator Q6 (with I=1/2) cannot
enter the amplitude A2 which involves a AL =3/2 transition. However,
the redefinition of K° and ®° phases to make A0 real gives A2 a phase
e_ig. The experimental wn phase shifts 60 and 62 together with A2/AO =

+1/20 yields

1 ~ __l_ ei'n-/l(‘

(&) . (67)
20V2

The experimental value29 of the phase angle, which we have approximated

by w/4 in Eq. (67), is 37° + 6°. Combining Egs. (65) and (67) gives
e N 1( -2¢
€ 20<em4-25 ) ' (68)

Values of the parameter £, which enters the CP violating parameters
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¢ and ¢' are given in Table II for the different choices of m, and
a(uz) discussed previously. Also, in Table II is the usual contribution
to CP violation from the mass matrix, € calculated with 62==150.

Although obtained in a very different manner the results in our
earlier paper and those calculated here for £ are quite comparable
quantitatively. However, since in our earlier paper we calculated the
ratio of imaginary to real parts of the single lowest order "Penguin'
diagram, while here we have done an all orders leading log calculation,
there is no obvious direct comparison or simple approximation in which
the latter results should go over into the former. Nevertheless the
agreement not only in sign but also roughly in mangitude for £ is
gratifying and lends additional support to our earlier conclusion55 on
CP violation in the six quark model.

The parameter €n in Table IT is calculated to zeroeth order in QCD.
The QCD radiative corrections to ReM12 have been calculatedz’31 in the
4 quark model using the leading log approximation and were found to be
negligible. 1In view of this it is perhaps not unreasonable to assume
that QCD radiative corrections to e, are also small. In what follows
we shall make this assumption.

The parameter g/(SZCZSBSins) is always negative and of order unity.
As such, 2¢ is comparable in magnitude and opposite in sign to s leading
to comparable contributions from decay amplitudes (2£) and the mass matrix
(gm) to the CP violation parameter g¢. However, the phase § may be freely
adjusted to fit the experimental magnitude and signlo of ¢ and no quanti-
tative test of the contribution from e, OF 2¢ is possible from e alone.

But in ¢'/e the common factor $,CyS4 sin § cancels out and predictions

2
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dependent on only ZE/em follow. 1In Table II values of e'/e are given
for the different choices of m, and a(uz) discussed previously with
62==15O and f=0.75. The sign of ¢'/e is positive and Table II indicates

2 1o 2% 10_2 are typical for e'/e.

that values of 0.5x 10
IV. Conclusions
In this paper we have derived the effective Hamiltonian for strange-
ness changing nonleptonic decays in the six quark model. The QCD correc~
tions were calculated to all orders in the strong coupling in leading log
approximation by successively considering the W boson, t quark, b quark,
and c quark as heavy and removing them from appearing explicitly in the
effective Hamiltonian. At the last stage we remain with an effective
Hamiltonian which is a sum of local four-fermion operators involving
u,d, and s quark fields times their corresponding Wilson coefficients.
Our calculation follows a well defined and systematic path to the
effective nonleptonic Hamiltonian. While the interaction corresponding
to the "Penguin" diagram in Fig. 1 may be incorporated by hand into an
extra term in an effective Hamiltonian,5’6 then one does not know how
to take into account higher order QCD effects correctly.32 In fact, as
this paper has examined in detail, the "Penguin" type terms in the weak

nonleptonic Hamiltonian originate at the same level as do the QCD correc-

tions to the usual (V-A) x (V-A) four-fermion terms and the two kinds of
operators even mix with each other.

In the resulting Hamiltonian there are five linearly independent four-
fermion local operators. Two of these are the usual (V-A) x (V-A) operators,

but with coefficients that have been changed by QCD effects. Numerical
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evaluation gives an enhancement of the combination transforming as

I=1/2, but only by a factor of 2 to 3. As already concluded by others,11
this is in the right direction, but is inadequate in magnitude to explain
the success of the AI=1/2 rule for strange particle nonleptonic weak
decays. The other three operators are Penguin-like, purely I=1/2, and
arise through QCD diagrams involving heavy quark loops. Although their
coefficients turn out to be small upon numerical evaluation, it is

arguableB’

that they have enhanced matrix elements for weak decays
involving final state pions. If important portions of such amplitudes
come from these Penguin-like operators, an explanation of the AI=1/2
rule is then possible.

The QCD corrections result in imaginary, CP violating parts to the
coefficients of all five operators. For the Penguin-like operators the
imaginary part of their coefficients is about the same magnitude as their
real part times 52c283sin6. Assuming these operators make a dominant
contribution to the K + mm (I =0) decay amplitude results in comparable
contributions to CP violation in the K° -R° system from the mass matrix
and the decay amplitude itself. Both these contributions are proportional
to szc2333in6, the magnitude and sign of which may be fixed to give the
observed value of the CP violation parameter €.

However, in the quantity e'/e the factor szczs3sin6 cancels out and
we predict real values ranging from +0.5 x lO_2 to +2 % 10‘2 from our
calculation and choice of parameters. The smaller values correspond to

larger values of m_ or a(pz). Using a larger value of 62 or a smaller

t

value of A can also give smaller values of e¢'/e.
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The present experimental value is e'/e = -0.003 +0.014, but experi-
ments now planned33 should be capable of measuring or limiting e'/e to
the level of a fraction of a per cent. As such they would be capable of
distinguishing the six quark model34 with important Penguin-like contri-
butions to K + 27 decay from the superweak model,30 where ¢' =0, as ex-

planations of the violation of CP invariance.
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APPENDIX I

In this section we outline the derivation of the equations and give
numerical results for the quantities which appear in Section II. 1In
Section II a rather fundamental role was played by the renormalization
group Egs. (22), (32), (37), and (48). To get Eq. (22), for example, one

merely applies p é%— to both sides of Egq. (18) using

d (+)
a<1ot |>

i
=

R R ()
Tt B8 5o+ %; Yq(g)tmlam )<|0 1>

( )(g) <lo( )|> , (A.1)

I

0.[>

i

b g <l (u =t s(g)~—+}:Y(g>mqamq)<|0 >

- qu(g') ojr (A.2)
J

and

I

a )% 3 3 5 \ o) M )
”'EEIBj (T,g> ( 8_11— B(g) 3e Yt(g)mtam )Bj (’u—,g

(A.3)
In Eqs. (A.1) and (A.3) the partial derivative with respect to u is at
constant g and mq, where q ¢ {u,d,...,t}, while in Eq. (A.2) it is at
constant g' and mé, where q ¢ {u,d,...,b}.
€3] . ' ' . €3]
The vy (g) and the matrix ykj(g ) arise because the operators Ot
and Oi are local four-fermion operators and require renormalization.

(%)

The renormalization of the operators 0q at the one-loop level was con-
+ -
sidered in Ref. 11 where it was shown that the y(")(g) are given by Eq.

(12). From Eq. (16), with Nf==6, it follows that
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2 - & , 2 - 22 (A.4)

At the one-loop level the operators Oj undergo a renormalization

(o]
o} - > 2 O (A.5)

where a superscript "o" denotes a bare unrenormalized quantity. ij is
the matrix renormalization which arises because of the composite nature
of the local four-fermion operators Oj’ The matrix Yij(g') is defined by

PSR TO -1 d
Yij(g ) ; Zix Y au ij . (A.6)

Note that the ij are a function of the coupling g' since the renoramli-
zation of the operators Oj is calculated in the effective 5 quark theory
with that coupling. A straightforward calculation of the "infinite part"

of the one-particle-irreducible diagrams in Fig. 3, using Landau gauge,

gives
103 0 0 0 0
3 -1 -1/9  1/3 -1/9 1/3
L1 (g') = g [ 0 0 -/9 1173 -2/9 273 |, gk
1 g | o o 22/9 2/3 -5/9 5/3
o 0 0 0 1 -3
0O 0 -5/9 5/3 -5/9 -19/3
(A.7)

In the calculation of the renormalization of the local four-fermion
operators, Oj’ the masses of the light up, down, and strange quarks was
set to zero. If this was not done the operators Oj would not close under

renormalization at the one-loop level -- a transition color magnetic
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moment term must be added. However, the presence of such an operator

does not alter the Wilson coefficients of the local four-fermion operators,
Oj’ from their value calculated with the light quark masses set to zero.
The transition color magnetic moment operator itself is explicitly propor-
tional to a light quark mass yielding small matrix elements. Also the
Wilson coefficient of the magnetic moment operator is expected to be
small. Theése facts justify our approximation of setting the u,d, and s

quark masses to zero.

The matrix Yi?(g') can be diagonalized by the transformation

g V;slz YLE(g') Vig = 84y Yﬁ(g‘) (A.8)
where
0 ~.69483 0 0 .70576 0
0 .69483 0 0 . .70576 0
Vk~ _ .15042 .23161 -1.253 .16684 -.10082 42681
] -.2089 -.23161 1.0843 .081196 -.10082 .82414
.032942 0 .10426 .93924 0 -.3322
.61688 0 .21323 -.34513 0 .28045
(A.9)
and
~6.8954
~4
.2
s = g'c ~3.2429 +-@(g'4) . (A.10)
J g2 1.1166
2
3.1327

Combining (A.10) with the perturbative expansion of B'(g') in Eq. (27)

yields the aé of Eq. (28):
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-.8994
- 12/23
-.42299

a! = . (A.1D)
J . 14564

6/23
.40861

Note that a! = a'(—) and aa

: _ @

where

_ Yl(i) (X) zal(i)

) = ” + terms finite at x=0 (A.12)

and

[}

,2
5—5 + @(g'4) (A.13a)
4m

Y'(+)(g')

2
yOen = B et . (A.13b)

2w

The case where the bottom quark is treated as very heavy is similar

to the above and we simply state results:

-1 3 o0 0 0 0
3 -1 -1/9 1/3 =1/9 1/3
n2
T 0o 0 -11/9 11/3 =-2/9 2/3 "
o = B /9 113 =219 23 | 4 geanty
8n 0 0 23/9 1/3 -=4/9 4/3
0 0 0 0 1 -3
0 0 -4/9 4/3 -4/9 -20/3
(A.14)
Y;E(g") is diagonalized by the transformation
Z w—]. nT( n) W = 5 n( n) (A 15)
Ik n2 Yok g km am Yn'® ¢

where
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0 .67552 O 0 . 70598 0
0 -.67552 0 0 .70598 0
ka -.13011 -.33776 -1.2092 .14075 -.11766 47246 ,
.18274 .33776 1.1043 .067129 -.11766 .80199
-.02959 0 .064119 . 96326 0 ~.30023
-.65316 0 .14969  -.34859 0 .23908
(A.16)
and -
-7.0428
-4
w2
Y;(g") _ _g_i -3.501 + @(g"A) . (A.17)
8 1.0974
2
2.8909

It follows from (A.17) and the perturbative expansion of B"(g'") that

-.84514

- 12/25
av = | 42012 . (A.18)
.13169
6/25

.34691

" (‘) a" (+) .

. | ) . l|=
Again a, = a and a,

When the heavy charm quark expansion is performed only the five

operators Ql’QZ’Q3’Q5’ and Q6 defined in Eq. (44) are required. We find

that
-1 3 0 0 0
P VLR VE N VRS VR Vi
Yo" = -i;:f -11/3 1173 22/9 -2/9  2/3 | + é(g" ™
0 0 0 1 -3
-1 1 2/3  -1/3 -7

(A.19)
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The matrix Y;gkg"ﬁ is diagonalized by the transformation

-1
Z X Y"'T(g"') qu = 6 Y"l(glil) ,

P, T np pr Ilq q
where
.16866 -.71436 .052633 .84853 .69088
-.16866 .71436 - ,052633 .56569 - .69088
an = {-7050165 -.030949 ~ .16552 -.28284 -1.1481
.028133 .018728 -1.0044 0 .23229
.78361 .049722 .35726 0 - .17486
and
-7.2221
-3.7559
le 4
Yig™ = B | 10761 | + o™
q 8w
2
2.6797

(A.20)

, (A.21)

(A.22)

Note that these eigenvalues check with those of Ref. 3 where the effective

Hamiltonian for strangeness changing nonleptonic decays was calculated in

the four quark model using a different operator basis. The fourth eigen-

value corresponds to the multiplicatively renormalized isospin 3/2 operator

3Q14-2Q2-Q3. Finally

~.80246

~.41732

at = .11957
6/27

.29774

(A.23)
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TABLE I

Coefficients of the operators Ql’QZ’Q3’Q5 and Q6 defined in Eq. (46)

in the effective Hamiltonian, # .. = (—QFslclc3//§)(:§;CiQi), for

strangeness changing, nonleptonic weak decays. T = 524-szc283e_16/c1c3.
Parameters C1 C2 C3 C5 C6
a@?) = 0.75 -0.72 +1.40 -0.013 +0.007 ~0.025
m_ = 15 GeV +0.0351 -0.035t -0.015T +0. 0081 -0.0591
a@?) = 1.00 ~0.87 +1.51 -0.021 +0.011 ~0.047
m_ = 15 GeV +0.0361 -0.036T ~0.0121 +0.007T -0.072t
a?) = 1.25 ~1.00 +1.61 ~0.028 +0.015 ~0.069
m_= 15 GeV +0.036T -0.036T -0.010t +0.006T -0.0851
o) = 0.75 -0.71 +1.39 -0.013 +0.007 -0.025
m_ = 30 GeV +0. 0421 -0.0427 -0.017t +0.009t -0.076T
a@?) = 1.00 -0.86 +1.50 -0.021 +0.011 ~0.047
m, = 30 GeV +0.043T -0.0437 -0.013t +0.008t -0.093T
a(u?) = 1.25 -0.99 +1.60 ~0.027 +0.014 -0.068
m, = 30 GeV +0.043T ~0.043T -0.011T +0.007T -0.109t1
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TABLE II

Values of the quantity £, which leads to CP violation in

K° > decay amplitudes; €5 the contribution to CP violation

from the mass matrix calculated with 62==150; and the resulting

ratio of CP violation parameters, e'/e for 62==15O and £=0.75.

Parameters E/fszc283sin6 am/32025381n6 e'/e
“(“;1 R ~(0.326 +s2) 7 18.2 1/80
0‘(“:1) - gézéev —(0.624+s§)_1 18.2 1/150
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FIGURE CAPTIONS

Fig. 1. '"Penguin" type diagram.
Fig. 2. Diagram contributing to the K -K° mass matrix.

Fig. 3. Diagrams entering the calculation of the renormalization

of the local four-fermion operators (represented by the

square box) through QCD effects.
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