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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, ¢ 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.

L. INTRODUCTION

In the standard six-quark model with charge +%
quarks #, ¢, and ¢ and charge —3 quarks 4, 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(1) gauge
group of weak and electromagnetic interactions.
The mixing between quarks in doublets charac-
terized, say, by their charge +% members, is
describable by three Cabibbo-type angles 0,, 6,,
and 6,, and by a single phase, 6, which results

in CP violation. The nonleptonic weak interac-
tion that can result in a net change in quark flavors
is given to lowest order in weak interactions, and
zeroth 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 «, d, and
s. As the strong interactions are turned on, not
only is the lowest-order (V —A)x (V —=A) term
involving #, 4, and s quarks modified by gluon
exchanges between the quarks, but there are dia-
grams involving virtual “heavy” quarks in loops
which contribute to the strangeness-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-4A)xV.

It is the purpose of this paper to calculate the
effective nonleptonic Hamiltonian for strange-

ness-changing decays in the six-quark model. We »
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successively consider the W boson, ¢ quark, b
quark, and ¢ quark as very heavy, and use re-
normalization-group techniques to calculate (in
the leading-logarithmic approximation) the re-
sulting effective Hamiltonian remaining at each
stage.

The basic techniques for carrying out such cal-
culations have been laid out previously.!** They
were even applied in the four-quark model to get
the effective Hamiltonian for strangeness-chang-
ing 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 paper® we have raised the pos-
sibility that the diagram in Fig. 1 (the so-called
“penguin” diagram) gives rise to a term gPeneuin jp
the effective Hamiltonian that yields amplitudes
for strange-particle decay with important CP-
violating parts. Other analyses®*° claim that
such penguin-type terms make a major contribu-
tion to the amplitudes for K decay into pions and
are responsible for the Al =3 rule. Assuming
this we showed that in the six-quark model the
magnitude of CP violation arising from the con-
tribution of the matrix element of HP™"" 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) which are distinguishable from
those of the superweak model.

Two questions could be asked about the validity
of using Fig. 1 to estimate the ratio of CP-violat-
ing 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
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FIG. 1. “Penguin”’-type diagram.

multiple soft-gluon exchanges. Essentially, owing
to gauge invariance such soft-gluon effects go into
corrections to the matrix elements of the local
four-fermion operator AP"®" 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 previous-
ly 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 re-
sults of our previous calculations. This paper
provides a detailed answer of the amount of this
change. We systematically analyze the QCD cor-
rections 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 calculated
in the six-quark model. Our approach is peda-
gogical and emphasizes the underlying assumptions
and the conditions necessary for the validity of the
leading-logarithmic approximation. We proceed
by successively considering the W boson, ¢ quark,
b quark, and finally ¢ quark as heavy. In Sec.

III, numerical results are given. As expected,
CP-violating terms appear in the resulting ef-
fective Hamiltonian, both in the old terms of
(V=-A)x(V =A) form and in new penguin-type
terms. In the former they are quite small, but
in the latter are large. The ratio of CP-violating
to CP-conserving amplitudes in penguin terms is
comparable to that calculated on the basis of the
lowest-order diagram in Fig. 1 for a typical set
of parameters. Conclusions are then drawn in
Sec. IV. Many of the details concerning the ma-
trices of anomalous dimensions and their eigen-
vectors and eigenvalues are relegated to an
appendix.

II. DERIVATION OF THE EFFECTIVE NONLEPTONIC
WEAK HAMILTONIAN

In the standard model® where the gauge group
of weak and electromagnetic interactions is SU(2)
®U(1), the six quarks, u, ¢, and ¢ with charge
+2andd, s, and b, with charge -}, are assigned
to left-handed doublets and right-handed singlets:

(). C) G,

W)g; @g; C)r3 (S)rs E)r; (B .

The standard choice of quark fields is such that®

’
d c, —S,C4 -$,S, d
| = > . ib ib
S/ | = ]18,C, €,C,65=8,5,€"" € ,C,S5+5,C5€ s |,
’ id . ib ’
b’ |S,S, €8,C3+C,5,€"" €,5,8;~C,Cs€ b

®

where ¢; =cosb;, s;=sin6;, ic{1,2,3}. Equation
(1) defines the three Cabibbo-type mixing angles
0; and the CP-violating phase, 5. Without loss of
generality the angles 6; may be chosen to lie in
the first quadrant.'®

Weak interactions involving the charged hadronic
current follow from the interaction term in the
Hamiltonian density

3, (%) = ﬁ_z-JL(x)W;(xHH.c., @)

where W, is the charged-W-boson field, J7, is the
charged weak current defined by

J3(0) =% (0)y, (1 —v5)d’(0) +T(0)y, (1 =v;5)s’(0)
+1(0)y (1 =74)0'(0)
=(ﬁd')v-A*‘(_és')V-A*’(t_b')v-A, (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 ef-
fective Hamiltonian density

2
Kot (0) = gz WOV (0) +Hec, (4)
so that the Fermi coupling Gz/v2 =g?2/(8M,?). In

particular, the strangeness-changing piece of
Eq. (4) is '

AS= G — ‘ -1
sc(effs o "/’QE'[‘stcs(Ea“a)v-A(uada)V-A +31¢z(010203 —S,53€ )G uCalv-aCsdsly-a

+8,5,(C,85Cs +Czsae-i6)(§atu)v-,q(?sda W-als (5)
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where we have made the color indices « and 8 on
the quarks (which when repeated are summed from
1 to 3) explicit in preparation for the inclusion of
the strong interactions. It is convenient to re-
write Eq. (5) as

slas= - -Z%[Ac(ogﬂ +087) 14,08 + 0470,
(6)
where
02*) =[Gattalv-a@sds )y -a* Sadaly - aWstes )y - 4]
-[u—-q], (M)
and
Ay =5,0,(C,C,C5 =S,5,¢7"%), (8a)

Ay =5,5,(0,8,65+C,5,e7%0). (8b)

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

[ @i, 0 - Zo[aw (Mf’g><'0$*’<0>l> rat
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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 Egs.
(4) and (5). We now proceed to derive in leading-
logarithmic approximation the form of the effec-
tive weak Hamiltonian in the presence of strong
interactions with heavy W bosons and heavy ¢, b,
and ¢ 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 inter-
action between low-momentum hadron states com-
posed of light quarks and differing in strangeness
by one unit. Thisis justthe calculationperformed in
Ref. 11. Using the operator-product expansion!?
(noting that the operators O¢* and O{* are multi-
plicatively renormalized and do not mix with other
operators at the one-loop level), we have that to
leading order in the heavy W-boson mass

My )50
M’”,g)doc o))

+AP) (%—g) (108 @) a8 (21 ?) <|o‘,"<0)l>} , (9)

where u 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 zeroth order in the weak
interactions.

The Wilson coefficients A% (M, /11, g) and
A(c")(MW/;.L,g) depend on the choice of renormaliza-
tion scheme. Of course, the renormalized opera-
tors 0*) and O'*) also depend on the renormaliza-
tion scheme in such a way that physical quantities
are rendered scheme independent. We use the
mass-independent minimal-subtraction scheme!?
where the renormalization-group equations'* are

9 O s o (M
(umw(g)@ -7 ><g>) A (ng) =0.

(10)

The y(*) characterize the anomalous dimension
of the operators 0¥ with g =c or ¢£. The function
B(g) has the perturbation expansion'®

Bg) ==(33 = 2N )£+ 0(g9), (11

where Ny (which equals 6 here) is the number of
quark flavors. A standard one-loop calculation!!

M
"

I
shows that ¥*(g) has the perturbation expansion

; 2
7~ £ w0, o aw
) ‘

P g)=- £ +0(g ). (12b)
With the running coupling constant g(y,g) defined
by

£ (v,8) dx
In :f — 13
Ve B )

and g(1,2) =g, Eq. (10) has the solution

M, & (My /1,8) Y(t)(x)
4 (M) e[,
q “ ’g exp A B(x) X

XA (1,g (%g)) (14)

In a leading-logarithmic calculation the coefficients
AP (1,5(My /1, g)) can be replaced by their free-
field values A, given in Eq. (8) because the running
fine-structure constant a=g2/4x 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 Egs.
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(11) and (12)
72 ) 24

- W == +terms finite at x=0, (15)
with
N 6
a* = T T (16a)
. -12
(=) = B o, (16b)

Choosing u above the onset of scaling, Eq. (15)
may be substituted back into Eq. (14) to obtain
the result:'®

— ()
(x) { My )z[gz(Mw/#,g)]“
4 (fs)- [ERs2] .

- ["“%ng))]“(*),qq i 17)

At this stage our effective weak Hamiltonian den-
sity is

(+) ’
= G a(My? e + *
seigpnd - S LD 6 0 2 a00)

av1al ™)
+[Ml] mcog')+A,0$'>)}.

a(p?)
(18)

The matrix elements of the above effective weak
Hamiltonian density are to be evaluated to all
orders in the strong interactions and to zeroth
order in the weak interactions. Note that JCesr

does not explicitly involve the W-boson field. We
want 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 ¢ quark as very
heavy and eliminate it from explicitly appearing
in our effective weak Hamiltonian for strangeness-
changing processes. What happens to the operators
0 and 0 is different, and we consider the
more complicated case of O(t*) first.

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 Carrazone'” tells us
that to order 1/m,? all the dependence of ampli-
tudes on the heavy f-quark mass can be absorbed
into renormalization effects and hence into a
redefinition of the coupling constant, mass pa-
rameters, and scale of operators. This suggests
the following factorization:

(0 =37 Bt (f”ﬁ-‘g) {loily +o0 (;};)
(19)

where the primed matrix elements are evaluated

to all orders in an effective theory of strong inter-
actions'® with five quark flavors, coupling ’
g'm,/ u,g) and mass parameters mj, my, ..., mj.
Thus,

dosly =loily(g’y uymiy ... ,mp).

To carry out the expansion of Eq. (19) in leading-
log approximation we find that six linearly inde-
pendent operators O; are sufficient. We choose
them as follows:

0,=Fale)y -a@attg)y- A,

00~ Bty dyn,
03=ala)y - al @atg)y g+ ++(Bgbply -4,
0,=Eolpy - al@putely-a+2++(bsbaly-a],
O5=odaly-al @sttglyss+2+ o+ (Bsbglyaal,

Og= (§ads)V-A[(ﬁBua)V+A SRR (Ea bu)v+A] .

(20)

These operators are sufficient since they close
under renormalization at the one-loop level. The
operators O, and O, already occur to zeroth order
in strong interactions: We read off from Eq. (7)
that

B{Y = B{(1,0)=+1, (21a)
B =B (1,0)=+1.

The operators O0,, O,, O, and O4 are generated
by the strong interactions through penguin-type
diagrams, so that in free-field theory

B =B =B =B =0. (21b)

However, the opefators O; are not multiplica-
tively renormalized at the one-loop level, i.e.,
they mix among themselves. As shown in the
appendix, the renormalization-group equation
their coefficients B{*) (m,/u,g) satisfy is

2 b e (@)
 [(+5 v015g om0 o

—y{f(g’)]Bﬁ*) (%,g) =0. \ (22)

Here y'T is the transpose of the anomalous-di-
mension matrix of the operators O; in the effective
theory of strong interactions with five quarks

and coupling g’. It is the eigenvectors of ¥’T that
correspond to operators which are multiplicatively
renormalized. We write the coefficient functions
B{®) (m,/u,g) of these multiplicatively renormalized
operators as

B (Ze,g) - T vsd (Bee), @
H

and denote the corresponding eigenvalues of
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T by y§. The matrix y’ is found in the Appendix
along with its eigenvalues and the matrix V. For
the B{* (m,/u,g), the renormalization-group
equation corresponding to Eq. (22) is

(u% +B(g) ag +V:(g)mr—a~ +7¥(g) —Yi(g’)>

xéﬁ“(lﬁ—t,g) =0. (24)

The solution to this equation may be found with
the aid of the running coupling constant g(y,g)
defined by*

Iny = fg(y g)(l Yt(x))dx, (25)

with g(1,g) =g. Note that this is not the usual def-
inition 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 =m,/u, it is now
easily shown that the solution of Eq. (24) is

B‘*)( 2 g> exp(fztmt/u,g) (g()f)c)d >

&
£ '(1,8)
’ —'}’;(x) >~(:) —
X ex <f Bi 1 .
P g '(my/u,g) B'(x) 1.8)
(26)

B’ is the g function in the effective theory with five
quarks and coupling g’. This B function has the
perturbation expansion

B (g ==(33 = 2N)E— +0(¢") 27)

with Ny =5, and we write
vix) _ 2af
B’(x)

Choosing u as before, above the onset of scaling,
we may use Egs. (15) and (28) to get!'®

(29)

We have used g’(1,3)~ g(m,/u,g), which is valid
in a leading-log calculation since the running
fine-structure constant is small at the ¢-quark
mass. Finally, using the linear relationship
between the eigenvectors E,- and the B; we have

s (3)- [28) ™ v [sd]”

XVuB(L,g).
(30)

—=* +finite terms at x=0. (28)
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Notice that the factor [a(m,z)/a(uz)]'“(*) out in
front of the summation in Eq. (30) combines with
the earlier factor [ a(My 2)/ot(u e * in Eq. (16)
to give [ (My?)/ a(m, 2)] . In leading-log approx-
imation the coefficients B} )(1,§) 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$ (m, /1, g) set equal to unity and because we
assume the running fine-structure constant is
small at the {-quark mass.

The case of the operators O(c*) 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 ¢ quark as very
heavy and the O(*) are just multiplicatively re-
normalized:

(|0¥]y =B (—’Z—g) oy, 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’(m,/u,g). The
coefficients B*)(m,/u, g) satisfy

. 9 9 9
(M,g‘; +6(&)gg +righmig— +7<*’(g) ‘*)(g')>

><B<*)(M g) =0. (32)

The anomalous dimension y“*)(g’) is that of 0%
and is a function of the coupling g’ in the effective
five-quark theory, while ¥*)(g) depends on g, the
coupling in the six-quark theory.

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

. &(mg/u,g) Y(t)(x) )

4

£'(1,8) /(t
X exp <[ ())C)d,x> B(*)(I,E)
~

i [Z%z‘;)] - [%%]MB‘*’G,E).

(33)

In leading-logarithmic approximation
B(*)(l,g(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
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o(+) (+)
selas=n __ 2Gj§{<a(m 2)>‘1 (ot(MWZ))a ACOE:*)*‘ <

a’(pu?) a(m,®)

(=) (=)
agn ) (a0) 47,

a’(u?)
(My*)

a(m,?)

o a
a(m®) ) A0

All operators on the right-hand side are to have
their matrix elements evaluated in the effective
theory with five quarks, coupling g’(m,/u,g) and
masses mb, mj, ..., m}.

The next step of considering the b quark as very
heavy is similar to what was just accomplished for
the ¢ quark, with the addition of some indices.
This time the matrix elements of the operators
O; of Eq. (20) evaluated in the effective five-quark
theory are to be expressed in terms of matrix
elements of

P, =(Sada)y-a{@gttg)y -4,

P, =(Sadgly-aWgtia)y -4,

Py=(Sodaly - al@sthgly-a+ 22+ (CsChly-4l,

P, = Gadsly -al @sttaly - ++++ +@sCaly-al, %)
Py=(Sodaly - al@gthglyia+e+(Cacaly.al,
Py=Sadply-a@stha)y.a+**+(CsCalvsal,

evaluated in an effective theory with four-quark
flavors (¥, d, s, and ¢). The coupling and masses
in the effective four-quark theory are denoted by
g"(m}/u,g’) and m!, ..., m?, respectively. To
leading order we may write

ouy=3c; ('—”;g

where the prime (double prime) denotes evalua-
tion in the effective five (four) quark theory. The
Ch(m}/u,g") can be shown to obey an equation of
the form

)(Pn>” ) 36)

]

Z [( +p'(g’ ) 7 +Ygmg afn’> 0320 mn

b
k,n

'
+752(&")0mn = 0¥ mm (g")]ck < m ’g'> =0,

(37)

with ¥’ and y” being anomalous-dimension ma-
trices of the operators O,,...,04 and P,,..., P,
respectively.

Defining the linear combinations of coefficient
functions

~ ( m] - mj,
C: (Iﬁ ’g,> = Z w lntC!: (Ikag'> (38)
i

as corresponding to operators which are multiplic-
atively renormalized, i.e., do not mix with other
operators, the renormalization-group equations
diagonalize into the form

(u 2 +B(g')a 7 +mebaa +7i(8") = ”(g")>

~ m!
<,
y K
The matrices W and y” together with the eigen-

values of the latter are found in the Appendix.
With the aid of a new running coupling defined by

£y .&") 1
-v5(x)
Iny = f 70 —dx, (40)
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:

g’) Vie=0. (39)

Ci (ln‘;é,g') =2 {}: Vi [‘;—C&"ﬁ?] -G}V"n}{}: Wom [%%g—)z]%wﬂm,} c} (1,;g" (lz-"a,gr» ) (41)
i, i

m

For reasons stated before, in a leading-logarithm calculation the coefficients Cf(l,'gr’) can be replaced by

their free-field values:

=Ci(1,0)=5;;.

(42)

The operators O(*) are multiplicatively renormalized and the expansion of their matrix elements gives

results like those in Eq. (33) with appropriate changes.

Our effective Hamiltonian now takes the following form at the four-quark level:
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r 2y \a® () 2y \a’ (=)
e

+ 2 [Z Wom (ﬂ,—u))') a':W”mezﬁ]

a(mg?)

(=)
a(Al 2) a =
a(m‘:z) ) 4057

The final step of considering the charm quark
as very heavy is more questionable from the phe-
nomenological viewpoint. It also involves a tech-
nical point which is easy to miss. When we pro-
ceed to expand the matrix elements of the opera-
tors P,,..., P4 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 define®

Q,=Fady)y-aligugly -4,

Qy=(Sadgly - s[gta)y -1

Qs=Galaly-al @)y -4 +(dsds)y s+ EsSaly-al,

Q=G adgly-al@ptte) v-n+ @sdaly-a+GsSaly-al,
v Qs=Gada)v-al @sttplys+ ([sds yun+GsSalvaal,

Qs =S adyly - algtia)yea+(@adalv.a+ CaSalyeal-

(44)

These operators close under renormalization at the .

r
one-loop level, but they are linearly dependent:

Q4="Q1 +Q2 +Q3- (45)

Hence we must then use only five operators,!?
which we choose as @, @,, @;, @5, and Q.

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

n
(Bb7= 35 o (%—g) (CHIPNC)
72142,3,5:6
with g” and m,”, m}’, m{' representing the coupling
constant and quark masses in the effective three-
quark theory. The linear combinations

5, (%) - X (22,4) (a7)

are the coefficients of multiplicatively renormal-
ized operators. The diagonalized renormaliza-
tion-group equations are

9 9 o)
[“'a‘ﬁ +B (g ) gem rvime g +va (€)= (g") ]ZD' < ¥4 )W =0, (48)

og"

and have the solution in leading-logarithmic approximation after reexpressing the D’s in terms of D’s,

D (%,g”) =3 {; Wom [%7’%2’_25)] -ap W-Iml} { > X, [ ’:/fmﬂ)} "@}D{,’(l,g”) 45)

n,p

In leading-logarithm approximation the D?(1,5”) can be replaced by their free-field values, D?. These are
8,5, except when n =4, in which case D}=-1, D%=1, D3=1, and D}=DS=0.

Because we are considering the charm quark as heavy, the operators Off) are no longer just multiplica-
tively renormalized at the one-loop level and we must also expand

m"
<|05:t)|>”:Z Dit) (__If_,g”)er'yn. (50)
r
The renormalization-group equations obeyed by the D{*) (m/ /i, g") are
9 2" w(£) g n mT( m () 7_71;(:"_ ”
2| (v +p(e )5"‘/7+Y( Sz V(&N ) O =i (g™ | D T 87) =0. (51)

r

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

solution to Eq. (51) with the usual approximations is

m” , a”(m’?) -g#(x) //(m”2)
o (%) ST D

X1 D57(1,8"). (52)
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The free-field values, D§*) = D{*(1,0), are D{*) =1, D{*) =+ 1, and all others zero.

We are finally ready to collect all our results and write the previously 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 quark fields:

(gt al” 1 (220? ar(+) 2 a’(+) 2y \ a{*)
qo(as=1) __ Gr x (& (mg? ) ¢ 1 pe | (L (m,,z)) <a(mt ).) (a(MW ))
€ 2\/’2 {Z [lg rq (am(MZ) ‘IPDP all(mélz) a/(”ll;Z) a(th) Ach
T » @

. all(mIIZ) ag! - .
E[ D () e
T

b.q

|
kynyr Lp g

i,

) (M)a(*)At+B(f) (M)a(—)zl,)] Q,} .

a(m?) a(m,*)

(53)

All summations are from 1 through 6, except those over p, g, and » which run through 1, 2, 3, 5, and 6.

III. NUMERICAL RESULTS FOR THE EFFECTIVE
NONLEPTONIC HAMILTONIAN

We are now in a position to perform the arithme-
tic operations made explicit in Eq. (53) and to ex-
amine the resulting Wilson coefficients of the op-
erators @,, @,, @5, @5, and @, in the effective
Hamiltonian for nonleptonic, strangeness-changing
interactions. Since the matrices, V, W, and X,
as given in the appendix, are composed of irra-
tional numbers and since various fractional powers
of a(M?) with M?=M,?, m;?, etc. are rampant,
quantitatively rather little is transparent about
these coefficients in general. We then are forced
to proceed by choosing a parametrization for
a(M?) and values for the W and quark masses,
substituting in Eq. (53), and reading off the co-
efficients of the @; for that particular set of
choices.

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

On the positive side, what is carried out here is
well defined and systematic. The degree of ac-
curacy is obviously no worse than any of the
earlier calculations®* which involve only the
“heavy” charm quark (and W boson) in the leading-
logarithmic approximation. Not only is the ac-
curacy of the calculation expected to be better for
the b and ¢ quarks, but their effect was not taken
into account previously. With regard to CP viola-
tion they play a dominant role as we shall see

r
presently.

To investigate the effective nonleptonic Hamil-
tonian numerically we first of all need to decide
on the running QCD fine-structure constant a(Q?),
the values of the heavy quark masses, and p2 or -
alternatively a(u2?). In the leading-logarithmic

approximation

127w 1
~ 33 - 2N; In(Q®/A%)’

a(Q?) (54)
where we take A*=0.1 GeV?, a value consistent
with recent data when QCD is used to parametrize
the breakdown of scale invariance in deep-inelastic
neutrino scattering.?® When the leading-logarith-
mic approximation is valid, the calculation is in-
sensitive to the precise value of A. The number of
quark flavors is Ny =6 for the fine-structure con-
stant we have called a(Q?), while a’(Q?), a”(Q@?),
and o”(Q?%) have N; =5, 4, and 3, respectively,

as they pertain to effective theories with those
corresponding numbers of quark flavors.

We take m, to be 1.5 GeV and m, to be 4.5 GeV
on the basis of ¢ and T spectroscopy.?! The ¢-
quark mass is unknown at this time, and we use
values of 15 and 30 GeV to get an idea of the sen-
sitivity of the results to this quantity. For My
we take the value 85 GeV, consistent with the value
obtained within SU(2)® U(1), given the recent
measurements®® of sin?6y. In evaluating Eq. (53)
we do not differentiate betweenm; andm,, m. and
m,, etc., again consistent with our leading-log-
arithm approximation philosophy.

‘Finally a value is required for a(u?) [or more
exactly a”(u?)]. We want to choose . to be a
typical “light” hadron mass scale or inverse size,
where a(p?) is of order unity. We let a(n?)=0.75,
1.0, and 1.25 to check the variation of the result-
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ing 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 4, or equivalently
a(n?). The matrix elements of the four-fermion
operators, €;, also have an implicit u dependence
which exactly compensates that of their coeffic-
ients which we have calculated. We are left to
make a choice of u, hopefully close to the typical
light hadron mass scale of the problem, so that
_“hard”-gluon effects are contained as much as
possible in the Wilson coefficients and not the
matrix elements of @;, but high enough that their
calculation in leading-logarithm approximation
makes some sense,?

In terms of the operators, @,, @,, &,;, @5, and
Q¢ defined previously in Eq. (44), the nonleptonic
Hamiltonian involving #, d, and s quark fields
has the form

selns=n - %{slclcs[(-—o.ﬂ +0.0367)Q,
+(1.51 = 0.0367)Q,
+(=0.021 - 0.0127)Q,
+(0.011 +0.0077)Q,
+(=0.047 = 0.0727)Q, ],
(55)
when m, =15 GeV and a(u?)=1 and where
T=8,2+5,0,5,e™%/c,c,, (56)

along with the other masses specified’previously.
Values of the coefficients for all six cases corre-
sponding to a(u?)=0.75, 1.0, and 1.25 and m, =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 @,, as well as
the “penguin”-induced operators @,, @, and @,
were all zero. In the sector involving u, d, s
quarks the strangeness-changing weak Hamiltonian

then just involves @, with unit coefficient. Thus
the presence of strong-interaction QCD correc-
tions has brought in the operators ,, @,, @,
and @4, changed the coefficient of ®,, and given
all coefficients an imaginary (CP-violating) part
through the quantity 7, which enters through
penguin-type diagrams involving a heavy-quark
loop.

The portion of the nonleptonic Hamiltonian in-
volving only the operators @, and @, is the tra-
ditionally calculated (V =A)x (V —=A) four-fermion
piece with neglect of all penguin-type effects. The
sum of coefficients of @, and @, is proportional
to the coefficient of an operator transforming pure-
ly as I =3, which cannot mix under strong-inter-
action renormalization with penguin contributions
which are pure/=3;. As a consequence, one
simple check of the calculation is to note that the
quantity 7, arising from penguin contributions,
always has the same magnitude and opposite sign
in its contribution to the coefficients of @, and @,.

The combination of operators @, -, transforms
purely as [ =3, while the combination @, +@Q, has
an I =3 piece. The ratio of coefficients of @, - @,
and @, +€, is a measure of AJ =% or octet en-
hancement by QCD, as first calculated in Ref.
11. Our inclusion of penguin operators and their
mixing makes little numerical difference for the
coefficients of @, and @,. Slightly more important
in comparison with earlier work is our taking into
account not only the heavy W boson, but each heavy
quark successively in computing the leading-loga-
rithmic QCD effects. As a result the earlier
[a(M,2)/a(u?)]** is replaced by

[@(0y?)/alm 2 [ alim )/ a* (mi2)

x [a(m2)/a” (me2) " D[ a” (m22) /am (u2)]"
even if all penguin effects‘ are neglected. Numer-
ically the coefficient of @, — @, is enhanced by a

factor of 2 to 3 and that of @, +Q, suppressed by
0.6 to 0.7 for our choice of masses. In agreement

TABLE 1. Coefficients of the operators @y, @,, Q3 @5 and @, defined in Eq. (46) in the effective Hamiltonian, 3Cefr
=(=Gpsicys3/V2)(2; CiQ;), for strangeness-changing, nonleptonic weak decays; 7= sy?+ sycps3e*5/cqcs.

Parameters Cy C, Cs Cs Ce
a(u?) =0.75, m;=15 GeV  —0.72+0.0357 +1.40-0.0357 —0.013-0.0157 +0.007+ 0.0087 —0.025—0.059T
a(u?) =1.00, m¢=15 GeV  —0.87+0.0367 +1.51—0.036T -0.021-0.0127  +0.011+ 0.0077 —0.047-0.072T
o(p?) =1.25, m¢=15 GeV  —1.00+0.0367 +1.61—0.0367 —0.028—0.0107 +0.015+ 0.0067 —0.069—0.085T
oz(/-tz)=0.75, m: =30 GeV —0.71+0.042T  +1.39—0.0427 —0.013—0.0177  +0.007+ 0.0097  —0.025-0.0767
a(u?) =1.00, m;=30 GeV  —0.86+0.043T7 +1.50~—0.0437 —0.021-0.0137 +0.011+ 0.008T —0.047— 0. 0937
a(p?) =1.25, my=30 GeV  —0.99+0.0437 +1.60—0.0437 —0.027—10.011T +0.014+ 0.007T —0.068—0.109T
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with all earlier results this is in the correct di-
rection, but much too small to explain the high
degree of accuracy of the Al =3 rule in nonlep-
tonic decays of strange particles.

The penguin terms @,, @;, and @4 transform
as purely I = ; on the other hand. Our calculation
‘indicates their coefficients are smaller than those
of @, and @,, typically by an order of magnitude
for ,. However, arguments can be made that the
(V=A) X (V +A) structure of @, leads to enhanced
matrix elements,?* 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 @, make major contributions to such
decays and can qualitatively account for the suc-
cess of the ol =} rule.346:25

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 Im7 and is then proportional
to s,¢,5;5ind, leads to CP violation in decay
amplitudes.

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 to%® )

=28,,8,5ind P(6,,7) (57)
with

(1)1
P(6,,n)=

)
i +s,t = 2322022(77—1_2%)

(58)

when s, and s; are considered as small quantities.
Here n=m.?/m* and M,, is the element of the
K °-K ° mass matrix defined by?’

M, =(K°|Hy| K%+ Z (KOIH:’ZiSn’,LHWlX% fees,

(59)

u,c,t u,c,t

d MAAVMA s

FIG. 2. Diagram contributing to the K °-K ° mass
matrix.

When 6 =0 and there is no CP violation we de-
fine the real decay amplitude A" for K °~ 77
(I=0) by

@u(I=0)| H{O| K °) =A%, (60)

where b, is the / =0 strong-interaction 77 phase
shift. A similar definition applies to the ampli-
tude AL for K °~ 7w (1=2).

When s,c,s,8ind # 0 and CP is violated, an in-
spection of the coefficients of the operators @,
and @, immediately shows that the ratio of their
imaginary to real parts is ~ 10"2320283 sind. This
is not true for the penguin-type operators @;, @,
and @, where the corresponding ratio is
~§,C,8,5in0. If these later operators contribute
at all significantly to K ° decay, clearly they will
yield the largest CP-violating effects in these
amplitudes. We recall in particular that matrix
elements of @, are supposed to be especially
large and important in weak nonleptonic decays
like K% 7.

Let f be the fraction® of the K °~ 77 (1=0)
amplitude arising from the penguin-type operator
@,. Then the total amplitude for K °— 77 (I=0)
when 6 # 0 is to a good approximation,

A=A 1if A9 ImC, /ReCy, (61)

where C, is the coefficient of Q4 in the effective
nonleptonic Hamiltonian. Defining

£=fImC,/ReCy, : (62)
we have
A= AP0 et (63)

since & is small.

The standard convention that A, is real®” may
be accomplished by redefining the phases of the
K° and K ° states:

| K%y ~e | K,
| Koy~ e'¢| K0y,
At the same time

ImM, ImM,
ReM,, ReM,

+28=€,+2§.

In standard notation®” the CP-violation parameter

ImI'y, +2Im M,,
(Cs=Tp)/2+i(mg—my)"

€=1 (64)

Experimentally?® 3([';~ ;)= ~(mg —m ;). Within
the convention A, real ImI',/Im M,, can be ne-
glected.?”?® Using 2ReM,, =mg —my, we have

€x ZL\/.Z_e”/“(e,,ﬁZE). (65)

The phase angle 7/4 in Eq. (65), which originates
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TABLE II. Values of the quantity £, which leads to CP violation in KY—nm decay ampli-
tudes; €,, the contribution to CP violation from the mass matrix calculated with 6,=15°; and
the resulting ratio of CP-violation parameters, €’ /€ for 6,=15° and f =0.75.

Parameters £/fsqcys35ind ' €,/ 52C2535ind € Je
a(p®)=0.75 m,=15 GeV —(0.423 + 5,271 10.4 1/50
a(p?)=1.00 m,=15 GeV —(0.651 +,2) 1 10.4 1/80
a(pt)=1.25 my=15 GeV —(0.811 +s,%) 10.4 1/100
() =0.75 ms=30 GeV —(0.326 + 5,271 18.2 1/80
a(p?)=1.00 m;=30 GeV —(0.505 + 5,271 18.2 1/120
o(4?)=1.25 m;=30 GeV —(0.624 + 5,271 18.2 1/150

in the K; and Kg mass and width values, has the
precise value®® 43.8°+0.2° just as in the super-
weak model.*°

The other CP-violation parameter is

€= %2__8‘.(62'60) __211111;& . (66)
CP violation from the penguin~type operator
Q, (with I =3) cannot enter the amplitude A, which
involves a Al =3 transition. However, the re-
definition of K ° and K ° phases to make A, real
gives A, a phase e"*. The experimental 77 phase
shifts 6, and 6, together with A,/A =+ 3 yields

1

i7/4 .
575 ¢ (=8, (67)

€=

The experimental value®® of the phase angle, which
we have approximated by 7/4 in Eq. (67), is 37°
+ 6°, Combining Eqs. (65) and (67) gives

e 1 ( -2¢
€ 20 (€m+2£ ) : (68)

Values of the parameter &, which enters the
CP-violating parameters € and €’, are given in
Table II for the different choices of m; and a(u2)
discussed previously. Also, in Table II is the
usual contribution to CP violation from the mass
matrix, €,, calculated with 6, =15°,

Although obtained in a very different manner,
the results in our earlier paper and those calcu-
lated here for § are quite comparable quantitative-
ly. However, since in our earlier paper we cal-
culated the ratio of imaginary to real parts of the
single lowest-order penguin diagram, while here
we have done an all-orders leading-logarithmic
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
magnitude for & is gratifying and lends additional
support to our earlier conclusions® on CP viola-

tion in the six-quark model.

The parameter €, in Table II is calculated to
zeroeth order in QCD. The QCD radiative correc-
tions to ReM,, have been calculated®®! in the four-
quark model using the leading-logarithmic approx-
imation and were found to be negligible. In view
of this, it is perhaps not unreasonable to assume
that QCD radiative corrections to €, are also
small. Inwhatfollows we shall make this assump-
tion.

The parameter £/(s,c,5,sind) is always nega-
tive and of order unity. As such, 2{ is compar-
able in magnitude and opposite in sign to €,,
leading to comparable contributions from decay
amplitudes (2£) and the mass matrix (€,,) to the
CP-violation parameter €, However, the phase 6
may be freely adjusted to fit the experimental
magnitude and sign'® of € and no quantitative test

-of the contribution from €, or 2{ is possible from

€ alone. But in €’/€ the common factor s,c,s,sind
cancels out and predictions dependent on only
2¢/€,, follow. In Table II values of €’/€ are given
for the different choices of m; and a(u?) dis-
cussed previously with 6,=15° and f=0.75. The
sign of €’/e€ is positive and Table II indicates that
values of 0.7X 1072 to 2X 1072 are typical for

€’ /e.

IV. CONCLUSIONS

In this paper we have derived the effective
Hamiltonian for strangeness-changing nonleptonic
decays in the six-quark model. The QCD correc-
tions were calculated to all orders in the strong
coupling in leading-logarithmic approximation by
successively considering the W boson, ¢ quark,

b quark, and ¢ quark as heavy and removing them
from appearing explicitly in the effective Hamil-
tonian. At the last stage we remain with an effec-
tive Hamiltonian which is a sum of local four-
fermion operators involving #, d, and s quark
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TABLE IIl. Same as Table I but with A2=0.01 GeV?.

Parameters Cy C, C3 Cs Cq
a(u?)=0.75, my;=15 GeV  —0.77+0.0217 +1.43—0.0217 —0.026—0.006T  +0.013+0.004T  —0.065—0.045T
a(u?)=1.00, m,;=15 GeV  —0.93+0.0217  +1.55—0.0217 —0.032—0.005T  +0.017+0.003T  —0.097—0.055T
o(u?)=1.25, m,;=15GeV  —1.06+0.0217 +1.65—0.021T —0.037—0.003T  +0.020+0.0027 —0.128—0.065T
o(p?)=0.75, m;=30 GeV . —0.76+0.0267 +1.42—-0.0267 —0.025-0.008T  +0.013+0.0057 —0.065—0.060T
a(p?)=1.00, m;=30 GeV  —0.92+0.0277  +1.54-0,0277 —0.032—0.006T  +0.017+0.004T  —0.097— 0.0757
a(p?) =1.25, m;=30 GeV  —1.05+0.0277 +1.65—0.0277 —0.037—0.0047  +0.020+0.003T  —0.127— 0.0887T

fields times their corresponding Wilson coeffi-
cients.

Our calculation follows a well defined and sys=-
tematic path to the effective nonleptonic Hamil-
tonian. While the interaction corresponding to the
penguin diagram in Fig. 1 may be incorporated by
hand into an extra term in an effective Hamil-
tonian,5' then one does not know how to take into
account higher-order QCD effects correctly.3?

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 corrections 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 lin-
early independent four-fermion local operators.
Two of these are the usual (V =A)Xx (V —=A) opera-
tors, but with coefficients that have been changed
by QCD effects. Numerical evaluation gives an
enhancement of the combination transforming as
I=3, but only by a factor of 2 to 3. As already
concluded by others,'! this is in the right direc-
tion, but is inadequate in magnitude to explain the
success of the Al =3 rule for strange-particle
nonleptonic weak decays. The other three opera-
tors are penguinlike, purely I =3, and arise
through QCD diagrams involving heavy quark
loops. Although their coefficients turn out to be
small upon numerical evaluation, it is arguable®'*

that they have enhanced matrix elements for weak
decays of kaons and hyperons. If important por-

_tions of such amplitudes come from these penguin-

like operators, an explanation of the Al =% rule
is then possible.

The QCD corrections result in imaginary, CP-
violating parts to the coefficients of all five opera-
tors. For the penguinlike operators the imaginary
part of their coefficients is about the same mag-
nitude as their real part times s,c,5,sind. As-
suming these operators make a dominant contribu-
tion to the K — 7w (I =0) decay amplitude results
in comparable contributions to CP violation in the
K °-K° system from the mass matrix and the de-
cay amplitude itself. Both these contributions are
proportional to s,c,S, sind, the magnitude and sign
of which may be fixed to give the observed value
of the CP-violation parameter €.

However, in the quantity €’/e the factor
$,C,8,5ind cancels out and we predict real values
ranging from +0.7x1072 to +2 X 1072 from our
calculation and choice of parameters. The smal-
ler values correspond to larger values of m, or
a(u?). Using a larger value of 6, or a smaller
value of A can also give smaller values of €’ /€.
For example, with®® A%=0.01 GeV? but the other
parameters chosen as before we find (see Tables
III and IV) values of €' /€ ranging from about
+0.3x1072 to +0.5x 1072,

The present experimental value is €’/¢

TABLE IV. Same as Table II but with A%2=0.01 GeVZ.

Parameters £/fsycos38ind € /53253810 €' fe
a(u?)=0.75, m;=15 GeV —(1.461+ 5,271 10.4 1/190
a(p?) =1, my=15 GeV —(1.760+ 5,571 10.4 1/230
a(p?)=1.25, m;=15 GeV —(1.963 + 5,971 10.4 1/260
a(p?)=0.75, m;=30 GeV —(1.076+ 5,271 18.2 1/260
o(p?) =1, ms =30 GeV —(1.295 + 5,271 18.2 1/310
a(p?) =1.25, m;=30 GeV —(1.442 + 5,171 18.2 1/350
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==0.003+ 0.014, but experiments now planned®*
should be capable of measuring or limiting €’/€
to the level of a fraction of a percent. As such
they might be capable of distinguishing the six-
quark model®® with important penguinlike con-
tributions to K - 27 decay from the superweak
model,*® where €’ =0, as explanations of the
violation of CP invariance.
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APPENDIX

In this section we outline the derivation of the
equations and give numerical results for the
quantities which appear in Sec. II. In Sec. II a
rather fundamental role was played by the re-
normalization group Egs. (22), (32), (37), and
(48). To get Eq. (22), for example, one merely
applies pud/du to both sides of Eq. (19) using

b O]

= (ua Zn (&ymas )(l o))

== (g)| 0£*> |> , (A1)

ud“(lo b
( +B’(g) +ZY’(8’)mqam )(leD'

==Y viieXloly, (A2)
J

and

_61_ u)( )

(w3 8o g5 +remig ) B (5 )-
‘ (A3)

In Eqgs. (Al) and (A3) the partial derivative with
respect to u is at constant g and m,, where
qe{u,d,...,t}, while in Eq. (A2) it is at constant
g’ and m), where gciu,d, ..., b}.

The ¥**)(g) and the matrix vi;(g') arise because
the operators O(,*) and O; are local four-fermion
operators and require renormalization. The re-
normalization of the operators Of,*) at the one-

—a XX
= X
=0 XX

FIG. 3. Diagrams entering the calculation of the re-
normalization of the local four-fermion operators (rep-
resented by the square box) through QCD effects.

loop level was considered in Ref. 11 where it was
shown that the v*)(g) are given by Eq. (12). From
Eq. (16), with N;=6, it follows that

a(+)=_z%’ a('):_,;_i_. (A4)

At the one-loop level the operators O; undergo
a renormalization

09=3" 2,0, (A5)
k

where a superscript “0” denotes a bare unre-
normalized quantity. Z;, is the matrix renormal-
ization which arises because of the composite
nature of the local four-fermion operators O;.
The matrix y{;(g’) is defined by

- d
Y{j(g')=kzé likﬂ‘ﬁéw- ‘(AG)

Note that the Z;, are a function of the coupling

g’ since the renormalization of the operators O;
is calculated in the effective five-quark theory
with that coupling. A straightforward calculation
of the “infinite part” of the one-particle-irreduc-
ible diagrams in Fig. 3, using Landau gauge,
gives

)

(.13 0 0 0 0
3 -1 -% % -% %
y:f<g')=—'2 0 0 =5 % -5 %1, 0.
0o 0o % z-% 2
0 0 0O 0 O -3
1
L0 0 -3 -5 -3
(AT)

In the calculation of the renormalization of the
local four-fermion operators, O;, the masses of
the light up, down, and strange quarks was set to
zero. If this was not done the operators O; would
close under renormalization at the one-loop level.
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At the two-loop level a transition color magnetic
momentterm mustbe added. However, the presence
of such an operator does not alter the Wilson coeffi-
cients of the local four -fermion operators, O, from
their value calculated with thelight quark masses set
to zero. The transition color magnetic moment
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operator is expected to be small. These facts
justify our approximation of setting the #, d, and
s quark masses to zero.

The matrix y{,-T(g') can be diagonalized by the
transformation

operator itself is explicitly proportional to a light Z VoL e (8 )Wy =0,7i(g"), (A8)
quark mass yielding small matrix elements. Also k1
the Wilson coefficient of the magnetic moment where
)
.
0 -0.69483 0 0 0.70576 o )
0 0.694 83 0 0 0.70576 0
0.15042 0.23161 -1.253 0.16684 -0.10082 0.42681
Vi = (A9)
-0.2089 -0.23161 1.0843 0.081196 -0.10082 0.82414
0.032 942 0 0.10426 0.93924 0 -0.3322
_ 0.61688 0 0.21323 -0.34513 0 0.28045 J
r
and and
—6.8954 ) . 2
( y(g") = % +0(g"), (A13a)
-4
2 _ (=) 2 - &f_ 14
y}(g/):_é{n_z -3.2429 +0(g"). (A10) YT (g") P +0(g"). (A13b)
1.1166 The case where the quark is treated as very
2 heavy is similar to the above and we simply state
| 3.1327 | results:

Combining (A10) with the perturbative expansion
of p'(g’) in Eq. (27)yields the a/ of Eq. (28):

- B
-0.8994
-z
23
al= -0.42299 (A11)
! 0.14564
L
23
L 0.408 61 |
Note that a/=a’t " and a]=a’®), where
o(2) (%)
- Vﬁ,(g) =24 terms finite at x=0  (A12)
1
1 0 0.67552 0 0
0 -0.67552 0 0
W = -0.13011 -0.33776 -1.2092 0.14075
km —
0.18274 0.33776 1.1043 0.067129
-0.029 59 0 0.064119 0.963 26
L -0.653 16 0 0.14969 -0.34859

(=13 0 0 0 0

3 -1 -5 % -5 3%

"2 0 o0 -4 _2 2
” ny_ & __ 9 3 9 3 na
e =g | L L L e,

9 3 T9 3

0O o 0 0 1 =3

oo
(A14)

y2T(g") is diagonalized by the transformation

Z W-lnl’y;'kT(g”)ka = 5nmyr,l’(g”) ’ (Al 5)
1,k ]
where
0.705 98 o)
0.70598 0
-0.11766 0.47246 (A16)
-0.11766 0.80199
0 -0,30023
0 0.23908 J
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and

-

(-7.0428

-4 .

v | _3.501

ri(g") = £ +0(g™). (A1)
1.0974
2

L 2.8909 J

It follows from (A17) and the perturbative ex-
pansion of 8”(g”) that

(~0.84514 )
12
25
ar- | 02012 a18)
0.13169
S
25
[ 0.34691 J
]
[ 0.16866 -0.71436 0.052 633 0.84853
-0.16866 0.71436 ~0.052633 0.565 69
X,,=| -0.050165 -0.030949 —0.16552
0.028133  0.018728  —1.0044 0
0.78361  0.049722  0.35726 0
"
and
(-17.2221
-3.7559
m2
7,;”(g"’)=% 1.0761 | +0(g™).  (A22)
2
L 2.6797

Note that these eigenvalues check with those of
Ref. 3 where the effective Hamiltonian for strange-
ness-changing nonleptonic decays was calculated

-0.28284
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Again azll =a”( -) and a‘;/ ___a”(*)'

When the heavy-charm-quark expansion is per-
formed only the five operators @,, Q,, @;, @,
and @, defined in Eq. (44) are required. We find
that

-1 3 0 0 O
8 _z2 _l 1
3 —3 9 Tg9 3
mz 11 11 22 2 2 ma
7(8")=%= | =% 3 T -7 s |+0(e™).
0 0 0 1 =3
-1 1 £ -3 -1

(A19)

The matrix y2.7(g”) is diagonalized by the trans-
formation

Y XL ()X, =8, (™),
P,7r
where

(A20)

0.690 88
~0.690 88
-1.1481
0.232 29

~0.174 86
J

(a21)

r
in the four-quark model using a different operator
basis. The fourth eigenvalue corresponds to the
multiplicatively renormalized isospin-% operator
3Q, +2Q, - Q,. Finally

~0.802 46
-0.41732
ar= | 0.11957 (A23)
‘ s
27

0.29774 |
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