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CP-violating effects in heavy-meson systems
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We calculate the dilepton charge asymmetry in the neutral-conjugate-heavy-meson sys-

tems produced in e e annihilation. This asymmetry, which is a measure of the intrin-

sic CP violation in the mass matrix, is calculated in the Kobayashi-Maskawa (KM) model

as well as the Higgs-boson model of CP nonconservation. While the charge asymmetry is

small for the D -D and B -B systems in both models, it is predicted to be quite large

(10 ' —10 ) in the T -T system in the Higgs-boson scheme. Thus if experiments to
measure the dilepton asymmetry are feasible (but could be considerably difficult in prac-
tice), only the T -T system can distinguish between the Higgs-boson-exchange model and

the KM model. A T-violating polarization of the lepton in the semileptonic decay of a
meson cannot arise in the KM model. However, even in the Higgs-boson model the
transverse polarization of the muon normal to the decay plane in the semileptonic kaon

decay although nonzero is still quite small (at the level —10 ) unless the ratio of the two
vacuum expectation values u2'/u3' is unexpectedly large. The T-odd ~-lepton polarization
in B-meson decay is expected to be —10, thus conceivably measurable.

I. INTRODUCTION

To date CP violation has be.n experimentally
observed only in the neutral-kaon system, and
theoretically a number of different models have
been proposed to explain the phenomenon of CP
nonconservation. Current models can be cataloged
into two classes. In one class of models the break-
down of CP invariance arises from the exchange of
a gauge boson, as in the Kobayashi-Maskawa
(KM) model' and the left-right-symmetric gauge
model. In another class of models CP violation
originates in the Higgs-boson interaction, and two
or three Higgs doublets are needed to spontaneous-

ly break the CP symmetry. In this paper we con-
fine our attention to the KM model and the
Higgs-boson model with natural flavor conserva-
tion, as originally stressed by Weinberg. These
two schemes are in some sense orthogonal.

Recently, the Weinberg model of CP nonconser-
vation has been criticized on the ground that in the
context of this model the magnitude of the ratio of
two CP-violating parameter e' and e in the E -E
system is unacceptably large. However, there
are sizable theoretical uncertainties associated with
these calculations, having to do with penguin dia-

grams and long-distance effects (i.e., contributions
from low-mass intermediate states) which may

have important consequences for CP violation.
In fact, long-distance effects may reduce (e'/e) by
a factor of —,, using an estimate given by Hill. It
is, therefore, too early to conclude that a serious
problem exists in the Weinberg model. Yet, it is
important to have some tests to distinguish the
Higgs-boson model from the KM model. Among
such tests, in which the predictions of these two
schemes could differ substantially, are the dilepton
charge asymmetry of conjugate heavy-neutral-
meson pairs in e+e annihilation, CP-odd lepton
polarization in the semileptonic decay of a meson,
the neutron electric dipole moment, the decay-rate
difference in semileptonic decays (for example, in
D +Ktrlv decay ),—and P and T-violating-effects
in f' or f decay. ' Among these possible tests,
only the first two CP-violating effects will be con-
sidered in this paper because the charge asymmetry
is a quantity which is less sensitive to the change
of the Higgs-boson mixing parameters, while the
T-odd polarization is predicted to be zero in the
KM model (except for possible final-state elec-
tromagnetic interactions).

In Sec. II the CP phenomenology in the neutral-
meson systems is briefly reviewed. For complete-
ness the main features of the Weinberg model of
CP violation are also reviewed in Sec. III, and
several constraints on the Higgs-boson mixing
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parameters are given. Section IV is devoted to the
computation of the charge asymmetry or CP im-

purity in both the KM and Higgs-boson-exchange
models. We start from a gauge-invariant effective
Hamiltonian, in which no assumptions about the
relative magnitudes of the masses of particles are
made. Section V gives a general treatment of the
T-violating lepton polarization in the semileptonic
decay of a meson, and some experimental con-
siderations as well. Section VI presents our con-

clusions, and some calculational details are given in
an Appendix.

II. CP VIOLATION
OF THE NEUTRAL-MESON MIXING

In this section we describe briefly the main
features of the phenomenology of CP violation in
the neutral-meson P -P system. The proper-time
evolution of the P -P wave function is described
by a 2&(2 non-Hermitian mass matrix

p0
H —0

p0

P0

l lM„——r„M„——r„
2 p0

l i pOM„——r„M„——r„
2 2

(2.1)

where both M and I are 2X2 Hermitian matrices; M11, M22, I 11, and I 22 are thus real, and
M, =M*, , I,=I * .

Assuming CPT invariance (which implies M~~ ——M22 ——m and I ~~
——I z2 ——I },and adopting the phase con-

vention CP
I

P ) = —P ), the eigenstates of definite mass m
& 2 and width I, 2 are

P& ——
, [(1+@)P+(1 e)P )—,

[2(1+
I I

2)]1/2

P2 ——
, [(1+@}P (1 e)P —], —

[2(1+
I

&
I

'}]'"
where the CP-violating parameter e is given by

' 1/2

M12 ——I 122
l

M12 ——I 122

(2.2)

(2.3)

or

i ImM&2+ImI &2/2

[(M&2 —iI &2/2)(M&2 —iI &2/2)]' +ReM&2 i ReI &2—/2
(2.4a)

[(M)g —l I &2/2)(M~z —iI'~z/2)]' —ReM& +2i ReI'&2/2

i Irrdlf—&2
—ImI ~q/2

(2.4b)

Because of the freedom of adjusting the phase of
one of the neutral-meson states, e is phase-
dependent and thus not a physical quantity. If CP
is good, P1 and P2 are CP eigenstates with eigen-
values —1 and + 1, respectively. The correspond-
ing eigenvalues for the mass eigenstates P1 and P2
are

1 1 l
1,2 2 +™M12

2 12 M 12 2 12

1/2

(2.5b)

respectively. The mass and decay-rate difference
are then

l
m]2 ——m+Re M12 ——I 12 M12 ——I 122 2

1/2 ar=r, —I,
l= —4Im M12 ——I 122 2

1/2

(2.5a) (2.6a}
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Am =m1 —m2

l=2Re M, ——I 12 M» ——I 122 2

1/2

M&z arising from low-mass intermediate states.
The PCAC (partial conservation of axial-vector

current) relation under the normalization condition
(2.9) is, for example,

(2.6b) (O~sy„(1 —y, )d ~K )=if~q„/+2m' . (2.10)
If e «1, it follows that

EI =2ReI 12 and Am =2ReM12 . (2.7)
However, care must be taken when one adopts the
opposite CP phase convention CP

~

P ) = ~P ); the
PCAC relation for IC reads

The off-diagonal mass-matrix elements are related
to those of the effective Hamiltonian H,ff by the
perturbation expansion

M12 (P
I Heff

(P'[H,'„=' [n)(n [H,'„=' /P')
P

mp —En

(2.8a)

I ig ——2m.gpp(P iH, rr iF)(F iH, rr iP ),
(2.8b)

(0
~
dy„(1 —y5)s

~

K ) = ifzq—„/+2mk . (2.11)

Finally, we note that heavy mesons have shorter
lifetimes, thus the useful quantities measuring the
mixing are the time-integrated ones. One such
quantity is

4(b,m/I ) +(b,l /I )P=
2+4(am /r)' —(ar/r)' (2.12)

The strength of the mixing depends on hm/I and
b, l /I .

where b stands for
~

b,S ~, ~

b,C ~, . . . etc., depend-

ing on the P —P system under consideration, P
denotes the principal value, pF is the density of fi-
nal states F, and m~ is defined by (CPT invariance
is assumed)

m =(P ~H„~P )=(P H„~P ), (2.9)

with H„ the Hamiltonian of the strong interaction.
The second term on the right-hand side of Eq.
(2.8a) represents large-distance contributions to

III. MODELS

There are essentially two different models of CP
nonconservation which are most frequently used

(1). The Kobayashi Maskaw-a (KM) model. In
the stardard SU(2) XU(1) model of electromagnetic
and weak interactions with six quarks and one
Higgs doublet, CP violation enters into the gauge
sector through the complex phase 6 in the unitary
KM matrix needed to diagonalize the mass matrix

—$1S3U„d Uus Uub c1 —s1c3

U d U Ucb = slc2 c lc2c3 —$2s3e clc2s3+$2c3ei5 i5

S1S2 C1S2C3+C2S3e C1S2S3 C2C3e
i5 i5

(3.1)

where s;—:sin8; and e;=cosg; (i =1,2,3). In the
KM model CP violation is imposed in the initial
Lagrangian and is not a consequence of spontane-
ous CP-symmetry breaking. The smallness of CP
noninvariance as compared to the ordinary weak
interaction is ascribed to the small values of the
quark mixing angles 02 and 83, and/or to the size
of 5; but why these parameters are small is still un-
known.

(2) Higgs boson mixin-g mod-els In this type . of
model CP violation arises either from a scalar
self-interaction or from spontaneous symmetry
breaking. The realization of spontaneous violation

of CP symmetry could be different in character for
different choices of the Higgs-boson masses:

(a) If the Higgs bosons (neutral and charged) are
light, say of the order of 10 GeV, then conserva-
tion of natural flavor has to be imposed to elim-
inate the unwanted strangeness-changing current at
the tree level by the neutral Higgs boson. As a re-
sult, at least three Higgs doublets are needed to im-
plement CP violation, as originally shown by Wein-
berg. In this model CP nonconservation arises
from the exchange of light charged Higgs bosons
and is suppressed" by a factor mq /mH for light
quarks relative to the CP-even amplitude.
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(b) The other possibility is that the Higgs bosons
are very heavy, say of the order of several hundred
GeV, so that the bS =2 neutral current at the tree
level is naturally suppressed. Within the context of
this model spontaneous CP violation can be intro-
duced by only two Higgs doublets' ' and occurs
in both the gauge sector (i.e., the KM matrix is al-
lowed to be complex) and the Higgs sector. This
scheme is essentially a superweak theory at least
for light hadrons.

In the following we will focus on the former
version of spontaneous CP violation and for com-
pleteness we review simply the characteristic
features of this scheme. In the Weinberg model of
CP noninvariance there are three Higgs doublets:

y+
0 (i =1,2, 3) . (3.2)

Each Higgs doublet develops a vacuum expectation
value,

i8;
U;e

(3.3)

with v; real. One may next invoke the following
discrete symmetries to conserve the natural flavors:

(3.4)

where N =(v„v„,v,). The Yukawa coupling con-
stants g,j"' are chosen to be real, so that CP invari-
ance is a good symmetry of the Lagrangian Wz.
We may next expand (3.5) by defining

—43' ER

where D =(d,s, b), U =(u, c,t), and E =(e,p, r),
so that the third Higgs doublet does not couple to
quarks.

The most general quark —Higgs-boson and
lepton —Higgs-boson Yukawa interactions con-
sistent with the discrete symmetries (3.4) as well as
SU(2) XU(1) gauge invariance have the form

Wr gj."DR(p,+'U——]+pi Df )

+gg~j~'UR ($2UL f2+De)—
+gtJ~ER(A &/+ 0~ Ek)+ H c

(3.5)

justing the phases of the quarks. Indeed it has
been shown that the gauge interactions always con-
serve CP invariance for an arbitrary number of
quark generations. ' In terms of the six new

quarks, whose phases are fixed by the gauge in-
teraction, the relevant Higgs-boson Yukawa in-
teractions are

Ky = UgKMDDg-
Vi

/

U~KMUDI.
02

A'+—
+ NL, MEEg +H.c.

V3

for charged Higgs bosons with p,' =p;e ' and
where K is a real KM matrix, and

0 pi- li p2—
W y

—— DMDD+i DMg) y5D + — UMU U
Vi Ui U2

(3.7)

.X2- p3 — .+3-—i UMUy5 U+ — - EMEE+i EMgysE,
U2 U3 U3

(3.8)

where MD, MU, and M~ are diagonal mass ma-
trices.

The Yukawa interactions W z and W z are still
CP-invariant. The scalar fields P;, p;, and X; are,
however, still not the physical Higgs states with
definite masses, and CP invariance of the Yukawa
interactions does not necessarily imply the reality
of the mass matrices of charged and neutral Higgs
bosons. Deshpande and Ma' have shown that the
Higgs potential gives a complex mass matrix for
the P,'. The unitary matrix U~+, which relates the
PI+ to the physical charged Higgs states II~+,"

G+
y'+ U+ ~+
y~ + If+

(3.9)

G'= —(vill '+uzi'+u303'»
U

(3.10)

with 6+ a charged Goldstone boson, is also com-
plex. There are three arbitrary phases in U&, and
two of them can be removed by redefining H i+ and
H2+. Hence U~ can be parametrized exactly in
the same way as the KM matrix (3.1). Because the
charged Goldstone boson is given by

P; =e '(v;+p;+iX; ) . (3.6)

After spontaneous symmetry breaking, the mass
matrices of quarks can be made to be real by read-

and also

u
—=(v~~+u +v )' =(2v 2G~)

with G~ a Fermi constant, it follows that

(3.11)
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Ul =C1U, U2 =$1C2U, U3 =$1$2V, (3.12)

where s; =sin8;, c; =cos8;, and 8; (i =1,2,3) are
Higgs-boson mixing angles. From (3.12) we note
that the mixing angles 81 and 82 are determined by
the vacuum expectation values Ul, U2, and U3, but

the magnitude of Hs and CP-violating phase 5H de-
pend on the parameters in the Higgs potential.

The Yukawa interaction W~ can be recast in
terms of the physical charged Higgs fields in the
form (in the unitary gauge)' '

2

W] =(2W26F)' g (ag Ur KMpDI]H;++piUaMUKDI H;++yiNrMEEgHi++H. c.), (3.13)

with

al ———$1C3
, pi=

Cl

$1$3
, p2=

Cl

i5—C1C2C3 +$2$3e

$1C2

i5—C1C2$3 $2C3e

$1C2
j2

i5H
C1$2C3 +C2$3e

$1$2

C1$2$3 —C2C3e

$1$2

(3.14)

From (3.14) we observe that

Im(a2P2) =—Im(a]P] ), Im(a2y2) = —Im(a]y] ), Im(P2y2) = —Im(P]y] ),
and

Im(a]y] ) U2 Im(p]y] ) ]]]

Im(a]P] ) v& Im(a]P] ) us

(3.15)

(3.16)

On the other hand, the mass matrix of the real scalar fields p; and X; is real, and p as well as X get mixing.
It turns out that the unitary matrix UH, that diagonalizes the mass matrix of the neutral scalar fields,

T
(Pl P2 Ps ~] ~2 ~3) (60 H] H2 Hs H4 Hs)UH (3.17)

with 60 a neutral Goldstone boson, is likewise real. The neutral-Higgs-boson Yukawa interaction (3.8) then
becomes

5

W~r ——(2v26F)' g (g(gDMpDH(+](2;DMpysDH;+(s) UMUUH(

+i $4i UMUys UHi+ gs(EMEEHi +]gsrEMEysEH ) (3.18)

where the coupling constants g,j (i = 1,. . ., 6;
j =1,. . ., 5) are real. Since UUandiUysU have
opposite P, T, and CP transformation properties
(similarly for leptons and charge ——, quarks), P
and CP are violated through the exchange of the
neutral Higgs boson. ' However, unless the strong
CP problem is solved, the experimental test of W~
is subject to an ambiguity.

In some sense the Higgs-boson-exchange model
is more attractive and appealing than the KM
model because not only is CP violation generated
spontaneously, but also the CP-odd effect is natu-
rally suppressed by a factor m~ /mH at least for
light quarks. Nonetheless, in view of the fact that
there are too many free parameters it is usually

1 2e= e 1+ e'&,
2&2 em

(3.19)

difficult to extract any quantitative predictions
from this model. A useful relation among the
various coupling constants and the masses of
charged Higgs bosons, however, could be obtained
from consideration of the K Ksystem, since -the

KI.-Ks mass difference and the CP-violating
parameters have been measured precisely there.

If the phase of E is chosen so that the station-
ary I=0 component of K +2' amplitude is real-,
the CP-violating parameter e in the E -E system
is then approximately given by'
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=IDGE &2 /ReM&z,

lm(~~(1=0) ~H ~1~')
tang=

Re(~~(1 =0) ~11.~Z') '

and calculations are done with the KM matrix,
which fixes the relative phases of the quarks.
Deshpande and Sanda have independently calcu-
lated g from the Higgs-boson penguin contribution

to E ~2m decays, and Im.M&z using the following
effective Lagrangian in the four-quark model

W,« ig——[s;(x)y„(1—y, )dj.(x)]B„

X [ sj( x)),Z„(1—) 5)d;(x)]+H.c. (3.20)

Here g=(l/32m ) GF m, m, (sin8ccos8c) A*, and

I a;glmH where i and j in (3.20) are

color indices. From (3.20) one can calculate the
imaginary part of M12 (Ref. 21),

42
mg —Pnd

ImM, 2
—— Gz m, mz (sin8ccos8c) fz —, + 2

ImA .
327„2 Pn~

(3.21)

Comblnlng (3.21) WItll

2

ReMII —— m, mzf—z (sin8ccos8c), (3.22)
GF 2

12

one finds

1 ms fPld= —., m~ 1+3 IrnA,
Ply

(3.23)

10&2(/e & 30 . (3.24)

From Eqs. (3.15), (3.23), and (3.24), and the experi-
mental result m=2. 274g10-'e™/'it follows that

wrth m, and md the const1tuent quark masses of
the s and d quarks, respectively. Because of the
uncertainties associated with the penguin diagram
and the masses of the charged Higgs bosons, Desh-

pande and Sanda concluded that

2.8)& 10 GeV « — 8.0g 10 GeV
2+2
mo

(3.25)

where 2v'2/ma' =—ImA =1m(II II8;) (I/mH, '
—1/mH ), and m,

* and md are assumed to be 450

and 300 MeV, respectively. Previously mo has
been estimated to be 2 GeV.

Although the contributions from the t quark and
from the two-Higgs-boson-exchange diagram have
been neglected in deriving (3.25), the use of (3.25)
is nonetheless justified. Following Anselm and
Ural'tsev we note that when m, &mH both the
real and imaginary components of M~z in the six-

quark model are related to those in the four-quark
model by

ReMI2'(ImMIz') =ReM'Iz'(Indlf'Iz') g, +2(,g, ln
~c ~c

(sin8ccos8C) (3.26)

with g; = U;d U;*,. The terms in the square brackets
should not be very different from unity because the
four-quark model by itself can account for the

KL —Eq mass difference quite well. However, the
mass of the t quark is likely to be much larger
than that of the charged Higgs boson, which is of
the order of 10 GeV, Eq. (3.21) for InIMI2 thus
should be modified. Fortunately, the results of de-

tailed calculations indicate that it can only lead to
a suppression of the contribution of the I quark (in

particular the contributions from g, m, /m, ) by
letting m, ~ mH. On the other hand contribu-
tions from the two-Higgs boson-exchange diagram
are at most of the same order as that of the 8' —H

2v2
slnfH

fPl O

1 1
(3.27)

Pl~ m~

From Eqs. (3.14) and (3.27) we have

diagram for the neutral-kaon system, as we will see
from the next section and also from Ref. 8; so we

can conclude that the use of (3.25) is legitimate
even in the six-quark model as long as our purpose
is to estimate the order of magntiude of CP viola-

tion.
In terms of the Higgs-boson mixing angles we

may write mo in the form
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UU3
5.6)(10 & sin203sin5~

U)U2
2 2m~ m~

e+e annihilation, which proceeds through the
process e+e ~P P ~ I-+l+-+X (X is anything
else)

&1.6X10 (in GeV ) . (3.28) S++—S--
N+++N-- (4.1)

Assuming maximum CP violation (i.e., 5II ——n /2),
83—Ir/4, m~ &&m~, and v~ -v2 -v3, we find

2 1

m~ —10—17 GeV .
1

Therefore in the Higgs-boson-exchange model of
CP noninvariance with natural fiavor conservation,
at least one of the charged Higgs bosons must be
light and is of the order of 10 GeV, otherwise the
constraint (3.28) cannot be satisfied.

There are two other useful constraints on the
Higgs mixing parameters, one of which arises from
consideration of the EL -Kz mass difference. In
general there are a number of Higgs fields in a
spontaneous CP-violating model and as a conse-
quence it is quite possible to obtain a very large
E -E mass mixing. Hence a restriction on the0 —0

Higgs-boson mixing variables must be imposed in
order that the real part of the H-8' and H-H box
diagrams do not give too large a EL -Eq mass
difference. A good discussion on this is given in
Ref. 8.

In Sec. V we shall see that the T-violating polar-
ization of the muon normal to the decay plane in
kaon semileptonic decay is proportional to the fac-.
tor v2 /v3 . The null result on E&q decays per-
formed at Brookhaven sets a conservative bound
that v2/v3 & 8.

IV. CHARGE ASYMMETRIES IN
NEUTRAL-HEAVY-MESON SYSTEMS

While the various parameters in the KM and
Higgs-boson models can be fine tuned to give the
same El —Ks mass difference and CP violating e
of the neutral conjugate kaon system, the predic-
tions of these schemes may differ in other systems.
The size of CP nonconservation in the KM model
is essentially governed by the intrinsic CP-odd
phase 6, whereas in the Higgs-boson-exchange
model the Higgs-boson —quark coupling strength
increases with the mass of the quark. Hence,
naively, one may expect CP violation in heavy
mesons to provide a nice place to distinguish the
Higgs-boson model from the KM model.

One place to look for CP violation in the heavy
mesons is the dilepton charge asymmetry W in

Here W measures the difference between equal-sign
dilepton events coming from the semileptonic de-

cays of P,P pairs. In terms of e the charge
asymmetry W is given by

4

1— 1 —6
1+@ 4Ree(1+

l el )

(1+
l

e
l

) +4(Ree)
1+ 1 —E

1+@

(4.2)

Although e is not a measurable quantity, the
phase-convention-independent quantity

y =2Ree/(1+
l
e

l
) indicates that the real part of

e measures the magnitude of intrinsic CP noncon-
servation residing solely in the mass matrix. The
dilepton asymmetry is, therefore, a measure of the
CP impurity of the neutral meson rather than a
CP-violating effect in the decay amplitude.

The charge asymmetry (or an equivalent quanti-
ty) for the heavy mesons has already been comput-
ed by a number of authors within the KM
model, ' ' and it is known that this asymmetry
becomes smaller as the meson becomes heavier. A
simple physical reason for this (see Ref. 28) is that
in the B -B system, for instance, the masses of
charm and up quarks are almost the same on the
scale of the b quark. However, since the phase 5
can be removed from the KM matrix by redefining
the quark fields if the charm and up quarks have
equal masses, it follows that the charge asymmetry
is small in the B -B system.

In the following we recalculate the dilepton
asymmetry for neutral heavy mesons which consist
of one heavy and one light quark. The new fea-
tures of the present calculations are shown below.
To evaluate e a knowledge of I &2 is needed. The
general wisdom for computing I &2 is based on the
assumption that the integration over the quark
phase space approximates the integration over the
hadron phase space. Hence summing over the
physical intermediate hadron states is equivalent to
summing over all possible intermediate quark
states. Under this assumption Eq. (2.8) can be re-
placed by

(4 3)
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I

I

W

I

I

1H
I

I

I

I

H
I

I

q-p W I

I

H,
I

I
I

I

I

I

I

I
I

h(p )

FIG. 1. The box diagram which contributes to P -P
mixing with two W-boson exchanges where h (I) rep-
resents a heavy (light) quark.

where the contribution from the low-mass inter-
mediate state to M&2 has been neglected. Hd;, and

H,b, are the dispersive and absorptive parts,
respectively, of the effective Hamiltonian H,ff
arising from the box diagrams. In order to proper-
ly take into account all the effects of the heavy t
and b quarks, we use a finite mass M~ (=78.1

GeV) for the W boson and make no assumptions
about the relative magnitudes of the masses of par-
ticles. Since the 't Hooft —Feynman gauge is

FIG. 2. The remaining box diagrams contributing to
P Pmix-ing. H (P) is a physical (unphysical) charged
Higgs boson.

chosen for the evaluation of the box diagrams, the
contribution from the unphysical charged Higgs
boson P+-with mass M~ must also be considered
in addition to the two-8'-exchange box graph.
Summing over the contributions from the box dia-

grams with two W exchanges (Fig. 1), one W and
one unphysical-Higgs-boson exchange, and two
unphysical-Higgs-boson exchanges (Fig. 2), and

neglecting the momenta of light quarks compared
to those of the heavy quarks, we find the following
gauge-invariant effective Hamiltonian (see the Ap-
pendix for the details),

K,rr=Bl~y&(1 ys)h~—lay&(1 y5)h p—+Cl~(1+ys)help(1+y&)hp+H. c.

with

G 2

B(C) = Ms g g(g~ J dx B'(C'),
S,J

(4.4)

where

'(2W+ W$+2I()) = g [(1+4 A,;AJ )Ak( W, W) —A,;AJ ——,(A,;+AJ )ksx]lnAk( W, W)
1 —A,;)(1—AJ) k

(4.5a)

C'(2W+ Wp+2$) = g' [(2y , A;A~ )AI, x(1 —x,)+A;A—As( , +, x,)]lnA—k(W, W), (4.5b)

and

A, (a,b)=A,, (1—x)+Asx —Asx(1 —x), A2(a, b)=A,;(I—x)+Ajx —Aix(1 —x),

A3(a, b)=A,,(1—x)+AJx —Asx(1 —x), A4(a, b)=A,;(I—x)+Abx —Asx(1 —x),

X'= X —X
k k=1 k=3 MW

mI,
2

M 2
(4.6)

In (4.4), h and 1 represent the heavy and light quarks, respectively, g; = U;k U,"I (UI; Ui'„. ) when both h and I
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are D-type (U-type) quarks, a and P are color indices, and the summation $, is carried out over all possi-

ble intermediate quark states i and j. We note that strictly speaking the effective Hamiltonian (4.4} is not a
local operator because in deriving it we have already put the heavy quark h on its mass shell. It is, however,
legitimate to do this for the purpose of calculating the mass matrix elements becuase the current and consti-
tuent masses of the heavy quark are very close. The reader may verify that when all the external momenta
of the box diagram are neglected, the expression for 8 in (4.4) reduces to the well known result (see Appen-
dix)

A,; in', ; A,J. ink, j.

(1—A,;) (1—AJ)

To proceed we note that by virtue of the vacuum-saturation method,

(P ~iy&(1 —y5)hiy&(1 —y5)h ~P )= 3 ' mz /2m',

(P ~l(1+y5)hl(1+y5)h ~P )=——,fp mt /[(ms+mt) 2m+]= ——,fp mp /2m',

where mz is defined in Eq. (2.9) and fp is the decay constant of the P meson.

We are now in position to compute M&z and I,2. From Eqs. (4.4) and (4.8) it follows that

(4.7)

(4.8a)

(4.8b)

M)g —— Mg6n, (1—A,;}(1-AJ}

+ —,[(2+—,A,;AJ. )At, x(1—x)—A,;AJAI, ( —, +x)]], (4.9)

where only the domain of positive argument of the logarithm is integrated over. I ~2 is obtained by replac-

ing the logarithms in (4.9) by in and i—ntegrating over the domain of negative argument. Because of the

complicated integrands, M&z and I &2 are computed by numerical integration. We take the following values

for the quark current masses: m„=3 MeV, mq = 8 MeV, m, =180 MeV, m, =1.5 GeV, and mb ——4.5 GeV.
The magnitude of the quark mixing angles 8; and phase 5 depend on the mass of the t quark, and the fol-

lowing four different sets of values for various parameters are used

(I) m, =15 GeV, sin8z ——0.5, sin5=0. 005, cos5 &0;

(II) m, = 15 GeV, sin82 ——0.2, sin5= 0.011, cos5 &0;

(III) m, =30 GeV, sin02 ——0.42, sin5=0. 003, cos5&0;
(4.10}

(IV) m, =30 GeV, sin82 ——0. 12, sin5=0. 008, cos5 & 0;

all with sin0~ ——0.23 and sin83 ——0.3.
The results of calculation are displayed in Table I and one can see that the dilepton charge asymmetries

M are of order 10, 10 —10, 10 —10, and 10 for m, =15 GeV, and 10, 10 —10
10 —10, and 10 for m, =30 GeV for D -D, 8~-8~, 8, -8, , and T„-T„,respectively. The charge
asymmetry is thus very small in the T Tsystem even though -~ e

~

is of the same order as that of other
neutral mesons. It is interesting to note that the real parts of M~2 and I » of the T -T system have the
same sign in the KM model, which means that T

&
is more massive than T2 but has a shorter lifetime.

Next we turn to the Weinberg model. In addition to the three diagrams already computed in the KM
model, we also have to consider contributions from the H-P, H-W, and H-H exchange box graphs (see Fig.
2). Using the same notation as in (4.4), we find the contributions to the effective Hamiltonian from the
physical charged Higgs bosons are '
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2

&'(WH+Hp)= g & &
g'

I —,
~ p„~ k;kj[Ak(H„, W) —2]—a„g„'A,;Ahx]lnAk(H„, W),

2
&'(2H)= g ~ ~

g' —,
~
p p„~ A,;AJAk(H, H„)lnAk(H, H„),

(4.11)
2

C'(WH+Hp) = g & &
g' [ ~ p„~ A,;AJAsx(1 —x)+a„g'A,;AJAs(1+2x)]lnAk(H„, W)

2

c'(2H)= g ~
g'[ —,

~ p~p„~ A;AJAR, x(1—x)+(a~@~)(p„g„')Agkjisx

+ 2 (a~@~ )(a„g„')A,;AJ As]lnA~(H, H„),

where AH ——mH /M~, a;, and p; are the

charged-Higgs-boson —quark coupling constants as
given in Eq. (3.14). To proceed we have to specify
the values of various parameters appearing in the
Higgs-boson model. For the quark mixing angles
we still use the four sets of values as given in
(4.10) but with the CP-odd phase 5=0. For the
variables in the Higgs sector, Chang has suggested
that a reasonable choice for u3/u is 0.5, and he also
showed a correlation between mH/m, and U2/U &

in

Fig. S of Ref. 8. We have set mH ——7 Qep,
83——rr/4, and computed the off-diagonal mass ma-
trix elements, as well as the dilepton asymmetry
for a range of values of u2/u~, 5H, and mH . In

2

general M&2 and I &2 are sensitive to the choice of
the values of the Higgs parameters, while the mag-
nitude of the dilepton asymmetry is relatively
stable. We thus present in Tables II and III the re-
sults of calculations based on the following two
sets of values,

TABLE I. Results for M~2, I 12, and charge asymmetry M for D -D, Bd-8 q, B,-B,, and T„-T„systems in the
KM model for various values of quark-mixing parameters as given in Eq. {4.10). A common factor
G~ f~~m~Ms /6n is factored out for each neutral conjuga-te meson -system.

ReM~2 ImM)2 ReI )2 ImI )2

D-D
Bg-Bd
8,-8,

2.76 X 10-'
1.61 X 10
5.52 X 10-4
2.02 X 10-'

—4.76X 10
1.42 X 10
1.17X 10-'

—1.72 X 10

-9.92 X 10-'
—8.59X 10
—2.06X 10

1.65 X 10-'

3.19X10 -'
—6.53X10 -'
—4.45 X 10
—1.40X10 -'

5 18X10
6.08 X 10

—1.75 x 10-'
-5.24X 10-'

D-D
Bd-Bd
Bs-Bs
TN-TN

D-D
8)-8)
B,-B,
T.-T.

D-D
Bg-Bg
8,-8,

5.34X 10-'
2.76X 10
2.44x10-'
1.64x 10-'

1.29 x 10-'
5.87X10
8.84X10-4
2.62 X 10-'

3.50x 10-'
4.38x 10-'
9.08 X 10-'
2.22 X 10

5.78 X 10
—5.84 X10-'
—2 44X10

3.85 X 10

—1.69 X 10
3.10X10 6

1.69X10
—1.37X10-'

2.06 X 10-'
—7.04 X 10-'
-4.51X10-'

3.69X10-'

—1.14X 10
—1.83X10-'
—9.71x10—4

1.34X 10-'

—9.22X 10
—6.49 X 10-'
—6.87X 10

1.90X 10-'

—8.57X10 '
1.01 X 10

—7.67X10-4
1.61 X 10

—9.02X 10-'
1.28 X 10
9.61 X 10
3.14X 10-'

7 35X10
—3.01X10 -'
—1.36X 10
—9.97x 10-"

—3.42x 10-'
2.22X 10
3.78X 10-'
2.68X 10

2.93X10 3

3.21X 10-'
—3.96X10 '
—6.42X 10

4.74x 10-'
7.19x 10-'

—4.92X 10
—2.68X10 6

1.86x 10-'
8.77X 10

—3.97X 10-'
—2.64X 10
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TABLE II. Results for M&2, I ~2, and charge asymmetry M for D -D, B~-B~, B,-B,, and T„-T„systems in the
Weinberg model for various quark-mixing parameters as given in Eq. (4.10). The various values of Higgs-sector param-
eters are taken to be m~ ——7 GeV, mH ——25 GeV, s~ ——0.74, s2 ——0.4, s3 ——1, and sin5H ——0.3 with cos5H &0. A com-

1 2

mon factor GF2f~ rn~Ms '/6m is factored out for each neutral-conjugate-meson system.

ReM~2 ImM)2 ReI )2 ImI )2

(IV)

D-D
Bg-Bg
B,-B,

D-D
Bg-Bg
B,-B,

D-D

B,-B,

D-D
Bg-Bd
B,-B,

3.69x10-'
3.58 X10-'
1.16 X 10-'
5.53 x 10-'

1.00X 10-'
5.05 x 10-'
5.16X 10
4.61 X 10-'

1.61x 10-'
1.41 x 10
2.09X 10
1.46x 10-'

6.88 x 10-'
9.81 X 10
2. 15X10
1.24X 10

—1.16X 10
—3.38x 10 -'
—9.89X10 -'
—3.02X10 -'

—7.33X10
—2.20X10 -'
—3.21X10 -'
—2.43x 10 -'

—2.92x 10-"
—3.65 X 10
—5.07 X 10

1.31x 10 -'

-5.27X10 -'
—8.68x 10 -'
—5.33X10 -'

1.11X 10

—9.90 X 10-'
—8.53 x 10-'
—2.03x 10-'
—1.03 x 10

—1.15x 10-'
—1.80X 10
—9.56x10
—8.20X 10

—9.25 x 10
-6.46X10-'
—6.76 X 10-'

1.34X 10-'

—8 59X10
9.25 x 10-'

—7.65X10 "
1.15x 10-'

—1.34X10-"
—2.00x10 -'
—1.37X10 -'
—2.76X 10

4 90X10—io

—6. 10X10
—5.72X 10
-2.23X10 -'

—4.62X10-"
—1.11X 10
—4.84X10 -'

9.52X 10 -'

4.47X10—"
—6.08 X 10
—4.50x 10 -'

8.08 X 10

1.19X10-'
2.77x 10-'
2.66X10-'
3.99X 10

5.93X10-'
1.36X 10
2.24x10-'
4.01 X 10

3.89x10
1.98X 10
3.10x 10-4
1.43 X 10

6.40X 10-'
5.37x 10-'
2.96x 10
1.47 X 10

TABLE III. Same as Table II except that the various values of Higgs-sector parameters are taken to be mH ——7
1

GeV, m~ ——12 GeV, s~ ——0.79, sq ——0.64, s3 ——1, and sin5~ ——1.

ReM)2 ImM )2 ReI )2 Iml )2

D-D
Bg-Bg
B,-B,

6.73x10-'
7.39x10
2.32X 10

—1.11X10 5

—5.46x 10-'
—1.38X10 '
—4.01X10-'

1.01X10-'

—9.93x 10
—8.46 X 10
—2.00X 10-4
—1.03x 10-'

—6.73 x 10
—1.01x 10
—7.00X10 -'

1.34X 10 -'

2. 18X 10
3.49 x 10-'
4.51X 10-'
1.51 X 10

(IV)

D-D
Bd-Bg
B,-B,
TQ Tg

D-D
Bg-Bg
B,-B,

D-D
Bg-Bg
B,-B,
T.-T.

2.54X 10
9 28X10 '
1.04X 10-'

—9 11X10 6

2.66X 10-'
2.53x 10-'
3.73 x 10-'

—8.99x10 '

1.80X 10
1.70x 10
3.85 X 10-'

—7.66X 10

—3.30X 10
—7.45 x 10-'
—1.83X 10

8.10X10 6

—1.20X 10
—1.34X 10-'
-1.84X 10-'
—1.96X 10

—2.37X10 '
—1.28 X 10
—1.94X10 4

1.64X 10

—1 15x10
—2.38X 10
—9.42x 10-"

8 35X10-o

—9.97X 10
-6.41 X 10-'
—6.66 X 10-'
—2.08X10 6

—8.61 X 10
2.88 X 10

—7.45 x 10-4
—1.76 X 10

2.45 x 10
—3.23X10 -'
—2.91X10-'

1.08X 10 -'

—2.32 X 10
—5.65X10 -'
—2.47 X 10

2.08 X 10

2.23 x 10
—4. 15x 10
—2.29 X 10

1.76X10

4.66X 10-'
3.69 X 10-'
4.40x 10-'
1.57x10-'

1.04X 10
3.57x 10-4
7.51x 10-4
7.67 X10-'

4.75 X 10-'
2.43 x 10
6.93x 10-4
7.73X10
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and

=1,
V2

U3
— =0.3, mH ——25 GeV,

2

sin6H =0.3, cos5H (0,

—=1, — =O.S, mH,
——12 GeV,Ui U3

U2 U

sin~H 1~ coS~H )
(4.12)

changed significantly if these corrections (particu-
larly the last two) are taken into account.

(3) In spite of the fact that the CP impurity of
the T -T system is large (10 ' —10 ~), one's ex-
perimental ability to observe this intrinsic CP-odd
effect is, unfortunately, offset to a limited extend

by the fact that the T -T mixing is very weak.
The possibility of measuring the wrong-sign-lepton
event is determined by"

which satisfy the restriction given by (3.2g).
From Tables II and III, it can be concluded that

the charge asymmetries are of order 10, 10
10, and 10 ' at m, =15 GeV, and 10 —10
10 —10 10, and 10 at m, =30 GeV for
D -D, Bd-B d, B,-B,, and T„-T„,respectively.
The dilepton asymmetry or CP impurity is there-
fore very large in the T -T system. In passing we

note that although the Higgs-boson —quark cou-

pling strength is proportional to the mass of the
quark, the CP impurity of the B -B system is not
large, and in fact it may even be smaller than in
the D -D system, as happens in the KM model.
This has to do with the fact that in the B -8 sys-
tem the real parts as well as the imaginary parts of
M&2 and I &2 are boosted by the increase of the
quark mass, and as a result this yields a small Res.
Hence if an experimental measurement of the
charge asymmetry in e+e annihilation is feasible,
it seems that only in the T -T system can one
distinguish between the Higgs-boson-exchange
model and the KM model.

Several remarks are in order.
(1) Contributions from both the W-H and HH-

diagrams are quite important, and for a large range
of Higgs-boson mixing angles M&2 and I i2 for the
heavy neutral mesons are dominated by the 8'-H
box contribution. In general the contribution from
the H-H box graph is smaller than that of the F-
H diagram by a factor of the order of 10, except in
the case of the T -T system where the H-H graph
could dominate for a certain range of Higgs-boson
mixing variables. This also justifies the smallness
of the H-H diagram in comparison with the 8'-H
contribution in the E -E system as we mentioned
in Sec. III. We also note that the quark mixing
angles, in particular 02 and 03, are not necessarily
the same in both the KM and Higgs-boson models
and should be redetermined in principle.

(2) Possible QCD corrections, hadronic correc-
tions, and long-distance effects are not considered
here in calculating the off-diagonal mass matrix
elements. The magnitude of Mi2 and I i2 could be

r(T ~l +x)
I'(T ~t++x)

r(T'~I++x) I+~F= = Py
I (T ~l +x)

where p is given in Eq. (2.12). In the T To sys-
tem Am and AI are smaller than in the B -B
system as one can see from Tables I—III. The
short lifetime of T compared to that of B makes
things even worse. Likewise, the primary leptons
can be contaminated from the subsequent semilep-
tonic decay. The experimental observation of the
same-sign-dilepton events is thus difficult in the
T -T meson; indeed, this is a general feature for
all neutral heavy mesons. Perhaps one should look
at CP-violating effects in the decay amplitudes of
heavy-meson systems to search for the difference
between the KM and Higgs-boson-exchange models
of CP noninvariance. A full discussion of this will

be presented elsewhere.

V. TRANSVERSE POLARIZATION OF LEPTONS

One of the salient features of the Higgs-boson
model of CP nonconservation is that not only

quarks but also leptons have a CP-violating Higgs-
boson interaction. Hence an observation of CP
violation in the leptonic decays of hadrons is one
of the best areas to distinguish between the Higgs-
boson and KM models; in the latter scheme no
such CP-violating effects can occur.

It is well known that the breakdown of CP in-

variance has no consequences in the PI2 decay
modes (as before P denotes a neutral pseudoscalar
meson). One may then look for the T (or CP)--
violating effects in the semileptonic decays of had-

rons, such as the lepton polarization transverse to
the decay plane in PI3 decays, and the decay rate
difference in PI4 decays. Since the Higgs-
boson —lepton coupling strength is proportional to
the mass of the lepton, such T-odd effects will be
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manifest mostly in the semileptonic decay of heavy
hadrons involving the ~ lepton, and do not arise in
processes such as P decay.

Zhitnitskii has calculated the transverse polari-
zation of the muon in kaon and D-meson decays.
Here we attempt to generalize this calculation to
general PI3 decays. We begin by considering the

decay P; ~Pfl VI and assume the spectator
model for such a semileptonic decay. Referring
to Fig. 3, we let quark a be a D-type quark, and
neglect the momentum transfer squared t com-
pared to M~ . We then find the amplitude has
the form

GF Gb. &iri
Uabl p(1 r5)v(Pf

~ be(1 ys)a I Pi)+ +abmtm g 2 l(1—y5)v(PI
~
b(1+y5)a

~
P; )

) mH t-
l

r

GF P;r,
*

+ Uobmlmb y 2
l(1 y5)v(Pf

~

b(1 y5)a
~

P')
2

1 m& —t
l

(5.1)

where t =(p; pf ) =(—p, —pb) .
The relevant hadronic matrix elements are

&Pf I br, (1 rs)—a IP;)= l(p;+pf)& f+(t)+(p; —pf)i f (t)],
1

2

and

(5.2)

&Pf (b(i+y, ) a~Pi)=
ma —mb

f+(t)(m —mf')+ f (t)t
Pf )&„(by„a))P;

V2(m, mb)—
(5.3)

where the ratio of the two form factors f+(t) and f (t) is real. Then M becomes

GF GpM= U,bly„(1 —y5)v(p)+p, )„f'+(t)+ U,bm, l(1 y5)vf' (t)—,P P 2

with

(5.4)

f'+ (t) =f+(t), (s.sa)

f+ (t)(m mf')+ f (t)—tf' (t) =f (t)+
m, —mb

CX f.
1 m& —t

t

Pl rl
2

~ m~ —t
(5.5b)

The imaginary part of f = f' (t)/f '+ (t), which governs the size of the transverse polarization of the lepton,
is given by

m mf '+g(t)t-
ime(t) =

ma —mb

hmtt Im(a~@) u2 u~

2 mg —mb
(mH t )(mtt —t ) u3 u3

(5.6)

where we have made use of Eq. (3.16),
g(t)=f (t)/f+(t), and bmH mH —mH . ——For
the U-type quark a, Imp' is obtained from (5.6) by
the replacement amb. For Pi3 decay, Imp' has the
same magnitude as that of (5.6) but with different
Sign 1.e.

Imp'(Pt+, )=—Img(Pt3 ) . (5.7)
FIG. 3. The spectator model of the semileptonic de-

ca/ P; ~Pfl VI.
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P y S
p~ I gg( )

ap&spPP vPl
(5.8)

with

Using the same notation as in Refs. 34 and 40, the
T-violating four-vector of transverse polarization is
then given by

pt(Pt C) pt 4s= + sp=
mt(Et+mt) ' (5.10)

X=(f' f—+)/2f'+ =(f' f—~)/2f~ .

The four-vector of the lepton polarization s is re-
lated to g by

and

C'=2(pt'p }(p 'p )™(pt'p )

+2 Re+mt (p, p;) +mt
I
X

I (pt p„),

(5.9}
I

where g is a unit polarization vector of the lepton
selected by the detector in its rest frame. The
evaluation of the transverse polarization is usually
carried out in the center-of-mass frame, i.e., P; rest
frame. Hence

t =mt +2E (EI nt n.
I p, I

»

4=m; E,(Et+nt. n„I pt I
)+2ReX + IX

I
(Et —nt n„I pt I

)

(S.1 la)

(5.1 lb)

with ni and n„unit vectors along p~ and p . Because

e
tirade PPp~; =m;E„

I pt I g ( nt &( n„),
we have

mi
I pi I

Pi ——nt )& n„lmg'(t)
m m

Et+nt. n.
I pt I+2Re& +, I& I'«t nt n.—

I pt I

.
)

m; m;

(5.12)

in the center-of-mass frame. For PI3 and P I3 de-0 0

cays, Imp' has the same form as that given by (5.6)
with an appropriate sign. However, a troublesome
background problem may enter into the neutral-
meson decays, as we shall discuss below.

Neglecting the contribution from the up quark
and assuming f lf+ -0, we find from Eq. (5.6)
that Imp' for X~+3 and Et 3 decays is

l

of kaons.
A recent experiment on the transverse polariza-

tion of muons in K&& decays gives

Imp'= —0.016+0.025 (with Re('=0)

(Campbell et al. ). There are also two recent ex-
perimental results for K&3 decays:

Imp' = —0.060+0.04S

mg v2
2 2

Imp= —
2

.
mp v3

Combining with (3.25) then gives

(5.13)
(with Ref'= —0.655+0.127)

= —0.085+0.064 (withReP =0)

(Sandweiss et al. , );

V
2

V—6.8)&10 & Imp'& —2.0)&102 2

Imp'=0. 009+0.030 (with Ref'=0)

(Morse et al. } .

(S.14}

which contains an unknown factor uz /u3 . The
significance of (5.14) is that if u2 /u3 is of the or-
der of unity, it then follows that a measurement of
Imp' should be done at the level of 10 in order
to provide unambiguous evidence of CP violation
associated with leptons in the semileptonic decay

Hence measurements of Imp' at Brookhaven give a
null result for T violation at the one-percent level.
The conservative bound on v2/V3 set by the data
on Ep3 decays is v2/v3 (8.

A transverse polarization of the muon can also
arise from the final-state electromagnetic interac-
tion between the pion and muon. ' ' For E 3 and
~p LM, 3

E@3 decays, Imp'(EM) is typically of the order of
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(
~

Imp
~
) =2.6X10

( i P, i ) =4. I X 10-'. (5.15)

It may be conceivable to search for such a large
T-violating effect in future experiments. The ob-
servation of a nonvanishing polarization normal to

0.008, which is comparable to or even larger than
the effect of direct CP violation. Fortunately, as
emphasized by Okun and Khriplovich, the trans-
verse polarization caused by the electromagnetic
interaction is the same in K&3 and E&3 decays,p —p

whereas the polarization due to the CP nonconser-
vation has different signs in these cases. Hence the
absolute magnitude of the transverse polarizations
of muons should be different in E&i and E&3 de-
cays. Of course, if Imp'(EM) && Im(' the CP
violating effect would be totally contaminated by
the background.

For E&3 decays Zhitnitskii has calculated the ef-
fect due to the electromagnetic interaction and
found P~ & 10, which effect can thus be
neglected.

Because experimentally no positive result for the
CP-nonconserving muon polarization in kaon de-

cays has been found, and theoretically such a CP-
odd effect is very small as indicated by Eq. (5.14)
(unless the ratio v2 /ui is unusually large), a
transverse polarization of the lepton may be mani-
fest only in the semileptonic decay of heavy
mesons, such as B„~D v. v,. To obtain a nu-

merical estimate of the transverse ~ polarization in
B„semileptonic decays, a knowledge of the form
factors f+(t) is required. Unfortunately, little is
known about these form factors, although some
useful information on f+(t) may be extracted from
the scheme developed in Ref. 42. For our purposes
we simply calculate the T-violating polarization by
assuming a set of three different "orthogonal"
values for g(t)=f (t)/f+(t), namely, 1, 0, and
—1. For the kinematic region in which the mo-
menta of r and v, obey

~ p, ~

=
~ p„~ and

p, p„=0, t has the value 5.78 (GeV) and

~ p, ~

=
~ p, ~

=0.68 GeV. The magnitudes of
Imp' and Pi are sensitive to the change of 5H but
less sensitive to the relative magnitude of v~, v2,
and v3, and the choice of g(t). We set mH ——7

GeV, mH =25 GeV, sin5H =0.3 (so as not to

maximize the CP violation), and choose two sets of
ut' (=v;/u): (1) v'i ——v2 ——0.61, u3 ——0.5; (2)
v

&

——0.91, v2 ——v3 ——0.3, for illustrative purposes.
Then averaging over u, g(t), and two different
signs of cos5&, we find

the decay plane of the heavy lepton with a magni-
tude of the order of 10 would be strong evidence
against the KM model.

VI. CONCLUSIONS

Both theoretical and experimental improvements
in the very near future will determine whether the
ratio of the two CP-violating parameters

~

e'/e
~

is

a serious problem in the Weinberg model of CP
violation. Meanwhile, several other tests are need-

ed to distinguish between the Higgs-boson-
exchange model and the KM model. The dilepton
charge asymmetry is a measure of the intrinsic CP
nonconservation in the mass matrix of the heavy-
neutral-conjugate-meson system, and is less sensi-

tive to the change of quark and Higgs-boson mix-

ing parameters. Keeping the mass of the 8'boson
finite, and taking into account the full effects of
the masses of quarks, we obtain a gauge-invariant
effective Hamiltonian, which can then be used to
calculate the off-diagonal mass matrix elements.
The dilepton asymmetries are of order 10
10 —10, 10 —10, and 10 —10 in the
KM model, and 10 —10, 10 —10
10 —10, and 10 ' —10 in the Higgs-boson
model for D -D, Bd-Bd, B,-B„and T„-T„respec-
tively. Though the measurement of the dilepton
charge asymmetry in the T —T system is one of
the best means to distinguish between two schemes,
such an experiment is made difficult by the fact
that T -T mixing is very small.

The KM and Higgs-boson models of CP viola-
tion are quite different in their predictions for CP-
odd effects associated with the leptons in semilep-
tonic decays. At the tree level a CP-violating lep-
ton polarization cannot arise in the KM scheme.
However, in the Higgs-boson-exchange model the
T-odd polarization of the muon in the kaon decay
is also quite small and is of order 10 (the corre-
sponding Imp' is of order 10 ) unless the ratio
U2 /v3 is unusually large. The T-violating polari-
zation is, nonetheless, large for the heavy lepton
produced in the semileptonic decay of a heavy
meson. For instance, in the decay B„~D 7 v,
Pi is expected to be of order —10 (while
Imp'-10 '), which may be practicably measurable
in the future.
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APPENDIX

We evaluate in this appendix the box diagram of
Fig. 1; the other box diagrams in Fig. 2 can be

treated in a similar way. The neutral heavy
mesons in the box diagrams contain one heavy (h)
and one light (I) quark. In the 't Hooft —Feynman
gauge the amplitude for the box diagram in Fig. 1

has the form

. 4
d4

M =j g g, gj I ~ l(p3)y&(1 —y5) y„(1 y&)—h (p & )1(p2)y,( 1 —y~)(2~)'

1 1 1
X y„(1—y5)h(pg)

q —p ] —p2 —mJ (q —pl )' Mw' —(q —p3)' —Mw'

where g; = Us U;I ( UI; Up*„) when both h and I are D- ( U-) type quarks and the U~'s are the Kobayashi-
Maskawa matrix elements as given in (3.1). Assuming p ~ &&p2, p4 &&p3 and noting that

[ r„r r.(1 r5—)][r.rsr, (1 r5—) l =4[ rp(i rs—}][y (1—y5) l

we find

4 d4
Xak, I,«p»)r, (1—r }I(p»I(p2}r,(i —r5}I (p4)q, (q —pl),

(2m. )

(A2)

The momentum integral

(q —Mw )(q —m; )[(q—pl) —Mw ][(q—pl) —mj ]

4I= dq 2 2 2 2
(q —Mw )(q —m; )[(q —p)) —Mw ][(q—p)) mj ]—2 2 2 2

can be written as

1

(Mw —m; )(Mw —mj )

1 1
qqp(q pl )v 2 2 2 2 + 2 2(q —Mw )[(q —pl) —Mw ] (q —m; )[(q —p)) —mj ]2 2

1

(q' Mw')[(q pl )—' m, ']— —(q™)[(q—pi }'—Mw'l
(A4)

The integral l can be easily evaluated using the method of dimensional regularization and all terms which

are not functions of m;, mJ, or Mw can be thrown away. With the definitions A,;=m; /Mw,
AJ mj /Mw, a——nd A»

——mh /Mw (ms is the mass of the heavy quark h },we find

(A5)

where

A, =1—Asx(1 —x), A2 ——A.;(I—x)+Ajx —Asx(1 —x),
A3 ——A,;(I—x)+x —Asx(1 —x), A4=1 —x+A&x —Asx(1 —x),

n=1 n=l n=3
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Substituting (A5) into (A3) we obtain

6 2

M= Mg l(p3)y, (1—y5}h(p))1(p2)yq(1 —y5}h(p4)
4m

;, (1—&;)(1—&, ) ' „"'" M~'

Summing the contributions from both s and t channels yields the effective Hamiltonian

H ff —Bl y„( 1 y5)h —l&y„( 1 y5)h—p+ Cl ( 1 +y5)h l~( 1 +y, )h~+ H.c.

with

GF

GF'
C= M~ g J dx 2nx(1 —.x)A,I, g'inA„,

n

(A6)

(Aj)

where a and P are color indices. Equation (A7) is the effective Hamiltonian arising from the box diagrams
with the exchange of two W bosons. Equation (A7) reduces to (4.7) which was originally derived in Ref. 43.
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