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CP violation through Higgs-boson exchange in left-right-symmetric models
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A chiral electroweak model which accounts for spontaneous CP breaking is proposed. Under the
requirement of realistic quark mixing matrices and as a result of a detailed study of the Higgs po-
tential, CP-violating relative phases among the vacuum expectation values of the scalars coupled to
the fermions are seen to emerge. The strong CP problem is solved without any restrictive assump-
tions, The phenomenological implications of the neutral-kaon system are analyzed, and a new phys-
ics in the Higgs sector is proposed to render h5

~

=2 enhanced interactions consistent with a not
too high value of parity-breaking scale.

I. INTRODUCTION

The trail blazers for the new physics in the Higgs-boson
sector pay much attention to the still unresolved thorny
problem of the origin of CP violation. In several ap-
proaches CP is not supposed to be an exact symmetry of
the Lagrangian (general complex Yukawa couplings) and
the diagonalizing transformation of the quark mass ma-
trix M~ contains phases introducing CP violation.

CP noninvariance at the Lagrangian level is, however, a
source of several difficulties. Going from the QFD to the
QCD sector, in connection with the solution of the U„(1)
problem given by 't Hooft, ' the diagonalization of M~ af-
Aicts WQcD with a term of Pontrjagin form,

OQFD

64~

where S is the covariant curl of color-gluon field matrix
and 9QFD —arg(detM& ). Without affecting the Euler-
Lagrange field equations, it conserves C but not P and T
and then CP.

To control the amount of the nontrivial effects we may
add to WOcD a counterterm of the same form with a pa-
rameter OQCD leading to a redefinition of the O,~f such that
O ff—OQcD+ OQFD. It appears indeed quite difficult to jus-
tify in a natural way the smallness —10 of O,ff as can
be deduced by using the present experimental limit of the
neutron electric dipole moment. This mainly because in
this approach, referred as "hard" CP violation, the O,ff pa-
rameter is subject to infinite renormalization, being so a
free parameter of the theory.

In the framework of the "hard" approach several pro-
posals have been made, which use some concomitant as-
sumptions in order to keep O under control. Automatic
solutions can be realized in Peccei-Quinn models, where a
cancellation arg(detM&)= —OQcD at least one part in 10
is determined by instanton effects. The realization of the
same global U(1) invariance in Wigner-Weyl scenario re-
quires unphysical massless quark s. However, these
models are less and less appealing for the unseen pseudo-
scalar axion particle and for cosmological difficulties.

A spontaneous-CP-breaking approach emerges as an al-
ternative way out: a bare true value OQCD as a symmetry
requirement is imposed, while CP effects are likely to
arise not from OQFD but as higher-order corrections.

This last point of view appears quite attractive at a
speculative level, if analyzed in the spirit of attributing to
the symmetry-breaking mechanism those violation effects
typical of the weak-interaction physics at the energy scale
which characterizes the current experimental results.
Within this approach the problem to obtain
HQFD —arg(detMg ) & 10 can be solved in general by im-
posing extra symmetries on the model to restrict the form
of the quark mass matrix at the tree level. Moreover, an
electroweak left-right-symmetric (LRS) extension of the
standard Glashow-Weinberg-Salam model based on the
gauge group

9Lg
——SU(2)L IgI SU(2)g U(1)

can easily supply a Hermitian quark mass matrix leading
to OQF'D ——0 in the framework of the so-called manifest
LRS (MLRS) models. Unfortunately the charge conjuga-
tion is explicitly broken in this scheme.

In the further case of pseudomanifest LRS (PMLRS)
the total Lagrangian is invariant not only under parity but
also under charge conjugation; so, besides gauge, all other
symmetries can be set spontaneously broken. In this con-
text, our motivation is to ascribe CP violation to the pres-
ence of right-handed (RH) currents, taking under control
their potentially dangerous b.&=2 enhancements due
mainly to LR gauge box diagrams and flavor-changing
Higgs-boson exchange.

A final comment before entering the details of the ap-
proach in the next sections. As it will appear clear in the
following, the scheme involves additional discrete sym-
metries, whose effect is to select as the most general solu-
tion of the Higgs potential (4;)=diag[k;, 01. The re-
quirement k =0 implies no WL —Wz mixing as a
zeroth-order relation with nonvanishing Cabibbo angles.
A similar solution, if maintained at all orders, should ac-
count also for a zero WL —Wz mixing at all orders, in
such a way that the absence of dangerous tadpole
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fermion-loop contributions is guaranteed. ' However, this
is not the case in the present scheme. As we already
pointed out, a first-order phase transition in the parame-
ter space takes place in the limit k —+0. The tree-level re-
lations k =0 are then unstable under renormalization be-
cause of the dynamical effects of radiative corrections.
Radiative corrections at one-loop level give birth to a new
symmetry-breaking pattern 0 & k «k; (a hierarchy stable
under the higher-order corrections"). Of course, the
dynamical generation of a small 8'I —Wz mixing does
not modify the tree-level implications of the present ap-
proach.

In the next section we recall some conditions in LRS
theories which have already been discussed before. These
conditions rule out the minimal model which cannot give
nontrivial Cabibbo matrices and, as a result, we are led to
consider a more complicated Higgs sector. In Sec. III the
detailed study of the enlarged potential is connected with
the quark mixing sector. In this investigation more than
two scalars coupled to fermions are required to obtain
CP-violating vacuum and in turn the source of CP viola-
tion can be ascribed also to Higgs-boson exchange. The
non-Peccei-Quinn approach to solve the strong CP prob-
lem is described in Sec. IV. Section V contains some re-
marks on the consistency of not too high parity-breaking
scale with the CP parameters in the kaon system. The
last part of the paper deals with the issue of introducing
six-colored triplet Higgs bosons to enhance

~

bW
~

=2
processes without imposing a high value of their inter-
mediate M~ mass scale.

R

II. SPONTANEOUS CP VIOLATION
IN LRS MODELS

tree
t9qFD — ln

2

et =0.
et Q

(2)

On the other hand, a similar solution is hopefully to be
obtained in the case of PMLRS, where the mass matrix is
only symmetric, under the further condition of a left-
handed (LH) Cabibbo matrix real. In this case, 8' ' ~ will

Several attempts along the line of spontaneous CP
violation can be found in the literature, the main part of
them indeed based on LRS models, ' even though the pos-
sibility of obtaining spontaneous CP breaking directly in

G, =SU(2)L IIU(1) through the introduction of suitable
discrete' or gauge symmetries' cannot be excluded. LRS
models, however, can account for the appealing feature of
describing both P-, and CP-violating effects as due to the
same mechanism of spontaneous symmetry breaking.
CP-violation models in LRS theories based on 9L~ can
be resumed in Table I.

We already saw that their most appreciable quality is
that in the case of MLRS the quark mass matrix is con-
strained to be Hermitian at skeleton level whatever the
vacuum expectation values (VEV's) of the Higgs bosons
coupled to the fermions are, i.e.,
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be hierarchical suppressed at the order of RH currents,
differently from both the questionable Weinberg model'
and the case of MLRS (Ref. 16) (where the first nonvan-
ishing contribution to 8QFD comes from two-loop graphs).
It is tantalizing to look for this alternative approach to
the CP problem in which the following occurs.

(a) CP is spontaneously broken (i.e., it is a good symme-
try at the Lagrangian level) with real Yukawa couplings
and complex scalar VEV's. Then the generalized Cabibbo
mixing matrices satisfy U,z ——I„U,*I Id and we may
choose U,z real and U,~ ——O,I.Id where Iu d are diagonal
unitary matrices. Since CP is spontaneously broken, the
phases in U,z can be also given in terms of the single rela-
tive phase between the two VEV's present in this extended
model.

(b) The symmetry-breaking pattern assures a correct
strength to the CP-violating parameter OQFD.

(c) The difficulties inherent in Weinberg's model can be
overcome without specific assumptions about the parame-
ters.

The aim of this paper is to show that the previous
points can be achieved in the framework of a recently pro-
posed approach to the problem of natural flavor conser-
vation (NFC) restricted to the lower-energy sector of the
theory. Let us require the total Lagrangian invariant
under a discrete symmetry (to be seen as possible relics of
higher unification gauge symmetries)

+ I m. /2q)
D:~ (3)

e

same degree of suppression which characterizes RH
currents, (b) leads to a vanishing W'z- —WR+ mixing at the
tree level, where the charged gauge vector mes ons

+ +Wz-, Wz correspond then to the physical states, and (c)
does not despoil of meaning the generalized Cabibbo mix-
ing.

A simple assumption about the origin of the masses of
the lightest quarks allows for a reasonable determination
of the mixing angles, both for the two- and three-
generation case, preserving Cabibbo universality (once CP
is supposed to be spontaneously broken).

The main point we will discuss in the following sections
is the possibility of accounting for a reasonable pattern of
spontaneous CP violation in the framework of the previ-
ous approach.

III. CP-CONSERVING AND CP-VIOLATING
SOLUTIONS

Let us analyze the possible solutions to the CP-violation
problem in the framework of the approach we have pro-
posed.

As usual the Higgs-induced CP-violating effects can be
parametrized in terms of transition propagators' which
describe the Higgs-boson exchange in an effective interac-
tion picture of the Yukawa part of the Lagrangian. Ac-
cordingly with the imposed symmetries

(6)

the appropriate transformation for fermions being
Q;z~e' Q;z, Q;~~Q;z (i = I, . . . , X). When D is
added to the usual LR symmetry

R fields~L fields,

(4)

(4&;~4;),
the minimal Higgs content which does not make meaning-
less the Cabibbo mixing is represented by two ( —,, —,', 0)
Higgs multiplets +l, +2 coupled to the quarks, to be added
to the usual Xz( —,',0, 1), X~(0, —,, 1) (whose role is of gen-
erating the spontaneous breakdown of parity). Let us re-
call that, because of the symmetries imposed to the La-
grangian, the solution

j'c; 0
(@)= 0 0, i =12

appears as the most general one, since it corresponds to
the largest arbitrariness of the parameters present in the
potential. More specifically, solution (5) is the only solu-
tion which, preserving electromagnetic gauge invariance,
is able to introduce the typical observed V —3 structure
as a consequence of the spontaneous symmetry breaking,
without imposing specific restrictions to the parameters of
the potential. On the other hand, it is possible to show
that (5) is just the solution which (a) ensures NFC in the
lower sector, since it preserves the Higgs-induced flavor-
changing neutral current (FCNC) from appearing to the

where, if suitable transformation properties under CP for
all the involved fields are assumed, the Yukawa constant
matrices I l, A2 can be taken as real and symmetric be-
cause of CP invariance of the total Lagrangian. The fer-
mion mass matrices, generated as usual by spontaneous
symmetry breaking (SSB),become

In general these matrices are diagonalized by biunitary
transformations

U„I.M„U„g ——D„,
UdgMd Udg

——Dd .

The physical states are then given by

(s) (w)Q, dz, R Uu, d z, R Qu, dz, R

Uci. = Uui. Udr. ~

Ucg —Uug Ud
(10)

and they are present in the part of the Lagrangian which
describes the interaction of the gauge bosons with fer-
mions:

The generalized LH and RH Cabibbo mixing matrices are
defined as



35 CP VIOLATION THROUGH HIGGS-BOSON EXCHANGE IN. . . 3465

~fw ~ (Q L3 QdL WLp +Q R7 QdR WRp )+H c
&2

=i —(Q '„'L V"UcjQdj Wj) +Q u'Rl'"U, ttQdz W~& )+H. c.v'2

The divergent contributions of the renormalized coupling
constants gL and gR are not different, and a single g can
be used provided that quartic couplings like tr
(Nc' )(XLXL+X~XR) are chosen in the LRS form. This
prevents that quartic couplings could induce a horizontal
Ward identity between the SU(2) s and makes infinite re-
normalizations to the couplings. By removing the maxi-
mal number of phases' from the LH mixing matrix U,L,
the number of independent and arbitrary phases in U,l R

18, 19

—,(N —l)(N —2) for U,t

,'N(N+1) —for UR
(12)

(no Wj —Wt( mixing eliminates an overall phase for
Uet( ).

Having assumed spontaneous P and CP violation
(PMLRS), in general the following relations hold:

U R =I„ULId (13)

and

though, in this case, phases, determined by the external
legs in the usual CP-violating b,&=2 gauge interactions
cannot be excluded. In fact, even if a real U,L allows to
remove all complex phases in LH charged currents by
changing the phases of the quark fields and reducing in
this way the Kobayashi-Maskawa (KM) mechanism only
to the RH sector, CP violation cannot be prevented to
arise through 8 R gauge interactions. Moreover, if U,L is
real, as we shall consider deeper afterwards, the contribu-
tions b M = 1 arising from gauge interactions are charac-
terized by a vanishing relative phase between AI = —,

' and
bJ = —, amplitudes: the well-known CP-violating parame-
ter e' satisfies e'=0.

Since in PMLRS Mu d are symmetric matrices, the re-

lations M„dM„d M„dM„——d yield [ReMu d, IrrrMu d]=0.
Moreover, MMt=(MtM)* holds instead of the usual
MLRS relation MM =M M. For mass matrices (7) then
it follows U,L ——O,l and the RH phases can be factorial-
ized. Further, when one is able to reduce M„ to be real,
without any lack of generality the following remarkable
form is obtained:

UuR
——Uul Iu

UdR
——UdL, Id

(14)
Ou Mu Ou =Du ~

Od Md OdId ——Dd,
(16)

where Iu, Id are unitary diagonal matrices with elements
exp(ip~), q =u, c, t, d, s, b: here I„,Id cannot be rotated
away via a suitable redefinition of RH quark phases like
in SU(2)I8)U(1) (Ref. 20).

Real U,L follows easily imposing the standard condi-
tion for CP invariance: '

with Id again diagonal unitary.
On the other hand, the Yukawa part of the theory can

be rewritten explicitly in terms of the couplings of the
"strong" quarks with neutral and charged Higgs bosons.
Both neutral and charged Higgs bosons are involved in

~(0)+~(+ )

det[M„M„,MdMd ]=0, (15) where

.I,(0)+
(0) (s) (s) &1 (s) (s) +1~Y = Q uLDuQuR k +Q dLDdQdR

1 k2 NFC

+H. c. ,

( —)

QdjDd U.R Qut—t, +H. c.k*

(+) ( —)
(+) 42~Y QuLDu +cRQdR +QdL Ucj uQuR

1 1

.I,(0)+
(s) (s) +2 (s) (s) +2+ Q LULDdURQ R +QdLULD URQdR

k2 FCNC

y(+ )

Quj UcLDd QdR
k2

(17)

The total Lagrangian is still CP conserving, but a CP-
violating effect may enter into play if the charged-Higgs-
boson mixing is not real (and the phases cannot be reab-
sorbed by a redefinition of the fields) as a consequence of
the complex values of the VEV's. In the last formula
U,L, ——O,L, and U,R ——O, Id. Starting from W'y—' each
charged-Higgs-boson exchange can be described as an ef-

fective four-fermion interaction multiplied by a transition
propagator depending on the charged-Higgs-boson mixing
which, as said above, may introduce a CP-violating imagi-
nary part.

If the Higgs content is restricted to two Higgs fields
@(,@2 alone (besides XL,XR responsible of the spontane-
ous P violation), then the symmetry-breaking pattern re-
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quired by the D and I-R symmetries and ensuring NFC
in the low-energy sector of theory, does not allow for an
Higgs-induced CP-violating term. The most general re-
normalizable potential compatible with gauge invariance,
D and I.-R symmetries can be written in the form where

~ VQ(XL XR @]42)+ y V~(e )+ V]2(e] e2)
i =1,2

(19)

VO(~L ~+R ~@]~@2) P (+L+L ++R+R ) + 4 Pl(+L+L ++R+R ) 4 P2(+L+L +R+R )
2 2 & f f 2

+ g [a't (+'@i)(+L+L++R+R )+P (+L@'@i+L++R+'+'+R)]
i =1,2

V;(4;)= —p; tr(N, 4;)+ —,
' k']'[tr(4&;lI];)] + —,', kz"[tr(N;4;)+tr(ill;4;)] + —,', A'3'[tr(N;4&;) —tr(lIl;4;)]

V]2(@l +2) a]«(~']+] )«(@2@z)+—.a2[«(+]@2)+«(+]+2)] + a3[tr(@]@2) tr(@1@2)l

+ —,a4[«(&&]@2)+«(C ]@2)]'+—,
' a5[«(& ]@2)—«(@]+2)]'

+ -„' a, [tr(+]C ])«(+2C,)+tr(+]& ])«(+2t@2)]

+ a7[ (@]+1) (@2@2)+t (+1@])r(@2+2)l+a8 r(+]+1+2@2)

(20)

(21)

(22)

The minimum conditions coming from V of Eq. (19)
are easily written down. The one relevant to our purposes
concerns the relative phase a of k],k2. Without loss of
generality we can assume (with h, , h 2, a real parameters) ImA;(0)=0 (i =1,2) (28)

i =1 (i =2) identifying the heavy (light) Higgs sector.
Both are seen to satisfy

k1 ——h]e',
and so

k2 ——h2,

a= no. ,

av = ——, (o 4+ cr 5 )sin2a,
Ba

leading to two possible sets of solutions (n integer):

(23)

(24)

(25)

so that there is no Higgs-induced CP violation.
A different way of analyzing the two Higgs case, with

the same conclusion, of course, is based on the following
argument. As said before, it is possible to assume suitable
transformation properties under CP for all the involved
fields, accordingly with the choice of real I 1,A2 in Wz
[Eq. (6)]: as far as the Higgs fields are concerned, we can
consistently assume that, under CP,

7Ta=(2n+1) —.
2

(26)
if a=n~ (29)

A, (0)= — „(Oi T(P + g )
i
0)

1 2

02+)l0) 2 O

1 2

(27b)

Solution (25) [(26)] corresponds to the absolute minimum
if o4+o5 is positive [negative]. If both k„k2 are real,
solution (25), clearly CP violation is impossible. Let us
then consider the case (26) as a possible source of spon-
taneous CP breaking. A detailed analysis is performed in
Appendix A, where the Higgs-boson mass matrices are ex-
plicitly worked out. Here the main points are reported.
The light and heavy Higgs sectors appear to be discon-
nected. For both sectors the (mass) matrices are not real,
and their diagonalization is obtained through unitary ma-
trices. However, a proper redefinition on the Higgs fields
allows to reabsorb the phase and make the (mass) ma-
trices real. Indeed, the only nonzero transition propaga-
tors (taken at zero-momentum transfer) which enter to
characterize the charged-Higgs-boson exchange in WP'
of Eq. (18) are

and

if a=(2n +1)—,
2

' (30)

by connecting in this way the transformation properties of
the Higgs fields to the specific set of solutions we are
dealing with: in both cases CP invariance is guaranteed at
Lagrangian level. It is easy now to verify the following.

(i) In both cases [accordingly with the choice fixed by
the relations (29) and (30)] the corresponding symmetry-
breaking pattern is such that the VEV's do not violate the
CP transformation properties of the Higgs fields: the
Georgi-Pais theorem can then be invoked in order to
conclude that CP will be conserved to any order of the
perturbation expansion.

(ii) A redefinition of the 4] field (N]~iN]) allows to
reconduce (30) (and the corresponding symmetry-breaking
pattern) to the simplest case given by (29).

In order to allow for a spontaneous CP violation, the
Higgs content must be enlarged to at least three Higgs
fields of N type. It is an easy matter to prevent the third
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+ g Vi(@;,CJ) (ij =1,2, 3),
cycl

(31)

which appears to be the obvious generalization of the
form (19). A detailed analysis in given in Appendix B:
here the main points are briefly summarized. D symme-
try dictates the symmetry-breaking pattern

(32)

where k;=h;e ' (i =1,2, 3), with h; and a; as real pa-
rameters.

By imposing the usual minimum conditions two sets of
solutions can be found concerning the relative phases:

Higgs field @3 from coupling to the quarks through a
suitable reflection symmetry. Moreover, as far as the D
symmetry is concerned, let us now suppose and then sup-
port %3~e

In this way NFC in the low-energy sector is ensured
despite the enlargement of the Higgs content: the most
general symmetry-breaking pattern is still realized in the
form (5), with i =1,2, 3, . . . . The most general Higgs po-
tential can be written as

IV. A POSSIBLE SOLUTION TO THE
"STRONG CP"' PROBLEM

As pointed out in the Introduction, the CP-violation
mechanism must be able at the same time to satisfy the
requirement of a negligible effect on the strong-interaction
physics and to reproduce in a correct way the known ef-
fects in the weak-interacting sector. Along the line of a
spontaneous CP approach, the chiral structure of the
gauge group induces OQcD —0. The requirement OQFD 0
at the order of 10 can be achieved only through specific
assumptions: (a) An additional discrete symmetry im-
posed to V(XL»z, @i,@2,@3) by requiring its invariance
under the symmetric group S3 of the permutations of

i 4 i 4 3 (b) the masses of the light Higgs bosons in Eq.
(36) supposed to be at least of the order of the Wl—mass.

The assumed discrete symmetry S3 can be interpreted as
a remnant of a larger gauge group or can be ascribed to
the topological defects accomplished by compactification
of extra dimensional theories. S3 implies a unique value,
say o, for the cr;~ of Eq. (33) and leads, through the gen-
eral CP-violating solution (34), to a specific solution satis-
fying h i

——h i ——h 3 ——h /V 3. As a consequence, since I i

and h2 are real symmetric matrices, we have

i)QpD —3(a2 —ai ) =3ai~, a; =arg(k; )

sin2(a; —a~)=0 if o,2oi3o23&0, (33)

This symmetric interchange of the indices of the scalar
fields leads to aiz ———,m so that, though Im&2(0)&0, it
holds

which does not lead to CP violation, and a CP-violating
solution, which can be written in the form 8g™pD——O, m [mod(2m )], (3&)

~12~13k 1 +~12~23k 2 +~13~23k 3
2 2 2

corresponding to the case

~12~13~23 & 0 .

(34)

(35)

which does not induce CP-violating effects at skeleton
level. Going to one-loop corrections to OQFD they depend
on the imaginary part induced by the radiative corrections
to the quark mass matrix, according to the leading contri-
bution

1 1
Im A 2(0)= — —o.i2sin2(a i

—a2),2M 2 (36)

with M 1 and M2 being the light-Higgs-boson masses.
Let us conclude this section with the following remark.

From the analysis of Appendix B, it may appear that the
CP-violating factor (36) written in the form (B29) van-
ishes in the limit M 1

——M2. The situation is, however,
rather different: it is the specific solution (34) which at
the same time introduces the CP violation and assures the
absence of degeneracy in the Higgs sector.

In the above equations o~ =o4'I'+cr5'J' with ij =1,2, 3
and i&j, the ok~'s, defined in Appendix 8, being a gen-
eralization of those appearing in Eq. (22). The second set
of solutions [Eqs. (34) and (35)] induces an imaginary part
in the transition propagators. The light and heavy Higgs
sectors are disconnected, the main source of CP-violation
arising obviously from the first one. The Yukawa part of
the Lagrangian is still given by Eq. (26): by calculating
the imaginary part of the light-Higgs-boson-exchange
propagator Az(0), given by Eq. (27b), it is easily found
that

all Aavors

58QpD —2 g Im(5M& )q~ +0 (a )

q

(39)

(40)

terms originating graphs such as that of Fig. 1, whose
imaginary part does not vanish. The main contribution
comes presumably from the t quark, so that one can esti-
mate

There are several contributions to (6M~), that we analyze
in detail. Single loops involving y and ZL z bosons do
not involve phases. Negligible contributions are intro-

duced by the WL
—' —Wz

—' mixing, absent here at the tree
1evel. Then any one-loop level diagrams involving only
gauge bosons and fermions will never induce OQFD, be-
cause any corrections to M& are relatively real to the
tree-level value of M~. A nonzero imaginary part is in-
duced by one-Higgs-boson-loop corrections to M&.. the
largest part comes from the lightest Higgs sector, only the
charged ones being involved because of the suppression of
FCNC (NFC guaranteed in the light Higgs sector). The
largest hM~ corrections can be derived from typical
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y(+) ~
2 /

I
l

I
~dR

I

I

@(+)

1

FIG. 1. A typical one-Higgs-boson-loop diagram giving a fi-
nite nonzero contribution to the imaginary part of the radiative
corrections to the quark mass matrix.

is not considered. In our more realistic approach, the dif-
ferent gauge and scalar contributions to the K —K mass
mixing term need to be computed to check its numerical
consistency.

Before all, we must stress that any theoretical computa-
tion of the nonvanishing e /e parameter characterizing
CP violation, is rather foggy. In fact, many uncertainties
are involved, mainly due to long-distance (LD) effects and
to the increased number of phases in this nonminimal
LRS model. Further, any result depends sensitively on
mass and couplings of the t quark.

We begin our analysis with the lowest-order diagrams
involving gauge contributions leading to direct

~

b,W
~

=1
CP violation without forgetting the absence of WL —WR
mixing at the tree level. These contributions (Fig. 2) are
already seen to vanish' since

ImA 2 (0)
&OqF'D ——

2 mH mt »
16~

2
mH

mH
2

(41)

Im
Mp

=0'
7 (43)

i.e., the same imaginary part

ImA2(0) ( 10 "—10 ' GeV (42)

The magnitude of the strong CP noninvariance effects is
tolerably small if ML2

~uL ~uR

2

1 —e
;(y y )ML

MR
(44)

From the upper bound (42) it can be argued that the
masses of the lightest charged Higgs bosons are of the
same order of magnitude of those of the light gauge bo-
sons, or more. ~iL, R ( cL, R )di( UcL, R )is (45)

dresses the isospin I =2 and I =0 amplitudes, where as
usual

V. CONSISTENCY IN THE NEUTRAL-KAON SYSTEM

A satisfactory description of the CP-violation
phenomenon is constrained by the smallness of the IVI Ks-
mass differences (bMls), mainly as far as the strength of
flavor-changing neutral currents (FCNC's) is concerned.

It has been already pointed out that in the case of the
solution k'&0 of the most general tree-level potential for
the minimal Higgs sector, a physical-Higgs-boson induc-
ing FCNC acquires a mass of the order ML with a
dangerously large contribution to AMLz. The disconnect-
ed solution k'=0, obtained for a wider range of the pa-
rameters of the potential, yields the mass of the FC neu-
tral Higgs boson of the same order as MR but in turn
guarantees only real VEV's and then in one-N models the
source of CP cannot arise from Higgs-boson exchange
(vacuum not CP violating). Moreover, trivial Cabibbo
matrices are obtained if a more complicated Higgs sector

Going to the gauge box diagrams involving RH gauge bo-
sons, they have been already used to find the value of the
MR scale through a comparison with the experimental re-
sult of bMls (Refs. 24 and 25). The experimental con-
straints e, e', and d„' (the value of the electric dipole mo-
ment of the neutron), appear to be reproduced only in a
several TeV Mii scenario, ' even if the numerical re-
sults are sensitive to the kind of LRS and quark model
adopted.

In our scheme, even if the b,&=2 CP-violating effect
due to the box diagrams with one LH and one RH gauge
boson is present, however, a suppression enters into play
because of the specific character of the PMLRS approach.
Once b.W =2 effective Hamiltonian describing the box di-
agrams related to gauge-boson exchange is obtained, real
and imaginary parts of M, q

——(IC
~

0
~

K ) can be ex-
tracted in a straightforward four-quark approximation
which generalizes the result of Ref. 24 to the PMLRS
case. At the first order in P=(MI /Mz ), it follows that

ImM (2

ReM)2

sin20R
PC A . sin5 —B

sin20L

sin OR
sin25

sjn OL

cos OR sin20R sin OR
1 B2 +PC A . —cos5 —B cos25

cos OL sin2OL sin OL

(46)
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2(a
20 2g'~+a

1 =—0.01S1+ (50)

being

m~o
(II = ImM )2

RM (51)

a)AI = -', — 6) AI = -'

FIG. 2. Dominant gauge-boson diagrams contributing to the

i
AW

i

= 1 Hamiltonian.

Here A and B, emerging from 1oop integration, are nearly
constants up to /31n/3; 51 and 6z are the phases of the
two-dimensional left and right Cabibbo mixing matrices,
respectively, C =8p„„arises from the (S P)(S +—P) part
of the matrix element H, ff =, p„„being

(K is( I —ys)ds(1+ps)d
i
Ko)„„

(K
i
[sy„(1—y )d ] iIC )„,

with 5 =arg(sL s~ ), (47)

while 6=5& —6z is the remaining phase after the redefi-
i51nition of the s-quark argument (s ~e s). Approximate-

ly it is
2

mc2 =1+in
ML

Even if several possible solutions have been proposed, '

however, the model is seen to suffer the risk of being ruled
out unless experiments now in progress soon find a non-
vanishing result for e'/e. This trouble springs out because
of the dominance of Higgs-boson-induced b,&=1 CP
violating transitions (Fig. 3), in particular, the rather
messy Higgs-boson —penguin diagram of Fig. 3(a), with
respect to the AM=2 transitions (Fig. 4), dominance
which involves ImM&2 (2(~ReM~2.

Differently from these standard conclusions, in our
model the dominant contributions to hMLz and e may
come from tree-level neutral-Higgs-boson exchange (Fig.
5) (to be added, of course, to the already seen box dia-
grams with Wi WR exchange). Indeed, as pointed out
some time ago, the neutral-Higgs-boson-induced
b,&=2 transitions do not introduce CP violation (only
the heavy Higgs bosons have flavor-changing couplings)
because of LRS and D symmetry. Neutral-Higgs-boson
exchange in our limit, being (0

i
T(P'2„'P'z )

i
0) =0, con-

tributes only to ReM~2.
The effective hW =2 Hamiltonian is given by

muB= ln
mc

C =1+6

mc

Ml

m, +md

2

(48) IIa&=2 GF

(52)

2 ( U,l D„U,~ ) (sL dgsgdL )
pal (p) k i

2

and then

ImM )2

ReM &2

r

sin20~
430/3 . sin5

sin 20I

sin20&
1 —430/3 . cos5

sin20L

(49)

(where P2
' nearly physical state and degenerate Pz, $2,

'

masses are assumed without loss of generality). More-
over, PMLRS (with the Cabibbo matrix real, as discussed
in Sec. III) leads to

where numerically the factor 430 comes from the use of
reasonable values of the involved masses. The ratio (49)
may cover the expected range also for low Mz without
giving a too apprehensive contribution: in fact in the case
of PMLRS four-quark model it is plausible that the two
rotation angles t91 z are nearly opposite up to the phase,
and then if b, mx —2(ReM&2)b, „remains positive, a lower
Mg can be allowed.

Going now to the CP-violating effects coming from the
Higgs sector, they enter into play only if the Higgs-boson
masses belong to the lowest scale. As mentioned in Sec.
III, in SU(2)L I31U(1) the Higgs-boson-exchange model of
CP nonconservation guaranteeing NFC in the neutral sec-
tor' leads to a quark mixing matrix UzM real and CP
violation arises only from the exchange of scalars. If in
the Weinberg model the three VEV's are assumed almost
degenerate, a discouraging value of e'/e (Ref. 29) is fore-
cast: with W parametrizing long-distance contributions,

q =u, c, t
mq(Id )-,d (53)

I
I \

I

I

FI

a)

FICs. 3. Diagrams involving Higgs bosons contributing to the

i
AW

i

= 1 effective Hamiltonian.

and using the Glashow-Iliopoulos-Maiani cancellation,
yields
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d

y(o)
2

a)

FIG. 4. Box diagrams for K —K with (a) a W gauge boson
and a physical charged Higgs scalar, (b) two charged physical
Higgs bosons. FIG. 5. A flavor-changing neutral-Higgs-boson contribution

to the
l
hW

l

=2 Hamiltonian.

ReM]2($2 ') =
2m ~(o)

2

3 mx
X

4 m, +m~
mq'

q=u, c, t

(54)

with 8 = 1 in the case of vacuum-insertion saturation for
the evaluation of hadronic matrix elements. It is
worthwhile mentioning that this contribution is negligible
relatively to ReM&2( WW), since it is suppressed at the or-
der of k /U -Ml. /M~ (Ref. 33).

Let us consider formally the charged-Higgs-boson con-
tributions to the effective 3&=2 Hamiltonian; they can
be realistically approximated simply by the box diagram
obtained starting from the usual one involving two-8'-
boson exchange by replacing one of them by a charged
Higgs boson. Then the typical CP-violating parameter
of the K system

in/4

~2(™Ls)expt

i n. /4
(e +2/)

2&2

(ImM, 2+2/ ReM (2)I p

(55)

shrinks on the whole in

ImA 2(0)
f El —mme

F
(56)

to be compared with the experimental value

l el =2.3)&10
By comparing Eqs. (42) and (56) we find the typical sit-

uation of a sheet too short: in order to satisfy (56),
ImA /GF -10,but this does not agree with Eq. (42). In

other words, the lightest charged Higgs bosons are to be
taken so heavy in order to suppress 0&FD, that their ex-
change produces a CP-conserving b,&=1, 6%=0 in-
teraction of several orders of magnitude under the
strength required if a milliweak interaction is called to
imitate the successful predictions of the superweak theory.
A way out can be suggested by a deeper insight into the
aspects of the weak CP violation as it appears in the E
system.

VI. NEW PHYSICS IN THE HIGGS SECTOR

bL =(1,0, —, ), Ag =—(0, 1, —, ) . (57)

The Yukawa couplings of these bosons, after impos-
ing the discrete invariance AL~ —AL, A~~A~, can be
rewritten in terms of scalars with definite electric charge

Alternatively to the standard KM mechanism and to
the Lee-Weinberg Higgs-boson-exchange effects, ' there
may be some other kinds of scalars mediating sd~ds
interactions and contributing to the E —E amplitude.

Besides the asymmetric triplet of color states, the
symmetric color-six states deserve much attention. In
the case of colored scalar bosons the violation of CP may
rise softly by explicit mass terms. If, however, CP is re-
quired to be broken spontaneously, a relative phase be-
tween the VEV's can be called to induce the complex
feature of the effective coupling constants.

In this latter viewpoint, CP invariance is imposed on all
dimension-4 terms of the Lagrangian so that, as usual,
Yukawa couplings are all real. We use the Higgs scalars
belonging to the six-dimensional representation of SU(3),
whose origin rests in grand-unified theories (GUT's),
which under $1~ transform according to

u Ku b, ' '
dg dpi', ' (d Kup+u K—dp)b, ' ' ' +—(L~R) +H c. ,

2 L
(58)

with a,P now running in generation space. It is easy to realize that b, ' ~ ' components contribute to K ~K transition
(Fig. 6). The relevant most general renormalizable Higgs potential results a bit larger than (19), with the introduction of
the further term
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I'(~L ~R + @ )= Ir—a'«(~L~~L+~R~R)+S iI [«(~L~~L)]'+[«(~R~R)]'I

+P2[«(~L ~L ~L ~L )+«(~R ~R ~R ~R ) ]+P3[«(~L~L )«(~R ~R ) l

+a[tr(4'tN&)+tr(@&4'2)][tr(ALGAL )+tr(bRAR )l

+0[«(~L~L ~'i@i ) +«(~R ~R +i@i )+«(~L ~L @2~'Z) +«(~R ~R @Z@2)]

+y i[«(~L C'i~RA )+«(~L C'~~R C'Z)]+ y2[«(~L @i~R ~'»+ «(~L C'2~R @2)]

+y 3[«(~LC'i~R C'~)+ «(~L C'2~R @ i ) 1 +y4[«(~L ~'i~R @2) +«(~L ~'2~R +»]+H.c. (59)

No sensible modifications are introduced to the symmetry-breaking pattern by the 5 contributions since color-unbroken
invariance prevents new VEV's. The @3—b, couplings are prevented if, as postulated in Sec. III, 43~e'~%3 with
q&=(n ——, )rr (n =0, +1,+2 . . . ). The X —b. couplings can be written as

51[(~L~L)+(~R~R )]t (~L~L+~R~R )+52[(+L+L )t (~L~L)+(+R+R ) (~R~R )] (60)

Since isospin quantum numbers of b,L, b,R are different,
this part of the potential generates the tadpoles involving
scalars such as (XR ) able to break U(1) and SU(2)R. It is
worth while stressing that the hd~

' component is a
symmetric {6I representation of SU(3)c, while b,,',+ ~ be-

longs to the I6I. Looking at an extended scheme of
flavor-color unification, both (10;1,0) and (10;0,1) under
Gps =SU(4)cog|SU(2)L SSU(2)R are required, while Prodi-
giously in a GUT approach only one [126I of SO(10) is
enough. The AL ', AR

' mass matrix reads

g ( —2/3) g ( —2/3)

ML ———pa +(a+p)(
I k,

I
+ I k2

I
)+5,u

MR'= Va'+ (a—+13)(
I
k i I

'+
I
kz

I

')

+(5)+52)u

b =y2(k, " +k2" ),
(62)

while the transition propagator (taken at zero-momentum
transfer) which characterizes the bL '/')bR(+'/" exch-ange
looks like

Im(0
I
T(b, ' b'+ ')

I
0) = Im(b)

1

M M

g(+2/3)
M g(+2/3)

R

with

Mz'
b* MR

(61) 2
Im(k) +k2 ) .

Mi M2

(63)

Assuming that the v terms are the dominant ones,

M) Mi —Ma Ma —5)(5(+52)u =55'u (64)

sR sR with 5~ ——5 and (5&+5z)=5'. In conclusion, with a rela-
tive phase, yz ——y, h~ ——hq ——h (the requirement of degen-
eracy has been discussed in Sec. IV), we find

Im(0
I
T(h' 'b, '+ ')

I
0)= sin2a .h

L R 55' v~

(+as)
saR

(—,)
ddL

(+as)
98

(
dd

The effective h5 =2 interactions are described by

ff =G (dr yzsL )(dr y "sr ) + (L R ) +H. c.

where

G = —,(g)dd (g )„(Ma ') .

(66)

(67)

The strongest constraint comes from the real part of the
KL —Ks mass difference, because of the direct b,&=2
tree-level amplitudes describing the exchange of the di-
quark hdd component. After evaluating the hadron ma-
trix elements and for nearly degenerate masses we have

FICx. 6. Diagram for
I
hW

I

=2 contributions mediated by 4
bosons exchanges. The cross represents the insertion of an even
number of relative CP-violating VEV's.

(68)

Imposing the limit

~Rddgss
, ( fX mx). —

Mg
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(ReM)2)q & =1.7)& 10 ' GeV,
2

it follows

(69)

gdd8$$1 0 ]3
2

(70)

Thereby the relation

ImM)2 —V2e,„p,b,m, „p,

yields

h2
2

T 2
ML

sj.n2a 6' MR
sin2a —10 (72)

This result involves too many parameters to let more
than a rough estimate of the mass scale of parity restora-
tion. Without being restrictive, it is conceivable to have a
low intermediate-mass scale MR, a reasonable limit for
p=(ML/MR) being 10 —10 . It is worthwhile noting
that, as discussed in Sec. V, this limit is, at the same time,
compatible with the restrictions coming from the box dia-
gram involving one L, and one R gauge boson.

VII. CONCLUSIONS

In this paper we have analyzed the problems connected
to the Higgs-boson-induced spontaneous CP violation in
the framework of a left-right-symmetric approach to the
gauge theories of weak interactions in which P is spon-
taneously broken [as a mere consequence of the LRS and
spontaneous symmetry breaking (SSB)], and NFC is en-
sured in the light Higgs sector with the same degree of
suppression which characterizes right-handed currents
with respect to the left-handed ones.

The approach belongs to the most general so-called
"spontaneous CP" case, which appears, however, as dis-
cussed in Sec. I, the more promising one. It is shown in
detail how the approach we are proposing is able to satisfy
the hard condition coming from strong CP. It is worth
noting that, despite the higher content of the Higgs bo-
sons, due to the higher symmetry we are starting with, the
interaction is quite similar to that of the standard model,
exactly reproduced in the low-energy limit. In this con-
text the key role of NFC is to be emphasized. The

charged Higgs sector must be characterized by relatively
large mass, at least of the order of light gauge bosons:
this is quite natural, and a different result would be unat-
tractive. The enhancement of b,&=2 contributions in
LRS models is sizable only in a really high MR scenario.
So PMLRS models support the Weltanschauung of not-
too-high-energy parity restoration, blooming the desert
with an intermediate-mass scale. Of course E ~E ef-
fects are affected by the presence of right-handed
currents. The chiral structure of the LRS models lead to
an enhancement of ( V —A))&(V+A) matrix elements (as
for penguin contributions). However, the AI = —, parts
of

~

4W
~

=1 effective theory are increased on the same
foot as AI = —, one; namely, in our scheme no new impor-
tant phenomena of CP violation with respect to the stan-
dard left-left computation are induced without valuable
WL —WR mixing.

Strong radiative corrections do not affect sizable CP-
violating parameters ' sharing odd matrix elements
(namely, e) and direct CP violation (i.e., e ) of a similar
amount. The introduction of colored Higgs bosons may
solve in general the difficulties of Weinberg-type models
of CP violation, though their presence is mainly motivat-
ed in the hierarchical fashion of a SI R electroweak
model. A similar model can be reviewed in GUT context
based on the gauge group SO(10) to be consistent with an
intermediate-mass scale for low-parity restoration.

APPENDIX A

Here the analysis is briefly reported concerning the two
Higgs fields

p(0) y(+) q(0) q(+)
'

@ 1
= ~( —) ~(0) ~ @2 s.( —) i.(o) (A 1)

+2 +2 9'2 V2

interacting with the quarks through an usual Yukawa
coupling and subjected to the potential (19). According to
the analysis of the text [see Eqs. (22), (23), and (24)], the
only possible source of CP violation is given by the solu-
tion (24). The corresponding VEV's are given by Eq. (5).
Without any lack of generality we can assume the form
(23) with a=a/2. After some standard algebra one may
calculate explicitly the (mass) matrix of the charged
Higgs sector M+ . The matrix is block diagonal, and the
following Hermitian submatrices can be isolated:

and

~[+]
2(y(+) q(+))

q(+ )

y( —)

(cr4+ cr8)h 2

i (o4+o()—)h) h2

( (o4+a8)h ) h 2

(a4+ cr() )h,
(A2)

g(+ )
R

2(y(+) y(+) q(+)) y(+)

y(+ )

g( —j
R

P)h) +P2h2

iP)h)u-
p2h 2u

(P)h ) u

P)u +cr,h2

—io.5h )hp

p2h 2u

io.5h ) h2

P2u +o.,h)

(A3)
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from which, together with two Goldstone bosons (one
from each matrix), light and heavy physical Higgs bosons
can be worked out, respectively, to be added to the further
(mass) eigenstate:

X'l. ' with (mass) Mz (+) ——p2u +p)h) +p2h2
L

(A4)

Ui ——
h)—l

. v hi
h

v h2

h

h2

h

h)
h

with +2=h 2+v2

(A7)

h)
U =——ih2

—ih2

h]
with h =h

~ +h2 (AS)

It is an easy matter to diagonalize the matrices (A2) and
(A3) through unitary transformations: by applying

allows to separate the Goldstone boson G'l —' from the
heavy physical Higgs bosons H&-', H&' —', whose remain-
ing mixing requires a further rotation (the corresponding
angle 8 does not need to be explicitly specified here): one
finds, finally ( c()——cosO, s() =sin8},

XR
————( —vG l- +hcriH) hssH—)

—— ),(+) (+) (+) r(+)

to the matrix (A2), the following decompositions in terms
of (mass) eigenstates can be obtained

[ hh)Gl—- +(vh)c()+bh2se)H)
l (+) (+)

hA

+ (Ah 2c() —uh ) s() )H')'+ '], —

(t'2-' ———(h l G2
—'+ih2H2 ), —

h

1tf2 = (lh2G2 —'+h )H2-' )
h

(A6}
[+hh26 l

— +(uh2ce bh )s—())H l-(+) 1 (+) (+)
hh

—(bh)c() —uh2s())M", -+'] .

where 62—',H2 —' are a Cxoldstone boson and a light physi-
cal Higgs boson, respectively.

As far as the matrix (A3) is concerned, the unitary
transformation

Equations (A3)—(A8) allows to verify Eq. (2S).
For the sake of completeness let us consider the neutral

Higgs sector: in this case the (mass) matrix is block-
diagonal, and the following Hermitian submatrices can be
worked out:

2 (0) . (0). (0)
MO (+R, r ~01,ital, r }

(Pl —P2)v'

2a&h
&

v

2a~h
&

v 2a2h 2v

2h) h2(cr( —(rs+(rs) (A9)

2a2h2v 2h)h2((r) —(Ts+(r())

(cr4+os)h2 (o4+os)h lh2

(o4+os)hlh2 (o4+crs)h(
(A10)

M 2(y( ).q(o))
plu kl h 1 +(a2 as %())h22 (&) 2 2

(as+a, —a2 —a, )h) h2

(o s+ cr7 o2 o6)—h )hp-

P2u' —~3"h 2'+ (a2 —as —a() )h 2
(A 1 1)

M 2( q(0) .)(0~) )

p2u +e2h 2 +(o s —o 3
—o8)h l

—(o3+os+o6+o7)h lh2

(o3+o s+—cr6'+ o7)h lb 2'
P2u +~2 h l +(as (r3 a8) 2

2 (&) 2 2 (A12)

APPENDIX 8

We consider here the relevant technical aspects of the
Higgs-boson-induced CP violation in left-right-symmetric
models, starting with an Higgs content including, together
with @( and N2 given by Eq. (Al), a third Higgs field of
N type:

(0) (+ )
CO~ CO&

( —) (O)
C02 C02

(B1)

The Higgs potential is given by Eq. (31) [a pair of upper
indices must be added to the o.~'s, o.~' ' being the coeffi-
cients entering into VJ(C&;,NJ )], being (N; ) given by Eq.
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(32). The potential (31), by substituting the corresponding
VEV's, takes on the form

( V) = Vo+ —,
' g (o4"'+o", )h; hj cos2(a; —a, )

cycl

(ij =1,2, 3), (82)

Vo being independent of the a s. The minimum condi-

tions reads then (cr;& ——o4'~'+ cr~'J')

o~2h~ h2 sin2(a~ —aq) =o'23h2 h3 sin2(az —a3)

It is worth noting that Eqs. (812) allow us to express ex-
plicitly all relative phases in terms of the parameters. The
solutions (812) correspond to a minimum if the two con-
ditions (84) and (85) are satisfied. Equation (84) leads to
the requirement

~12~13023 )0 (814)

which, compared with the analogous (88), allows us to
separate the range of values of the o.;~'s which give rise to
two different solutions. Equation (85) gives

—o ]3h ~ h3 sin2(a3 —a~ ) (83) A(c),cz, c3 ) (0, (815)

with the restrictions

H)P+H23+H13 (0,
H12H13+H12H23+H13H23 )0

being

Hz ——o,&Re(k; k&* }=cr;&h; hi cos2(a; ai)—
(ij =1,2, 3; i&j) .

(84)

(85)

(86)

1. CP-conserving solution

They are characterized by

It is easy to identify the two following sets of solutions of
Eqs. (86).

A, (x,y, z) being the well-known triangular function. A re-
striction about the parameters follows, which is easily
identified as the condition which makes cos2(a; —aj)
physically acceptable. Moreover, it is easy to show that
all the quantities H,

&
given by Eqs. (812) must be nega-

tive, and this is incompatible with the CP-conserving
solutions (84). In conclusion, Eqs. (813), (814), and (815)
identify a set of CP-violating solutions.

In order to verify that the two distinct sets of solutions
listed above are CP conserving and CP violating, respec-
tively, let us consider the (mass) matrix of the charged
Higgs boson. After some algebra, it appears to be block
diagonal in terms of heavy (-U ) and light Higgs bosons.
It is evident that the relevant (to induce CP-violation) sec-
tor is the light one, which involves Pz-', Pz-', co&-'. In this
basis the (mass) matrix elements are given by

sin2(a; —aj)=0 (ij =1,2, 3; i&j ) (87)

o-;~ (0 if a; —a~=n+, (89}

cr;~ )0 if a; —aj = (2n + 1)— (810)

and because of (84) and (85), they correspond to a
minimum of the potential if and only if

~12~13~23 + 0 '

More specifically it can be easily found that condition
(88) must be satisfied with the further correspondence

2 h
(816)

Xij =208 +(J4 —C7g
(ij ) (ij ) (ij ) (818)

The light Higgs sector (mass) matrix can be easily diago-
nalized. The Goldstone boson (to be absorbed by Wl-') is
easily found

M; 2= ,'(o; k;k*+—X;Jk. kl)=M~;* (i,j =1,2, 3; i (j),
(817)

where

It will be verified later that the solutions (87) are indeed
CP conserving. G'-'= —(k)(bq-'+kz1it2-'+ k3co2

—')
h

(819)

2. CP-violating solutions

~12~13 1 +~12~23k 2 +~13~23k 3
2 2 2 (811)

involving the (complex) quantities k; . The explicit solu-
tions are well expressed in terms of the H,z's defined in
Eq. (86): one finds

They can be easily obtained starting from (83) and ex-
cluding the solutions (87). In this case the following iden-
tity must be satisfied:

k1

h

k2

h

klk2
hh

k3

k3

h

klk3
hA

k2

with 6 =h2 +h3

(h = g,.h; ): a unitary matrix which allows to isolate it
can be written in the form

H;j ———1 1
(ck —c; —c~ }2 2 . 2

~12~13~23 This leads to
(820)

with

(ij,k =1,2, 3; i&j &k) (812)

(813)c;=cr;Jo;kh; (ij,k =1,2, 3; i~j&k) .

2m~
0

1 0 0

U1MH U1 ——02 (821)
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mH being the (Hermitian) 2 X 2 (mass) matrix of the
light Higgs bosons, whose elements correspond to U2~H U2

2
M1 0

0 M (B24)

h(m„)„= M„,
Q2

h1
(~H )22™22+M33 11Q2

1 h 2i(a& —a3)
(rnH )&z ——— k

~ k2k3((T]3e
2 Q2

(B22)

2i(al 2 2—~i2e ) =(mH bi .

The most general unitary matrix which diagonalize (B21)
can be written as

6(+)
H( )

1

~(+)
2

= U2U)
(+)

(+)
C02

(B25)

with

The relevant quantity to be calculated is the imaginary
part of Az [Eq. (27b)], since the high mass of the heavy
Higgs boson (M -U ) makes A& negligible with respect
to Az. In conclusion the diagonal fields are obtained
through

r

0 0 U= U2U1U' . (B26)

U2 ——0 cost9

0 sin Oe

—sinOe'+

cosO

(B23)

cos8 and g can be, as usually, expressed in terms of the
matrix elements (B22) and of the Higgs-boson masses

M1,M2 according to

ImA~(0) =—

c.e.,

We find then, starting from Eq. (27b),

1 U21 U22 U31 U32
Im +

h1h2 M, M
(B27)

1 h 1 1 —i (al —a2 —a3++)
)Im A 2(0) = —— sing cosg — Im(e

h h1h2 M1 M2

h3 —i(a& —a2 —a3)
Im(e m&z ) .

h h1h2 M, M

By making use of the last of Eqs. (B22), the result (36) of the text follows.
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