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Abstract. We propose that the C'P violating phase in the CKM mixing matrix is identical to the C'P phases
responsible for the spontaneous C'P violation in the Higgs potential. A multi-Higgs model with Peccei—-
Quinn (PQ) symmetry is constructed to realize this idea. The C'P violating phase does not vanish when all
Higgs masses become large. In general, here are flavor changing neutral current (FCNC) interactions me-
diated by neutral Higgs bosons at the tree level. However, unlike general multi-Higgs models, the FCNC
Yukawa couplings are fixed in terms of the quark masses and CKM mixing angles. Implications for meson—
anti-meson mixing, including recent data on D-D mixing, and the electric dipole moment (EDM) of the
neutron are studied. We find that the neutral Higgs boson masses can be at the order of one hundred GeV.
The neutron EDM can be close to the present experimental upper bound.

1 Introduction

The origin of C'P violation is one of the outstanding
problems of modern particle physics. There have been
several experimental measurements of C'P violation [1].
All of them are consistent with the Cabibbo—Kobayashi—
Maskawa (CKM) model [2,3], where the source of C'P
violation comes from the phase [3] dxm in the CKM mix-
ing matrix for quarks. A successful model of C'P violation
at the leading order should have the successful features of
the CKM model. It is important to understand the origin of
CP violation. An interesting proposal due to Lee was that
C'P is spontaneously violated [4, 5]. The popular Weinberg
model [6, 7] of spontaneous C'P violation has problems [8—
11] with the data and has been decisively ruled out by CP
violating measurement in B decays [1]. Spontaneous C'P
violation in left-right models has also been ruled out for
the same reason [12]. In this work we restore the idea that
CP is broken spontaneously and the phase dky is the same
as the phase dgpon that causes spontaneous C'P violation in
the Higgs potential. We construct some examples of such
models that realize this idea. The main difference of our
models lies in how the C'P violating phase in the CKM
matrix is identified [13, 14].

Let us start by describing how a connection between
dxm and dspon can be made. It is well known that to have
spontaneous C'P violation, one needs two or more Higgs
doublets ¢;. Consider the following Yukawa couplings with
multi-Higgs doublets:

Ly = Qu(Lu1d1 4 Nuaa)Ur + QrladaDr +hec., (1)
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where Qr,, Ur and Dy are the left-handed doublet, right-
handed up and right-handed down quarks, respectively.
Generation indices are suppressed. éd = —io2¢; and ¢q
may be one of the ¢ » or another doublet Higgs field. The
Yukawa couplings I,1 42,4 must be real if C'P is only vio-
lated spontaneously.

The Higgs doublets when expressed in terms of the
component fields and their vacuum expectation values
(VEVSs) v; are given by

1 .
b = i H, = o (E(Uz +h1:3i+1Ai)) _ 2)

K2

The quark mass terms in the Lagrangian are

Ly, = —UL [Muleiel —|—Mu26i02] Ur — DLMdeiiedDR
+h.c., (3)

where Mui = —Fuivi/\/ﬁ.

The phases 6; and 6, can be absorbed by redefining the
fields Ur and Dg. However, the phase difference 6 = 65 — 64
cannot be removed, and it depends on the Higgs poten-
tial. A non-zero ¢ indicates spontaneous C'P violation,
0 = dspon. Without loss of generality, we work in the basis
where D1, and Dpg are already in their mass eigenstates. In
this basis the down quark mass matrix My is diagonalized,
which will be indicated by M. In general, the up quark
mass matrix M, = M,1 +e'9 M, is not diagonal. Diago-
nalizing M, produces the CKM mixing matrix. One can
write Mu = VCKMMUVP];. Here Vo is the CKM matrix
and VR is an unknown unitary matrix. A direct identifica-
tion of the phase dspon With the phase dxn in the CKM
matrix is not possible in general at this level. There are,
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however, classes of mass matrices that allow such a con-
nection. A simple example is provided by settmg VR to be
the unit matrix. With this condltlon M, VCKMM One

then needs to show that VCKM can be written as
V(}LKM = (Mul +ei6Mu2)Mu_1 . (4)

Expressing the CKM matrix in this form is very suggestive.
If Voku (or VCKM) can always be written as a sum of two
terms with a relative phase, then the phase in the CKM
matrix can be identified with the phase 4.

We now demonstrate that it is the case by using the
Particle Data Group (PDG) parametrization as an ex-
ample. To get as close as possible to the form in (4), we
write the PDG CKM matrix as [1]

e 913 0 0
Vexkwm = 0 10
0 01
c12c1361913 s12c13€1913 513
X | —s12¢03 — c12523513€'013  c1ac23 — s12823513¢1913  sazcis |,

e!918  _cia803 — s12c2351361013 cozens

(5)

$12823 — €12C€23513

where s;; = sin6;; and ¢;; = cos ;.
Absorbing the left matrix into the definition of the Uy,
field, we have

0 —si12c23 S12823 \
My =1 0 ciaco3 —ci12823 | My,
S13  S23C13  C23C13

C12€13 —C12823513 —C12C23513
$12C13 —812823813 —812C€23813
0 0 0

My = M,, (6)

and § = —d13. We therefore find that it is possible to iden-
tify the CKM phase with that resulting from spontaneous
C P violation. Note that as long as the phase ¢ is not zero,
CP violation will show up in the charged currents medi-
ated by W exchange. The effects do not disappear even
when the Higgs boson masses are all set much higher than
the W scale. Furthermore, M o are fixed in terms of the
CKM matrix elements and the quark masses, as opposed to
being arbitrary in general multi-Higgs models.

We comment that the solution is not unique, even when
VR is set to be the unit matrix. To see this, one can take
another parametrization for the CKM matrix, such as the
original Kobayashi-Maskawa matrix [3]. More physical re-
quirements are needed to uniquely determine the connec-
tion. The phenomenological consequences will therefore be
different. We will come back to this when we look at the
phenomenology of the models. The key point we want to
establish is that there are solutions in which the phase in
the CKM matrix can be identified with the phase causing
spontaneous C'P violation in the Higgs potential.

The mass matrices M, and M,> can be written in
a parametrization independent way in terms of the eigen-
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mass matrix M,,, the CKM matrix, and the phase d,

~ ei‘s ~
My = V(];KMMU T sind Im(VgKM)Mu )
1 .
My = — T (Vi en) M - (7)

Alternatively, a model can be constructed with two
Higgs doublets coupled to the down sector and one Higgs
doublet coupled to the up sector, so that we have

Ly = Qulu¢uUr + Qu(Lu11 + Ling2) Dr +hec. (8)

In this case Mg; = —Igv;/v/2, and

—ié

~ e ~
Mg = VorkmMg + — Im(Vexkm ) My,
sin ¢

1 ~
Md2 = _E Im(VCKM)Md . (9)

We denote the above two possibilities as model a) with
two Higgs doublets coupled to the up sector, and model b)
with two Higgs doublets coupled to the down sector.

2 Model building

A common problem for models with spontaneous C'P vio-
lation is that a strong QCD 6 term will be generated [11].
The constraint from neutron dipole moment measurements
will rule out spontaneous C'P violation as the sole source
if there is no mechanism to make sure that the 6 term
is small enough if not zero. The models mentioned above
face the same problem. We therefore supplement the model
with a Peccei-Quinn (PQ) symmetry [15,16] to ensure
asmall 6.

To have spontaneous C'P violation and also PQ sym-
metry simultaneously, more than two Higgs doublets are
needed [17-19]. For our purpose we find that in order
to have spontaneous C'P violation with PQ symmetry at
least three Higgs doublets ¢; = e'% H; and one complex
Higgs singlet S = e'%S = e (v, + R, +14,)/v/2 are re-
quired. The Higgs singlet with a large vacuum expectation
value renders the axion from PQ symmetry breaking invisi-
ble [20—23], thus satisfying the experimental constraints on
the axion couplings to fermions. We will henceforth work
with models with an invisible axion [20, 21].

The PQ charges for models a) and b) are as follows

model a)
QL:0, Ur:—1, Dr:—1, ¢12:+1, ¢dg=¢3:—
model b)
QL:0, Ur:+1, Dr:+1, ¢12:+1, ¢y=10¢3:—

(10)

In both cases, S has PQ charge +2. For leptons, the
PQ charges can have different assignments. For example,
Ly :0,eg:—1lor L :0andeg : +1.
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For both model a) and b), the Higgs potentials have the

form that is given by
V =—m2H{H, —m2H}Hy— m2Hl Hs

—m3y (H] Hae' %2700 y hic) —m2STS + A (H] Hy)?

+ Ao (HI Hy)? 4+ N (HIH3)? + \y(S19)?

+ Ag(H{ Hy ) (H] Hy) + Ny (H{ Hy ) (H{ Hs)

+ N{ (H Hy) (H3 Hy) + A (H| Hy) (HJ Hy)

+ N, (H{ Hs) (H} Hy) + | (H] Hs) (H{ H)

+ %)\5 ((H{H;)%e™2700) 4 1.c.)

+ X (HY Hy)(H] Hoe!®27%) 4 hoc))

+ A7 (HIHy) (HY Hoe®27%) 4 hic.)

+ As(HIHz) (Hf Hoel®27%) 4 hic.)

+ fLHIH,8TS + fo HIHySTS + fa HI HyStS

+dio (H] Hyel®2=%) 4 HiH e~ 102700 g1 g

+ fra(HY H3Sel®3F0s=01) 1 hc.)

+ fos (HY H3Se!%3H0:=02) ). (11)

Only two phases occur in the above expression, which we
choose to be § =05 — 60 and §s = 03+ 60, — 65. The phase
03+ 05 — 01 can be written as d + 0. Differentiating with re-

spect to &5 to get one of the conditions for minimization of
the potential, we get

f13v1v305 sin(ds + 0) + fagvavsvssinds =0.  (12)
We see that § and §, are related by
ind
tan o, — ——J13vLsin (13)

fa3va + fiv1 cosd

Therefore, ¢ is the only independent phase in the Higgs po-
tential. A non-zero sind is the source of spontaneous C'P
violation and also the only source of C'P violation in the
model.

Since a large separation for the VEVs of the doublets v;
and singlet v, is required to make the axion invisible in the
model, there will be needed fine tuning between the param-
eters in the Higgs potential. This is a common problem for
invisible axion models. We will allow such fine tuning in the
model and concentrate on the implications for spontaneous
CP violation and FCNC.

In this model the Goldstone fields h,, and h,, which are
“eaten” by W and Z, and the axion field are given by

1
hy = —(’Ulhl_ +’U2h2_ +1)3h§),

1
h, = ;(’UlAl +v9 Ay +1)3A3)
( v1v3A1 - v2v3A2 —|—v12v3A3 v vsAs)/Na ,
(14)
Where v2 = v} +v3+0v2 and N2 = (v3,v3v? +v0?) with

Vi = vi 403,
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We remove h,, and h, in the Yukawa interaction by
making the following changes of basis:

A, vo/v12  —v1v30s/Na v1/v —v1v3 /N,
Ay | —v1/v12 —v2v3Vs/Na v2/v —v903 /N,
i:& 0 v30s/Na  v3/v viyv3/N,
s 0 v3,v3 /N4 0 —v?v/N,

ai

x Zi ,

a
1 v2/v12 vivz/vviz vi/v\ [(Hy
h2_ = —1)1/’012 ’U21)3/U’U12 ’U2/U H; R (15)
hy 0 —vi2/v w3/ hw

where N3 = 0%, (v3v3 +v2v?). a1 and Hy 12 are the
physical degrees of freedom for the Higgs fields. With
the same rotation as that for the neutral pseudoscalar,
the neutral scalar Higgs fields (Ry, Ra, R3, Rs)T become
(HY, HY, H), H))T. Since the invisible axion scale v, is
much larger than the electroweak scale, to a very good ap-
proximation N, = v2v, and N4 = v1200,.

In the rotated basis described above, we have the
Yukawa interactions for the physical Higgs degrees of free-
dom as follows:

Ly =
id
_ ~ V1 ~ + ~ € V12
Uy, | M, — [ M, — V& Im(V, M,— | ——
L[ V12V9 < cxn I (Vegen) smé)vle

x U (HY +1a)

+ULM UR|: (H2 +1a2)——H3

120

(H4 +1a)]

o (H2 _la)]

U12

— DyM,Dy [”12 (HY —ias) + - H3
v3v

U1

V3D, [ngMMu
V2v12

V12 }U H-

. . eld
- (VCTKMMU - Im(VCTKM)MU«—) V1o

sin
) —DLVQKMMUURH;

_\/_EULVCKMMdDRHQ—F +h.c.,
3
A
—id
A U1 v + o € V12
Dy, | M, — | Mg+V, Im (V¢ M, —
L{ dvl2vg ( a+ Vo Im(Voxa) dsiné)vlvz}

H3

(-0

~ UM, UR[“” (HS +iaz) + H3 ”12 (H4+1a)}
v3v

— 20y, |:VCKMMd

V2V12
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~is
- ~ e

- <VCKMMd+Im(VCKM)Md.—> }D Hf

sind ) vivo

v _ ~
+V2—U1VexmuMyDr Hy
V120V

+\/§%DLV(§KMMHURH; +he. (16)

Note that the couplings of a and HY to the quarks
are Suppressed by 1/vs and that only the exchange of
HY and af can induce tree level FCNC interactions. The
FCNC couplings are proportional to Vekm Im(VCKM)M
and VCKM Im(VCKM)Md for models a) and b), respectively.

We have mentioned before that the identification of the
phase § with that in the CKM matrix does not uniquely
determine the full Yukawa coupling. Here we give two of-
ten used parameterizations, the PDG CKM matrix and the
original KM matrix with the C'P violating phase indicated
by dkm, to illustrate the details. In the two cases under con-
sideration, the phases § are identified with —d;3 and —dkwm,
respectively. The differences will show up in the FCNC of
the neutral Higgs coupling to quarks, which are propor-
tional to the following quantities:

PDG:
Vo Im(Viyy, ) M, = — sin 6136113
0%3 —523513C13 —C23513C13)\
X | —s23s13C13  S33515 82323835 | My,
—C23513C13 5230238%3 6535%3
VgKM Im(VCKM)Md =sin 51367i513
iy s12c12 0 R
X | s12c12 s, 0] Mas
0 0 0
KM :
VCKM Im(VéKM)]\qu = —sin (5KMei6KM
0 O 0
x [0 s3 —saco| M,
0 —ssco c%
V(;KM Im(VCKM)Md =sin 5KMeii5KM
0 0 0
x [0 s —sscs | My, (17)
0 —s3c3 c?,)

3 Meson and anti-meson mixing
and neutron EDM

In this section we study some implications for meson and
anti-meson mixing and the electric dipole moment of the
neutron.

3.1 Meson and anti-meson mixing

Meson and anti-meson mixing has been observed previ-
ously in K%-K©, Bg’szgys [1] and in D°-D° very re-
cently [26—28]. In the models considered in the previous
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section, besides the standard “box” diagram contributions
to the mixing due to W exchange, there are also tree level
contributions due to the FCNC interactions of HY and a;.
The interaction Lagrangian for H; and a; with quarks
have the following form for both models a) and b):
L= ql(a + b”'y5)qJHl + 1ql(c + dlj'y5)qja;C (18)
For the meson and anti-meson mixing, only the FCNC
interaction terms of H? and a; contribute. We can write
a'l=d' =aand b' =c!' = 3, witha = (A+ AT)/2 and g =
(A— A")/2, and A given by

id
f A= (Vo )My —— 222
or a), Vo Im(Vogy) sind vivs
forb), A= -Vl Tm(Vera) Mt P2 (19)
’ - 'CKM CKM dsm5 V1V2

Using the definition (0|g;v*vs¢;) = ifpps/v/2mp and
the equation of motion Gvsq = (pi —Pj) GV Y54/
(m; +m;) with pP = p; — pi, we obtain the matrix element
for PP mixing in the vacuum saturation approximation

as
1 1 fam3
(82— = (a2 +p2) | LR
mi, [< b gzt h) (ms +my)?
1 2 2 2
+ 13 05 i) fy mP}
1 s 1 2 fEmp
— (a2 b2) ) 2P
mg, [(a” TG )>(mi+mj)2
1
AL

: 2
12miy, 4, 5ai;bij

2 .2
My, Mg, 6

My =

fEmd
(mi +m;)?

where m3, , parameterizes the mixing between a; and
H;, which is determined from the Higgs potential V' =
m%llal Hiaq +... From the Higgs potential given earlier,
we find the mixing parameters,

m%ﬁal = [(A6¢ — A7)viva — A5 (v — v3) cos 8] sind,

2 N _f13 Sin(5—|—55)vvs

fiez = \/5172 ’
1 .
m%’zal = 2090 [—2A5v1 0303 sin 26
+2(=A60f — A7v3 + (As + di2)v7,) vavs sin §
+ V21300, sin(6 + 6,)]
v
m%{wl = % [2A50102 cos(01 — 02) + AgvT + A7v3 + Agv3 |

X siné . (21)
Note that all the parameters above are zero if sind = 0.
Note also that only m3 , contribute to meson mixing,
since the Hj 3 and az Yukawa couplings are flavor diagonal.

But the parameters m%[iaj all contribute to the neutron

EDM, which will be discussed later.
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It is obvious from the structure of the flavor chang-
ing coupling in (17)) that the flavor changing structure for
the PDG and KM cases are different. For the PDG case,
in model a) there is a tree level contribution from neutral
Higgs exchange to D°-D° mixing but no contribution to
K% BY and BY mixing. In model b), there is only a non-
zero contribution to K%K mixing at the tree level. For
the KM case, there is no tree level contribution to meson
mixing in model a). For model b), there is only a non-zero
contribution to B? mixing.

In our numerical analysis, we will use the following
values for the relevant parameters. For the CKM matrix
elements, we take the PDG central values with [1] s12 =
0.227, so3 = 0.042, s13 = 0.004 and sin §13 = 0.84 (equiva-
lently s; = 0.227, so = 0.0358, s3 = 0.0176 and sind = 0.97
for the KM parameterization). For the quark masses,
we take [24] m,(1 GeV) =5MeV, my(1 GeV) = 10 MeV,
ms(1GeV) = 187 MeV, mc(m.) = 1.30 GeV, my(mp) =
4.34 GeV and m; = 174 GeV. For the meson decay con-
stants, we take [25] fx =156 MeV, fp =201MeV, and
fB, =260 MeV.

Models with PDG parameterization

We consider the models with PDG parameterization first.

Model a): in this case there is mixing only in the DD
system. Combining the BaBar and Belle [26—28] results,
the 68% C.L. range for x = Am/I'p is determined to be
(5.54+2.2) x 1073 [29-34]. Theoretically the elements in

A for this particular case are Ajo = —s93513¢13 W;EZ;Q and
A21 = —8923S513C13 7?;;2;2, which implies that aig ~ b12 ~
_ mcv12 3

523513C13 5 s - ‘We obtain

2 o 2
5 5 o o (vizme\” fpmp mp
TR 75823513C13
12 V102 I'p Me+ My,
( : : )
>< e —
2 2
my, Mg,

=75x107°

)(100 GeV)?,
(22)

1 < 1 1
(sin2B)?vi, \my,  m2

where tan (3 is defined to be vy /vs.

It is well known that the SM short distance contribu-
tion to the D—D mixing is small. Long distance contribu-
tions can be much larger, but they suffer from considerable
uncertainty. New physics may contribute significantly [29—
34]. It is tempting to see if the new contribution in this
model can account for the full measured value. If the ef-
fective neutral Higgs mass mgg = 1/(1/m3; —1/m?, ) is of
order 100 GeV, one would require sin? 26v%, ~ (12)? GeV2.
Since vy 3 are related to the top quark mass, with the as-
sumption that the top quark Yukawa coupling y; < 1, one
of them should be large, ~ 240 GeV. Saturating the experi-
mental central value for z, we would have sin(23) ~ 0.05
implying vy /vs or vy /v; to be of the order of 1/40. If all
VEVs are of the same order of magnitude, the new contri-
bution does not produce a large enough x to saturate the
measured value.
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Model b): in this case there is mixing only in the K- K°

system. We have
1 1 1
5 ( T~ )(100 GeV)™.
sin® 2603, \my, M3,
(23)

AME _ 4y 10712
mg

This is to be compared with the experimental data,
Amp /mg = 7.0 x 10715, It puts strong constraints on the
scalar masses, i.e., the Higgs particles must be at least in
the TeV scale to suppress the value if a; and H; are not
degenerate in mass.

In this model there is also a contribution to the C'P vi-
olating parameter e for K°-K° at the tree level if m3; .
is not zero, which is true in general. Using (20), we find
that the H; and a; contributions to M5 have the following
relation:

Im(M12) _ 2Tn%llal (24)
Re(Miz) — my —m2 ~

Combining information from the above relation, the
experimental value of |e| = (2.233+£0.015) x 1073, and
the constraint from Ampg discussed above, we find that

2m% . /(m¥, —m; )| is constrained to be less than

6 x 1073,

Models with KM parameterization

We now come to models with the original KM parame-
terization. In this case, there is no meson and anti-meson
mixing in model a).

Model b): there is mixing only in the B,—B, system. We

have
A 1 1 1
mB, sin® 2003, \m3, mg,
(25)
The experimental value Amp, = 17.4ps~! implies

Amp,/mp, = 2.1 x 10712, It has been shown in [35-37]
that the new physics contribution to Amp, can be up to
10%. To obtain the lowest Higgs boson mass, we maximize
sin 23 = 1, which requires v; = vo. Taking v; 2,3 to be all
equal, the Higgs boson mass can be as low as 300 GeV.
Smaller v; 2 or non-equal v; and v would lead to more
stringent bound on the Higgs mass.

3.2 The neutron EDM

The neutron EDM can also provide much information on
the model parameters. The standard model predicts a very
small [38-41] d,, (< 1073'ecm). The present experimen-
tal upper bound on the neutron EDM d,, is very tight [1]:
|dn| < 0.63 x 1072°¢ cm. We now study whether the neu-
tron EDM can reach its present bound after imposing the
constraints from meson and anti-meson mixing discussed
in the previous section.
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In the models we are studying, the quark EDMs will
be generated at loop levels due to mixing between a; and
H;. The one loop contributions to the neutron EDM are
suppressed for the usual reason of being proportional to
light quarks masses to the third power for a diagram in
which the internal quark is the same as the external quark.
In model a) with PDG parameterization, there is a poten-
tially large contribution when there is a top quark in the
loop. However, the couplings to the top are proportional
to s13; therefore, the contribution to the neutron EDM is
much smaller than the present upper bound. We will not
discuss them further.

It is well known that exchange of Higgs at the two loop
level may be more important than the one loop contri-
bution, through the quark EDM O [42-44], quark color
EDM O [42-44], and the gluon color EDM O [45, 46]
defined as

dg._ v - v
0] = —flqauwsF” g, Of = ——f; 195Go:G* q,
1 c
Og = _écfach Gb Gl/oz ’ (26)

where F'*¥ is the photon field strength, G*¥ is the gluon
field strength and G** = %€,,03G*”.

In the valence quark model, the quark EDM and color
EDM contributions to the neutron EDM d,, are given
by [38—41]

4 1 4 2
d'Y == _d - _du 5 dc = — —Tu ,

n 77d|:3 d 3 :|A n 677f|:9fd—|—9f:|/1
(27)

as(M as(m as(me
where [47,48] ng = ( as((mf)))16/23(asgmig)16/25( aS((A)) y6/27

ag 14/23 g (m as(me

~ 0166 and nf = ( as((%f))) (asgmi; )14/25( ozs((/l)) )14/27

% ~ 0.0117 are the QCD running factors from the
scale mz to the hadron scale A.

A naive dimensional analysis (NDA) estimate gives the
gluon color EDM contribution to the neutron EDM as fol-
lows:

eM
dn & Eé‘C, (28)

where M = 4nwf, = 1190 MeV is the scale of the chiral
symmetry breaking. The QCD running factor is [49,50]
f _ (g(A) )3 (as(mb) ) —54/23 ( as(me) ) —54/25 ( as(A) )*54/27 ~

4m as(mg) as(my) as(me) ~

1.2 x 1074
The two loop contributions d, f, and C' are given by

eem@q
o= s MG, fo= 647r3 mqG(a),
1
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where @), is the charge of ¢ quark and

2 2
o0 [((22) ()
H; ag
(ol ) o))
- ((2) (22t

where ImZ,; is defined through Ilek —2audfj)\lk/

(mim;) with a! and d* defined by (18), and Ak = m%’zak/
(m%l mak) is a mixing factor depending on the neutral
Higgs bosons exchanged in the loop.

The functions f(z), g(z) and h(z) are given by

(30)

/d 12:1:361 _:I;)IHx(lz—x)7
g(z):§/ dx ! Zln a:(lz—a:), (31)
W3
x u 21
/d/d ) T (w7
(32)

Numerically we find that the functions (f,g,h) change
slowly from (0.5,1,0.1) to (0.2,0.2,0.03) when the Higgs
masses are increased from 100 GeV to 1 TeV.

Models with PDG parameterization

Model a): the two loop contributions to the neutron EDM
due to the Higgs bosons exchange in the loop are pro-
portional to the mixing factor Nk (f, g, h) . We take these
factors to be approximately equal to estimate the contribu-
tions from different Higgs exchanges.

If using the parameters that produce D mixing, i.e.,
tan 8 = 40, v12 ~ 240 GeV and vs ~ 10 GeV and a Higgs
value around 100 GeV are used, we find that the dominant
contribution is from Hj3, a; exchange,
2
Hsay

m
dp ~ —1.5x 1072 —;

(33)
M, — m2,

ecm.

If all VEVs are of the same order, i.e., taking v; = vy =
vg with a Higgs mass of order 100 GeV, we have

2
MHza,

2

d, ~8x107% >
My, — Mg,y

(34)

ecm.

Model b): in this case H; and a; do not couple to t, so
the two loop contribution to the quark EDM and the quark
and gluon color EDM from the H; and a; are small.

The contributions to the neutron EDM are about the
same from the H1, ap and Hs 3, a1 exchange, with different
mixing factors. Explicitly as an example, for the case Hy
and as exchange with the Higgs mass taken to be 1 TeV, as
high as allowed by K°-K° mixing, we have

2
M H; a9

2 2
mHl ma2

dp~—1x10"2%6 ecm. (35)
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If m3y, 4, is not too much smaller than m¥ , , the neutron

EDM can be close to the upper bound. The contribution
from H; and a; mixing is smaller due to the constraints
from e discussed earlier.

Models with KM parameterization

Model a): in this case there are no constraints from meson
mixing, and the Higgs mass can be low. If all VEVs are of
the same order, i.e. taking v; = vo = v3 with Higgs mass of
order 100 GeV, we have the main contribution coming from
Hy, as exchange,

2
Hjag

d, ~5x10 26m%{1_mg2ecm. (36)

Model b): similar to the case for model b) as in the PDG
parameterization case, the contributions from the H; and
ay exchange are small. Taking the VEVs to be of the same
order and the Higgs mass to be of the order of 100 GeV,
we find that the contributions from Hi,as exchange and
Hj 3,a, exchange are comparable. For the case of H; and

ag exchange, the contribution is given by

2
m
_ H

d, ~5x10 2672 122

(37)
miy, — mg2

ecm.

If one takes the Higgs mass to be 300 GeV as that from B,—
B; mixing, the neutron EDM will be smaller.

4 Discussion and conclusions

In our previous discussions, we have not considered Yukawa
coupling for the lepton sector. An analogous study can
be carried out. If one introduces right-handed neutrinos,
the see-saw mechanism can be applied to generate small
neutrino masses if the axion scale v, is identified with the
see-saw scale. We briefly discuss two classes of models par-
allel to the quark sector before our conclusion.

Model a): the PQ charges for the lepton doublet Ly, the
electron er and neutrino vy are assigned as follows: Ly, (0),
er(—1) and vg (—1). The Yukawa couplings are then

L= EL (Y1H1 + YgHzeié)VR + ELY3ﬁ3eR

+ QY. 8! 0+ gt hec. (38)
In this case the mass matrices in L, = —epMg.er —
L Mpurr — (1/2)ﬂgMRVR can be written as
Ml = —LY3U3 MD = —L (Yl’l)l +Y2’l)26i5)
v2 o V2 ’
Mg = —V/2Y,0,e!(0F%) (39)

The charged current mixing matrix in the lepton sec-
tor, the Pontecove-Maki-Nakagawa—Sakata (PMNS) ma-
trix [51,52], VpuMns, similar to the Vo matrix is given
by Vemns = Vi© Vﬁ'T, where Vi® and V¥ are defined by M, =

613

VE ML Vg and M, = — Mp Mg ' M} = VT ML Vi with M,
and M, the charged lepton and light neutrino eigen-mass
matrices.

Model b): the PQ charges for the lepton doublet Ly,, the
electron e and neutrino vy are assigned as follows: Ly,(0),
er(+1) and vg (4+1). The Yukawa couplings are

L =Ly Y3Hsvg + Ly, (Y1 Hy + Y2 Hoe ) er

+ 08V, STe 1 0+%) e L hic. (40)
and
M, = L (Yiv1 + szze*ié) Mp = —LY3U3
V2 ’ vz o
Mg = —V2Y,vse 1 (010s) (41)

From the above we see that, in general, there is C' P vio-
lation in the mixing matrix Vpyns, and the source is the
same as that in the Higgs potential. But the identification
of the phase d with the phase in the Vpyng becomes more
complicated due to the appearance of My. The related de-
tails will be discussed elsewhere.

We have proposed that the C'P violating phase in the
CKM mixing matrix be the same as that causing sponta-
neous C'P violation in the Higgs potential. Specific multi-
Higgs doublet models have been constructed to realize this
idea. There are flavor changing neutral currents mediated
by neutral Higgs bosons at the tree level. However, even
when the Higgs boson masses are set to be very large, the
phase in the CKM matrix can be made finite and C' P vio-
lating effects will not disappear, unlike in other models of
spontaneous C'P violation where the C'P violation disap-
pears when the Higgs boson masses become large. Another
interesting feature of this model is that the FCNC Yukawa
couplings are fixed in terms of the quark masses and CKM
mixing angles, making a phenomenological analysis much
easier.

We have studied some implications for meson—anti-
meson mixing, including recent data on D—D mixing, and
the electric dipole moment of the neutron. We find that the
neutral Higgs boson masses can be at the order of 100 GeV.
The neutron EDM can be close to the present experimental
upper bound.
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