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The model (Lagrangian) with a peculiar extra Uð1Þ [S.M. Barr and I. Dorsner, Phys. Rev. D 72, 015011

(2005); S.M. Barr and A. Khan, Phys. Rev. D 74, 085023 (2006)] is clearly presented. The assigned extra

Uð1Þ gauge charges give a strong constraint to build Lagrangians. The Z0 discovery limits are estimated

and predicted at the Tevatron and the LHC. The new contributions of the muon anomalous magnetic

moment are investigated at one and two loops, and we predict that the deviation from the standard model

may be explained. The electron electric dipole moment could also be generated because of the explicit

CP-violation effect in the Higgs sector, and a sizable contribution is expected for a moderately sized CP

phase [argument of the CP-odd Higgs], 0:1 � sin� � 1 [6� � argðAÞ � 90�].
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I. INTRODUCTION

An extra Uð1Þ [or a few extra Uð1Þ0s] may arise in the
context of grand unified theories [1] or superstring theories
[2], or theymay generically emerge as simple extensions of
the standard model (SM). Therefore, the models with an
extra Uð1Þ [or a few extra Uð1Þ0s] have been extensively
considered. Recently, Barr and Dorsner [3] suggested an-
other possibility for an extraUð1Þ gauge, which satisfies all
anomaly constraints in a maximally economical way,
whatever its origin1 is. In the standard model, all the
possible anomalies from triangle diagrams of three gauge
bosons must be canceled if the Ward identities of the gauge
theory are to be satisfied. The existence of an extra Uð1Þ
brings six additional anomaly cancellation conditions,
Uð1Þ2Y �Uð1ÞX, Uð1ÞY �Uð1Þ2X, Uð1Þ3X, SUð2Þ2 �Uð1ÞX,
SUð3Þ2 �Uð1ÞX, gravity�Uð1ÞX. These anomaly cancel-
lations are nontrivial,2 but Barr and Dorsner showed a
remarkably trivial solution [3] with a single extra lepton
triplet per family. These gauge anomalies are exactly can-
celed for the fermion gauge charges listed at Table I.

In this paper the model (Lagrangian) is clearly pre-
sented. With an extra lepton triplet, an additional Higgs
singlet is necessary to provide masses of the exotic leptons
and the extra gauge boson Z0. The Higgs singlet would
involve the extra Uð1Þ gauge symmetry breaking, and we
assume that the symmetry is broken near the weak scale. A

Higgs triplet3 with the required gauge charges is added to
explain our interesting phenomenology. The new gauge
boson Z0 is the intrinsic particle that explains the existence
of an extra Uð1Þ, so its discovery limits at the Tevatron and
LHC are estimated and predicted. The muon anomalous
magnetic moment, a� � ðg� � 2Þ=2, has been a powerful

tool to account for new physics because of its importance.
We investigate the contributions involving the new parti-
cles at the one- and two-loop levels. One can also see the
explicit CP violation that generates the electric dipole
moment (EDM) of the electron de, and a sizable contribu-
tion is expected via the Barr-Zee two-loop mechanism for a
moderate size of the CP phase (argument of the CP-odd
Higgs), 0:1 � sin� � 1 [6� � argðAÞ � 90�].

II. MODEL DESCRIPTION (LAGRANGIAN)

With the new particle content, the Yukawa potential
for the lepton sector can have the following enlarged
form without the ad hoc imposition of lepton number
conservation.

*jheo1@uic.edu
1The origin is close to the Pati-Salam model with an extra

Uð1Þ [3].
2The general analyses about these cancellations can be found

in Ref. [4].

3The Higgs triplet is introduced because of the need to induce
the CP-violating interaction in this work. We can add additional
scalars, such as nongauged Higgs singlets or doublets, in other
ways, but adding the gauged scalars is more generic. If we only
consider neutrino mass generation without electric dipole and
dark matter (we need to impose the discrete Z2 symmetry; see
the next section) phenomenology, the additional Higgs triplet is
unnecessary. The interactions induced by the Higgs triplet could
also give a significant contribution to the anomalous magnetic
moment of the muon (see Sec. IV).
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y1 TrðEc
LELÞ�þ y2LL�‘R þ y3L

c
Li�2�LL

þ y4L
c
Li�2EL�þ y5 TrðEL�Þ‘R þ H:c:; (1)

where � and � denote a Higgs singlet and a Higgs triplet,
� ¼ ð�þ; �0ÞT is a Higgs doublet, and L ¼ ð�‘; ‘ÞT is the
lepton doublet. The bidoublet representation is taken for
the additional lepton triplet, and the Higgs triplet is also
taken in the form of a 2� 2 matrix transforming under
SUð2Þ as � ! U�Uy.
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@
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0
@
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A:

(2)

The lepton triplet must be a Majorana combination. It
should be noted that the antisymmetric tensor i�2 follows
from the antisymmetric property of the charge conjugation.

Since the gauge charges of the leptons are already
assigned by anomaly constraints, the gauge charges of
the Higgses are assigned by the combinations with leptons
in the Yukawa potential under the SUð2ÞL �Uð1ÞY �
Uð1ÞX gauge invariance. If we introduce the assignment
ofUð1ÞX charges for the Higgses, the singlet �must have a
Uð1ÞX charge of 2 from the y1-term since E has �1; the
doublet � may have a charge of 2 from the y2-term and 0
from the y4-term; and the triplet � may have a charge of
�2 from the y3-term and 0 from the y5-term. The other
gauge charges may be assigned in an analogous way, and
the assigned charges of the Higgses are listed at Table II.
Notice that the Higgs doublet and triplet may have two
distinctive Uð1ÞX charges.

The Yukawa potential with distinct charges takes the
form

y1 TrðEc
LELÞ�ð2Þ þ y2LL�ð2Þ‘R þ y3L

c
Li�2�ð�2ÞLL

þ y4L
c
Li�2EL�ð0Þ þ y5 TrðEL�ð0ÞÞ‘R þ H:c:; (3)

where the indices in the lower brackets of the Higgses
denote Uð1ÞX charges of the Higgses.

A discrete Z2 symmetry could be imposed to explain a
certain phenomenology, dark matter. If E is odd and all
other particles are even under Z2 symmetry, this would
prevent the exotic leptons from coupling with the ordinary
leptons, and the neutral lepton E0 becomes stable and thus
could be a dark matter candidate. The Yukawa potential
with Z2 symmetry is given by

y1 TrðEc
LELÞ�ð2Þ þ y2LL�ð2Þ‘R þ y3L

c
Li�2�ð�2ÞLL þ H:c:

(4)

The Yukawa potential for the quark sector may be built
in an analogous way.

y6QL
~�ð0ÞuR þ y7QL�ð0ÞdR þ H:c:; (5)

where Q ¼ ðu; dÞT is the quark doublet and ~�ð0Þ ¼
i�2�

�
ð0Þ. The hypercharge combinations in the potential

prohibit the couplings between quarks and Higgs triplets.
Since quarks receive masses only from �ð0Þ, there is no

tree-level flavor-changing neutral currents. Note that lep-
tons and quarks interact with two distinct Higgs doublets,
which is different from the standard two Higgs doublet
model (2HDM) where one Higgs couples to the up-type
quarks and the other couples to the charged leptons and
down-type quarks.
The size of the couplings and vacuum expectation values

(VEVs) may be approximately constrained with the known
experimental measurements. The VEVof�ð0Þ, h�ð0Þi, must

be of the order of 100 GeV to meet the top quark mass, and
h�ð2Þi must be 1� 100 GeV to satisfy the �-lepton mass

and the known SM VEV.4 The Higgs triplet VEV h�i must
be very small compared to the Higgs doublet VEV to avoid
large corrections to the 	 parameter [5]. The neutrino mass
may be generated at the tree level in this model. The mass
matrix of neutral leptons is

M �E ¼ m� y4h�ð0Þi
y4h�ð0Þi ME

� �
;

where m� � y3h�ð�2Þi and ME � y1h�i. The nature of the
neutrino is not known; however, we have approximately
predicted the size of the neutrino mass. We take the exotic

TABLE II. Higgs gauge charges. T3 is the weak isospin, Y is
the hypercharge, X is the Uð1ÞX charge, and Q ¼ T3 þ Y is the
electric charge.

�þ �0 � �þþ �þ �0

T3
1
2 � 1

2 0 1 0 �1

Y 1
2

1
2 0 1 1 1

X (0, 2) (0, 2) 2 ð0;�2Þ ð0;�2Þ ð0;�2Þ

TABLE I. Fermion gauge charges. T3 is the weak isospin, Y is
the hypercharge, X is the extra Uð1ÞX charge, and Q ¼ T3 þ Y is
the electric charge. The charges for the right-handed fermions
can also be assigned in an identical way. [fcL � ðfLÞc in this
paper, so ðfcÞL implies the antiparticle of fR].

uL dL ðucÞL ðdcÞL �L ‘L ð‘cÞL Eþ
L E0

L E�
L

T3
1
2 � 1

2 0 0 1
2 � 1

2 0 1 0 �1

Y 1
6

1
6 � 2

3
1
3 � 1

2 � 1
2 1 0 0 0

X 1 1 �1 �1 1 1 1 �1 �1 �1

4h�i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h�ð0Þi2 þ h�ð2Þi2

q
’ 174 GeV.
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lepton E at the weak scale, so the coupling y4 must be very
small5 since h�ð0Þi is of the order of 100 GeV. The seesaw-
like mechanism is applicable to generate the neutrino
mass. If Z2 symmetry is imposed, y4 ¼ 0. The neutrino
mass may be taken asm�, where y3 and/or h�ð�2Þi are sized
for the neutrino mass. For either case, we predict
Majorana-type neutrinos in this model. Since h�i and the
coupling y4 are small, we can consider that the massive
leptons are in the mass eigenstates for the Yukawa potential
of (3).

The Higgs potential is also amenable to the gauge in-
variance with the extra Uð1Þ.
V � V2HDM þ f�1�

T
ð0Þ�

y
ð0Þ�ð0Þ þ�2�

y
ð2Þ�

y
ð�2Þ�ð0Þ þ H:c:g

þ f
1�
y
ð2Þ�ð0Þ Trð�y

ð�2Þ�ð0ÞÞ þ 
2�
y
ð2Þ�

a�ð0Þ

� Trð�y
ð�2Þ�

a�ð0ÞÞ þ H:c:g; (6)

where V2HDM stands for the Higgs potential involving only
Higgs doublets, and the functional form is the same as the
2HDM with Z2 symmetry. In addition to the two complex
trilinear couplings, two complex quartic couplings are
possible, those involving the CP-violation phenomenol-
ogy. The phenomenology with two complex trilinear cou-
plings can be found in Ref. [6],6 and the complex quartic
couplings are related to the electric dipole moment of
fermions which will be discussed in this paper. The other
interaction terms are trivial and almost irrelevant to the
phenomenology.

III. Z0 DISCOVERY LIMIT

The interactions of the Z0 boson with the fermions are
described by

X
f

z0fgZ0Z0
�
�f��f; (7)

where f ¼ EL,QL, LL, uR, dR, eR are the lepton and quark
fields and z0f is the gauge charge corresponding to the

fermion.
The leptonic decays Z0 ! ‘þ‘� (eþe� and �þ��)

provide the most distinctive signature for observing the
Z0 signal at hadron colliders. The cross section of the p �p
collision in the ‘þ‘� channel can be calculated at the
narrow width Z0 pole in the center-of-momentum (CM)

frame. The hadronic cross section is given by

�ðZ0Þ ¼ K
X
q; �q

Z 1

0
dx1dx2ðfpq ðx1Þf �p

�q ðx2Þ

þ fp�q ðx1Þf �p
q ðx2ÞÞ�̂ðZ0Þ; (8)

where ŝ ¼ x1x2s is the partonic fraction of s, fðxÞ’s are the
partonic distribution functions (PDFs), and the sum is
performed over all the light quarks. K is the QCD correc-
tion factor (� 1:3) [7], which accounts for higher order
QCD corrections. The partonic cross section �̂ðZ0Þ is cal-
culated in a sum over the spins of the final states and an
average over the spins and colors of the initial states:

�̂ðZ0Þ ¼ �z02f g
2
Z0

48
�ðŝ�M2

Z0 Þ: (9)

Equations (8) and (9) lead to the hadronic cross section
in the ‘þ‘� channel.

�ðZ0Þ 	 Br‘þ‘� ¼ K
�z02f g

2
Z0

48s

X
q; �q

Z 1

m2

Z0=s

dx

x

�
�
fpq ðxÞf �p

�q

�
M2

Z0

xs

�
þ fp�q ðxÞf �p

q

�
M2

Z0

xs

��

	 Br‘þ‘� ; (10)

where Br‘þ‘� is the branching ratio of Z0 to ‘þ‘�. We may
take z02f ’ 1, since precision measurements of Z-pole ob-

servables predict the small Z-Z0 mixing angle ( � 10�3)
[5].
For pp collision at the LHC, the proton PDF takes the

place of the antiproton PDF. Figure 1 shows the predicted
cross sections with the present experimental sensitivity at
the Tevatron run II7 and the projected experimental sensi-
tivity at the LHC [10]. The actual experimental analysis
shows an experimental line with a more complicated struc-
ture than the horizontal line in the figure. For a nonzero
background,8 NZ0 ¼ 3 events are excluded at the Tevatron.
The Z0 discovery limits are 300 GeV, 870 GeV for gZ0 ¼
0:1, 0.7 at the Tevatron, and the LHC may probe Z0 up to
3.1 TeV, 5.7 TeV for gZ0 ¼ 0:1, 0.7. Since the Uð1ÞX gauge
charge of the Higgs singlet � is 2, MZ0 ’ 2gZ0 h�i. We
predict the lower limit of the extra Uð1Þ symmetry break-
ing to be around 200–800 GeV at the Tevatron (CDF
detector).

5According to the famous canonical seesaw mechanism, the
order unity coupling is assumed, with the scale of new physics of
1013 GeV. However, we relax the constraint, as the coupling y4
could approximately be of the order of the electron Yukawa
coupling (� 10�6).

6They assigned the Higgs triplets of the order of 1013 GeV to
explain neutrino masses and baryogenesis via leptogenesis.
However, the Higgs triplets are assumed to have masses of the
order of the weak scale to explain the interesting phenomenology
in our scenario.

7The CDF Collaboration [8] has set a better luminosity for
�ðZ0Þ 	 Br‘þ‘� than the D0 Collaboration[9] for some reason, so
this is considered for the CDF collider.

8The nonzero background is roughly taken from Ref. [8], in
which all the expected backgrounds are considered. The most
significant source of background in this channel is the SM Drell-
Yan process via Z=�� as reported in Ref. [8].
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IV. MUON ANOMALOUS MAGNETIC MOMENT

The deviation of the current experimental value from the
SM prediction is approximately 3:0�, and the numerical
deviation is �a� ¼ 27:5ð8:4Þ � 10�10 [11] or 27:7ð9:3Þ �
10�10 [12]. The experimental value is the measurement of
the Brookhaven National Laboratory experiment [13]. We
investigate one- and two-loop contributions.

The diagrams of Fig. 2 display one-loop contributions
involving the new particles, E, �, and Z0. The relevant
interaction Lagrangian for diagrams (a) and (b) of Fig. 2
comes from the y5-term of the Yukawa potential of (3). The
states �ð0Þ, �ð�2Þ may be rotated into the mass eigenstates

�‘, �h, where �‘ and �h are the light and heavy mass
eigenstates. The rotational angle is determined in the Higgs
potential. However, the couplings with the Higgs triplet are
free parameters, so we redefine the new couplings in the
mass eigenstates. The relevant Lagrangian for the light
scalar state �‘ is given by

� yðE0
L�

þ
‘ �R þ E�

L �
0
‘�R � Eþ

L �
þþ
‘ �R þ H:c:Þ; (11)

where y is the Yukawa coupling in the mass eigenstates of
�. The Lagrangian for the heavy mass eigenstates can be
given in the same fashion. The y4-term with which the
Higgs doublet is involved is neglected due to the small
coupling constrained by the neutrino mass.
The contribution of Fig. 2(a) is negligible, since the

particles Eþ, E� on the line which are hooked up by the
photon have opposite electric charges. We calculated the
contribution of Fig. 2(b), and it is given by

�aðoneÞ� ¼ 3y2

8�2

�
m�

ME

�
f

�
M2

�

M2
E

�
; (12)

where the prefactor of 3 comes from the electric charges of
�
, �

.
The corresponding one-loop function is

fðzÞ ¼
Z 1

0
dx

ð1� xÞx
zxþ 1� x

¼ 1� z2 þ 2z lnz

2ð1� zÞ3 (13)

which has asymptotic behaviors,

fðzÞ !
8><
>:

1
6 as z ¼ 1
1
2z � lnz

z2
for z � 1

1
2 þ z lnz for z � 1:

(14)

We neglect the contribution from the other scalars
(called the heavy scalars), since those scalars are split
into light and heavy mass eigenstates, in general, and the
one-loop function behaves as fðzÞ ! 0 as z ! 1.
Furthermore, the large splitting is necessary to generate
the sizable electric dipole moment that will be discussed in
the next section. The M� or M�‘

implies the mass of the

light scalar in this paper.
Figure 3 shows the predictions of the anomalous mag-

netic moment for 0:1 TeV<ME,M� < 1 TeV. The range

of deviations from the SM is presented in the dark ‘‘al-
lowed’’ band [11]. The predictions that lie in the allowed
band indicate that the Yukawa coupling y should be around

FIG. 2. The one-loop contributions to a� involving the extra
particles, E, �, and Z0.
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FIG. 3. �a� as a function of the exotic lepton mass ME for
various values of M� at the one-loop level.
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FIG. 1. The Z0 discovery limit at the Tevatron (
ffiffiffi
s

p ¼ 1:96 TeV
and L ¼ 1:3 fb�1) and the LHC (

ffiffiffi
s

p ¼ 14 TeV and L ¼
100 fb�1). The horizontal lines indicate the experimental sensi-
tivities, and the bold lines are predictions of the cross section.
The predictions are for the coupling, gZ0 ¼ 0:1 and 0.7 (SM
coupling). MRST LO PDFs [22] are used. The intersections of
the curves determine the lower mass limits.
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0.05. Since �aðoneÞ� � y2=ME, the Yukawa coupling y is
very sensitive to the deviation �a�. Besides the above

region, a possible scenario is ME 
 M� > 1 TeV for the

Yukawa coupling y > 0:06. The contribution by the Z0
gauge boson of Fig. 2(c) is negligible, since �a� �
m2

�=M
2
Z0 .

If Z2 symmetry is imposed, there is no one-loop con-
tribution to explain the deviation. We consider the two-
loop contribution via the Barr-Zee type of mechanism [14],
which is depicted in Fig. 4. The relevant Lagrangian to
induce the Barr-Zee two-loop contribution is given by

�
ffiffiffi
2

p
m�rH
v

��H�� 
þvffiffiffi
2

p H ð�‘�‘ þ �h�hÞ;

whereH ¼ h orH, v ¼ ffiffiffi
2

p h�i, and 
þ is the coupling in
the mass eigenstates of � for H . The rotational angles9

rh ¼ � sin
h= cos
 and rH ¼ cos
h= cos
 to the muon
are the same as in the standard 2HDM, since the scalar
�ð2Þ, which is consistent with the scalar to couple to the

charged leptons in the 2HDM, couples to the muon. There
is no contribution from the CP-odd Higgs (pseudoscalar) A
because the interaction with the CP-odd Higgs violates CP
symmetry, so the effect of the CP-odd Higgs involves the
electric dipole moment.

The contribution of two loops is given by

�aðtwoÞ� ’ �X
H ;�

�m2
�

16�3

Q2
�rH
þ
m2

H

�
F

�
M2

�‘

m2
H

�
þ F

�
M2

�h

m2
H

��
:

(15)

Note that
P

Q2
� ¼ 5 due to singly and doubly charged

scalars in the inner loop. The two-loop function is

FðzÞ ¼
Z 1

0
dx

xð1� xÞ
z� xð1� xÞ ln

�
xð1� xÞ

z

�
(16)

which has asymptotic behaviors,

FðzÞ !
8><
>:
�0:344 as z ¼ 1
� 1

6z lnz� 5
18z for z � 1

ð2þ lnzÞ for z � 1:
(17)

The Barr-Zee two-loop contributions, according to
Eq. (15), are suppressed by the muon mass and the loop
factor, and thus the large rH and the small mH are
necessary. The lower limit of the light Higgs boson mass
is around 44 GeV for rh ’ tan
 from the CERN LEP [15],
but the light Higgs boson keeps the same lower limit of the
SM Higgs boson, 113.5 GeV for rH ’ tan
. The case for
rh ’ tan
 is taken. We can approach these analyses in the
2HDM since the VEVs of the Higgs triplets have the small
size. Besides, the doubly charged scalar �þþ in the inner
loop gives the main contribution to the deviation due to its
double electric charge. The lower limit of the doubly
charged scalar, around 120 GeV from the Tevatron [16]
and the LEP [17], is considered.
Figure 5 shows the predictions for the Barr-Zee two-

loop contribution, �aðtwoÞ� , as a function of the light Higgs
boson mass mh. To predict the two-loop contribution

�aðtwoÞ� , we assume a coupling 
þ of the same size as the
SM Higgs quartic coupling for the SM Higgs of 120 GeV.
The predictions barely reside in the allowed region.

V. ELECTRON ELECTRIC DIPOLE MOMENT

The EDM of fermions predicted by the standard model
is extremely small compared to the present experimental
bounds. Another mechanism beyond the SM has been
required to induce the sizable EDM. There are also explicit
CP-violation interactions related to the Barr-Zee two-loop
mechanism [18–20] for the EDM in this model. Since the
interaction must involve the CP violation, it is comprised
of only the CP-odd Higgs (pseudoscalar) A. The irreduc-
ible CP phase appears in the diagonalization10 of the mass

m
h
(GeV)

∆a
µ

×1
010

L
E

P
 e

xc
l.

50 100 150 200

10

20

30

40

50
tanβ
20
40
60
80

Mχ=120 GeV

ALLOWED

FIG. 5. �a� as a function of the light Higgs boson mass mh at
the two-loop level for various values of tan
.

FIG. 4. Two-loop contributions to a� (de) (mirror graphs are
not displayed).

9Conventionally, the rotational angle between the neutral
Higgses in the 2HDM is denoted by the symbol �. But in this
paper, the symbol � is used for the electric fine-structure
constant, so we use the symbol 
h for the rotational angle.

10The detailed process for diagonalization of the mass matrix
by the unitary transformation can be found in Ref. [20].
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matrix for the Higgs triplets in the Higgs potential of (6). If
we introduce the new phenomenological couplings, the
relevant interaction Lagrangian is given by

ffiffiffi
2

p
m�rA
v

�ei�5Ae� 
�vffiffiffi
2

p Að�‘�‘ � �h�hÞ;

where rA ¼ tan
 is the rotational angle and 
� ¼ 
 sin�,
with sin� being the CP-violation effect which comes from
combinations of the complex quartic couplings in the
potential of (6). The Barr-Zee diagrams were well calcu-
lated in many papers to induce the sizable electric dipole
moment, and the result is identical to the Barr-Zee two-
loop contribution of the anomalous magnetic moment,
except for CP-violation effects. The electron electric di-
pole moment results in

�
de
e

�
� ¼ �X

�

�me

32�3

Q2
�rA
�
m2

A

�
F

�
M2

�‘

m2
A

�
� F

�
M2

�h

m2
A

��
;

(18)

where the two-loop function is given in Eq. (16); also note
that

P
Q2

� ¼ 5 due to singly and doubly charged scalars

from the Higgs triplets. The electron EDM results in the
difference between two contributions from the light and
heavy scalars, �‘ and �h. The contribution from the heavy
scalar is neglected, since the two-loop function behaves
like FðzÞ ! 0 as z ! 1.
In order to predict the electron electric dipole moment

numerically, we also assume the coupling 
 of the same
size as the SM Higgs quartic coupling for the SM Higgs of
120 GeV. Figure 6 shows the predictions of the electron
electric dipole moment as a function of the CP-odd Higgs
(or pseudoscalar) mass with the current 90% C.L. experi-
mental bound [21]. The sizable contributions are expected
for the moderate size of the CP phase, 0:1 � sin� � 1
[6� � argðAÞ � 90�].

VI. CONCLUSIONS

The model (Lagrangian) with a peculiar extra Uð1Þ, that
Barr and Dosner suggested, has clearly been presented.
The gauge charges of the extra Uð1Þ give a strong con-
straint to build the Lagrangians. Z0 discovery limits are
estimated and predicted at the Tevatron and the LHC. The
discovery limit at the Tevatron (CDF detector) gives the
lower limit of the extra Uð1Þ symmetry breaking scale,
approximately 200–800 GeV. The muon anomalous mag-
netic moment could be explained at the one-loop level for a
Yukawa coupling around 0.05. If we allow masses of the
new particles to be more than 1 TeV, the larger Yukawa
coupling is possible. However, smaller Yukawa couplings
are prohibited by the discovery limits of new particles at
the Tevatron and the LEP. The muon anomalous magnetic
moment could also be explained at the two-loop level, but
the region of parameters is very narrow. There are explicit
CP-violation interactions in this model. A sizable electron
electric dipole moment is expected for a moderately sized
CP phase, 0:1 � sin� � 1 [6� � argðAÞ � 90�] via the
Barr-Zee mechanism.
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