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Recently, the D0 Collaboration reported a large CP violation in the same-sign dimuon charge

asymmetry which has the 3:2� deviation from the value estimated in the standard model. In this paper,

several new physics models are considered: the minimal supersymmetric standard model, the two Higgs

doublet model, the recent dodeca model, and a new Z0 model. Generally, it is hard to achieve such a large

CP violation consistently with other experimental constraints. We find that a scheme with extra

nonanomalous Uð1Þ0 gauge symmetry is barely consistent. In general, the extra Z0 gauge boson induces

the flavor changing neutral current interactions at tree level, which is the basic reason for allowing a large

new physics CP violation. To preserve the Uð1Þ0 symmetry at high energy, SUð2ÞL singlet exotic heavy

quarks of mass above 1 TeV and the standard model gauge singlet scalars are introduced.
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I. INTRODUCTION

Discrete symmetries related to the charge conjugation
(C) and parity (P) operations are of fundamental impor-
tance in weak and strong interactions. The strong interac-
tion seems to preserve the CP symmetry at a very high
level of accuracy [1] while the weak interaction violates it
substantially [2]. So far, the Cabibbo-Kobayashi-Maskawa
(CKM) mechanism [3] for the weak CP violation through
quark mixing has been very successful in explaining the
CP violation observed in the neutral K, D, and B meson
decays [4].

Recently, however, the D0 Collaboration reported the
observation of a large CP violation in the same-sign di-
muon charge asymmetry from the B meson decays with
6:1 fb�1 of data [5]. The same-sign dimuon asymmetry
from the semileptonic (s‘) decay of the Bs;d meson is

given by

Ab
s‘ ¼

Nþþ � N��

Nþþ þ N�� ; (1)

where Nþþ corresponds to each B hadron decaying semi-
leptonically to �þX, and similarly N�� to ��X. The D0
Collaboration observed the asymmetry of

Ab
s‘ ¼ �ð9:57� 2:51� 1:46Þ � 10�3; (2)

which is about a 3:2� deviation from the value predicted in
the standard model (SM) of ð�3:10þ0:83

�0:98Þ � 10�4 [6]. To

explain this, therefore, an additionalCP violation source(s)
is strongly required in the Bs;d mixing.

The D0 result has attracted a great deal of attention by
introducing new TeV-scale particles, such as the leptoquark

models [7], the minimal supersymmetric standard model
(MSSM) with nonminimal flavor violation [8], an R-parity
violating supersymmetric model [9], a split supersymmetry
(SUSY) model [10], Z0 models [9,11], a fourth-generation
model [12], additional right-handed currents [11,13], an
additional SM SUð2ÞL doublet scalar not developing a
vacuum expectation value (VEV) [14], and an extra
SUSY Higgs doublet [15], etc. [16]. Actually, before the
D0 charge asymmetry report, the direction of the new
physics (NP) model was focused on the suppression of
the additional CP-violating or flavor changing neutral
current (FCNC) source [17]. Namely, the suppression of
the NPCP violation was a prime interest [18]. After the D0
report, however, the trend has been changed to obtain a
sizable NP contribution.
In this paper, we analyze the MSSM, a two Higgs

doublet model, a dodeca model, and a Z0 model. To obtain
the large enough enhancement in the same-sign dimuon
asymmetry within 1� limit of (2), the NP contribution to
�12 is limited to a value comparable to the SM contribu-
tion. We will show that a Z0 model has a parameter space
allowing this enhancement. For the theoretically viable Z0
model, we consider the case that the Uð1Þ0 quark charges
are assigned to be flavor nonuniversal, which is in fact a
general phenomenon with an additional Z0. To preserve the
extra nonanomalous Uð1Þ0 symmetry at high energy,
SUð2ÞL singlet exotic heavy quarks of mass above 1 TeV
and the SM gauge singlet scalars are introduced. We also
consider the other experimental results to constrain the
parameter space.
This paper is organized as follows. In Sec. II, the nota-

tion for the Bs;d mixing is presented. In Sec. III, we con-

sider the various NP models such as the MSSM, two Higgs
doublet model, and the dodeca model. Then, the flavor
nonuniversal Z0 model is presented in Sec. IV with an
analysis on the constraints from several experiments.
Section V is a conclusion.
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II. THE Bs;d MIXING

The Bq- �Bq oscillations for q ¼ s; d are described by a

Schrödinger equation,

i
d

dt

� jB0i
j �B0i

�
¼

�
M� i

�

2

�� jB0i
j �B0i

�
; (3)

where M and � are the 2� 2 Hermitian mass and decay
matrices. The differences of masses and widths of the
physical eigenstates are given by the off-diagonal elements
by [19]

�Mq ¼ 2jMq
12j; ��q ¼ 2j�q

12j cos�q; (4)

up to numerically irrelevant corrections of order m2
b=M

2
W .

The CP phase difference between these quantities is
defined as

�q ¼ arg

�
�Mq

12

�q
12

�
; (5)

where the SM contribution to this angle is

�SM
d ¼ð�9:6þ4:4

�5:8Þ�10�2; �SM
s ¼ð4:7þ3:5

�3:1Þ�10�3: (6)

The wrong sign charge asymmetries appear in the semi-
leptonic Bd and Bs decays as

ads‘ �
�ð �Bd ! �þXÞ � �ðBd ! ��XÞ
�ð �Bd ! �þXÞ þ �ðBd ! ��XÞ ;

ass‘ �
�ð �Bs ! �þXÞ � �ðBs ! ��XÞ
�ð �Bs ! �þXÞ þ �ðBs ! ��XÞ ;

(7)

where the relation with Ab
s‘ at 1.96 TeV is

Ab
s‘ ¼ ð0:506� 0:043Þads‘ þ ð0:494� 0:043Þass‘; (8)

which leads to roughly the 50%:50% production of
the same-sign dileptons from the b �dðd �bÞ and b�sðs �bÞ me-
sons. Considering the current experimental value of
ads‘ ¼ �ð4:7� 4:6Þ � 10�3 from the B factories [20], the

value of ass‘ is then obtained as [5]

ass‘ ¼ �ð14:6� 7:5Þ � 10�3: (9)

We may use the average value of ðass‘Þave ¼ �ð12:7�
5:0Þ � 10�3 considering the previous CDF Collaboration
result of 1:6 fb�1 and the direct D0 Collaboration mea-
surement of the flavor specific asymmetry [21], which has
about 2:5� deviation from the SM prediction asSMs‘ ¼
ð2:1� 0:6Þ � 10�5 [19].

The wrong sign charge asymmetry aqs‘ is related to the

mass and width differences (M12 and �12) in the Bq- �Bq

system as

aqs‘ ¼ Im
�q
12

Mq
12

¼ j�q
12j

jMq
12j

sin�q ¼
��q

�Mq

tan�q: (10)

The experimental value of �Ms is obtained by the combi-
nation of the CDF measurement such that [20]

�Ms ¼ 17:77� 0:10ðstat:Þ � 0:07ðsys:Þps�1

¼ ð11:7� 0:07� 0:05Þ � 10�12 GeV: (11)

The combined result of CDF and D0 is �Ms ¼ 17:78�
0:12 ps�1. With �s

12 ¼ �s;SM
12 only, however, it is impos-

sible to obtain the observed average value ðass‘Þave from

Eqs. (10) and (11) for q ¼ s even if we assume sin�s ¼ 1.
Therefore, an additional NP contribution to �s

12 is preferred

[7,22,23]. This feature triggered the recent NP approaches,
which is different from the old approach trying to confirm
the SM at the electroweak scale [24–26].
To probe the NP contribution, we split �12 or M12 to the

SM and NP contributions as

�qNP
12

�qSM
12

� ~hqe
i2 ~�q ;

MqNP
12

MqSM
12

� hqe
i2�q; (12)

for real and non-negative parameters ~hq and hq, with the

phases constrained in the region, 0 � �q, ~�q � �. From

Eq. (10), then the wrong sign charge asymmetry is given by

aqs‘ ¼ Im
�q
12

Mq
12

¼ Im

�
�q
12

�qSM
12

� �
qSM
12

MqSM
12

�M
qSM
12

Mq
12

�
; (13)

which is expressed as

aqs‘ ¼
j�qSM

12 j
jMqSM

12 j
�1

1þ h2q þ 2hq cos2�q

� f~hq sin2 ~�qð1þ hq cos2�qÞ
� hq sin2�qð1þ ~hq cos2 ~�qÞg; (14)

where �SM
q � � are applied. With this relation, we can

explore the possible parameter space in Figs. 1 and 2 for
q ¼ s, satisfying the average value on ass‘. Inserting the

0 1 2 3 4
0

1

2

3

4

h s

h
s

FIG. 1 (color online). The parameter space on ~hs versus hs.
The dots satisfy Eq. (11) and the averaged value of ðass‘Þave. The
green (light gray) dots are within 1�, while the red (dark gray)
dots within 2�. The deviation from the SM value, hs ¼ ~hs ¼ 0,
is about �2:5�.
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central value of the SM prediction, j�sSM
12 =MsSM

12 j ¼
ð4:97� 0:94Þ � 10�3 [19], from Eq. (11) we obtain the

relations on ~hs-hs in Fig. 1 and on ~�s-�s in Fig. 2.
The green (light gray) dots satisfy the value of ðass‘Þave
with the 1� limit while the red (dark gray) dots are for the
2� limit. In both figures, we can clearly see the deviation

from the SM value, hs ¼ ~hs ¼ �s ¼ ~�s ¼ 0, by about

2:5�. It seems that about Oð1Þ ~hs is generically required
to obtain the averaged observed value of ðass‘Þave within 1�.

III. NEW PHYSICS FOR THE ADDITIONAL CP
VIOLATION SOURCES

In the SM, thewidth difference �sSM
12 is dominantly given

by the CKM matrix, b ! cþ ð �csÞ. Therefore, the NP op-
erators in the electroweak Hamiltonian which provideOð1Þ
~hs must have the Wilson coefficient of order Vcb � �2,
where �� 0:2 is the Cabibbo angle. However, such opera-
tors are highly constrained by the various experimental
limits on B meson decays. There are only two possible
dimension-six operators of the SM fermions for the viable
NP contribution to�s

12. They are ð �bsÞð ���ÞV;A and ð �bsÞVþA �
ð �ccÞV�A as analyzed in [23]. TheNP contribution to the total
lifetime �Bs

due to these operators is about 10% order. This

does not contradict the observed result containing about 2%
error bar since we have already taken into account a large
theoretical uncertainty when we calculated the SM value.
On the other hand, the ratio �Bs

=�Bd
is more precisely

predicted since the theoretical uncertainties due to unknown
nonperturbative effects are canceled in the ratio, and hence
there is not much space for a NP contribution to this
quantity. Therefore, if the ratio of the Bs and Bd lifetime
precisely agrees with the SM value by 1þOð1%Þ, the
additional contribution in the Bd system is required to
compensate the 10% NP contribution to �Bs

.1

For the neutral Bs system, the �B ¼ 2 and �S ¼ 2
diagrams are schematically shown in Fig. 3. The four
fermion interaction is represented as the square of bilinears
ð�s�AbÞð1=M2Þð�s�BbÞ, and in Fig. 3 the dots represent the
Dirac matrices �A;B. The cut diagram by the dashed line
gives the absorptive part. The red (dark gray) oval appears
as an effective suppression mass in the four fermion inter-
action. Suppressing the Dirac �matrices and color indices,
the bilinears are

�sLbL; �sRbR;

�sLbR; �sRbL;
(15)

where the first line contains �� or ���5, and the second

line contains 1, �5, ���, or ����5. All these are summa-

rized as five operators in Ref. [27]. The mass difference
Ms

12 is obtained from the dispersive part of the mixing

diagram in Fig. 3. The width difference �s
12 is obtained

from the absorptive part of Fig. 3, which arises from the Bs

decays to final states of zero strangeness, indicated by the
dashed lines. In this section, we analyze the MSSM, a two
Higgs doublet model, and a dodeca model to search for
possibilities of obtaining a large same-sign dimuon
asymmetry.

A. The MSSM

Supersymmetry is one of the most promising candidates
of NP beyond the SM. The minimal SUSY models [17]
where the R-parity is preserved and the Kähler metric is flat
are constructed not to provide the additional large
CP-violating or FCNC sources. These SUSY models are
the low energy limit of the spontaneously broken minimal
N ¼ 1 supergravity theories with flat Kähler metric. This
minimal case with soft SUSY breaking insertions is de-
picted in Fig. 4. The gluino mass may introduce a phase,
however, we need an interference with the A and/or B
terms with the gluino phase. In Fig. 4, the dot in (b)
contains a CP phase whose origin is shown in (a). The A
terms are colored red (dark gray), and the box diagram of
(a) has an unremovable CP phase. Because both the gluino

2 4 0 4 2
2

4

0

4

2

s

s

FIG. 2 (color online). The parameter space on ~�s versus �s.
The dots are described in Fig. 1. The deviation from the SM
value, �s ¼ ~�s ¼ 0, is about �2:5�.

FIG. 3 (color online). The effective Bs- �Bs mixing diagram.
The four fermion interaction is the square of bilinearsP

A;Bðs�AbÞð1=M2Þðs�BbÞ where the dots are �A;B. The red

(dark gray) oval appears as an effective suppression mass
squared.

1The operator �bd �uc is the only allowed NP contribution to the
Bd system, which is not constrained by other experiments [23].
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mass and the A terms appear in Fig. 4(a), this box diagram
has an unremovable CP phase.MsNP

12 can be obtained from
Fig. 4, however, it is quite suppressed since it is basically
a loop diagram. In addition, there is no �sNP

12 with new

particles heavier than mBs
. Therefore, it is impossible to

provide the observed central value of as‘ in the minimal
case.

In the nonminimal flavor violation case which is origi-
nally obtained from assuming a nonflat Kähler metric, it
may be possible to enhance the same-sign dimuon asym-
metry more. In this case, the origin of the red dot in Fig. 4 is
not the loop effect. However, it is still about 1� away from
the central value of ðass‘Þave and highly constrained by

B ! Xs� result with moderate tan	 & 10 so that new
approach to the family symmetry is required to obtain
the central value [8].

B. Two Higgs doublet model without SUSY

If we do not consider SUSY, we have to look for the
appropriate scalar or gauge boson which mediates fermion
currents. In this case, the magnitude and phase of coupling
or the mass of the intermediate boson impose a stringent
bound for the same-sign dimuon asymmetry. We analyze
the following interaction with two Higgs doublets Hu

and Hd:

LY ¼ fðuÞij
�Qi
Lu

j
RHu þ fðdÞij

�Qi
Ld

j
RHd;

YðHuÞ ¼ � 1

2
; YðHdÞ ¼ þ 1

2
:

(16)

The CKM mixing matrix is given by VCKM ¼ VuV
y
d . The

interaction between the quarks and the charged Higgs
is given in terms of the mass eigenstates by [28]

g

2
ffiffiffi
2

p
MW

�
Hþ

2
�U

�
1

tan	
MuVCKMð1þ �5Þ

þ VCKMMd tan	ð1� �5Þ
�
D

þH�
2
�D

�
1

tan	
Vy
CKMMuð1� �5Þ

þ tan	MdV
y
CKMð1þ �5Þ

�
U

�
; (17)

where Mu ¼ diagðmu;mc;mtÞ and Md ¼ diagðmd;
ms;mbÞ. Interactions between different chiral states mimic
the charged weak current couplings but with the coeffi-
cients tan	 or 1= tan	.
Figure 5 is relevant for the calculation of M12 and �12.

The �Bs decay diagrams are depicted in Fig. 6. The inter-
mediate charged Higgs may be replaced by the W boson.

FIG. 4 (color online). The Bs- �Bs mixing through the gluino
mass: (a) a detail of one mass mixing and (b) all mass mixings
without details. The diagram with the charged gauginos, which is
a mere supersymmetrization of the SM FCNC, is also possible,
but with smaller gauge couplings. (a) is drawn again in (b). The
red (dark gray) dot in (b) contains a CP phase whose origin is
shown in (a). The A terms are colored red (dark gray), and the
box diagram of (a) has an unremovable CP phase.

FIG. 5 (color online). The Bs- �Bs mixing through the charged
Higgs. The W line can be replaced with the charged Higgs.

FIG. 6 (color online). The �Bs decay diagrams. The tree level
decays and loop effects introducing a CP phase.
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We are interested in �12 to see whether it can introduce a
large enhancement. For that we take the interference terms
from Fig. 6. The top two diagrams lead to the SM predic-
tion which is known to be small. The bottom two diagrams
are the NP contribution. The interference does not appear
between top and bottom diagrams due to the chirality
difference. To achieve the central value of ðass‘Þave, the
left two diagrams must be of the same order. The CP phase
from the NP sector is not enhanced since it is the same as
that by the CKM elements. In addition, the loop factor in
the two Higgs doublet model is not easily enhanced com-
pared to the SM one since coupling to the charged Higgs is
of the order ðquark massÞ=ðMWÞ, which is Yukawa sup-
pressed. To obtain the enhancement by �sNP

12 comparable to

�sSM
12 , a large tan	 * 170 or small tan	& 0:03 is required.

However, this parameter region is outside the perturbative
region the Yukawa couplings at the electroweak scale
0:3 & tan	 & 120 [29,30]. (Assuming that the low energy
theory at the electroweak scale is the MSSM, and there is
no additional new physics below the grand unified theory
(GUT) scale, the Yukawa couplings remain finite at all
energy scales below the GUT scale if 1:5 & tan	 & 65 for
mt ¼ 170 GeV [29].) Therefore, a nonconventional ap-
proach similar to the uplifted Higgs model [22] is required
to obtain the central value of ðass‘Þave. On the other hand,

we may consider the enhancement of the asymmetry which
is more than 1� away from the observed central value with
smaller tan	< 170.2 In such scenarios, the experimental
constraints such as Bs ! ���þ, B ! ��, and B ! D��
must be considered like the scenarios in the MSSM [31].

C. A dodeca model

Recently, two of us introduced a dodeca model to ex-
plain the mixing angles of the lepton and quark sectors
using a discrete symmetry D12 [32], which introduces
multiple Higgs particles. On the other hand, the Higgs
fields are assigned as singlets of the discrete group while
the needed D12 transformation property in the Yukawa
couplings is provided by the flavons which are the SM
singlets decoupled at high energy. In this case, there will be
no distinction from the Kobayashi-Maskawa model pre-
diction. Therefore, to have any change from the SM, we
consider the original multi-Higgs model [32]. Even in this
case, however, the coupling of multi-Higgs to quark cur-
rent should be Yukawa suppressed, and as a result a large
enhancement in the same-sign dimuon asymmetry is not
expected. Here, we show that indeed this happens.

In this dodeca model, there are twoways to introduce the
NP contributions, one by the charged Higgs and the other
by the neutral Higgs.3 For the charged Higgs boson ex-
change, the idea is similar to the two Higgs doublet model

except the fact that the couplings are not proportional to the
CKM coefficients. The CP violation is introduced by the
loop with charged Higgs bosons in the �Bs decay process, as
shown in Fig. 7. The NP CP violation is introduced by the
interference of two types of trees and one type of loop.
There is no loop diagram through the neutral Higgs ex-
change. The contribution to �sNP

12 is obtained as

�sNP
12 �jfðdÞI22 fðdÞI23 j2

M4


ðdÞþ
I

M5
B0
s

¼ m2
2m

2
3

8v4M4


ðdÞþ
I

�2M5
B0
s
¼3:76 �10�11ðGeVÞ5� 1

M4


ðdÞþ
I

; (18)

where the parameters are defined in the Appendix. Since
M4


ðdÞþ
I

is expected to be larger than ð100 GeVÞ4 order, this
indicates that the NP contribution to �12 is not enough to
enhance the dimuon asymmetry to the observed central
value, due to the Yukawa suppression.

IV. A Z0 MODEL

We can consider the models with the extra Uð1Þ0 gauge
bosons with flavor nonuniversal couplings to the SM weak
gauge eigenstates. The existence of an extra U(1) gauge
symmetry [33] is motivated from the grand unified theories
(GUTs), superstring models, and models with large extra
dimensions [34]. In perturbative heterotic string models
with supergravity mediated SUSY breaking, the mass of Z0
is expected to be less than around a TeV, which is naturally
induced when the Uð1Þ0 breaking is driven by a radiative

FIG. 7 (color online). The �Bs decay diagrams in the dodeca
model. The charged Higgs diagram interferes with the loop
diagram.

2We may enhance M12 by the top quark exchange in Fig. 5.
3For the two Higgs doublet model, we avoided the FCNC by

coupling only one Higgs doublet to the same-charge quarks.
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mechanism [35].4 The neutral current Lagrangian with one
extra neutral gauge boson Z0

2;�, with an additional Abelian

gauge symmetry Uð1Þ0, can be written as [36]

L NC ¼ �eJ�emA� � g1J
ð1Þ�Z0

1;� � g00Jð2Þ�Z0
2;�; (19)

where Z0
1 is the SUð2ÞL � Uð1Þ neutral gauge boson Z if

there is no mixing with Z0
2. The U(1) coupling is g1 ¼

g= cos�W where g is the coupling constant of SUð2ÞL. The
currents are given as

Jð1Þ� ¼ X
i

�c i��½�LðiÞPL þ �RðiÞPR	c i;

Jð2Þ� ¼ X
i;j

�c i��½�ð2Þc Lij
PL þ �ð2Þc Rij

PR	c j;
(20)

where the sum is over all quarks and leptons c i;j and

PL;R ¼ ð1
 �5Þ=2. The values of �ð2Þc Lij
and �ð2Þc Rij

are the

chiral couplings of the new gauge boson, which are real.
The SM chiral couplings are [37]

�RðiÞ ¼ �sin2�WQi; �LðiÞ ¼ ti3 � sin2�WQi; (21)

where ti3 and Qi are the third component of the weak

isospin and the electric charge of the fermion i, respec-
tively. �W is the weak mixing angle.

When �ð2Þ are nondiagonal, we can obtain the flavor
changing effects immediately. There have been works on
this possibility, which have the exotic fermions mixing
with the SM fermions [38] as in the E6 models. If the Z2

couplings are diagonal and nonuniversal, flavor changing
effects arise by nonzero fermion mixing [39–41]. Here, we

consider the case that �ð2Þ of the left-handed quarks are not
flavor-universal. The fermion Yukawa matrices are diago-

nalized by the unitary matrices Vc
L;R where the CKM

matrix is

VCKM ¼ Vu
LV

dy
L : (22)

Therefore, the chiral Z0
2 couplings in the fermion mass

eigenstate basis are

Bc L

ij � ðVc
L �

ð2Þ
L Vc y

L Þij; Bc R

ij � ðVc
R �

ð2Þ
R Vc y

R Þij: (23)

With a diagonal �ð2ÞR , the right-handed sector remains
flavor-diagonal.
Now, for convenience sake let us suppose that

Vu
L ¼ Vu

R ¼ Vd
R ¼ I and Vd

L ¼ Vy
CKM. Then, with the

Wolfenstein parametrization [42],

VCKM ¼
1� �2

2 � A�3

�

� i
þ i

2
�
2

�

�� 1� �
2 � i
A2�4 A�2ð1þ i
�2Þ

A�3ð1� 
� i
Þ �A�2 1

0
BBB@

1
CCCA; (24)

where the imaginary part is written up to order �5 and the real part up to order �3. For simplicity, let us represent the Uð1Þ0
operator for our left-handed quarks, i.e. �ð2ÞuL;dL

, as a diagonal but flavor nonuniversal matrix such that for a possibility of bs
flavor changing coupling with x � 1

�ð2ÞuL;dL
¼ CqL

x 0 0
0 x 0
0 0 1

0
@

1
A; (25)

while �ð2ÞuR;dR
are assumed to be diagonal and flavor-universal such that

�ð2ÞuR;dR
¼ CuR;dR

1 0 0
0 1 0
0 0 1

0
@

1
A: (26)

Then, the Uð1Þ0 couplings to the mass eigenstates of left-handed down-type quarks are given approximately by

BdL ¼ Vy
CKM�

ð2Þ
dL
VCKM ’ CqL

x ðx� 1ÞiA2�5
 �ðx� 1ÞA�3ð1� 
þ i
Þ
�ðx� 1ÞiA2�5 x ðx� 1ÞA�2 þ ixA�4


�ðx� 1ÞA�3ð1� 
� i
Þ ðx� 1ÞA�2 � ixA�4
 1

0
BB@

1
CCA; (27)

4In this case the two Higgs doublets can also have the Uð1Þ0 charges to forbid the exact � term, while allowing the effective � and
B� terms to be generated at the Uð1Þ0 scale.
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and the same for the left-handed up-type quarks also. Thus,
BdL
12 which contributes to the neutral K meson system is of

order �5, while BdL
23 which is relevant for the current neutral

Bs meson system is of order �2. So, it is possible to raise
the Bs decay CP phase by a factor of ��3 � 102 without
tampering with the phenomenology of the neutral K meson
system very much.

At high energy where the extra Uð1Þ0 symmetry is re-
stored, the Yukawa interactions must preserve the symme-
try. Therefore, an additional SM singlet scalar field S with
nonzero Uð1Þ0 charge must be introduced due to the flavor
nonuniversal Uð1Þ0 charge assignment to the left-handed
quark doublets. We now consider that the Yukawa inter-
actions of the light quarks are generated by the higher
dimensional operators, à la Froggatt and Nielsen [43] but

at the TeV scale, �qiLHqjRðS=MÞ for the quark flavors
i ¼ 1; 2 and j ¼ 1; 2; 3. The TeV scale mass M can be
introduced by assuming the existence of an exotic heavy
quark with mass M, whose Yukawa couplings to the SM
quarks are dictated by the Uð1Þ0 symmetry. In order to
preserve the Uð1ÞY symmetry in the Yukawa couplings at
high energy, the exotic heavy quarks interacting with the
down-type and up-type quarks must be different.
Therefore, we define Qd

L;R and Qu
L;R for such exotic quarks

which have different Uð1ÞY charges. Now, considering the
anomaly-free Uð1Þ0, the Higgs has nonzero Uð1Þ0 charge
and so is M in the effective Lagrangian. Therefore, it is
required to introduce another SM singlet S0 whose nonzero

VEV provides the value ofM, simultaneously breaking the
extra nonanomalous Uð1Þ0 gauge symmetry. The mass of

new gauge boson is given as MZ0 ¼ 1
2g

00
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
s þ v2

s0

q
, where

hSi ¼ vs=
ffiffiffi
2

p
and hS0i ¼ vs0=

ffiffiffi
2

p
. Then, the SUð2Þ �

Uð1ÞY � Uð1Þ0 invariant Yukawa couplings can be ob-
tained, achieving the Froggatt-Nielsen mechanism be-
tween the third and the first two families. Assuming the
exotic quarks are SUð2ÞL singlets, the Froggatt-Nielsen
type higher dimensional operators are described as Fig. 8.
The nonanomalousUð1Þ0 charges of the matter fermions,

Higgs and singlet scalars are given in Table I. The anomaly
cancelation conditions are

Uð1Þ0SUð3Þ2: 2ð2xþ 1ÞCqL � 3ðCdR þ CuRÞ þ 2CS0 ¼ 0

Uð1Þ0SUð2Þ2: ð2xþ 1ÞCqL þ C‘ ¼ 0

Uð1Þ0Uð1Þ2Y :
1

18
ð2xþ 1ÞCqL �

1

3
ðCdR þ 4CuRÞ þ

1

2
C‘ � CeR þ

5

9
CS0 ¼ 0

Uð1ÞYUð1Þ02: 1

3
ð2x2 þ 1ÞC2

qL þ C2
dR

� 2C2
uR � C2

‘ þ C2
eR �

1

3
ðC2

Qd
L

� C2
Qd

R

Þ þ 2

3
ðC2

Qu
L
� C2

Qu
R
Þ ¼ 0

Uð1Þ03: 2ð2x3 þ 1ÞC3
qL � 3ðC3

dR
þ C3

uRÞ þ 2C3
‘ � C3

eR þ ðC3
Qd

L

� C3
Qd

R

Þ þ ðC3
Qu

L
� C3

Qu
R
Þ ¼ 0;

(28)

where we used the relation from the Yukawa couplings,
CS0 ¼ CQu

L
� CQu

R
¼ CQd

L
� CQd

R
. In addition, we can con-

sider the gravitational anomaly cancellation condition

4xCqL þ 2CqL � 3ðCdR þ CuRÞ þ 2CS0 þ 2C‘ � CeR ¼ 0:

(29)

The first constraint in (28) and Eq. (29) give

2C‘ � CeR ¼ 0; (30)

which will turn out to be very useful. Although the Uð1Þ0
assignments of Table I cannot avoid x ¼ 1 from the qua-
dratic and cubic constraints of (28), it is always possible to
satisfy these constraints for x � 1 by introducing addi-
tional SM singlet leptons.

If there exists a mixing between Z0
1 and Z

0
2, then the mass

eigenstates Z and Z0 couple as

LZ
NC ¼ �g1

�
cos�Jð1Þ� þ g00

g1
sin�Jð2Þ�

�
Z�

� g1

�
g00

g1
cos�Jð2Þ� � sin�Jð1Þ�

�
Z0
�; (31)

where � is the mixing angle between Z0
1 and Z0

2. Since the
mixing angle is quite suppressed as j�j & 10�3 due to the
electroweak precision measurements [44], we just assume
that there is no mixing and we can approximately treat
Z0
1 as Z and Z0

2 as Z
0.

As commented in the previous section, ð �bsÞð ���ÞV;A and

ð �bsÞVþAð �ccÞV�A are the only possible dimension-six

FIG. 8. A typical Yukawa interaction between the first and the
second generation quarks. It is obtained by the insertion of the
exotic SUð2ÞL singlet heavy quarks Qu;d

L;R, and SM singlet scalars

S and S0 preserving the SUð2Þ � Uð1ÞY � Uð1Þ0 symmetry.
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operators which provide the Oð1Þ ~hs without severe con-
straints from the other experiments [23]. Therefore, new
contributions to �sNP

12 via the � or c-quark loops containing
the Z0 exchange must be considered. Such enhancement of
the dimuon asymmetry is first given in [11] although the
Uð1Þ0 symmetry preservation is not considered.

The mass differenceM12 is obtained from the dispersive
part of the tree level mixing via Z0 exchange (Fig. 9) such
that

MNP
12 ¼ 4GF

3
ffiffiffi
2

p
�
g00

g1

�
2 M2

W

M2
Z0cos2�W

R6=23ðBdL
sb Þ2f2Bs

mBs
BBs

¼ 4GF

3
ffiffiffi
2

p
�
g00

g1

�
2 M2

W

M2
Z0cos2�W

R6=23A2f2Bs
mBs

BBs
� C2

qL

� ½ðx� 1Þ2�4 þ i2xðx� 1Þ
�6	; (32)

where R � �sðMWÞ=�sðmbÞ and we neglected the Oð�8Þ
terms. The next-to-leading order QCD corrections are not

present due to our initial assumption BdR
sb ¼ 0. This result

contains only one power ofGF due to the tree level mixing,
while the SM model result is

MSM
12 ¼ G2

F

12�2
M2

WðVtbV
�
tsÞ2
2Bf

2
Bs
mBs

BBs
S0ðxtÞ

¼ G2
F

12�2
A2�4M2

Wf
2
Bs
mBs

BBs
S0ðxtÞ; (33)

containing two powers of GF, where the loop function is

S0ðxtÞ ¼ 4xt � 11x2t þ x3t
4ð1� xtÞ2

� 3x3t logxt
2ð1� xtÞ3

; (34)

for xt ¼ m2
t =M

2
W and 
2B ¼ 0:551. With these results we

obtain [39]

hs ¼ 3:858� 105ð
sb
L Þ2; (35)

where 
sb
L is defined as


sb
L �

��������
g00

g1

MZ

MZ0
BdL
23

��������¼
��������
g00

g1

MZ

MZ0
ðx� 1ÞCqLVtbV

�
ts

��������;
(36)

which is constrained by the experimental results on �Ms

of Eq. (11), ��s of Eq. (37), and Sc� of Eq. (38). The

enhancement of the same-sign dimuon asymmetry by �s
12

is also constrained by the other experimental measurement
of ��s and the indirect CP violation from Bs ! J=c�
decays such that [20]

��s ¼ �ð0:154þ0:054
�0:070Þps�1 (37)

Sc�¼�sin�s¼�0:77þ0:29
�0:37 or �2:36þ0:37

�0:29; (38)

where we assumed argð�VtsV
�
tb=VcsV

�
cbÞ is highly sup-

pressed. The allowed parameter set �s-hs is shown in
Fig. 10. As a result, for hs & 0:3, i.e. 
sb

L & 8� 10�4,
there is no constraint on �s. In this case, jðx� 1ÞCqL j &
2� 10�2. Even though we adopt a larger hs & 2:5

TABLE I. The Uð1Þ0 charge assignment.

Fields Uð1Þ0 charge Uð1ÞY charge

uL
dL

� �
,

cL
sL

� �
xCqL 1=6

tL
bL

� �
CqL 1=6

ui¼1;2;3
R CuR ¼ 2ðxþ 1ÞCqL 2=3

diR CdR ¼ �2xCqL �1=3

�i
L

eiL

� �
C‘ ¼ �ð2xþ 1ÞCqL �1=2

eiR CeR ¼ �2ð2xþ 1ÞCqL �1

Qu
L CQu

L
¼ ðxþ 3ÞCqL 2=3

Qu
R CQu

R
¼ ð3xþ 1ÞCqL 2=3

Qd
L CQd

L
¼ �ð3x� 1ÞCqL �1=3

Qd
R CQd

R
¼ �ðxþ 1ÞCqL �1=3

H CH ¼ ð2xþ 1ÞCqL 1=2

S CS ¼ �ðx� 1ÞCqL 0

S0 CS0 ¼ �2ðx� 1ÞCqL 0

FIG. 9. The tree level Bs- �Bs mixing via the new Z0 gauge
boson.

FIG. 10 (color online). The allowed parameter region in the
�s-hs plane from the experimental bound on �Ms [Eq. (11)],
��s [Eq. (37)], and Sc� [Eq. (38)].
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depending on the value of �s, the value of 
sb
L is at

most 2:55� 10�3 so that jðx� 1ÞCqL j< 6:03� 10�2.

Therefore, either CqL is very small or x is not much

deviated from the value x ¼ 1. To obtain sizable �sNP
12

comparable to �sSM
12 , the latter must be considered since

�sNP
12 is proportional to ðBc L;R

ij Þ2 / Oðx2C2
qLÞ.

The width difference �s
12 can be obtained from the

absorptive part of the one-loop induced mixing of
Fig. 11. From the calculations of �q

12 of previous works

[11,45,46], we obtain

~h s �
�

sb
L

jVcbj
�
2ðB‘L

�� þ BeR
��Þ2: (39)

We assumed that the contribution to �sNP
12 is dominated by

the � loop insertion. This assumption is reasonable com-
pared to the contribution by light quarks. According to

Table. I, we obtain ðB‘L
�� þ BeR

��Þ2 ¼ 9ð2xþ 1Þ2C2
qL . For

the loop contribution by light quarks (u, d, and s quarks),

�sNP
12 is proportional to ðBc L;R

ij Þ2 which is at most ð5x2 þ
8xþ 4ÞC2

qL . If x <�0:7 or x >�0:1, the contribution to

the ���þ mode compared to the light quark modes is
greater than 2. This ratio is about 5 if jx� 1j � 1. This
situation is the same for � ofBmeson decays since it is also

proportional to ðBc L;R

i;j Þ2. Therefore, the contributions by the
dangerous operators ð �bsÞð �c c Þ for c ¼ u, d, s quarks to
�sNP
12 and the decay rate (�) of Bmesons can be suppressed

compared to the � contribution. If this suppression is not
enough, we may consider additional flavor nonuniversal
Uð1Þ0 charge assignments to the right-handed quarks.

For the lepton contribution for c ¼ e, �, however, the
situation is different since Uð1Þ0 charges are the same as

that of �. The parameter B‘L
�� is constrained by the search of

Br:ðBs ! ���þÞ at the Tevatron and the inclusive
b ! s‘�‘þ decays [40]. The upper bounds on the leptonic
decay modes are Br:ðBs ! ���þÞ< 0:05 and Br:ðBs !
���þÞ< 4:7� 10�8 [4]. Therefore, we also have to con-
sider the flavor nonuniversal Uð1Þ0 charge assignment to
the leptons. It is not difficult to obtain this with an
anomaly-free Uð1Þ0 by assuming exotic heavy leptons.
For example, as done in Eq. (25) for quarks, we can give
flavor nonuniversal charges to leptons. If we assign the
same y for the left- and right-handed leptons as

�ð2Þ‘L
¼ C‘

y 0 0
0 y 0
0 0 1

0
@

1
A; (40)

we constrain y & 4:34� 10�3 to satisfy the above
Br:ðBs ! ���þÞ bound. With this parameter y, we can
easily make a model, which is not exposed here, to cancel
all gauge anomalies.
Considering the constraints of Eqs. (11), (37), and (38),

it is possible to obtain Oð1Þ values of ~hs to explain the
observed dimuon asymmetry. Such parameter space is

shown in Fig. 12 in the ~hs-hs plane.
Now, we are required to consider the experimental con-

straint from the b ! s� decay which induces the B ! Xs�
decays. The recent experimental measurements provide
Br:ðB ! Xs�Þ ¼ ð3:52� 0:25Þ � 10�4 [20] which is con-
sistent with the theoretical prediction Br:ðB ! Xs�Þth ¼
ð3:15� 0:23Þ � 10�4 [47]. Therefore, the allowed contri-
bution due to the NP effects is only within Oð10%Þ of the
SM contribution, which makes the NP model construction
difficult. The NP operators of the form �sb �c c , where c is a
SM fermion contribute to B ! Xs� through the mixing
with the operator of the form ( �s���bF��). Focusing on the

ð�sbÞð ���ÞV;A operator, as analyzed in [23], our leading order

NP contribution to B ! Xs� can be compared to the SM
contribution such that

Br:ðB ! Xs�ÞNP
Br:ðB ! Xs�ÞSM

� 2
�

�s

ffiffiffiffiffi
~hs

q
� 0:07; (41)

for ~hs ¼ 1, which is in the allowed region of Fig. 12.
Therefore, it is possible to obtain viable parameter space
which does not suffer from the experimental constraints of
b ! s� decay. [If the value of hs is chosen to be around 0.3

or smaller, the allowed value of ~hs is ~hs * 2. Then, the
ratio (41) is around 0.17 which is somewhat big. However,

FIG. 11. The one-loop induced Bs- �Bs mixing. The absorptive
part indicates the Bsð �BsÞ ! ���þ decay, which provides a NP
contribution to �s

12.

FIG. 12 (color online). The allowed parameter region in the
~hs-hs plane from the experimental bound on �Ms [Eq. (11)],
��s [Eq. (37)], and Sc� [Eq. (38)]. The parameter ~hs * 2:5 is

favored for hs & 0:3. ~hs could be lowered for �s � �=2 and
hs � 1:5–2:0.
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it is marginally within the Oð10%Þ contribution.]
The leading order NP contribution by our Z0 model to
b ! s� decay is depicted in Fig. 13. The contribution
due to the Bs ! �� through Z0 exchange is shown in
Fig. 13(a), while another NP contribution in Z0 models is
shown in 13(b). One might also consider the contribution
by b ! s�� �� through the tree level Z0 exchange, however,
it is a four-body decay process which is suppressed by
phase factor ð1=4�Þ4 so that this is a subdominant contri-
bution. Consequently, our Z0 model considering the en-
hancement of �sNP

12 due to the Bs ! ���þ decay is safe

from b ! s�.

V. CONCLUSIONS

We have analyzed various NP models to explain the
large same-sign dimuon asymmetry observed by the D0
experiment. The observed central value has about 3:2�
discrepancy from the SM prediction. Combining it with
the other experimental results, the total average value is
shifted to about 2:5� discrepancy. The MSSM with mini-
mal flavor violation and multi-Higgs models cannot pro-
vide such a large asymmetry due to their loop effects or
Yukawa suppressions. On the other hand, a Z0 model with
extra Uð1Þ0 gauge symmetry can accommodate the
observed result. For a theoretically viable Z0 model, we

considered the case that the Uð1Þ0 quark charges are as-
signed to be flavor nonuniversal, which is in fact a general
phenomenon with an extra Uð1Þ0. To preserve the extra
nonanomalous Uð1Þ0 symmetry at high energy, SUð2ÞL
singlet exotic heavy quarks of mass above 1 TeV and the
SM gauge singlet scalars are introduced. The other experi-
mental results such as B ! Xs�, �Ms, ��s, and Sc� are

also considered in our Z0 model. To satisfy the additional
constraints such as Bs ! ���þ, a flavor nonuniversal
Uð1Þ0 charge assignment to leptons or right-handed quarks
is needed, which is not difficult to obtain with anomaly-
freeUð1Þ0. In conclusion, we presented the case of allowing
a large NP CP violation with an extra Z0, with the parame-
ter region consistent with the various present experimental
bounds.
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APPENDIX: THE DOWN-TYPE QUARK SECTOR
IN THE DODECA MODEL

To make (bs) FCNC, we consider a different matrix
from original dodeca model [32]. The unitary matrices
diagonalizing the quark mass matrices are given by

Uu ¼
1ffiffi
2

p � 1ffiffi
2

p ei� 0
1ffiffi
2

p e�i� 1ffiffi
2

p 0
0 0 1

0
B@

1
CA

Ud ¼
1ffiffi
2

p � 1ffiffi
2

p 0
1ffiffi
2

p 1ffiffi
2

p 0
0 0 1

0
B@

1
CA:

(A1)

To obtain a CP violation effect in the Bs system in the
dodeca model, the loop diagrams similar to Fig. 6 must be
considered. Namely, the entries of the (23) element and/or
(32) element of VCKM are needed. As pointed out in [32],
this appears as a small correction in Ud,

U0
d¼

1 0 �sin�2

0 1 �i�cos�2

��sin�2 �i�cos�2 1

0
BBB@

1
CCCA

1ffiffi
2

p � 1ffiffi
2

p 0

1ffiffi
2

p 1ffiffi
2

p 0

0 0 1

0
BBB@

1
CCCA

¼

1ffiffi
2

p � 1ffiffi
2

p �sin�2

1ffiffi
2

p 1ffiffi
2

p �i�cos�2

�� iffiffi
2

p e�ið�=2Þ �� iffiffi
2

p eið�=2Þ 1

0
BBBB@

1
CCCCA: (A2)

The phase� in the up-type quark sector appears here in the
down-type quark sector. Basically, generation of the Oð�Þ

FIG. 13. The leading order NP contributions by our Z0 model
to b ! s� decay are depicted. The contribution due to the
ð�sbÞð ���ÞV;A operator through Z0 exchange is shown in (a), while

another NP contribution in Z0 models is shown in (b).
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term is a loop effect as pointed out in Ref. [32]. With this
corrected matrix, the CKM matrix is given by

VCKM ¼
eið�=2Þ cos�2 �ieið�=2Þ sin�2 0

�ie�ið�=2Þ sin�2 e�ið�=2Þ cos�2 i�e�ið�=2Þ

� sin�2 i� cos�2 1

0
BB@

1
CCA:

(A3)

For � ¼ �=6, one should consider more corrections to-
ward a more realistic VCKM, but here we omit this elabo-
ration since it is not essential for our �sb coupling. � is of
order 0.04 to make an agreement with the measured CKM
matrix element.
The U0

d diagonalizes the mass matrix of the form

1
2 �12;

1
2 �21; i �ffiffi

2
p ð�32 cos

�
2 þ i�31 sin

�
2Þ

1
2 �21;

1
2 �12; i �ffiffi

2
p ð�32 cos

�
2 � i�31 sin

�
2Þ

�i �ffiffi
2

p ð�32 cos
�
2 � i�31 sin

�
2Þ; �i �ffiffi

2
p ð�32 cos

�
2 þ i�31 sin

�
2Þ; m3

0
BBB@

1
CCCA; (A4)

where �21 ¼ m2 �m1, �31 ¼ m3 �m1, �32 ¼ m3 �m2, �12 ¼ m1 þm2 and �12, and m1, m2, and m3 are the
eigenvalues after diagonalization. Note that wd ¼ 1

2 ðm1 þm2Þ ¼ 1
2 �12, zd ¼ 1

2 ð�m1 þm2Þ ¼ 1
2 �21, and xd ¼ m3.

Using Eq. (A4), one can obtain the Oð�Þ Higgs couplings to the mass eigenstate d-type quarks.
In the mass eigenstate basis, this indicates that FCNC in the down-type quark sector is read as

Uy
dH

ðdÞVd ¼
yd5H

0 � yd4H
0
0

1
2 y

d
5ðH0

2 �H0
1Þ �i �2 y

d
5ðH0

1 �H0
2Þ cos�2

1
2 y

d
5ðH0

2 �H0
1Þ yd5H

0 þ yd4H
0
0

�
2 y

d
5ðH0

1 �H0
2Þ sin�2

i �2 y
d
5ðH0

1 �H0
2Þ cos�2 �

2 y
d
5ðH0

1 �H0
2Þ sin�2 yd1H0

0
BB@

1
CCA (A5)

The contribution to �s
12 is given by

�sNP
12 � jfðdÞj4 j cos�

I
22 cos�

I
23j2

M4


ðdÞþ
I

M5
B0
s
¼ jfðdÞI22 fðdÞI23 j2

M4


ðdÞþ
I

M5
B0
s
; (A6)

which involves the Yukawa couplings. Assuming that VEVs take the same value around v ¼ 250 GeV, we obtain

fðdÞI23 ’ �ffiffiffi
2

p
v
m3 sin

�

2
; (A7)

and

fðdÞI22 ¼’ 1

2v
m2: (A8)
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