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We consider a recently proposed supersymmetric model based on the discrete Q6 family group.

Because of the family symmetry and spontaneous CP violation, the electric dipole moment, the CP

violation in the mixing of the neutral mesons, and the dark matter mass mDM are closely related. This

triangle relation is controlled by the size of the � parameters. Loop effects can give rise to large

contributions to the soft mass insertions, and we find that the model allows a large CP violation in the B0

system. Its size is comparable with the recent experimental observations by D0 and CDF, and it could be

observed at the LHCb in the first years. If the parameter space is constrained by the neutron electric dipole

moment, flavor changing neutral currents, and CP violations in K0 as well as B0 mixing, the triangle

relation yields the following bound on the dark matter candidate: 0:12 TeV<mDM < 0:33 TeV, which is

directly observable at the LHC. We also compute assl � adsl, which is observable at the LHCb, where asðdÞsl

is the semileptonic CP asymmetry for the BsðdÞ system.
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I. INTRODUCTION

Family symmetry is a useful tool [1–7] to suppress flavor
changing neutral currents (FCNCs) in supersymmetric
(SUSY) extensions of the standard model (SM).1 If it is
combined with spontaneous violation of CP in SUSY
models, CP violation in these models can be suppressed,
too [4,5,7]. However, this theoretical idea may be in con-
flict with the recent measurement of the CP violating
dimuon asymmetry Ab

sl by the D0 Collaboration [9].

Its measured value Ab
sl ¼ �ð9:57� 2:51� 1:46Þ � 10�3

disagrees by 3.2 standard deviations [9] with the SM
prediction Ab

sl ¼ �ð2:3þ0:5
�0:6Þ � 10�4 [10], which has stimu-

lated a number of papers [11,12] dealing with a large CP
violation in B0 mixing.2 Moreover, the CKMfitter Group
[14,15] also obtained, from a global fit to flavor observ-
ables, a large value for the dimuon asymmetry: Ab

sl ¼
�ð4:2þ1:9

�1:8Þ � 10�3 [15].3 If the size of CP violation in a

symmetry-based mechanism to suppress CP violation
turns out to be of the same order of the SM value, we
may be running into a dilemma between suppressed and
large CP violation. In any case, the mechanism has to take
care of small CP violation in K0 mixing and, at the same

time, allow large CP violation in B0 mixing. See [15] for a
large list of references in which diverse theoretical possi-
bilities for large CP violation in B0 mixing have been
proposed.
Recently, two of us [12] considered a supersymmetric

extension of the SM based on the discrete Q6 family
symmetry [4–7].4 Because of the family symmetry, this
model contains three pairs of SUð2ÞL doublet Higgs super-
multiplets. We found that the one-loop effects of the extra
Higgs multiplets on the soft mass insertions can generi-
cally give rise to large contributions to the soft mass
insertions and that the model allows values for Ab

sl that

touch the 1� range of the fit result of [15]. In this paper we
will continue with our investigation of this model. In this
model the size of the � parameters plays an important
role: It enters directly into the above-mentioned one-loop
corrections to the soft mass insertions and into the electric
dipole moment (EDM) [7]. If the neutralino lightest super-
symmetric particle (LSP) should be a dark matter candi-
date, then its mass also depends on the � parameters. We
are thus particularly interested in the triangle relationship
between CP violation in B0 mixing, the EDM, and the
mass of the dark matter candidate.

II. THE MODEL

We start by considering the superpotential

W ¼ YuI
ij QiU

c
jH

u
I þ YdI

ij QiD
c
jH

d
I þ�IJHu

I H
d
J ; (1)
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1For a recent review on family symmetry, see [8] for instance.
2For earlier works see e.g. [13].
3This value is for the new physics scenario I of [15]. The UTfit

Group [16] and Lunghi and Soni [17] also reported large CP
violating effects in B0 mixing. 4Q6 was considered in the past in [18].
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where we have restricted ourselves to the quark sector and
the Higgs sector. Here Q, Hu, and Hd stand for SUð2ÞL
doublets of the quark and Higgs supermultiplets, respec-
tively. The indices I and J indicate different kinds of Higgs
SUð2ÞL doublets. Similarly, Uc and Dc stand for SUð2ÞL
singlets of the quark supermultiplets. The structure of the Y
and � terms in the Yukawa matrices are fixed by the Q6

family symmetry.5 The Q6 assignment is shown in Table I,
and the Q6 invariance yields [4]

Yu1ðd1Þ ¼
0 0 0

0 0 YuðdÞ
b

0 YuðdÞ
b0 0

0
BB@

1
CCA;

Yu2ðd2Þ ¼
0 0 YuðdÞ

b

0 0 0

�YuðdÞ
b0 0 0

0
BB@

1
CCA;

Yu3ðd3Þ ¼
0 YuðdÞ

c 0

YuðdÞ
c 0 0

0 0 YuðdÞ
a

0
BB@

1
CCA:

(2)

The only Q6 invariant � term is ðHu
1H

d
1 þHu

2H
d
2 Þ, and no

Hu
3H

d
3 and no mixing between the Q6 doublet and singlet

Higgs multiplets is allowed. Therefore, there is an acci-
dental global SUð2Þ, implying the existence of Nambu-
Goldstone modes. In [19] the Higgs sector is extended to
include a certain set of SM singlet Higgs multiplets to
avoid this problem. With this extended Higgs sector one
can break the flavor symmetry Q6 and CP invariance
spontaneously. Moreover, the scalar potential of the origi-
nal theory turns out to have an accidental Z2 invariance,

hu;dþ ¼ 1ffiffiffi
2

p ðhu;d1 þ hu;d2 Þ ! hu;dþ ;

hu;d� ¼ 1ffiffiffi
2

p ðhu;d1 � hu;d2 Þ ! �hu;d� ;

(3)

where h’s are scalar components of H’s, and Hu;d
� ¼

ðHu;d
1 �Hu;d

2 Þ= ffiffiffi
2

p
. After the singlet sector has been inte-

grated out, we obtain an effective � term

Weff ¼ �þþðHuþHdþ þHu�Hd�Þ þ�þ3HuþHd
3

þ�3þHu
3H

dþ; (4)

and the soft-supersymmetry-breaking Lagrangian

Leff
soft ¼ m2

Huðjhuþj2 þ jhu�j2Þ þm2
Hu

3
jhu3j2 þm2

Hdðjhdþj2
þ jhd�j2Þ þm2

Hd
3

jhd3j2 þ ½Bþþðhuþhdþ þ hu�hd�Þ
þ Bþ3huþhd3 þ B3þhu3h

dþ þ H:c:�: (5)

(The A terms are suppressed.) The parameters � and B
are complex: They originate from the complex vacuum
expectation values (VEVs) of the SM singlet Higgs fields
of the original theory [19]. But because of the CP invari-
ance of the original theory the Yukawa matrices and soft
scalar masses are real. So, the effective superpotential (4)
and the effective soft-supersymmetry-breaking Lagrangian
(5) break Q6 and CP softly. However, thanks to (3), the
VEVs of the form

hhu;d0� i ¼ 0;

hhu;d0þ i ¼ vu;d
þffiffiffi
2

p expi�u;dþ ;

hhu;d03 i ¼ vu;d
3ffiffiffi
2

p expi�u;d3

(6)

can be realized, where the SUð2Þ components of the Higgs
fields are defined as

huI ¼ ðhuþI ; hu0I Þ; hdI ¼ ðhd0I ; hd�I ÞðI ¼ 3;þ;�Þ: (7)

To proceed with our discussion wemake a phase rotation
of the Higgs superfields so that their VEVs become real:
~Hu;d
� ¼ Hu;d

� e�i�u;dþ , ~Hu;d
3 ¼ Hu;d

3 e�i�u;d
3 . Then we define

�u;d
L

�u;d
H

�u;d�

0
B@

1
CA :¼

cos�u;d sin�u;d 0
� sin�u;d cos�u;d 0

0 0 1

0
B@

1
CA ~Hu;d

3
~Hu;d
þ

~Hu;d�

0
B@

1
CA; (8)

where

cos�u ¼ c�u ¼ vu
3=vu;

sin�u ¼ s�u ¼ vuþ=vu;

vu;d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvu

3Þ2 þ ðvuþÞ2
q

Þ;

(9)

and similarly for the down sector. We further define the
components of the SUð2Þ doublet Higgs superfields as

�u
I ¼ �uþ

I

�u0
I

� �
; �d

I ¼ �d0
I

�d�
I

� �
ðI ¼ L;H;�Þ: (10)

TABLE I. TheQ6 assignment of the chiral matter supermultiplets. The irreducible representations ofQ6 fall into two doublets (2, 2
0)

and four singlets (1þ;0, 1þ;2, 1�;1, 1�;3). The 2 is complex valued but pseudoreal, while the 20 is real valued. The singlets can be

classified according to the subgroup Z2 � Z4, and the subscripts denote its quantum number. The 1þ;0 and 1þ;2 are real, while the 1�;1

and 1�;3 are complex conjugates of each other. More details can be found in Ref. [4]. For completeness we include leptons, L, Ec, and

Nc. R parity is also imposed.

Q Q3 Uc, Dc Uc
3, D

c
3 L L3 Ec, Nc Ec

3 Nc
3 Hu, Hd Hu

3 , H
d
3

Q6 2 1þ;2 20 1�;1 20 1þ;0 20 1þ;0 1�;3 20 1�;1

5More details of the model can be found in [5,7].
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The light and heavy MSSM-like Higgs scalars are then
given by

ðvþh� iXÞ= ffiffiffi
2

p ¼ð�d0
L Þ�cos�þð�u0

L Þsin�;
ðHþ iAÞ= ffiffiffi

2
p ¼�ð�d0

L Þ� sin�þð�u0
L Þcos�;

Gþ¼�ð�d�
L Þ�cos�þð�uþ

L Þsin�;
Hþ¼ð�d�

L Þ� sin�þ�uþ
L cos�;

(11)

where X and Gþ are the Nambu-Goldstone fields, �’s are

scalar components of �’s of (10), v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
u þ v2

d

q
�

ð’ 246 GeVÞ and tan� ¼ vu=vd. In terms of �’s of (10)
the superpotential (4) becomes

W 0eff ¼ �L�
u
L�

d
L þ�LH�

u
L�

d
H þ�HL�

u
H�

d
L

þ�H�
u
H�

d
H þ���u��d�; (12)

which we shall use when calculating the dark matter mass,
EDM, andCP violation later on. The� parameters inW 0eff
are related to the original ones according to

�L¼c�us�d�3þeið�u3þ�dþÞþs�uc�d�þ3eið�uþþ�d
3
Þ

þs�us�d�þþeið�uþþ�dþÞ;

�LH¼c�uc�d�3þeið�u3þ�dþÞ�s�us�d�þ3eið�uþþ�d
3
Þ

þs�uc�d�þþeið�uþþ�dþÞ;

�HL¼�s�us�d�3þeið�u3þ�dþÞþc�uc�d�þ3eið�uþþ�d
3
Þ

þc�us�d�þþeið�uþþ�dþÞ;

�H¼�s�uc�d�3þeið�u3þ�dþÞ�c�us�d�þ3eið�uþþ�d
3
Þ

þc�uc�d�þþeið�uþþ�dþÞ;

��¼�þþeið�uþþ�dþÞ:

(13)

[�’s, c�u;d , and s�u;d are defined in (6) and (9), respectively.]

III. THE YUKAWA SECTOR IN THE QUARK
MASS EIGENSTATES

The Yukawa sector in terms of the quark mass eigen-
states is needed to compute EDMs mediated by the ex-
change of Higgs fields. As we will see, the set of theory
parameters in this sector is overconstrained, so satisfying
the EDM constraint is a nontrivial matter. We shall briefly
discuss below how the Yukawa sector is constrained by the
family symmetry and derive a Lagrangian which we will
use to compute the EDMs mediated by the exchange of
Higgs fields.

The quark mass matrices mu and md can be read off
from the superpotential (1) along with (2) and (6). Then,
using the rotation and phase matrices defined below,

RL ¼ 1ffiffiffi
2

p
1 1 0

�1 1 0

0 0
ffiffiffi
2

p

0
BB@

1
CCA;

RR ¼ 1ffiffiffi
2

p
�1 �1 0

�1 1 0

0 0
ffiffiffi
2

p

0
BB@

1
CCA;

(14)

Pq
L ¼ diagð1; expi2��q; expi��qÞ;

Pu
R ¼ ð�1Þ expi�u3diagðexpi2��u; 1; expi��uÞ;

Pd
R ¼ expi�d3diagðexpi2��d; 1; expi��dÞ;

��q ¼ �q3 � �qþ ðq ¼ u; dÞ;

(15)

we can bring mq into a real form m̂q ¼ Pqy
L RT

Lm
qRRP

q
R.

The mass matrix m̂u can then be diagonalized as
OuT

L m̂uOu
R ¼ diagðmu;mc;mtÞ, and similarly for md,

where Ou;d
L;R are orthogonal matrices. So, the mass eigen-

states u0iL ¼ ðu0L; c0L; t0LÞ, etc. can be obtained from qL ¼
Uq

Lq
0
L, qR ¼ Uq

Rq
0
R, where Uq

LðRÞ ¼ RLðRÞP
q
LðRÞO

q
LðRÞ.

Therefore, the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix VCKM is given by

VCKM ¼ OuT
L Puy

L Pd
LO

d
L ¼ OuT

L PqO
d
L; (16)

where

Pq ¼ diagð1; expði2�qÞ; expði�qÞÞ;
�q ¼ �uþ � �dþ � �u3 þ �d3 :

(17)

There are nine independent theory parameters which de-

scribe the CKM parameters and the quark masses: Yu;d
a vu;d

3 ,

Yu;d
c vu;d

3 , Yu;d
b vu;d

þ , Yu;d
b0 v

u;d
þ , and �q, where Y

u;d’s are entries

of the Yukawa matrices (2). The set of theory parameters is
thus overconstrained. Therefore, there is not much freedom
in the parameter space, and so it is sufficient to consider a
single point in the space of the theory parameters of this
sector:

Yu
av

u
3 ¼1:409mt; Yu

cv
u
3 ¼2:135�10�4mt;

Yu
bv

uþ¼0:0847mt; Yu
b0v

uþ¼0:0879mt;

Yd
av

d
3 ¼1:258mb; Yd

cv
d
3 ¼�6:037�10�3mb;

Yd
bv

dþ¼0:0495mb; Yd
b0v

dþ¼0:6447mb;

�q¼�0:7125:

(18)

With these parameter values we obtain [20]

mu=mt ¼ 0:609� 10�5;

mc=mt ¼ 3:73� 10�3;

md=mb ¼ 0:958� 10�3;

(19)
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ms=mb¼1:69�10�2;

jVCKMj¼
0:9740 0:2266 0:00361

0:2264 0:9731 0:0414

0:00858 0:0407 0:9991

0
BB@

1
CCA;

(20)

jVtd=Vtsj ¼ 0:211;

sin2�ð�1Þ ¼ 0:695;

�� ¼ 0:152;

�� ¼ 0:343:

(21)

The mass ratio (20) is defined atMZ and consistent with the
recent updates of [21], and the CKM parameters above
agree with those of the Particle Data Group [22] and the
CKMfitter Group [14,16]. (See [23] for the predictions of
the model in the lepton sector.)

In the basis of the fermion mass eigenstates the Yukawa
couplings have the following form:

LY ¼ � X
I¼L;H;�

Yu0I
ij ð�u0

I Þ� �u0iLu0jR

þ X
I¼L;H;�

Yd�I
ij ð�d�

I Þ� �u0iLd0jR

� X
I¼L;H;�

Yd0I
ij ð�d0

I Þ� �d0iLd0jR

þ X
I¼L;H;�

YuþI
ij ð�uþ

I Þ� �d0iLu0jR þ H:c:; (22)

where the Higgs fields are defined in (10) and (11), the
Yukawa matrices Yu1, etc. are given in (2), and

Yd0L ¼ OdT
L RT

LY
dLRRO

d
R

¼ ffiffiffi
2

p
diagðmd;ms;mbÞ=v cos�;

Yd0H ¼ OdT
L RT

LY
dHRRO

d
R;

Yd0� ¼ 1ffiffiffi
2

p OdT
L RT

LðYd1 � Yd2ÞRRO
d
Re

2i��d ;

Yd�L ¼ OuT
L PqR

T
LY

dLRRO
d
R;

Yd�H ¼ OuT
L PqR

T
LY

dHRRO
d
R;

(23)

Yd�� ¼ 1ffiffiffi
2

p OuT
L PqR

T
LðYd1 � Yd2ÞRRO

d
Re

2i��d ;

YdL ¼
�
1ffiffiffi
2

p sin�dðYd1 þ Yd2Þ þ cos�dYd3

�
;

YdH ¼
�
1ffiffiffi
2

p cos�dðYd1 þ Yd2Þ � sin�dYd3

�
;

(24)

and similarly for the Yu’s, where the matrices other than
the Yukawa matrices are defined in (14) and (17). One finds
that Yd0L and Yd0H are real and that the only phase

appearing in Yd�L and Yd�H is �q given in (17), which

is the same phase entering into VCKM. As we can see from
(23) and (24) the free parameters in (22) are only �, �u;d

and ��d þ ��u [because �q ¼ ��d � ��u is fixed at

(18)]. We will use the Lagrangian (22) to compute the
EDM mediated by the exchange of the Higgs fields.
The EDM depends, therefore, on the Higgs masses, which
we will discuss when calculating the EDM in Sec. V.

IV. SOFT MASS INSERTIONS

We shall make use of the soft mass insertions [24,25] to
calculate FCNC and CP violations coming from the SUSY
breaking sector. Because of the family symmetry and CP
invariance in this model, however, the soft-supersymme-
try-breaking sector is strongly constrained. We will de-
scribe below how the soft mass insertions in this model
are constrained and parametrized.
The A terms and soft scalar mass terms obey the Q6

family symmetry in the effective theory. Therefore, the soft
mass matrices have the form

~m2
aLL ¼ m2

~adiagðaaL; aaL; baLÞ ða ¼ q; lÞ;
~m2
aRR ¼ m2

~adiagðaaR; aaR; baRÞ ða ¼ u; d; eÞ;

ð ~m2
aLRÞij ¼

X
I¼1;2;3

Aa
ijðYaIÞij jv

a
I jffiffiffi
2

p

¼ Aa
ijðmaÞij ða ¼ u; d; e;ve

I ¼ vd
I Þ; (25)

where m~a denote the average of the squark and slepton
masses, respectively, ðaaLðRÞ; baLðRÞÞ are dimensionless free

real parameters, Aa
ij are free real parameters of dimension

one, and ma are the respective fermion mass matrices.
According to [24,25] we define the tree-level
supersymmetry-breaking soft mass insertions as

	a0
LLðRRÞ ¼ Uay

LðRÞ ~m
2
aLLðRRÞU

a
LðRÞ=m

2
~a; (26)

	u0
LR ¼ Uuy

L ð ~m2
uLR ��IJhhd0J iYuJÞUu

R=m
2
~u; (27)

	d0
LR ¼ Udy

L ð ~m2
dLR þ�JIhhu0J iYdJÞUd

R=m
2
~d
; (28)

in the super CKM basis, where U’s are unitary matrices
that diagonalize the quark mass matrices, and h’s are the
neutral Higgs fields defined in (7). (We restrict ourselves to
the quark sector.) The �-term and A-term contributions

to 	u0ðd0Þ
LR are the first and second terms in (27) and (28),

respectively. A phase alignment embedded in the model is
working for the A-term contributions. That is, although
Aij � 1 in (25), the phases in the fermion mass matrices

ðmaÞij can be rotated away by the unitary matrices in (28).

Therefore, only the � terms contribute to EDMs.
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For the input parameters given in (18) we obtain the
following A-term contributions to the left-right insertions:

ð	d0
12ÞLRðAÞ ’ 1:9ð ~Ad

1 � ~Ad
2Þ � 10�5;

ð	d0
21ÞLRðAÞ ’ ð�2:2 ~Ad

1 þ 1:7 ~Ad
2Þ � 10�5;

ð	d0
13ÞLRðAÞ ’ ð1:1 ~Ad

1 � 1:0 ~Ad
2 þ 5:0 ~Ad

3Þ � 10�5;

ð	d0
31ÞLRðAÞ ’ 5:8 ~Ad

2 � 10�4;

ð	d0
23ÞLRðAÞ ’ 1:7 ~Ad

3 � 10�4;

ð	d0
32ÞLRðAÞ ’ �2:3 ~Ad

2 � 10�2;

(29)

where ~Ad
i ¼ ½Ad

i =m~d�½0:5 TeV=m~d� (i ¼ 1, 2, 3) are di-
mensionless free parameters. The real parameters Ad

i are
given by

Ad
1 ¼ Ad

b � Ad
c; Ad

2 ¼ Ad
a � Ad

b0 ; Ad
3 ¼ Ad

b � Ad
a;

(30)

where Ad
a;b;b0;c are associated with the independent ele-

ments Yd
a;b;b0;c of the Yukawa matrices (2) and defined

such that the corresponding trilinear couplings of the
squarks and Higgs fields have the form Ad

bY
d
b , etc., as one

can see from (25). The left-right mass insertions ð	ijÞLRðAÞ
contribute to the radiative correction to the Yukawa cou-
plings [26–29] and can also enhance FCNCs and EDMs if

A0s=m~d � 1 [30–32] (which means ~A0s � 1). Similar
effects are present due to the �-term contribution to
ð	d

ijÞLR for a large tan� [26–32]. In this paper we use

tan� ¼ 3:18 as a benchmark value (see Table II). As we
can see from (29), the strong constraints on ð	d

ijÞLR given in

[29,33] are satisfied for ~A0s & Oð1Þ. Therefore, we assume

in this paper that ~A0s & Oð1Þ. The �-term contributions to
ð	d

ijÞLR can be obtained from the second terms of (27) and

(28). They are complex and hence can contribute to EDMs
at the one-loop level as we will see in Sec. VB.
The other insertions are found to be

ð	d0
12ÞLL ¼ ð	d0

21Þ�LL ’ �2:6� 10�4�aqL;

ð	d0
13ÞLL ¼ ð	d0

31Þ�LL ’ �8:7� 10�3�aqL;

ð	d0
23ÞLL ¼ ð	d0

32Þ�LL ’ �3:0� 10�2�aqL;

ð	d0
12ÞRR ¼ ð	d0

21Þ�RR ’ 5:0� 10�2�adR;

ð	d0
13ÞRR ¼ ð	d0

31Þ�RR ’ �0:10�adR;

ð	d0
23ÞRR ¼ ð	d0

320Þ�RR ’ 0:39�adR;

(31)

where �aqL ¼ aqL � bqL, �a
d
R ¼ adR � bdR. These mass in-

sertions are the tree-level ones. In [12] it has been shown
that the one-loop corrections to them, especially to ð	d0

ij ÞLL,
can be large in the presence of more than one pair of the
Higgs SUð2ÞL doublets. Moreover, it has been found that in
the present model the one-loop corrections are needed to
obtain a largeCP violation in B0 mixing that is comparable
with the observations at Tevatron. These one-loop correc-
tions ð�	ijÞ depend on the parameters in the Higgs sector.

For the input parameters given in (18) and in Table II, we
find the following corrections:

ð�	d
12ÞLL¼ð�	d

21Þ�LL’ð6:7� i0:8Þ�10�4

�
0:5TeV

m~d

�
2
;

ð�	d
13ÞLL¼ð�	d

31Þ�LL’ð1:2þ i2:5Þ�10�2

�
0:5TeV

m~d

�
2
;

ð�	d
23ÞLL¼ð�	d

32Þ�LL’�ð8:5þ i6:8Þ�10�2

�
0:5TeV

m~d

�
2
:

(32)

The one-loop corrections to ð	ijÞRR;LR are negligibly small.

TABLE II. A benchmark set of the parameter values. That BL is real, and is a consequence of
the minimization of the Higgs potential. With this set of parameters, we find that the eigenvalues
of M2

CHeven are ð9:602; 5:012; 2:152Þ ½TeV2�, while the eigenvalues in the Z2 odd sector are

ð9:492; 4:262Þ ½TeV2�.
s�u ¼ sin�u �0:16 s�d ¼ sin�d �0:688

c� ¼ cos� 0.3 cW ¼ cos�W
ffiffiffiffiffiffiffiffiffi
0:77

p
[TeV] ½TeV2�

�L 0:377� I0:066 Bþþ ¼ B� ð5:992Þ2 þ Ið1:232Þ2
�LH �0:754þ I0:011 BL ð2:949Þ2
�HL �0:0058� I0:0444 BH ð4:257Þ2 þ Ið1:035Þ2
�H 2:201þ I0:405 m2

Hu �ð7:234Þ2
�þþ ¼ �� 1:710þ I0:312 m2

Hu
3

�ð0:834Þ2
m2

Hd �ð7:065Þ2
m2

Hd
3

�ð2:716Þ2
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V. DARK MATTER, EDM, AND B0 MIXING

A. LSP and dark matter

We assume that the LSP is a neutralino and is a dark
matter candidate in this model. Because of Z2 defined in
(3) the Higgsinos can also be grouped into the Z2-even and
odd sectors.6 The Higgsinos in the Z2 odd sector have no
mixing with the gauginos. If, therefore, the LSP belongs to
the Z2 odd sector, the LSP is a pure Higgsinos state with the
mass �þþ. For this LSP to be a dark matter candidate,

�þþ has to be larger thanOð1Þ TeV and, at the same time,
smaller than the other �’s and gaugino masses. This pa-
rameter region cannot satisfy the EDM constraint without
an extreme fine-tuning because we need relatively small
�’s to satisfy the EDM constraint in the present model [7].
So, we may assume that the LSP belongs to the Z2-even
sector. The mass matrix of the neutralinos in the Z2-even
sector is

M F
Neven ¼

M1 0 sWs�MZ �sWc�MZ 0 0
0 M2 �cWs�MZ cWc�MZ 0 0

sWs�MZ �cWs�MZ 0 ��L 0 ��LH

�sWc�MZ cWc�MZ ��L 0 ��HL 0
0 0 0 ��HL 0 ��H

0 0 ��LH 0 ��H 0

0
BBBBBBB@

1
CCCCCCCA
; (33)

where c� ¼ cos�, cW ¼ cos�W , and similarly for s� and
sW (�W is the Weinberg angle). Because of the EDM
constraint, we expect that the mass of the LSP is relatively
light, Oðfew 100Þ GeV. Therefore, the LSP has to be a
mixture of the Higgsinos and the gauginos to obtain a
desirable relic density �h2 ’ 0:11. So, we require that
the gaugino fraction of the LSP is in a range between
65% and 95% (see, for instance, [34]), and assume that if
this is satisfied, the neutralino LSP can be a dark matter
candidate in the present model.

B. EDM

Our concern here is the neutron EDM, dn, because the
electron EDM in this model is extremely suppressed [7].
There are two sources for dn: the Yukawa sector, because
of the multi-Higgs structure, and the SUSY breaking sec-
tor.7 Here we simply assume that dn can be obtained from
dn ¼ 1

3 ð4dd � duÞ, where duðdÞ is the EDM of the u (d)

quark. The experimental upper bound is given by [22]

dn=e & 6:3� 10�26 cm: (34)

1. Yukawa contribution

We start in the Yukawa sector. The one-loop diagrams
can be divided as follows: the photon is attached to a quark
or a charged Higgs, and the internal Higgs is neutral or
charged [36]. The contribution to dn=e with the neutral
Higgs boson exchange [satisfying the constraint (45)] is
less thanOð10�31Þ cm, as was previously found in [7]. The
contribution with the Z2-even charged Higgs boson ex-

change to du is Oð10�29Þ [e cm] and is 3 orders of magni-
tude smaller than that to dd. This is because (i) dn is
proportional to the fermion mass in the internal loop, and
(ii) the Yukawa couplings in the down-type quark sector
are smaller than those of the up-type quark sector for a
moderate tan� [that is, Yuþ

1;dt � Yd�
1;ub, for instance, where

Yuþ
i;qq0 and Yd�

i;q0q are defined in (36) below]. We first con-

centrate on the contribution to dd from the Z2-even charged
Higgs boson, which takes the form [36]

dd ¼ e

24
2

X
k;l;m¼1;2;3

X
q¼u;c;t

ImðUC
lkU

C�
mkY

d�
l;qdY

uþ
m;dqÞ

� mq

ðMCÞ2k

�
3

4
� ln

�ðMCÞ2k
m2

q

��
�: (35)

The up-type quark mass in the internal line is denoted by
mq, and � ’ 0:12 stands for the QCD correction [36,37].

The Yukawa matrices in (35) are given by

Yuþ
1;qq0 ¼ cos�YuþL

qq0 ; Yuþ
2;qq0 ¼ YuþH

qq0 ;

Yuþ
3;qq0 ¼ 0; Yd�

1;qq0 ¼ sin�Yd�L
qq0 ;

Yd�
2;qq0 ¼ 0; Yd�

3;qq0 ¼ Yd�H
qq0 ;

(36)

where YuþH;L, Yd�H;L are given in (23) and (24).UC is the
unitary matrix that diagonalizes the squared mass matrix of
the charged Higgs bosons of the Z2-even sector, andM

2
C is

the corresponding eigenvalue. The squared mass matrix of
the charged Higgs bosons in the Z2-even sector has the
form

6Since Z2 is not an exact symmetry of the theory, the even and
odd states will mix with each other in higher orders in perturba-
tion theory.

7See, for instance, [35].
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M 2
CHeven ¼

2BL

s2�
þ c2WM

2
Z �m̂2

uLH=c� �m̂2�
dLH=s�

�m̂2�
uLH=c� �m̂2

uH þ c2�ðc2W � 1=2ÞM2
Z B�

H

�m̂2
dLH=s� BH �m̂2

dH � c2�ðc2W � 1=2ÞM2
Z

0
BB@

1
CCA; (37)

in the basis ðHþ; �uþ
H ; ð�d�

H Þ�Þ, where

BL ¼ c�us�dB3þeið�u3þ�dþÞ þ s�uc�dBþ3eið�uþþ�d
3
Þ þ s�us�dBþþeið�uþþ�dþÞ;

BH ¼ �s�uc�dB3þeið�u3þ�dþÞ � c�us�dBþ3eið�uþþ�d
3
Þ þ c�uc�dBþþeið�uþþ�dþÞ;

m̂2
uLH ¼ c�us�uðm2

Hu �m2
Hu

3
Þ ��H�

�
LH ��HL�

�
L;

m̂2
dLH ¼ c�ds�dðm2

Hd �m2
Hd

3

Þ ��H�
�
HL ��LH�

�
L;

m̂2
uH ¼ c2�um2

Hu þ s2�um2
Hu

3
� j�Hj2 � j�HLj2 þ c2�M

2
Z=2;

m̂2
dH ¼ c2

�dm
2
Hd þ s2

�dm
2
Hd

3

� j�Hj2 � j�LHj2 � c2�M
2
Z=2:

(38)

Therefore, ½ðUCÞyM2
CHevenU

C�ik ¼ ðMCÞ2k	ik, and we see that dn depends on many mass parameters of the model, even
though the Lagrangian (22) has only a few parameters. Note that only �q ¼ ��d � ��u given in (17) enters in the
contribution coming from the exchange of the Z2-even charged Higgs bosons. As a benchmark set of the parameters we
consider the parameter values given in Table II. These parameters are chosen so that they do not cause problems with
FCNC and CP violations other than EDMs. We then find

ddðeven chargedÞ ’ 3:9� 10�26 e cm; duðeven chargedÞ ’ 2:5� 10�29 e cm; (39)

where we have used �q ¼ ��d ���u ¼ �0:7125 [see (18)].
As for the contribution coming from the exchange of the Z2-odd charged Higgs bosons, the phase structure is different

from that in the case of the Z2-even charged Higgs bosons. In fact, 2ð��u þ ��dÞ � �q enters in the dominant

contribution. Using the squared mass matrix of the charged Higgs bosons in the Z2 odd sector

M 2
Codd ¼

�m2
Hu þ j�þþj2 þ c2�c

2
WM

2
Z B�þþ

Bþþ �m2
Hd þ j�þþj2 � c2�c

2
WM

2
Z

 !
(40)

in the ð�uþ� ; ð�d�� Þ�Þ basis, we perform similar calculations
as in the case of the Z2-even charged Higgs bosons and find

ddðodd chargedÞ ’ 2:7� 10�24 sin½2ð��u þ ��dÞ
þ �q � 0:042� e cm;

duðodd chargedÞ ’ 4:3� 10�27 sin½2ð��u þ ��dÞ
� �q � 3:099� e cm: (41)

Therefore, for a certain range of��u þ ��d we can satisfy
the constraint (34). We will discuss the SUSY breaking
contribution to the EDMs below, while assuming that
��u þ��d is so tuned that the contribution from the
Yukawa sector discussed here satisfies the constraint (34).

2. SUSY breaking contribution

The second source is the SUSY breaking sector. To
obtain dn we use the approximate result of [33] which
takes into account only the gluino contribution8

dd=e ¼ � 2�s

9

� Imð	d0

11ÞLR;

du=e ¼ 4�s

9

� Imð	u0

11ÞLR;
(42)

8There is a chromo EDM, which depends strongly on tan�
(see [38] and the references therein). In our case A parameters
are still free parameters, and so it is possible to cancel the
chromo EDM. It is not a problematic fine-tuning, because our
tan� ’ 3:12 is not large.
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where we have assumed that m~g ¼ m~u ¼ m~d ¼ m~q, and

� ’ 0:12 is the QCD correction [36,37]. Since the A’s are

real, only the � terms contribute to Imð	uðdÞ0
11 ÞLR, and

therefore,

Imð	u0
11ÞLR

¼
�

1

tan�
Imð�LÞmuþvcos�ffiffiffi

2
p Imð�HLÞYu0H

11

��
m2

~u; (43)

Imð	d0
11ÞLR

¼
�
tan�Imð�LÞmdþvsin�ffiffiffi

2
p Imð�LHÞYd0H

11

��
m2

~d
; (44)

where we have used (27) and (28), and Yu0H and Yd0H are
defined in (23). In the last section Eqs. (43) and (44) will be
used to relate the dark matter massmDM, the neutron EDM,
and the CP violation in B0 mixing.

C. B0 mixing

The tree-level contributions to the B0 mixing coming
from the heavy neutral Higgs boson exchange in this model
are small if

cos�MH * 1:2 TeV (45)

is satisfied [6,7], where M2
H is the ð’d

H � ’d
HÞ element of

the inverse of the mass squared matrix of the neutral Higgs
bosons of the Z2-even sector [’d

H is the scalar component
of �d0

H given in (10)]. In the following discussion we
assume this is the case, so that the only relevant contribu-
tion comes from the SUSY breaking sector. Therefore,
the total matrix element Mq

12 in the neutral meson mixing

can be written as Mq
12 ¼ MSM;q

12 þMSUSY;q
12 , where MSM;q

12

and MSUSY;q
12 are the SM contribution and the SUSY con-

tribution, respectively.
We follow [10] to parametrize the new physics effects as

M
SM;q
12 þM

SUSY;q
12 ¼ M

SM;q
12 ��q; (46)

and consider �Mq and the flavor specific CP asymmetry

aqsl in terms of the complex number �q ¼ j�qjei��
q , where

q ¼ d, s, and

�Mq¼2jMSM;q
12 j�j�qj; aqsl¼

j�q
12j

jMSM;q
12 j�

sin�q

j�qj ;

�q¼�SM
q þ��

q : (47)

The SM values are given e.g. in [10], in which the results of
[39–43] are used:

2MSM;d
12 ¼ 0:56ð1� 0:45Þ expði0:77Þ ps�1;

2MSM;s
12 ¼ 20:1ð1� 0:40Þ expð�i0:035Þ ps�1;

�SM
d ¼ ð�0:091þ0:026

�0:038Þ rad;
�SM

s ¼ ð4:2� 1:4Þ � 10�3 rad;

(48)

where the errors are dominated by the uncertainty in the
decay constants and bag parameters.9

As for the SUSY part, we take into account only the

dominant contribution (gluino exchange) for M
SUSY;q
12

given in [33] (see e.g. [44] for a more refined calculation):

MSUSY;s
12 ¼ � �2

S

324m2
~d

Msf
2
Bs
Bsf½ð	d

32Þ2LL þ ð	d
32Þ2RR�

� ½24xf6ðxÞ þ 66~f6ðxÞ� þ ð	d
32ÞLLð	d

32ÞRR
� ½ð384Rs þ 72Þxf6ðxÞ � ð24Rs � 36Þ~f6ðxÞ�
� 132½ð	d

32Þ2LR þ ð	d
23Þ�2LR�Rsxf6ðxÞ

� ð	d
32ÞLRð	d

23Þ�LR½144Rs þ 84�~f6ðxÞg; (49)

TABLE III. Parameter values used in the text. For the calculations in the text we use only the central values. fK,MK;d;s, �M
exp
K;d;s are

from [22]. fBs
belongs to the conservative sets of [10] (see the references therein), and fBd

is obtained from fBs
=� with � ¼ 1:24.

mdð2 GeVÞ and msð2 GeVÞ are from [22], while those at mb are taken from [21].

Input Input

fK ð159:8� 1:4� 0:44Þ � 10�3 GeV fBd
0:194� 0:032 GeV

fBs
0:240� 0:040 GeV

MK 0:497 648� 0:000 022 GeV �Mexp
K ð0:5292� 0:0009Þ � 10�2ps�1

Ms 5:3661� 0:0006 GeV �Mexp
s 17:77� 0:10� 0:07 ps�1

Md 5:279 50� 0:000 33 GeV �M
exp
d 0:507� 0:005 ps�1

mdð2 GeVÞ ð5:04þ0:96
�1:54Þ � 10�3 GeV msð2 GeVÞ 0:105þ0:025

�0:035 GeV

mdðmbÞ ð4:23þ1:74�1:71Þ � 10�3 GeV msðmbÞ 0:080� 0:022 GeV
mbðmbÞ 4:20� 0:07 GeV

9Note that the values for MSM;q
12 quoted above are those in the

standard parametrization of the CKM matrix [22] and that the
CKM matrix obtained from (16) is not in the standard parame-
trization. Therefore, we have to express the supersymmetric
contribution MSUSY;q

12 in the standard parametrization of the
CKM matrix before actual calculations.
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where

Rs¼
�

Ms

msþmd

�
2
;

f6ðxÞ¼6ð1þ3xÞlnxþx3�9x2�9xþ17

6ðx�1Þ5 ;

~f6ðxÞ¼6xð1þxÞlnx�x3�9x2þ9xþ1

3ðx�1Þ5 with x¼m~g=m~d;

(50)

and similarly for K and Bd, and m~g is the gluino mass. For

the present calculations we assume that the bag parameters
BK, Bd, Bs are 1, and �S ¼ 0:12. The other parameters are
given in Table III.

We use the central values of (48) and Table III for our
calculations, while requiring the (conservative) constraints

0:6<
�Md;s

�Mexp
d;s

< 1:4;
2jMSUSY;K

12 j
�Mexp

K

< 2;

ImMSUSY;K
12 
2

uffiffiffi
2

p
�Mexp

K j
uj2
< �K ¼ 2:2� 10�3;

(51)

where 
u ¼ ðVCKMÞ�usðVCKMÞud.
The same sign dimuon asymmetry Ab

sl measured by the

D0 Collaboration [9] is a linear combination of the semi-
leptonic CP asymmetries in the Bd and Bs systems:

Ab
sl ¼ ð0:494� 0:043Þ � assl þ ð0:506� 0:043Þ � adsl:

(52)

The SM value for Ab
sl is given by A

b
sl ¼ �ð2:3þ0:5

�0:6Þ � 10�4

[10], while the fit result yields [15]

Ab
sl ¼ �ð4:2þ1:9

�1:8Þ � 10�3: (53)

VI. RESULTAND CONCLUSION

Most of the free parameters belong to the Higgs sector
and to the SUSY breaking sector. The parameter space is so
large that it will be beyond the scope of the present paper to
analyze the complete parameter space. Instead, we first
look for a benchmark point in the parameter space that
satisfies all the requirements (34), (45), (51), and (53).
Then we consider neighbor points and look for a border
beyond which the constraints are no longer simultaneously
satisfied. The border is extended by a certain amount, and
the parameter space to be considered is defined such that it
is surrounded by the extended border.

Note that a larger tan� means a smaller cos�, which
requires a finer fine-tuning in the Higgs sector in order to
satisfy (45). For instance, tan� ¼ 10 would require
MH * 12 TeV. In the following analysis we consider a
benchmark value cos� ¼ 0:3ðtan� ’ 3:18Þ, which implies

MH * 4 TeV. Further,�aq;dL;R in (31) areOð1Þ free parame-

ters, and so we assume that j�aq;dL;Rj & 15.

We start with the dark matter massmDM (the mass of the
neutralino LSP). It is the smallest eigenvalue of (33) and
depends on the gaugino masses M1 and M2, and the �
parameters. The � parameters directly enter into the EDM
[see (43) and (44)], while the tree-level mass insertions
ð	d0

ij ÞRR;LL given in (31) do not depend on the � parame-

ters. However, their one-loop corrections do depend on
them [12]. So, the dark matter mass mDM in the present
model is constrained by the EDM and by the mixing of the
neutral meson systems. We find that mDM is indeed
bounded above and below:

0:12 ½TeV� & mDM & 0:33 ½TeV�; (54)

where we have required (51) and (53) with cos�MH ’
1:2 TeV and used m~g ¼ m~u ¼ m~d ¼ m~q ¼ 0:5 TeV. The

upper bound becomes larger if the size of the� parameters
increases. However, the size of the second term in the right-
hand side of (28), in particular, for ð	d0

32ÞLR, increases,
too. The upper bound given in (54) corresponds to
jð	d0

32ÞLRj �Oð10�2Þ, which is about the upper limit

to satisfy the constraint from b ! s� [29,33].10

Similarly, if we increase cos�MH, the one-loop effect
becomes larger because of a larger SUSY breaking in the
extra Higgs sector, and consequently, (51) will be violated.
To reduce the one-loop effect, we have to increase the size
of the � parameters to reduce the SUSY breaking. But this
is not allowed because of the b ! s� constraint. Therefore,
(54) should be regarded as the area of mDM of the present
model. The phenomenological feature of the dark matter of

FIG. 1 (color online). The prediction in the �s ��d plane.
The fit result of the CKMfitter Group (purple, lower lines) [15]
and that of the UTfit Group (blue, upper lines) [16] are also
shown. The black dot is the SM value.

10jð	d0
23ÞLRj is 2 orders of magnitude smaller than jð	d0

32ÞLRj in
the present model [see (29)].
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the present model is basically the same as that of the
MSSM. Therefore, it could be observed in various future
experiments [45].

Next we consider the extra phases �s and �d defined in
(47), which are shown in Fig. 1. Also shown are the fit
results of the CKMfitter Group (purple) [15] and the UTfit
Group (blue) [16]. As we see from the graphs, the theo-
retical values are comparable with the fit values and about
1 order of magnitude larger than the SM value (black dot).
In calculating �s and �d we have neglected the contribu-
tion from the left-right insertions ð	d0

23;32ÞLRðAÞ given in

(29). This is because the contribution to the real part of

MSUSY;s
12 is very small; e.g. it is less than 1% of that from the

ð	d
23ÞLL and ð	d

23ÞRR for aqL ¼ 1, adR ¼ �1:5, ~Ad
3 ¼ ~Ad

2 ¼ 1,
where use has been made of (31), (32), and (49).11

The same sign dimuon asymmetry Ab
sl against dn=e is

shown in Fig. 2. A large imaginary part of the � parame-
ters, on one hand, produces a large CP violation in B0

mixing. On the other hand, the large imaginary part implies
a large EDM. Figure 2 shows that the SUSY contribution to
dn in this model can be made very small, while allowing a
large Ab

sl which, in magnitude, is comparable with the fit

result (53). As we see from Fig. 2 the error in Ab
sl is very

crucial to test the prediction of the model. We hope that the
error will be reduced by future experiments.
In Fig. 3 we plot the prediction of assl � adsl against �s.

This combination of the asymmetries can be measured at
the LHCb, and the experimental sensitivity with 1 fb�1,
which will be achieved in 2011 [46], is sufficient to test it.
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