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We consider a recently proposed supersymmetric model based on the discrete Qg 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 mpy; are closely related. This
triangle relation is controlled by the size of the w 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 B°
system. Its size is comparable with the recent experimental observations by DO and CDF, and it could be
observed at the LHCD in the first years. If the parameter space is constrained by the neutron electric dipole
moment, flavor changing neutral currents, and CP violations in K° as well as B® mixing, the triangle

relation yields the following bound on the dark matter candldate 0.12 TeV < mpy < 0.33 TeV, which is

directly observable at the LHC. We also compute aj; —

a%,, which is observable at the LHCb, where a’ ,d)

is the semileptonic CP asymmetry for the By, system.
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L. 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)." 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 Afl by the DO Collaboration [9].
Its measured value A?, = —(9.57 +2.51 + 1.46) X 1073
disagrees by 3.2 standard deviations [9] with the SM
prediction Afl o —(2.3f8:2) X 1074 [10], which has stimu-
lated a number of papers [11,12] dealing with a large CP
violation in B mixing.> Moreover, the CKMfitter Group
[14,15] also obtained, from a global fit to flavor observ-
ables, a large value for the dimuon asymmetry: A% =
—(4.2519) X 1073 [15].% 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 K° mixing and, at the same
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time, allow large CP violation in B mixing. See [15] for a
large list of references in which diverse theoretical possi-
bilities for large CP violation in B® mixing have been
proposed.

Recently, two of us [12] considered a supersymmetric
extension of the SM based on the discrete Qg family
symmetry [4—7].* Because of the family symmetry, this
model contains three pairs of SU(2); 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 A, that
touch the 1o 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 w 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 u parameters. We
are thus particularly interested in the triangle relationship
between CP violation in B° mixing, the EDM, and the
mass of the dark matter candidate.

II. THE MODEL

We start by considering the superpotential

W =YY QUSHY + Y Q,DSHY + pHyHY, (1)

4Q6 was considered in the past in [18].

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.84.016007

KABURAKI et al. PHYSICAL REVIEW D 84, 016007 (2011)

TABLE I. The Qg4 assignment of the chiral matter supermultiplets. The irreducible representations of Qg fall into two doublets (2, 2)
and four singlets (1., 1,5, 1_ 1, 1_3). The 2 is complex valued but pseudoreal, while the 2 is real valued. The singlets can be
classified according to the subgroup Z, X Z,, and the subscripts denote its quantum number. The 1, ; and 1, , are real, while the 1_
and 1_ 5 are complex conjugates of each other. More details can be found in Ref. [4]. For completeness we include leptons, L, E¢, and

N°€. R parity is also imposed.

(0] 03 U¢, D¢ Us, DS L

E°, N¢ E§ N§ H", H? HY, HY

O 2 1., 2 1_, 2

1., 2 1., 1.4 2 1,

where we have restricted ourselves to the quark sector and
the Higgs sector. Here Q, H", and H? stand for SU(2),
doublets of the quark and Higgs supermultiplets, respec-
tively. The indices / and J indicate different kinds of Higgs
SU(2); doublets. Similarly, U¢ and D¢ stand for SU(2),
singlets of the quark supermultiplets. The structure of the Y
and p terms in the Yukawa matrices are fixed by the Qg
family symmetry.” The Qg assignment is shown in Table I,
and the Q¢ invariance yields [4]

0 0 0
yua) =10 0 YZ(d) ,
0 vy 0
u(d
0 0 Yy
yi2(d2) — o o o | 2)
-vi? 0 0
0 v 0
yu3d3) — Yé‘(d) 0 0
0 0 vy

The only Qg invariant u term is (HYH¢ + HYH{), and no
H§‘H§l and no mixing between the Qg doublet and singlet
Higgs multiplets is allowed. Therefore, there is an acci-
dental global SU(2), 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 Qg and CP invariance
spontaneously. Moreover, the scalar potential of the origi-
nal theory turns out to have an accidental Z, invariance,

1
Wyt = 5 U+ ) — B

1
= (B = gy — =,

V2
where h’s are scalar components of H’s, and H“¢ =

(H’f’d + H;"d) /~/2. After the singlet sector has been inte-
grated out, we obtain an effective u term

Welt = u**(HYHY + H*H?) + p*3H' HY
+ T HYHY, “4)

3)

hu,d —

SMore details of the model can be found in [5,7].

and the soft-supersymmetry-breaking Lagrangian
LT = 3 (2 + 11 2) + 112 + 2 (e 2
+ |h)?) + qug,lhg’P + [BTH(h% hd + h* h?)
+ B3 hthd + B3 hi4hd + Hee.] 5)

(The A terms are suppressed.) The parameters u 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 Q¢ and CP softly. However, thanks to (3), the
VEVs of the form

(h*40) = (,

(h %y = i\;; expif™?, (6)
u,dO\ __ i’d - nu,d

(h3 ) expif;

NGl

can be realized, where the SU(2) components of the Higgs
fields are defined as

hi = (hi*, hi), hi = (h{", h{)UT =3, +,-). (7)

To proceed with our discussion we make a phase rotation
of the Higgs superfields so that their VEVs become real:

~ _ pud ~ __epud
AY = HY e 0 qy? = HY“e~ %" Then we define

od cosy*? siny"? 0\ [ A%?
®ud | i=| —siny*? cosy? 0 || A% | (8)
oud 0 0 1)\ A
where
cosy" = cpu = v§/v,,
siny" = 5,0 = v% /v, 9)
via = (047 + (v4)2),

and similarly for the down sector. We further define the
components of the SU(2) doublet Higgs superfields as

(I)u+ (I)dO
¢7=(¢170), q>;1=( )(1=L,H,—). (10)

J
(DI
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The light and heavy MSSM-like Higgs scalars are then
given by
(w+h—iX)/\2= (¢9%)*cosB + (¢40)sing,
(H +iA) /2= —(¢%)*sinB + (¢1°) cos 3,
G" =—(¢] ) cosB+ (¢} )sing,
= (¢{7)"sinB+ $} " cosp,

(1D

where X and G* are the Nambu-Goldstone fields, ¢’s are

scalar components of ®’s of (10), v = \/Uf, + 12X
(=246 GeV) and tanB = v, /v,. In terms of ®’s of (10)
the superpotential (4) becomes

Wl = MLq)I'f(I)i + MLH(DZ(I)(ZI + MHLCI)?J(DZ
+ u@L Py + P4, (12)
which we shall use when calculating the dark matter mass,

EDM, and CP violation later on. The u parameters in Wi
are related to the original ones according to

3+ ,i05+09) 4 Syuc +3 5i(04 +69)

Mp = CyuSyd b i M
e d
+ 58, a0 0%,
Uiy = C714C,yd,l.b3+ el 05+0%) _ ¢ S dlu+3ei(01+0§)
P d
+s7ucydu++e’(‘9"++9+)
13
— 3+ ,i(05+6%) +3 ,i(6" +69) (13)
MHL = ~SyuSyi b tepuc apu et
d
+ C,yus,yd/.L++el(01+0‘+),
i d e d
Wy = _syucydﬂ3+ez(ag+0+) _ Cyzxs,yd/.L+3el(0L‘*+03)
(U d
+ cyl,cyd//«++e’(0++9+),
e =,uf+e"(9f‘++ei).

[07s, ¢ yua, and S yud 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 m* and m¢ can be read off
from the superpotential (1) along with (2) and (6). Then,
using the rotation and phase matrices defined below,
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(oo
Ro=—|-11 0|

2

\/—\0 0 2

(o 1)
Re=—|-1 1 0]
G

\0 0 2

P} = diag(1, expi2A 64, expiA§Y),
P} = (—1) expif4diag(expi2A0", 1, expiA6"), (15)
P¢ = expifddiag(expi2A 09, 1, expiA6?),

A¢? =07 — 0% (g = ud),

we can bring m¢ into a real form ¢ = P/ RTm7RP%.

The mass matrix m* can then be diagonalized as

O¥Tm*0Y% = diag(m,, m,, m,), and similarly for m?,

where 0”% are orthogonal matrices. So, the mass eigen-

states u}, = (u}, c}, t;), etc. can be obtained from g; =
Uiqy. dr = Ugdg. where  Uj g = Ryr)P] )0 -

Therefore, the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix Vegum 1s given by

Vexm = O4TP{TPLO¢ = 04T P, 04, (16)
where

Pq = dlag(l, exp(i20q), exp(iﬁq)), (17)
6, =64 — 6% — 04 + 64

There are nine independent theory parameters which de-
scribe the CKM parameters and the quark masses: Yy’ dvg a
yedyyd vy Y, 4y"d and 6,, where Y*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:

Yivi = 1.409m,, Yiv4=2.135X10"*m,
Yyvt =0.0847m,, Y;v4 =0.0879m,, (18)
Ydvd=1.258m,, Ydvd=—6.037x10"3m,,
Ydvd =0.0495m,, YZ,vi =0.6447m,,
0,=—0.7125.
With these parameter values we obtain [20]
my,/m, = 0.609 X 1073,
m./m, =3.73 X 1073, (19)

md/mb = (0.958 X 10_3,
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my/m,=1.69X1072,
0.9740 0.2266 0.00361 (20)

[Verml =1 0.2264 0.9731 0.0414 |,
0.00858 0.0407 0.9991
|V.0/V,| =0.211,
sin28(¢;) = 0.695, (21)
p =0.152,
7 = 0.343.

The mass ratio (20) is defined at M, 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=— Y YS(piO) i) u'y
I=L,H,—
+ > YNl
I=L,H,—
- Z YfijOI(‘f’?O)*angﬁ'R
I=L.H,—
+ D Yyt d ul, + He,  (22)
I=L,H,—

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

YL = 04T RTY4L R, O%
= 2diag(my, m,, my)/v cosp,
YOH = 04T RTY4H R, O,

Y- — \/LEOzTRl]:(YdI — Y)R, 04207, (23)
YL = 0yTP,RIYRR 04,
Y4 H = OZTPQR{Y"HRROI%,

1 N od
Y4 = —owvp RT(Ydl _ YdZ)RROdeZIAG

\/z L " qg™L R B

1
yiL — [ﬁ siny? (Y4 + Y?2) + cosydY® ] 24)

1
YH = [\/—5 cosy (Y + Y®) — siny?Y® ],

and similarly for the Y*’s, where the matrices other than
the Yukawa matrices are defined in (14) and (17). One finds
that YL and Y% are real and that the only phase
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appearing in Y/~* and Y/ # is 6, given in (17), which
is the same phase entering into Vxy- As we can see from
(23) and (24) the free parameters in (22) are only 3, y*¢
and AG? + A" [because 6, = A6 — Ag" 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 Qg
family symmetry in the effective theory. Therefore, the soft
mass matrices have the form

m?, = midiag(af, af, bf) (a=ql),
m2,, = midiag(a, a§, b%) (a=u,d,e),
(2= > A@.(yal)..@
a tj i ij
1=1,2,3 ’ V2

= A%(m?); (a=ud e;v§ =0, (25)

where m; denote the average of the squark and slepton
masses, respectively, (aZ(R), bZ(R)) are dimensionless free
real parameters, Af; are free real parameters of dimension
one, and m“ are the respective fermion mass matrices.
According to [24,25] we define the tree-level
supersymmetry-breaking soft mass insertions as

— yrat =2
St1xm = ULinMerrr UL/ M (26)
ik = UZJr(ﬁliLR — u!hEOY U /m, 27
849 = Ut (w2, , + W/ (WOYV)UL/m2,  (28)

in the super CKM basis, where U’s are unitary matrices
that diagonalize the quark mass matrices, and /’s are the
neutral Higgs fields defined in (7). (We restrict ourselves to
the quark sector.) The w-term and A-term contributions
to Bz%do) 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
A;j # 1 in (25), the phases in the fermion mass matrices
(m®);; can be rotated away by the unitary matrices in (28).
Therefore, only the w 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:

(899),x(A) = LY(A] — A9) x 1073,

(899), p(A) = (—2.24¢ + 1.74%) X 1075,

(89 r(A) = (1.1A¢ — 1.0AY + 5.0A9) X 1073,
(849), x(A) = 5.844 X 1074,

(849), p(A) = 1744 X 107%,

(849), r(A) = —2.34¢ X 1072,

(29)

where A¢ = [A9/m3][0.5 TeV/m3] (i =1, 2, 3) are di-
mensionless free parameters. The real parameters Al‘-i are
given by

A=Al AL Ad= AL A

d — Ad _ Ad
b’ A3 - Ab Aa;

(30)

where A4

¢ pp o are associated with the independent ele-
ments Y

wbbc of the Yukawa matrices (2) and defined
such that the corresponding trilinear couplings of the
squarks and Higgs fields have the form Az YZ, etc., as one
can see from (25). The left-right mass insertions (8;;), z(A)
contribute to the radiative correction to the Yukawa cou-
plings [26-29] and can also enhance FCNCs and EDMs if
Als/mz> 1 [30-32] (which means A’s > 1). Similar
effects are present due to the w-term contribution to
(6?1-)LR for a large tanB [26-32]. In this paper we use
tanf8 = 3.18 as a benchmark value (see Table II). As we
can see from (29), the strong constraints on (Bffj) LR givenin
[29,33] are satisfied for A’s < O(1). Therefore, we assume
in this paper that A’s < O(1). The u-term contributions to
(5;1].) Lr can be obtained from the second terms of (27) and

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

(889, = (8495, = —2.6 X 107*Aaf,
(5‘119)“ = (5§?)2L ~ —8.7X 10_3Aaz,
(889),, = (88);, = —3.0 X 102Aaf,
(88)rr = (84N ip = 5.0 X 102Aa,
(68)rr = (849 %r = —0.10Aad,

(89 rr = (89 er = 0.39Aas,

(3D

where Aaf = a} — b}, Aa% = a% — b$. These mass in-
sertions are the tree-level ones. In [12] it has been shown
that the one-loop corrections to them, especially to (8?]9) LLs
can be large in the presence of more than one pair of the
Higgs SU(2); doublets. Moreover, it has been found that in
the present model the one-loop corrections are needed to
obtain a large CP violation in B mixing that is comparable
with the observations at Tevatron. These one-loop correc-
tions (A§;;) depend on the parameters in the Higgs sector.
For the input parameters given in (18) and in Table II, we
find the following corrections:

. _.[0.5TeVT2
(A8%,)1 =(A89));, =(6.7—i0.8) X 10 4[ o ]’
a
¢ . _[0.5TeVT2
(A8%),, = (A89);, =(1.2+i2.5) X 10 2[ L ]
a
* . . [0.5TeVT2
(A6%3) 1, =(Ab6%,);, =—(8.5+i6.8) X 10 2[ — ] _
a

(32)

The one-loop corrections to (§;;)rg 1z are negligibly small.

A benchmark set of the parameter values. That B; is real, and is a consequence of

the minimization of the Higgs potential. With this set of parameters, we find that the eigenvalues
of MZeven are (9.607%,5.012,2.152) [TeV?], while the eigenvalues in the Z, odd sector are

(9.49%,4.26%) [TeV?].

Sy = siny" —0.16 §,0 = siny? —0.688
cp = cosP 0.3 cy = cosfy JO.77
[TeV] [TeV?]
wr 0.377 — 10.066 B,, =B_ (5.992)2 + I1(1.232)?
MLn —0.754 + 10.011 B, (2.949)2
L —0.0058 — 10.0444 By (4.257)> + 1(1.035)?
Wy 2.201 + 10.405 m2. —(7.234)?
Wos = p_ 1.710 + 10.312 m2, —(0.834)?
m, —(7.065)?
m, —(2.716)?
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V. DARK MATTER, EDM, AND B” 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 Z, defined in
(3) the Higgsinos can also be grouped into the Z,-even and
odd sectors.® The Higgsinos in the Z, odd sector have no
mixing with the gauginos. If, therefore, the LSP belongs to
the Z, odd sector, the LSP is a pure Higgsinos state with the
mass u" . For this LSP to be a dark matter candidate,

J

M, 0
0 M,
MF _ SWSBMZ —CWSBMZ
Neven —SWCBMZ CWCBMZ
0 0
0 0

where cg = cosfB, cy = cosfy, and similarly for sz and
sy (By is the Weinberg angle). Because of the EDM
constraint, we expect that the mass of the LSP is relatively
light, O(few 100) GeV. Therefore, the LSP has to be a
mixture of the Higgsinos and the gauginos to obtain a
desirable relic density QA% ~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, d,,, because the
electron EDM in this model is extremely suppressed [7].
There are two sources for d,: the Yukawa sector, because
of the multi-Higgs structure, and the SUSY breaking sec-
tor.” Here we simply assume that d,, can be obtained from
d, =1(4d, — d,), where d, is the EDM of the u (d)
quark. The experimental upper bound is given by [22]

d,/e <63%1072 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 d,/e with the neutral
Higgs boson exchange [satisfying the constraint (45)] is
less than O(1073!) cm, as was previously found in [7]. The
contribution with the Z,-even charged Higgs boson ex-

SSince Z, 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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w7 has to be larger than O(1) TeV and, at the same time,
smaller than the other u’s and gaugino masses. This pa-
rameter region cannot satisfy the EDM constraint without
an extreme fine-tuning because we need relatively small
wu’s to satisfy the EDM constraint in the present model [7].
So, we may assume that the LSP belongs to the Z,-even
sector. The mass matrix of the neutralinos in the Z,-even
sector is

sWsBMZ _SWcBMZ 0 0
—CWSBMZ CWcﬁMZ 0 0
0 — ML 0 “MLH
, 33
ML 0 “MaL 0 (33)
0 “MHL 0 M
ML 0 My 0

change to d,, is O(1072°) [e cm] and is 3 orders of magni-
tude smaller than that to d,;. This is because (i) d,, is
proportional to the fermion mass in the internal loop, and
(i1) the Yukawa couplings in the down-type quark sector
are smaller than those of the up-type quark sector for a
moderate tanf [that is, le > Yf;b, for instance, where

Y ;’;q, and Y;’;q are defined in (36) below]. We first con-
centrate on the contribution to d, from the Z,-even charged

Higgs boson, which takes the form [36]

e
= E Cr7Cxyd— yu+
da = 2472 Z Im(UR Ui YiqaYmaq)
k,l,m=123 q=u,c,t

ST [i- 1“(%)]5 '

The up-type quark mass in the internal line is denoted by
m, and & = 0.12 stands for the QCD correction [36,37].
The Yukawa matrices in (35) are given by

(35)

Yu+ = cos Yu+L Yu+ — Yu+H

Laqq' B qq' 2,94’ aq' 7

ut  — d— — & d—L

Y3’qq, 0, Yl’qq, sm,Bqu, , (36)
d— _ d— _—_ yd—H

YZ,qq’ 0, Y3,1M/ Y’M’ ’

where Y**HL ' YI~HL are given in (23) and (24). UC is the
unitary matrix that diagonalizes the squared mass matrix of
the charged Higgs bosons of the Z,-even sector, and M. is
the corresponding eigenvalue. The squared mass matrix of
the charged Higgs bosons in the Z,-even sector has the
form
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2B . N
ﬁ + oy M3 AT U —1gu/sp
2 — N N
M Crieven —mi’ZH/cﬁ _mgH + ng(c%v - 1/2)M% By ) (37)
—rig /s By =iy — caplcl, — 1/2)M%

in the basis (H", ¢%", (¢%7)*), where

S Qu d » i d . d
B, = cyusydB“e’(”%WQ + S,yuCydB+3el(01++03) + syusydBJr*el(e“a*),

: d ; d : d

By = —syucaB3 0t — ¢ s yBT3MONT0) 4 e JBT 0RO,

. 2 o0y o *
oy = C,yus;y"(m[-[“ mﬂg) MMy — MHLM L, (38)
m2, = casa(m?, —m%,) — = 7

dLH y?Sy M ga HY MFaklpr = MLHML

s 2 0 2 2 2 _ 2 2

My = CouMip + S%umi lwul> = lwpel® + copM3 /2,

A2 0 0 2 0 2 _ 2 _ 2

gy = €Qamya + $Lampe = lunl® = lponl® = cpMz/2.

Therefore, [(US) M2 ;0,en U Tt = (M()28 4, and we see that d,, depends on many mass parameters of the model, even
though the Lagrangian (22) has only a few parameters. Note that only 6, = A0? — A9" given in (17) enters in the
contribution coming from the exchange of the Z,-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

d(even charged) ~ 3.9 X 1072° ecm, d,(even charged) =~ 2.5 X 102° ecm, (39)

where we have used 6, = AG? — A" = —0.7125 [see (18)].
As for the contribution coming from the exchange of the Z,-odd charged Higgs bosons, the phase structure is different
from that in the case of the Z,-even charged Higgs bosons. In fact, 2(A6“ + Ag?) = 6, enters in the dominant

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

2 =
M o ( B..

in the (¢“", (¢?7)*) basis, we perform similar calculations
as in the case of the Z,-even charged Higgs bosons and find

d,(odd charged) =~ 2.7 X 102*sin[2(A6* + Ag9)
+0,— 0.042] ecm,

d,(odd charged) =~ 4.3 X 10727 sin[2(A6* + A§9)
-0, —3.099] ecm. 41)

Therefore, for a certain range of A§* + A6¢ we can satisfy
the constraint (34). We will discuss the SUSY breaking
contribution to the EDMs below, while assuming that
A0" + A9 is so tuned that the contribution from the
Yukawa sector discussed here satisfies the constraint (34).

_m%_]u + |/.L++|2 + CQ[‘EC%VM%

2 2 2 2
—my, + Iy > — copciyM3

By ) (40)

2. SUSY breaking contribution

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

20
di/e = — e EIm(89)) g,
e (42)
du/e = 97: glm((sbll(]))LR:

8There is a chromo EDM, which depends strongly on tanf
(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
tanf = 3.12 is not large.
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Parameter values used in the text. For the calculations in the text we use only the central values. f, Mg 4, AM%h Kds A€

from [22]. fp_ belongs to the conservative sets of [10] (see the references therein), and fp, is obtained from fp /& with & = 1.24.
my(2 GeV) and m +(2 GeV) are from [22], while those at m,, are taken from [21].

Input Input

fx (159.8 = 1.4 = 0.44) X 107> GeV s, 0.194 + 0.032 GeV

s, 0.240 = 0.040 GeV

My 0.497 648 =+ 0.000 022 GeV AMPP (0.5292 + 0.0009) X 10~2ps~!
M, 5.3661 = 0.0006 GeV AMS® 17.77 £ 0.10 = 0.07 ps~!
M, 5.27950 * 0.000 33 GeV AMSP 0.507 = 0.005 ps~!
my(2 GeV) (5.047929) X 1073 GeV my(2 GeV) 0.105%0033 GeV
my(my) (4.237111) X 1073 GeV mg(my) 0.080 * 0.022 GeV
my,(my) 4.20 = 0.07 GeV

where we have assumed that mz = m; = mj; = mg, and
& =0.12 is the QCD correction [36,37]. Since the A’s are

real, only the w terms contribute to Im(6bl'§d)0)LR, and

therefore,

Im(849)

vcosfS

m(ML)mu +— \/z

1
[ml Tm( ,LLHL)YMOH] / mi,  (43)

m(5‘11(1))LR

Yf?H:I / m (44)

where we have used (27) and (28), and Y*° and Y¥°H are
defined in (23). In the last section Egs. (43) and (44) will be
used to relate the dark matter mass mpy;, the neutron EDM,
and the CP violation in B° mixing.

B vsinf
= I:tanBIm(,u,L)md + Nl

C. B mixing
The tree-level contributions to the B® mixing coming

from the heavy neutral Higgs boson exchange in this model
are small if

cosBMy = 1.2 TeV (45)

is satisfied [6,7], where M?, is the (¢4, — ¢%) element of
the inverse of the mass squared matrix of the neutral Higgs
bosons of the Z,-even sector [¢¢; is the scalar component
of ®¥ 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 M7, in the neutral meson mixing

SM, SUSY, M,
can be written as M7, = My, 4 + M};>"9, where M},

and M fg Y9 are the SM contribution and the SUSY con-
tribution, respectively.
We follow [10] to parametrize the new physics effects as

SM, SUSY, SM,
MM+ MY = M A, (46)

and consider AM,, and the flavor specific CP asymmetry
a? in terms of the complex number A, = |Aq|ei¢3 , where

q =d, s, and
[T, sing,
SM,
|M12 ql |Aq|
by =M+ by (47)

AM, =2IMBM XAl af =

bl

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

MM = 0.56(1 + 0.45) exp(i0.77) ps ',
MM = 20.1(1 = 0.40) exp(—i0.035) ps ™, (48)
SM — (—0.091+992¢) rad,

¢§M = (4.2 + 1.4) X 1073 rad,

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 MSUSYq

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

MOUSYs —

12 324
X [24xf6(x) +66f6(x)] + (6911 (8%)rr
X [(384R, + 72)xf¢(x) — (24R, — 36)f6(x)]
—132[(8%)3 ¢ + (8%3);RIRxf6(x)
— (8%,)1x(8%); g[144R, + 84]Fc(x)}, (49)

\fB B {[(532 LL + (5 )RR]

Note that the values for M %\4 "1 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

. . S q - . .
contribution M, in the standard parametrization of the
CKM matrix before actual calculations.
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where

M, 2
R=()
mg+my

6(1+3x)Inx +x3 —9x2—9x+ 17
f()(x):

6(x—1)° ’
- 6x(1+x)Inx—x>—9x>+9x+1 |
fex)= 3G—1)7 with x=m;/mg,

(50)

and similarly for K and B, and mg is the gluino mass. For
the present calculations we assume that the bag parameters
Bk, B;, B are 1, and ag = 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 <& <14, %<2,
AMT AMS, 51
ImMSYSYEA2
u

2 T e =20 %1073,
\/_Z—AMKplAuIZ

where Au = (VCKM)ZS(VCKM)Md’
The same sign dimuon asymmetry A% measured by the

DO Collaboration [9] is a linear combination of the semi-
leptonic CP asymmetries in the B, and B systems:

Al = (0.494 * 0.043) X a’, + (0.506 * 0.043) X a?,.
(52)

The SM value for A% is given by A>, = —(2.3702) X 1074
[10], while the fit result yields [15]

Al = —(4.2719) X 1073, (53)

VI. RESULT AND 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 tan8 means a smaller cos8, which
requires a finer fine-tuning in the Higgs sector in order to
satisfy (45). For instance, tanf = 10 would require
My = 12 TeV. In the following analysis we consider a
benchmark value cos = 0.3(tanB = 3.18), which implies

PHYSICAL REVIEW D 84, 016007 (2011)
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FIG. 1 (color online). The prediction in the ¢, — ¢, 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.

My = 4 TeV. Further, Aai”’é in (31) are O(1) free parame-
ters, and so we assume that IAa%j,le =< 15.

We start with the dark matter mass mpy; (the mass of the
neutralino LSP). It is the smallest eigenvalue of (33) and
depends on the gaugino masses M; and M,, and the u
parameters. The p parameters directly enter into the EDM
[see (43) and (44)], while the tree-level mass insertions
(8{))rr,Lo given in (31) do not depend on the p parame-
ters. However, their one-loop corrections do depend on
them [12]. So, the dark matter mass mpy; in the present
model is constrained by the EDM and by the mixing of the
neutral meson systems. We find that mpy; is indeed
bounded above and below:

0.12 [TeV] = mpy = 0.33 [TeV], (54)

where we have required (51) and (53) with cosMy =
1.2 TeV and used mz; = m; = mz = mz; = 0.5 TeV. The
upper bound becomes larger if the size of the p parameters
increases. However, the size of the second term in the right-
hand side of (28), in particular, for (69).x, increases,
too. The upper bound given in (54) corresponds to
[(849) .zl ~ 0(1072), which is about the upper limit
to satisfy the constraint from b — sy [29,33].10
Similarly, if we increase cosBMpy, 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 u parameters to reduce the SUSY breaking. But this
is not allowed because of the b — s7y constraint. Therefore,
(54) should be regarded as the area of mpy, of the present
model. The phenomenological feature of the dark matter of

101(849), x| is 2 orders of magnitude smaller than |(849), ¢l in
the present model [see (29)].
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A/l x10°

FIG. 2 (color online). The same sign dimuon asymmetry Afl
against d,,/e. The fit result for A% is —(4.2719) X 1073 (purple

line) [15], and the DO result [9] is Afl = —(9.57 £2.51 =
1.46) X 1073, The SM value is shown in black.

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 ¢, and ¢, 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 ¢, and ¢, we have neglected the contribu-
tion from the left-right insertions (8495,);z(A) given in
(29). This is because the contribution to the real part of
M%ISY‘S is very small; e.g. it is less than 1% of that from the
(8%3),, and (8%)gg foral = 1,a4 = —1.5,A¢ = A4 = 1,
where use has been made of (31), (32), and (49).11

(849 3,) & does not contribute to the imaginary part of M}ySY.

PHYSICAL REVIEW D 84, 016007 (2011)
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FIG. 3 (color online). The prediction of af;, — affl, where the
horizontal axis stands for ¢,. The fit result for al, — affl is
—(3.9%21) X 1073 (purple lines), while the SM value is
(0.79379:999) x 1073 (black).

The same sign dimuon asymmetry A®, against d, /e is
shown in Fig. 2. A large imaginary part of the p parame-
ters, on one hand, produces a large CP violation in B°
mixing. On the other hand, the large imaginary part implies
alarge EDM. Figure 2 shows that the SUSY contribution to
d,, in this model can be made very small, while allowing a
large A%, which, in magnitude, is comparable with the fit
result (53). As we see from Fig. 2 the error in Ai’l 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 af; — afl against ¢,.
This combination of the asymmetries can be measured at
the LHCD, and the experimental sensitivity with 1 fb !,
which will be achieved in 2011 [46], is sufficient to test it.
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