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Quark and lepton flavor signals are studied in four supersymmetric models, namely, the minimal
supergravity model, the minimal supersymmetric standard model with right-handed neutrinos, SU(5)
supersymmetric grand unified theory with right-handed neutrinos, and the minimal supersymmetric
standard model with U(2) flavor symmetry. We calculate b! s�d� transition observables in Bd and Bs
decays, taking the constraint from the Bs � �Bs mixing recently observed at the Tevatron into account. We
also calculate lepton flavor violating processes �! e�, �! ��, and �! e� for the models with right-
handed neutrinos. We investigate possibilities to distinguish the flavor structure of the supersymmetry
breaking sector with use of patterns of various flavor signals which are expected to be measured in
experiments such as MEG, LHCb, and a future Super B factory.
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I. INTRODUCTION

The problem of flavors is one of the interesting aspects
of particle physics. Results obtained at B factory experi-
ments so far indicate that the Cabibbo-Kobayashi-
Maskawa (CKM) mixing [1] is the main mechanism of
flavor mixing phenomena in the quark sector, although
there still remains some room for new physics beyond
the standard model (SM). On the other hand, in the lepton
sector, neutrino experiments unveil large flavor mixings
quite different from the quark sector [2–5]. These mixings
in the lepton sector are certainly beyond the SM, suggest-
ing a new mechanism of flavor mixing. It is clear that flavor
physics is a clue to new physics.

In the coming years, we expect new experimental results
from the energy frontier, that is, the CERN Large Hadron
Collider (LHC) [6]. LHC experiments will provide us with
invaluable information on new physics. Among several
candidates of new physics, supersymmetry (SUSY) is the
most attractive and widely discussed [7]. It is possible that
some of the superparticles are discovered in the early stage
of LHC experiments.

One of the key questions in realistic SUSY models is to
identify the mechanism of SUSY breaking. The SUSY
breaking mechanism can be explored by determining the
SUSY mass spectrum in LHC experiments at the energy
frontier. On the other hand, the whole flavor structure of the
SUSY breaking cannot be determined by the energy fron-

tier experiment alone. There is no a priori reason to
exclude flavor changing soft SUSY breaking terms in the
squark and the slepton sectors, and some of them are
already strongly restricted by the existing low-energy ex-
perimental data [8,9]. It means that we can extract impor-
tant aspects of the SUSY breaking mechanism from flavor
physics.

Two new flavor experiments are under construction, and
several others are proposed. The MEG experiment [10],
which intends to search for the lepton flavor violating
(LFV) process �! e� at a branching ratio down to
10�13, will start data taking soon. The LHCb experiment
[11,12] is another dedicated flavor experiment under con-
struction and will be ready by the LHC startup in 2008. It is
designed to observe several rare decays and CP violations
in B and Bs decays. There are plans of future Super B
factories under discussion [13–15]. In addition to measure
several B decay observables with higher statistics, it is
expected to search for LFV processes in tau decays at a
branching ratio of 10�9. These new flavor experiments
themselves and their interplay with LHC experiments at
the energy frontier will augment our knowledge on flavors
and eventually new physics.

Several strategies are possible in order to study the
implication of the past and present experimental data on
SUSY models and predictions of flavor signals in future
experiments. One of them is a model-independent method
based on the mass insertion [16–18]. In this approach, a
general set of off-diagonal matrix elements (mass inser-
tions) of the squarks and the sleptons is assumed, and one
(or two) of the elements is (are) activated in order to obtain
a bound from a specific experiment. Repeating this proce-
dure for every relevant experiment, a list of bounds for the
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possible mass insertions is obtained. This list is used to
evaluate flavor signals in future experiments. As an oppo-
site way, a model-specific analysis is possible [19–26]. In
this approach, one specifies a SUSY model with a well-
defined SUSY breaking sector and analyzes one (or more)
selected flavor signal(s). In this way one can make definite
predictions on observable quantities in flavor changing
processes provided that the relevant model parameters
are given.

In our previous works [27,28], we adopted a different
approach. We selected three well-motivated SUSY models:
the minimal supergravity (mSUGRA), the SU(5) SUSY
grand unified theory (GUT) with right-handed neutrinos,
and the minimal supersymmetric standard model (MSSM)
with U(2) flavor symmetry. Each of these models has a
distinct flavor structure in its SUSY breaking sector at the
electroweak scale. Then, we investigated various flavor
signals in these models in a unified fashion. This approach
allows us to evaluate flavor signals definitely and to discuss
the possibility to distinguish several different flavor struc-
tures in the SUSY breaking sector in future flavor experi-
ments. The quark flavor signals which we studied are the
CP violation parameter "K in the K0 � �K0 mixing, the
Bd � �Bd and the Bs � �Bs mass splittings (�mBd and �mBs
respectively), CP asymmetries in B! J= KS and related
modes, the direct and the mixing-induced CP asymmetries
in b! s�, and the CP asymmetry in B! �KS. In addi-
tion, an LFV process �! e� was studied. Comparing
predictions of the models with each other, we showed
that the study of quark flavor signals at low energies could
discriminate several SUSY models that have different fla-
vor structures in their SUSY breaking sectors.

In the present work, we extend our previous works. New
features and improvements of the present work are the
following:

(i) In addition to the three models, we consider the
MSSM with right-handed neutrinos and the seesaw
mechanism without GUT.

(ii) Three cases of the low-energy neutrino mass spec-
trum and three types of Ansätze for the neutrino
Yukawa coupling matrix are studied.

(iii) New and up-to-date experimental data are incorpo-
rated. In particular �mBs measured by the CDF and
D0 experiments at Fermilab Tevatron affects predic-
tions of several B decay modes [18,29].

(iv) LFV tau decays and their implications are examined.
(v) As computational improvements, two-loop renor-

malization group equations for the MSSM (with
right-handed neutrinos) parameter running and one-
loop threshold corrections at the electroweak scale
are implemented.

With these new features and improvements, we pursue the
possibility to distinguish the flavor structure of the SUSY
breaking sector by low-energy flavor experiments and to
understand the SUSY breaking mechanism consequently.

A brief summary of our analysis is as follows. We expect
significant flavor signals in the lepton sector for the models
with right-handed neutrinos if the neutrino Yukawa cou-
pling is O�1�. In the MSSM with right-handed neutrinos,
depending on the texture of the neutrino Yukawa coupling
matrix, some of the LFV processes,�! e�, �! ��, and
�! e�, could be discovered in the near future. In the
SU(5) SUSY GUT with right-handed neutrinos, in addition
to the above texture dependent signals, �! e� can be
close to the present experimental bound due to GUT inter-
actions. As for the quark flavor signals, CP violating
asymmetries in b! s and b! d transitions can be sig-
nificant in the SU(5) SUSY GUT with right-handed neu-
trinos and in the U(2) model. Enhanced modes vary
according to the texture of the neutrino Yukawa coupling
matrix in the SU(5) SUSY GUT with right-handed neutri-
nos. Our analysis indicates that clarifying a pattern of the
quark and lepton flavor signals is an important step to
determine the correct SUSY model.

This paper is organized as follows. In Sec. II, the models
are presented and the relevant SUSY parameters are intro-
duced. Our numerical analysis with the experimental in-
puts and the outline of computational procedure are shown
in Sec. III. Conclusions are given in Sec. IV.

II. MODELS AND SUSY PARAMETERS

A. Models

In this section, we give a brief description of the models
considered in this paper. They are well-motivated examples
of SUSY models, and are chosen as representatives that
have distinct flavor signals. Every model is reduced to the
MSSM at low-energy scale, which is an SU�3�C �
SU�2�L � U�1�Y supersymmetric gauge theory with the
SUSY being softly broken. The MSSM matter contents
are the following chiral superfields:

 Qi

�
3; 2;

1

6

�
; �Ui

�
�3; 1;�

2

3

�
; �Di

�
�3; 1;

1

3

�
;

Li

�
1; 2;�

1

2

�
; �Ei�1; 1; 1�; �i � 1; 2; 3�

H1

�
1; 2;�

1

2

�
; H2

�
1; 2;

1

2

�
;

(1)

where the gauge quantum numbers are shown in parenthe-
ses. The MSSM superpotential can be written as

 W MSSM � yijD �DiQjH1 � y
ij
U

�UiQjH2 � y
ij
E

�EiLjH1

��H1H2; (2)

with an assumption of R-parity conservation and renorma-
lizability. The SUSY breaking effect is described by the
following soft SUSY breaking terms in the Lagrangian:
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 �LMSSM
soft � �m2

Q�
ij~qyi ~qj � �m

2
U�
ij~uyi ~uj � �m

2
D�
ij ~dyi ~dj

� �m2
L�
ij~lyi ~lj � �m2

E�
ij~eyi ~ej �m2

H1
hy1h1

�m2
H2
hy2h2 � �B�h1h2 � H:c:�

� �AijU~uyi ~qjh2 � A
ij
D

~dyi ~qjh1 � A
ij
E~eyi ~ljh1

� H:c:� �
M3

2
�~g ~g�

M2

2
�~W ~W�

M1

2
�~B ~B;

(3)

where ~qi, ~uyi , ~dyi , ~li, ~eyi , h1, and h2 are the corresponding
scalar components of the chiral superfields given in Eq. (1),
and ~g, ~W, and ~B are SU�3�C, SU�2�L, and U�1�Y gauge
fermions, respectively.

1. The minimal supergravity model

The mSUGRA consists of the MSSM sector and a
hidden sector where the SUSY is assumed to be sponta-
neously broken. Only a gravitational interaction intercon-
nects these two sectors. This gravitational interaction
mediates the SUSY breaking effect from the hidden sector
to the observable MSSM sector, and the soft breaking
terms in Eq. (3) are induced in the following manner:
 

�m2
Q�ij � �m

2
U�ij � �m

2
D�ij � �m

2
L�ij � �m

2
E�ij � m2

0�ij;

m2
H1
� m2

H2
� m2

0;

AijU � m0A0y
ij
U;

AijD � m0A0y
ij
D;

AijE � m0A0y
ij
E ;

M1 � M2 � M3 � m1=2;

(4)

where we assume the GUT relation among the gaugino
masses. The above relations are applied at the energy scale
where the soft breaking terms are induced by the gravita-
tional interaction. We identify this scale with the GUT
scale (�G ’ 2� 1016 GeV) for simplicity. Thus the soft
breaking terms are specified at �G by the universal scalar
mass, m0, the universal gaugino mass, m1=2, and the uni-
versal trilinear coupling, A0. The soft breaking terms at the
electroweak scale are determined by solving renormaliza-
tion group equations.

In this model, the only source of flavor mixings is the
CKM matrix. New flavor mixings in the squark sector at
the electroweak scale come from the CKM matrix through
radiative corrections [19,20]. In addition to the CP phase in
the CKM matrix, there can be two physically independent
CP phases. We take the complex phase of the � term
(�� � arg�) and the phase of A0 (�A � argA0) as the
new CP phases while we take the gaugino mass m1=2 as
real and positive by convention. These CP phases contrib-
ute to the neutron and electron electric dipole moments
(EDMs) [9,30–33] and experimental constraints on these
phases are very severe.

We assume that the generation mechanism of neutrino
masses in this model does not affect the flavor mixing in
the SUSY sector. For example, in the mSUGRA model
with right-handed neutrinos, which is described below, the
effect of the neutrino mass on the flavor mixing in the
SUSY sector is negligible in a small right-handed neutrino
mass limit.

2. The MSSM with right-handed neutrinos

Recent developments of neutrino experiments have es-
tablished the existence of small finite masses of neutrinos.
A simple extension of the mSUGRA model for giving
small finite masses of neutrinos is introducing gauge sin-
glet right-handed Majorana neutrino superfields, �Ni (i � 1,
2, 3). This is known as the type I seesaw mechanism [34].
The superpotential can be written as

 W MSSM�R �WMSSM � �yN�ij �NiLjH2 �
1

2
�MN�

ij �Ni
�Nj;

(5)

which leads to the following higher dimensional term:
 

�W � � �
1

2
Kij
� �LiH2��LjH2�;

K� � �y
T
N�
ik�M�1

N �
kl�yN�

lj;
(6)

after heavy fields �N1;2;3 are integrated out at the energy
scale below the Majorana mass scale ( � �R). This higher
dimensional term yields the neutrino mass matrix by the
electroweak symmetry breaking as

 �m��
ij � �K��ijhh2i

2: (7)

Taking the basis in which the charged lepton mass matrix is
diagonal, one can obtain the observable neutrino mass
eigenvalues and the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) mixing matrix [35] as

 �m��
ij � �V�PMNS�

ikm�k�V
y
PMNS�

kj: (8)

From the neutrino oscillation experiments, it is known that
there is a hierarchy among the two squared mass differ-
ences as jm2

�3
�m2

�2
j 	 jm2

�2
�m2

�1
j. We define �1 and �2

so that m�2
>m�1

. Therefore there are two possibilities for
the neutrino mass hierarchy when the mass of the lightest
neutrino is much smaller than the mass splittings.

(i) Normal hierarchy: m�3
	 m�2

>m�1
;

(ii) Inverted hierarchy: m�2
>m�1

	 m�3
.

When the overall mass scale is much larger than the mass
splittings, all the three neutrinos are nearly degenerate in
mass. In the present analysis we take
(iii) Degenerate: m�3

* m�2
* m�1

.
For numerical calculations, we consider three sets of low-
energy neutrino parameters corresponding to the above
three cases.

As for the soft breaking terms, scalar mass terms, A
terms, and B terms of sneutrinos, ~�yi , are added as
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 �LMSSM�R
soft � �LMSSM

soft � �m2
N�
ij~�yi ~�j � �A

ij
N ~�i~ljh2

� � ~m2
N�
ij~�yi ~�yj � H:c:�: (9)

We assume that the soft breaking terms are generated in a
universal fashion at �G, i.e.,

 �m2
N�
ij � m2

0�
ij; AijN � m0A0y

ij
N: (10)

We neglect the ~m2
N terms in the present work. These terms

can significantly affect the EDMs, while contributions to
the lepton flavor violation processes are subdominant [36].

The new flavor mixing in the scalar lepton sector comes
from the neutrino mixing through the renormalization
group running between �G and �R. In the leading loga-
rithmic approximation, they are given as
 

�m2
L�
ij ’ �

1

8�2 m
2
0�3� jA0j

2��yyNyN�
ij ln

�G

�R
; (11a)

�m2
E�
ij ’ 0; (11b)

�AE�
ij ’ �

3

8�2 m0A0y
i
e�y
y
NyN�

ij ln
�G

�R
; (11c)

for i � j. We numerically solve full RGEs in the actual
analysis given in Sec. III. Consequences of these mixings
on lepton flavor violating processes have been investigated
from various aspects. Lepton flavor violating processes
such as �! e� are sensitive to the off-diagonal elements
of yyNyN [37].

As we have discussed in the end of the last subsection,
this model reduces to the mSUGRA model in the limit of
yN ! 0. For instance, the effect of (11) is negligible if
�R 
 1012 GeV.

We consider three typical structures of the neutrino
Yukawa couplings.

(i) degenerate �R case

 yN �

��������
M̂N

q
hh2i

��������m�1

p
0 0

0
��������m�2

p
0

0 0
��������m�3

p

0
B@

1
CAVyPMNS: (12)

This is a case that all the masses of the right-handed
neutrinos are the same and there are no CP phases in
the heavy neutrino sector. In Eq. (12), M̂N denotes
the eigenvalue of the right-handed neutrino mass
matrix, i.e, �MN�

ij � M̂N�ij. In this simplest case,
the mixing in yN should be identified with the PMNS
mixing because there is no flavor structure in MN .
The large mixing in the PMNS matrix leads to large
off-diagonal elements of yyNyN, which enhance the
�! e� branching ratio. As we will see later, the
SUSY breaking parameter space is strongly con-
strained by the present experimental limit in the
normal hierarchy case.

(ii) nondegenerate �R (I)

 yN �
y11 0 0
0 y22 y23

0 y32 y33

0
@

1
A: (13)

In this case, the PMNS mixing arises from the above
yN and a nondegenerate mass matrix of right-handed
neutrinos, MN , as is described in Sec. III B. Because
yyNyN has the same texture as yN in Eq. (13),�! e�
is suppressed enough to satisfy the present experi-
mental bound. As for other LFV processes, �! e�
is also suppressed, while �! �� is not. The specific
structure in Eq. (13) could be an implication of
electron-number conservation which works above
the right-handed neutrino mass scale, �R, and is
broken by the right-handed neutrino mass matrix,
MN.

(iii) nondegenerate �R (II)

 yN �
y11 0 y13

0 y22 0
y31 0 y33

0
@

1
A: (14)

This case is similar to the nondegenerate �R (I) case,
except that the first and the second generations are
interchanged in yN . Accordingly, �! e� and �!
�� are suppressed, while we expect a larger branch-
ing ratio of �! e�.

3. The SU(5) SUSY GUT with right-handed neutrinos

The idea of supersymmetric grand unification is sup-
ported by the precise determination of three gauge cou-
pling constants at LEP and other experiments in the last
decade. In view of this, we consider SU(5) SUSY GUT
with right-handed neutrinos as an extension of the MSSM
with right-handed neutrinos. Here we follow the analysis of
Refs. [23,27] and we give a brief description of the model.

This model is defined by the following superpotential:
 

W SU�5��R �
1

8
�abcde�	U�

ij�Ti�
ab�Tj�

cdHe

� �	D�ij� �Fi�a�Tj�ab �Hb � �	N�ij �Ni� �Fj�aHa

�
1

2
�MN�

ij �Ni
�Nj �WH ��W SU�5��R; (15)

where i and j are generation indexes, while a, b, c, d, and e
are SU(5) indices. �abcde denotes the totally antisymmetric
tensor of the SU(5). Ti, �Fi, and �Ni are 10, �5, and 1
representations of the SU(5) gauge group, respectively.
Qi, �Ui, and �Ei are embedded in Ti, �Fi consists of �Di and
Li, and �Ni is identified with the right-handed heavy
Majorana neutrinos. H ( �H) denotes a Higgs superfield in
5 (�5) representation and includes HC�3; 1;� 1

3� and H2

( �HC��3; 1; 1
3� and H1). �	U�ij, �	D�ij, and �	N�ij are the

Yukawa coupling matrices, and �MN�
ij is the Majorana

mass matrix. The superpotential for Higgs superfields,
WH, contains terms with H, �H, and �a

b which is a 24
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representation of the SU(5) gauge group. It is assumed that
a vacuum expectation value (VEV) of �a

b, h�a
bi �

diag�13 ;
1
3 ;

1
3 ;�

1
2 ;�

1
2�vG breaks the SU(5) symmetry to

SU�3�C � SU�2�L � U�1�Y at �G. �W SU�5��R is a
dimension-five operator, which is introduced in order to
reproduce the realistic mass relations between the down-
type quarks and charged leptons, as explained in Ref. [27].

The supermultiplets with the masses of order of the GUT
scale such as HC and �HC are integrated out at �G and the
effective theory below �G is the MSSM with the right-
handed neutrinos described by the superpotential
WMSSM�R in Eq. (6). The Yukawa coupling matrices in
Eq. (6) are related to those in Eq. (15) as �yU�ij � �	U�ij

and �yN�ij � �	N�ij. �	D�ij is determined from �yD�ij and
�yE�

ij, taking O��G=�P� corrections from �W SU�5��R into
account [27].

There are additional degrees of freedom in the matching
relations between yU;D;E;N and 	U;D;N, which cannot be
determined from the quark and lepton masses and the
CKM and PMNS matrices at low energy [23,24,38]. In
the present analysis, we introduce only two relative phase
parameters for simplicity, which correspond to �̂L in
Ref. [24].

The SU(5) invariant and renormalizable soft breaking
terms are written as

 

�LSU�5�
soft �

1

2
�m2

T�
ij� ~T�i �ab� ~Tj�

ab � �m2
�F�
ij�~�F�i �

a�~�Fj�a � �m
2
�N�
ij ~�N�i

~�Nj � �m
2
H�H

�
aH

a � �m2
�H�

�H�a �Ha

�

�
3

2
BH	HvG �HaHa � H:c:

�
� �terms with �a

b� �

�
1

8
�abcde�~	U�ij� ~Ti�ab� ~Tj�cdHe � �~	D�ij�

~�Fi�a� ~Tj�ab �Hb

� �~	N�
ij ~�Ni�

~�Fj�aH
a �

1

2
� ~MN�

ij ~�Ni
~�Nj � H:c:

�
�

1

2
M5

�~G5
~G5; (16)

where ~Ti,
~�Fi, and ~�Ni are the scalar components of Ti, �Fi,

and �Ni, respectively; H and �H stand for the corresponding
scalar components of the superfields denoted by the same
symbols; and ~G5 represents the SU(5) gaugino. We assume
that the soft breaking terms are generated in a universal
fashion at the Planck scale, �P, i.e.,
 

�m2
T�
ij � �m2

�F�
ij � �m2

�N�
ij �m2

0�
ij; �~	�ij �m0A0�	�

ij;

�	� 	U;	D;	N�; M5 �m1=2: (17)

We solve the RG equations of the SU(5) SUSY GUT from
�P to�G with Eq. (17) as boundary conditions at �P, then
those of MSSM with right-handed neutrinos between the
�G and �R. Finally, the squark and slepton mass matrices
are obtained by the RG equations of the MSSM below �R.

Unlike the previous two models, a large flavor mixing in
the neutrino sector can affect the right-handed down-type
squark sector because the lepton doublets and the down
quarks are embedded in the same representation of SU(5).
For a similar reason, the CKM mixing in the quark sector
contributes to the mixing in the right-handed charged
slepton sector [20,21]. For instance, the correction to m2

E
is given in the leading logarithmic approximation as

 �m2
E�
ij ’ �

3

8�2 m
2
0�3� jA0j

2��	yU	U�
ij ln

�P

�G
: (18)

Quark flavor signals in models with a grand unification
have been studied in literature [23–25]. It is shown in these
papers that large contributions to �K and the �! e�
decay can arise from the new source of flavor mixing in
the neutrino sector.

We study the same patterns of neutrino Yukawa cou-
plings as those in MSSM with right-handed neutrinos, i.e.,

degenerate �R, nondegenerate �R (I), and nondegenerate
�R (II) cases.

4. A model with U(2) flavor symmetry

There is a class of models which are intended to solve
the flavor problem of the MSSM by introducing appropri-
ate symmetry structure. U(2) flavor symmetry [39,40] is a
typical example of such models. We consider the model
given in Ref. [40]. In this model, the quark and lepton
supermultiplets in the first and the second generations
transform as doublets under the U(2) flavor symmetry,
and the third generation and the Higgs supermultiplets
are singlets under the U(2). In addition to the ordinary
matter fields, we introduce the following superfields: a
doublet �i��1�, a symmetric tensor Sij��2�, and an anti-
symmetric tensor Aij��2�, where i and j run over the first
two generations and the numbers in the parentheses repre-
sent the charge of the U(1) subgroup.

The U(2) invariant superpotential relevant to the quark
Yukawa couplings is given as follows:

 W U�2� � YU

�
�U3Q3H2 �

bU
MF

�i �UiQ3H2

�
cU
MF

�U3�iQiH2 �
dU
MF

Sij �UiQjH2

�
aU
MF

Aij �UiQjH2

�
� YD

�
�D3Q3H1

�
bD
MF

�i �DiQ3H1 �
cD
MF

�D3�iQiH1

�
dD
MF

Sij �DiQjH1 �
aD
MF

Aij �DiQjH1

�
; (19)
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where MF is the scale of the flavor symmetry, and YQ, aQ,
bQ, cQ, and dQ (Q � U, D) are dimensionless coupling
constants. Dimension-five and higher dimensional opera-
tors are neglected in the superpotential in Eq. (19).
Absolute values of the above dimensionless coupling con-
stants except for YD are supposed to be of O�1�.

The breaking pattern of the U(2) symmetry is assumed
to be

 U �2� ! U�1� ! no symmetry; (20)

in order to reproduce the preferable quark Yukawa cou-
pling matrices which can explain the mass eigenvalues and
the mixing of quarks. The first breaking is induced by
VEV’s of �i and Sij, and the second one by a VEV of
Aij. These VEV’s are given as

 

h�ii

MF
� �i2�;

hSiji
MF
� �i2�j2�;

hAiji
MF

� �ij�0;

(21)

where � and �0 are taken to be real without loss of general-
ity. Because � and �0 are order parameters of the U(2) and
U(1) symmetry breaking, respectively, they satisfy �0 
 �.
Note that hSiji is chosen to leave the U(1) unbroken. With
the breaking pattern given in Eq. (20), we obtain the quark
Yukawa coupling matrix yQ as

 yijQ � YQ

0 aQ�
0 0

�aQ�0 dQ� bQ�
0 cQ� 1

0
B@

1
CA; Q � U;D: (22)

The U(2) symmetry controls not only the superpotential
but also the soft breaking terms. After the U(2) broken with
the pattern in Eq. (20), the squark mass matrices m2

X can be
obtained as

 m2
X � �m

X
0 �

2
1 0 0
0 1� rX22�

2 rX23�
0 rX�23 � rX33

0
@

1
A; X � Q;U;D;

(23)

where rXij are dimensionless parameters of O�1�. As for the
squark A terms, they have the same structure as the quark
Yukawa coupling matrices:

 AijQ � A0
QYQ

0 ~aQ�
0 0

�~aQ�0 ~dQ� ~bQ�
0 ~cQ� 1

0
B@

1
CA; Q � U;D:

(24)

In general, though being of O�1�, ~aQ, ~bQ, ~cQ, and ~dQ take
different values from the corresponding parameters in
Eq. (22), and we expect no exact universality of the A
terms in this model.

With the help of the U(2) symmetry, the masses of the
first- and second-generation squarks are naturally degen-
erate. On the other hand, the mass of the third-generation

squarks may be separated from the others. There exist
flavor mixings of O��� between the second and the third
generations of squarks. These are new sources of flavor
mixing besides the CKM matrix.

There are several efforts to explain the observed neutrino
masses and mixings in SUSY models with the U(2) flavor
symmetry (or its discrete relatives) [41]. Unlike the quark
sector, application of the U(2) symmetry to the lepton
sector is not straightforward because of the large mixings
of the neutrinos. Therefore we focus on the quark sector in
the following analysis, taking the same boundary condi-
tions as Eq. (4) for the slepton sector.

B. Treatments of radiative breaking of the electroweak
symmetry

In the models we consider, SUSY parameters such as
m0, m1=2, A0, etc. are given at the high-energy cutoff scale.
In order to analyze flavor signals, we need to connect the
parameters at the cutoff scale and those at the electroweak
scale with help of the renormalization group equations. In
the present work, we adopt the following procedure to
determine the parameters at the electroweak scale.

(1) The masses of quarks and leptons and the mixings
(the CKM and PMNS matrices) are given as inputs
at the electroweak scale, �W � MZ. These masses
are running masses in the standard model. The
Yukawa couplings and the coupling matrix of the
dimension-five operator K� in Eq. (6) are deter-
mined by these masses and another input parameter,
tan
 � hh2i=hh1i.

(2) Two-loop RGEs for the Yukawa couplings and K�,
as well as the gauge coupling constants, are solved
up to a high-energy cutoff scale with the boundary
conditions given at �W . The cutoff scale is taken as
the GUT scale, �G, for the mSUGRA, the MSSM
with right-handed neutrinos, and the U(2) model and
the Planck scale,�P, for the SU(5) SUSY GUT with
right-handed neutrinos. By this procedure, we cal-
culate the parameters in the superpotential at the
cutoff scale. A schematic picture of the cutoff scale
involved in these models is displayed in Fig. 1. Here,
the DR0 scheme [42] is adopted as a renormalization
scheme.

µS µR µG µP

mSUGRA

MSSM with RN

SU(5) GUT with RN

U(2) model

MSSM MSSM+RN SU(5)+RN

FIG. 1 (color online). The cutoff scales and the models. RN
stands for right-handed neutrinos.
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In the MSSM with right-handed neutrinos and
SU(5) SUSY GUT with right-handed neutrinos,
we decompose K� to yN and MN at the �R scale
so that they satisfy the seesaw relation, Eq. (6). In
the SU(5) SUSY GUT with right-handed neutrinos
the parameters in W SU�5��R are matched with the
MSSM with right-handed neutrinos at the GUT
scale, �G.

(3) The boundary conditions for the soft SUSY break-
ing parameters are set at the cutoff scale as Eq. (4)
for the mSUGRA, Eq. (4) and (10) for the MSSM
with right-handed neutrinos, Eq. (17) for the SU(5)
SUSY GUT with right-handed neutrinos, and
Eq. (23) for the U(2) model. We take the same
boundary conditions for the A parameters in the
U(2) model as the mSUGRA case for simplicity.

(4) With help of two-loop RGEs, we evaluate the soft
breaking terms at a typical SUSY breaking scale,
�S � 1 TeV, and calculate the SUSY masses and
mixings at the leading order which are considered as
DR0 masses. For the masses of the Higgs bosons, the
one-loop corrections are included.
Then we set the value of � and B so that the tadpole
diagrams of the Higgs bosons up to one-loop level
vanish.
Then running the� to the electroweak scale MZ, we
obtain the � at MZ.

(5) The SUSY threshold corrections to the gauge cou-
plings and the masses of quarks and leptons are
evaluated in order to determine DR0 gauge cou-
plings, DR0 Higgs VEV, and DR0 masses of the
matter fermions in the MSSM which lead to the
DR0 Yukawa couplings, according to Ref. [43].

(6) We iterate from two to five in the above list until the
numerical behavior converges.

(7) The physical mass spectrum of SUSY particles is
calculated at the MZ scale up to one-loop level [43].
The flavor observables are also calculated with the
parameters determined at the MZ scale.

In comparison with the previous work, two-loop RGEs
for the running of SUSY parameters are used and the one-
loop SUSY threshold corrections at the electroweak scale
are included in the calculation of this work.

III. NUMERICAL ANALYSIS

A. Flavor observables

The flavor observables considered in the following are
the K0 � �K0, Bd � �Bd, and Bs � �Bs mixings, both the
direct and mixing-induced CP asymmetries of b! s�
and b! d�, and the time-dependent CP asymmetry of
B! �KS. The branching ratios of the lepton flavor violat-
ing decay processes �! e�, �! ��, and �! e� are
also evaluated in the MSSM with right-handed neutrinos
and SU(5) SUSY GUT with right-handed neutrinos. As
mentioned in Sec. II A 4, we do not consider the flavor
signals in the lepton sector for the U(2) model. Here we
show the calculation methods of the flavor observables
briefly. Detail on the calculation methods of the flavor
observables is available in Refs. [23,27,28].

1. K� �K and B� �B mixings

The K0 � �K0, Bd � �Bd, and Bs � �Bs mixings are de-
scribed by the effective Lagrangian of the following form:
 

L�F�2 � CLL� �q�L�
�QL��� �q



L��QL
� �CRR� �q�R�

�QR��

� � �q
R��QR
� �C
�1�
LR� �q

�
RQL��� �q



LQR
�

�C�2�LR� �q
�
RQL
�� �q



LQR�� � ~C�1�LL� �q

�
RQL��� �q



RQL
�

� ~C�2�LL� �q
�
RQL
�� �q



RQL�� � ~C�1�RR� �q

�
LQR��� �q



LQR
�

� ~C�2�RR� �q
�
LQR
�� �q



LQR��; (25)

where �q;Q� � �d; b�, �s; b�, and �d; s� for the Bd � �Bd,
Bs � �Bs, and K0 � �K0 mixings, respectively, and the suf-
fixes � and 
 denote color indices. New physics contribu-
tions to the Wilson coefficients C’s, as well as the SM ones,
are obtained by calculating relevant box diagrams. Explicit
formulae of the coefficients are found in, e.g., Ref. [23].
The mixing matrix elements M12�Bd�, M12�Bs�, and
M12�K� are given as

 M12�P� � �
1

2mP
hPjL�F�2j �Pi; (26)

where P � Bd, Bs, K0.
In the evaluation of the matrix elements hPjL�F�2j �Pi,

we parametrize the matrix elements of the operators in
Eq. (25) as

 

hK0j� �d�L�
�sL��� �d



L��sL
�j �K0i �

2

3
m2
Kf

2
KBK; (27a)

hK0j� �d�RsL��� �d


LsR
�j �K0i �

1

2

�
mK

ms �md

�
2
m2
Kf

2
KB

LR�1�
K ; (27b)

hK0j� �d�RsL
�� �d


LsR��j �K0i �

1

6

�
mK

ms �md

�
2
m2
Kf

2
KB

LR�2�
K ; (27c)

hK0j� �d�LsR��� �d


LsR
�j �K0i � �

5

12

�
mK

ms �md

�
2
m2
Kf

2
K

~BRR�1�K ; (27d)

hK0j� �d�LsR
�� �d


LsR��j �K0i �

1

12

�
mK

ms �md

�
2
m2
Kf

2
K

~BRR�2�K ; (27e)
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where BK, BLR�1;2�K , and ~BRR�1;2�K are bag parameters. B� �B
mixing matrix elements are also defined in the same way.
The bag parameters of B and K mesons and the decay
constants of the Bmesons are evaluated by the lattice QCD
method [44]. We list the numerical values used in our
calculation in Table I.

The observables "K, �mBd , and �mBs are expressed in
terms of M12 as

 "K �
ei�=4 ImM12�K����

2
p

�mK

; (28)

 �mBd � 2jM12�Bd�j; (29)

 �mBs � 2jM12�Bs�j: (30)

2. CP asymmetries in B meson decays

The time-dependent CP asymmetry in theBd decays to a
CP eigenstate fCP given by
 

�� �Bd�t� ! fCP� � ��Bd�t� ! fCP�

�� �Bd�t� ! fCP� � ��Bd�t� ! fCP�

� ACP�Bd ! fCP� cos�mBdt� SCP�Bd ! fCP� sin�mBdt;

(31)

where ACP and SCP are direct and indirect (mixing-
induced) CP violation parameters, respectively.

For fCP � J= KS, the b! c �cs decay amplitude is
assumed to be dominated by the tree-level standard model
contribution. Consequently, the direct CP asymmetry
ACP�Bd ! J= KS� is negligibly small. The weak phase
of the b! c �cs decay amplitude comes from a product of
the CKM matrix elements VcbV�cs, which is almost real by
convention. Therefore we can write
 

�� �Bd�t� ! J= KS� � ��Bd�t� ! J= KS�

�� �Bd�t� ! J= KS� � ��Bd�t� ! J= KS�

� SCP�Bd ! J= KS� sin�mBdt; (32)

 SCP�Bd ! J= KS� � sin�M; (33)

with�M being ei�M � M12�Bd�=jM12�Bd�j. In the standard
model, �M � 2�1 � 2 arg��V�cbVcd=�V

�
tbVtd��. Exper-

imentally, sin�M can be determined by combining decay

modes with the b! ccs transition such as Bd ! J= KS,
Bd ! J= KL, and Bd !  0KS.

The time-dependent CP asymmetry in the Bs decay is
formulated in the same way. Bs ! J= � is the b! c �cs
mode of the Bs decay, which corresponds to Bd ! J= KS.
The mixing-induced CP violation parameter SCP�Bs !
J= �� is written as SCP�Bs ! J= �� � sin�Ms

where
�Ms

is defined as ei�Ms � M12�Bs�=jM12�Bs�j. In actual
extraction, the angular analysis is needed to separate CP
odd and even contribution [12,45]. The standard model
prediction is given as sin�Ms

jSM ’ �0:04.
We also consider the decay mode Bd ! �KS, which is

supposed to be a pure b! s�ss process. The mixing-
induced CP asymmetry SCP�Bd ! �KS�, is given as

 SCP�Bd ! �KS� �
2 Im�e�i�M �AA�

jAj2 � j �Aj2
; (34)

where A and �A denote decay amplitudes of Bd ! �K
and �Bd ! � �K, respectively. This quantity is expected to
coincide with SCP�Bd ! J= KS� within the SM. If there is
sizable deviation, this will be an evidence of new physics
beyond the SM in b! s transition. The calculation of the
decay amplitude involves sizable uncertainty. Here we use
a method based on the naive factorization. Details of the
calculation of A are given in Refs. [24,46].

As for the b! q� (q � s, d) decays, both direct and
mixing-induced CP asymmetries are considered, as well as
the branching ratio B�b! s��, which provides a signifi-
cant constraint on the parameter space. Relevant effective
Lagrangian is given as

 

L � C2LO2L � C02LO
0
2L � C7LO7L � C8LO8L

� �L$ R� �L4q: (35)

The operators O’s are

 

O2L � � �q��
�cL��� �c
�

�bL
�; (36a)

O02L � � �q��
�uL��� �u
��bL
� � � �q���cL��� �c
��bL
�;

(36b)

O7L �
e

16�2 mb �q
i
2
���; ���bRF��; (36c)

O8L �
g3

16�2 mb �q�
i
2
���; ���T�a��
b



RG
�a�
��; (36d)

where q is s or d for b! s� or b! d� decays, respec-
tively. L4q denotes the terms with four-quark operators
induced by loop effects. The Wilson coefficients C2L and
C02L are dominated by the contributions from the tree-level
W boson exchange. Therefore, C02L � �uC2L is satisfied,
where �u � �V�uqVub=�V�tqVtb�. The direct CP asymmetry
in the inclusive decays B! Xq� (q � s, d) is given as [47]

TABLE I. Decay constants and bag parameters for the B0 �
�B0 and the K0 � �K0 mixing matrix elements [44] used in the

numerical calculation. Here fK is the experimental value.

P fP �MeV� BP BLR�1�P BLR�2�P
~BRR�1�P

~BRR�2�P

K 159.8 0.63 1.03 0.77 0.59 0.85
Bd 198 0.87 1.15 1.72 0.79 0.92
Bs 239 0.87 1.16 1.75 0.80 0.94
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Adir
CP�B!Xq���

�� �B!Xq�����B!X �q��

�� �B!Xq�����B!X �q��

��
�3

��jC7Lj
2�jC7Rj

2�

�

�
�Imr2Im��1��u�C2LC�7L�

�
80

81
�Im��uC2LC�7L��

8

9
�Im�C8LC�7L�

�Imf27Im��1��u�C2LC
�
7L�

�
1

3
Imf27Im��1��u�C2LC�8L���L$R�

�
;

(37)

where the functions r2 and f27 for B! Xs� are found in
Ref. [48]. The mixing-induced CP asymmetry is defined
for an exclusive Bd ! Mq� decay. Mq denotes a hadronic
CP eigenstate which includes a strange or down quark such
as K� (for q � s) and � (q � d). SCP�Bd ! Mq�� is given
as [49]

 SCP�Bd ! Mq�� �
2 Im�e�i�MC7LC7R�

jC7Lj
2 � jC7Rj

2 : (38)

3. Lepton flavor violation

The effective Lagrangian for the lepton flavor violating
lj ! li� decay is written as
 

LLFV � �
e

16�2 mlj
�li
i
2
���; ����AijLPR � A

ij
RPL�ljF��;

�i � j�; (39)

where PR � �1� �5�=2 and PL � �1� �5�=2. The decay
width is given by

 ��lj ! li�� �
�

64�2 m
5
lj
�jAijL j

2 � jAijR j
2�: (40)

4. Electric dipole moments

Electric dipole moment df of a fermion f is defined as
the coefficient in the effective Lagrangian

 L �
i
2
df �f

i
2
���; ����5fF��: (41)

In addition, chromoelectric dipole moments of quarks and
the three-gluon operator [50] are taken into account for

hadronic EDMs. Relevant effective Lagrangian is written
as

 L �
i
2
dCq �q

i
2
���; ����5T�a�qG

�a�
��

�
dG

6
f�a��b��c����	�G�a��G

�b�
� G�a�	�: (42)

We calculate df for quarks and leptons and dCq with all the
one-loop SUSY contributions [30,31] and two-loop con-
tributions given in Ref. [32]. dG is calculated according to
Ref. [31].

The neutron and the mercury EDMs, d�n� and d�Hg�,
respectively, are written as linear combinations of dq, dCq ,
and dG:

 

d�h� �
X

q�u;d;s

�cq�h�dq � c
C
q �h�d

C
q � � c

G�h�dG;

h � n;Hg: (43)

Values of the coefficients used in our calculation are given
in Table II.

There are large uncertainties in the estimation of the
hadronic EDMs. Here we use the value of the neutron
EDM obtained by the formulae based on the naive dimen-
sional analysis (NDA) [31]. On the other hand, it has been
pointed out that an evaluation with use of the chiral per-
turbation theory (ChPT) may give a much larger value of
the neutron EDM, due to the chromoelectric dipole mo-
ment of the strange quark [51]. We later discuss how the
numerical results change if the latter is applied.

B. Input parameters and experimental constraints

As input parameters at the low energy, the mass eigen-
values and the flavor mixing matrices of the quarks and
leptons are used. We take the top quark mass asmt�pole� �
170:9 GeV.

The CKM matrix elements Vus, Vcb, and jVubj are
determined by measurements of the processes which are
supposed to be dominated by the SM tree-level contribu-
tions. We adopt Vus � 0:224 and Vcb � 0:0416 in the
following calculations. As for the jVubj, because the un-
certainty is relatively large, we vary jVubj within a range
3:0< jVubj=10�3 < 4:7. The CKM phase is not yet deter-
mined by tree-level processes free from new physics con-
tributions. Therefore we vary the CKM phase
�3 � arg��V�ubVud=V

�
cbVcd� within 0<�3 < 180.

TABLE II. Hadronic factors used in the calculation of EDMs.

h cu cd cs cCu cCd cCs cG Ref.

n�NDA� � 1
3

4
3 0 � 1

3
e

4�
4
3

e
4� 0 � e

2
��
2
p f� [31]

n�ChPT� 0 0 0 1:6e 1:3e 0:26e 0 [51]
Hg 0 0 0 0:0087e �0:0087e 4:4� 10�5e 0 [51]
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In the models with neutrino masses, we need to specify
the parameters in the neutrino sector in addition to the
quark Yukawa coupling constants. As explained in
Sec. II A 2, we consider three cases for the low-energy
neutrino mass spectrum and three types for the structure
of the neutrino Yukawa coupling matrix. Among nine
possible combinations, we show the results of the follow-
ing five cases:

(i) Degenerate �R, normal hierarchy (D�R-NH);
(ii) Degenerate �R, inverted hierarchy (D�R-IH);

(iii) Degenerate �R, degenerate (D�R-D);
(iv) Nondegenerate �R (I), normal hierarchy

(ND�R�I�-NH);
(v) Nondegenerate �R (II), normal hierarchy

(ND�R�II�-NH).
In the nondegenerate �R cases, we have found that the
results do not change much when we take other low-energy

neutrino mass spectra, since the neutrino Yukawa coupling
matrix is essentially independent of the low-energy neu-
trino mass spectra. As for the mass eigenvalues, we fix
m2
�2
�m2

�1
� 8:0� 10�5 eV2 in all cases. The values of

m2
�3
�m2

�2
and the lightest neutrino mass are shown in

Table III. We take the PMNS mixing matrix as

 VPMNS �

c�c13 s�c13 s13

�s�catm � c�satms13 c�catm � s�satms13 satmc13

s�satm � c�catms13 �c�satm � s�catms13 catmc13

0
@

1
A; (44)

(ci � cos�i, si � sin�i) with sin22�atm � 1, tan2�� � 0:4,
and sin22�13 � 0. These mixing angles are consistent with
the observed solar and atmospheric neutrino oscillations
[2], the K2K experiment [3], and the KamLAND experi-
ment [4]. Only the upper bound of sin22�13 is obtained by
reactor experiments [5], and we take the above value as an
illustration. We ignore the Dirac and Majorana CP phases
in the neutrino sector for simplicity, though they can affect
the analysis of the lepton flavor violations [52].

The neutrino Yukawa coupling and the right-handed
neutrino mass matrices have 18 independent parameters
in general. Nine of these parameters are determined by the
low-energy neutrino parameters, namely, three masses
m�1;2;3

and VPMNS (three mixing angles and three phases).

There remain nine free parameters to specify the neutrino
Yukawa coupling and right-handed neutrino mass matri-
ces. In the degenerate �R case, these parameters are fixed
by the assumption �MN�

ij � M̂N�ij, so that yN is deter-
mined as Eq. (12). In the nondegenerate �R cases, we take
yN as inputs for the extra nine parameters. We generally
parametrize the yN as

 yN � ŷNVL; (45)

 ŷ N � diag�ŷ1; ŷ2; ŷ3�; (46)

 VL �
�c12 �c13 �s12 �c13 �s13e�i

��13

��s12 �c23 � �c12 �s23 �s13e
i ��13 �c12 �c23 � �s12 �s23 �s13e

i ��13 �s23 �c13

�s12 �s23 � �c12 �c23 �s13ei
��13 � �c12 �s23 � �s12 �c23 �s13ei

��13 �c23 �c13

0
B@

1
CAdiag�ei � 13 ; ei � 23 ; 1�e�i� � 13� � 23�=3; (47)

where �sij � sin ��ij and �cij � cos ��ij. The right-handed neu-
trino mass matrix is written as

 MN � ŷNVLK
�1
� VTLŷN: (48)

After calculating MN , we rescale ŷN (and MN) such that
MN satisfies detMN � �3

R. Therefore, the nine input pa-
rameters are ŷ1=ŷ3, ŷ2=ŷ3, �s12, �s23, �s13, ��13, � 13, � 23, and
�R. We take the input parameters as shown in Table IV,
which provide us with appropriate yN of the structure (13)
and (14). With use of these input parameters, as well as the
low-energy neutrino mass spectrum of the normal hier-
archy, we obtain the eigenvalues of yN and MN at �R scale

for �R � 4� 1014 GeV and tan
 � 30 as ŷN �
f0:213; 0:406; 0:647g and M̂N � f2:58; 9:95; 2:49g �
1014 GeV in Case (I) and ŷN � f0:250; 0:469; 0:476g and
M̂N � f1:05; 10:2; 5:93g � 1014 GeV in Case (II).

TABLE III. Input parameters for the low-energy neutrino
masses. 1� 2 splitting is fixed as m2

�2
�m2

�1
� 8:0�

10�5 eV2 in all cases.

m2
�3
�m2

�2
�eV2� Lightest �

Normal hierarchy 2:5� 10�3 m�1
� 0:003 eV

Inverted hierarchy �2:5� 10�3 m�3
� 0:003 eV

Degenerate 2:5� 10�3 m�1
� 0:1 eV

TABLE IV. Input parameters for the neutrino Yukawa cou-
pling matrix in the nondegenerate �R cases.

Case ŷ1=ŷ3 ŷ2=ŷ3 �s12 �s23 �s13
��13

� 13
� 23

(I) 0.329 0.628 0 �0:666 0 0 0 0
(II) 0.534 1.014 0 0 0.435 0 0 0
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As for the SUSY parameters, we take the convention
that the unified gaugino mass m1=2 is real. As already
described in Sec. II A 1, it is known that �� is strongly
constrained by the upper bounds of EDMs, while the
corresponding constraint on �A is not so tight [30,31].
Thus we fix �� � 0 (�> 0) at the electroweak scale.
We scan the SUSY breaking parameters within the ranges
0 � m0 � 4 TeV, 0<m1=2 � 1:5 TeV (0<M5��G� �

1:5 TeV for SU(5) SUSY GUT with right-handed neutri-
nos), jA0j � 4, and �180 <�A � 180.

In the SU(5) SUSY GUT with right-handed neutrinos,
we also vary the two phase parameters, which are intro-
duced at the GUT scale matching as mentioned in
Sec. II A 3, within the whole range f�180; 180g.

In the U(2) model, the flavor symmetry breaking pa-
rameters � and �0 are fixed to be � � 0:04 and �0 � 0:008,
and the parameters in the quark Yukawa coupling matrices
are determined so that the CKM matrix and the quark
masses are reproduced. There are six independent O�1�
parameters in the quark Yukawa coupling matrices of the
form (22) for given quark masses and the CKM matrix. We
scan those free parameters as inputs. For the squark mass
matrices (23), we make an assumption

 mQ2
0 � mU2

0 � mD2
0 � m2

0; (49)

and scan the range of m0 as 0<m0 < 4 TeV.
Dimensionless parameters in Eq. (23) are varied within
the ranges 0:4 � rX22, rX33, jrX23j � 2:5, and �180 <
argrX23 � 180. We assume that the boundary conditions
for the A parameters are the same as the mSUGRA case for
simplicity.1

In order to constrain the parameter space, we consider
the following experimental results:

(i) Lower limits on the masses of SUSY particles and
the Higgs bosons given by direct searches in collider
experiments [53].

(ii) Branching ratio of the b! s� decay: B�b! s�� �
�3:55� 0:24�0:09

�0:10 � 0:03� � 10�4 [54]. We take the
allowed range for the calculated branching ratio as
2:85� 10�4 < B�b! s��< 4:25� 10�4, also tak-
ing account of theoretical uncertainties.

(iii) Upper bounds of the branching ratios of the�! e�,
�! ��, and �! e� decays for the MSSM with
right-handed neutrinos and SUSY GUT cases:
B��! e��< 1:2� 10�11 [55], B��! ���<
6:8� 10�8 [56], and B��! e��< 1:1� 10�7 [57].
Upper bounds of EDMs of 199Hg, the neutron and the
electron: jdHgj< 2:1� 10�28e � cm [58], jdnj<

2:9� 10�26e � cm [59], and jdej< 1:6� 10�27e �
cm [60].

(iv) The CP violation parameter "K in the K0 � �K0

mixing j"Kj � �2:232� 0:007� � 10�3 and the
Bd � �Bd and the Bs � �Bs mixing parameters
�mBd � 0:507� 0:005 ps�1 [61] and �mBs �

17:77� 0:10� 0:07 ps�1 [62]. Theoretical uncer-
tainties in these quantities are larger than the experi-
mental ones. For the B� �B mixings, 1
uncertainties of the decay constants fBd;s and of the
bag parameters BBd;s are evaluated as 10% and 8%,
respectively [44]. In the present analysis, we calcu-
late �mBd;s with a fixed set of hadronic parameters as
listed in Table I and allow �40 percent deviations
from the experimental central values. We expect that
these ranges provide typical 2� 3 allowed inter-
vals. In addition, the ratio of the hadronic parameters
� � fBs

��������
BBs

p
=�fBd

��������
BBd

p
� is evaluated with better ac-

curacy. The uncertainty of � is evaluated as �4
percent [44]. Therefore we also require that the
calculated ratio �mBs=�mBd , which is proportional
to �2, be within �20 percent range of the central
value. For "K we assign �15 percent uncertainty.

(v) CP asymmetry in the Bd ! J= KS decay and re-
lated modes observed at the B factory experiments:
sin2�1jc �cs � 0:678� 0:025 [61]. We take the al-
lowed range for the calculated value as 0:628<
SCP�Bd ! J= KS�< 0:728, which is a simple 2
interval, since the theoretical uncertainty of this
asymmetry is expected to be small.

C. Numerical results

1. Allowed parameter region from the radiative electro-
weak symmetry breaking condition

Before presenting flavor signals, we first discuss the
SUSY parameter space which is allowed by the radiative
electroweak symmetry breaking condition and experimen-
tal constraints.

In Fig. 2, we show the allowed region in them0 andm1=2

plane for the mSUGRA, MSSM with right-handed neutri-
nos, and SU(5) SUSY GUT with right-handed neutrinos.
Parameters other thanm0 andm1=2 are fixed as indicated in
each plot. Contours of j�j determined from the electro-
weak symmetry breaking condition are also shown. In
mSUGRA, the parameter region is mainly constrained by
the lower limit on the chargino mass, the limit on the
lightest Higgs boson mass, the branching ratio of b! s�
decay, and the requirement that the lightest supersymmet-
ric particle (LSP) is neutral. When the neutrino Yukawa
couplings are relevant, the lepton flavor violating decays
are enhanced. As a result, a large portion is excluded due to
the experimental upper limit on the branching ratio of�!
e� for MSSM with right-handed neutrinos and SU(5)
SUSY GUT with right-handed neutrinos. Notice that we

1We have carried out a preliminary analysis of the flavor
signals for the case with nonuniversal A terms, where A0

Q, ~aQ,
~bQ, ~cQ, and ~dQ in Eq. (24) are free O�1� parameters with a small
number of samples. We have found that the EDMs become too
large in most of the parameter sets chosen at random. The result
of the flavor signals does not change much once the EDM
constraints are applied.
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take CP violating SUSY phases to be vanishing in these
plots. A significant potion of the parameter space is ex-
cluded due to the experimental limits on EDMs if we take
nonvanishing SUSY CP phases.

In the plot for mSUGRA with jA0j � 0 (Fig. 2(a)), the
m0 	 m1=2 region is excluded because the electroweak
symmetry breaking cannot be satisfied, namely, there is
no solution with j�j2 � 0 for this region. The allowed
region near the boundary corresponds to the so-called
‘‘focus point’’ region [63] where the LSP is the lightest
neutralino with a significant higgsino component. This
region is one of the favored regions in the context of the
cosmic dark matter study [64]. The pair annihilation of the
lightest neutralino into the W boson or Z boson pair is

enhanced by the gauge interaction of the higgsino compo-
nent, so that the relic abundance of the LSP becomes
suitable for the cold dark matter density. However, in the
jA0j � 1 case (Fig. 2(b)), such a region disappears because
the A-terms affect the running of the Higgs mass parameter
m2
H2

so that a sufficiently large j�j2 is realized. The ‘‘focus
point’’–like region disappears also in the cases with right-
handed neutrinos (Figs. 2(c)–2(f)), since the large neutrino
Yukawa coupling affects the running of m2

H2
in a similar

way.
In the cases of mSUGRA and MSSM with right-handed

neutrinos (Figs. 2(a)–2(d)), the m0 
 m1=2 region is ex-
cluded because the LSP is the lightest charged slepton. The
allowed region near the boundary provides another dark

FIG. 2 (color online). Contour plots of the value of j�j onm0 andm1=2 plane for fixed tan
 and A0 in mSUGRA ((a) and (b)), MSSM
with right-handed neutrinos ((c) and (d)), and SU(5) SUSY GUT with right-handed neutrinos models ((e) and (f)). Each thick black
line shows the boundary of the region where correct electroweak symmetry breaking occurs. In the regions below the lines labeled with
‘‘charged LSP’’ (green) in (a)–(d), the LSP is a charged particle. Boundaries of excluded regions which come from the chargino mass
(‘‘chargino’’/red), the Higgs boson mass (‘‘Higgs’’/blue) and B�b! s�� (‘‘b! s�’’/orange) are shown in each plot. Regions excluded
by the lepton flavor violating processes are also shown in (c)–(f) (‘‘�! e�,’’ ‘‘�! ��’’ or ‘‘�! e�’’/magenta).
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matter favored region [65]. The coannihilation effect
among the LSP (neutralino) and the next-to-LSP (slepton),
which are nearly degenerate in mass, provides an appro-
priate relic abundance of LSP. On the other hand, in the
SU(5) SUSY GUT with right-handed neutrinos (Figs. 2(e)
and 2(f)), the running between the Planck and the GUT
scales induces positive contribution to the slepton mass
squared, which makes the charged slepton heavier than the
lightest neutralino even in the m0 
 m1=2 region.
Therefore the ‘‘charged LSP’’ or ‘‘stau coannihilation’’
region disappears in the SU(5) SUSY GUT with right-
handed neutrinos.

The disappearance of the ‘‘focus point’’–like region due
to the effect of the neutrino Yukawa couplings and the
disappearance of the ‘‘charged LSP’’ region caused by the
running between the Planck and the GUT scales are pre-
viously observed in Ref. [26], where the SO(10) SUSY
GUT is considered.

2. Lepton flavor violating � and � decays

There are lepton flavor mixings in the slepton sector of
the MSSM with right-handed neutrinos and the SU(5)
SUSY GUT with right-handed neutrinos. It comes through
the running between the right-handed neutrino mass scale
and the cutoff scale where the universal soft breaking mass
terms are generated. On the other hand, no such slepton
flavor mixings exist in the mSUGRA.

In Figs. 3 and 4, the branching ratios of �! e�, �!
��, and �! e� are displayed as a function of the lightest
charged slepton mass m�~l1� for the MSSM with right-
handed neutrinos and the SU(5) SUSY GUT with right-
handed neutrinos, respectively. For each model, we show
the results for five cases of the neutrino masses and
Yukawa coupling matrix as explained in Sec. III B. The
right-handed neutrino mass scale �R is taken as�R � 4�
1014 GeV for the normal and inverted hierarchy cases,

FIG. 3 (color online). Branching ratios of lepton flavor violation processes �! e� (gray/red), �! �� (light-gray/light-blue), and
�! e� (black) as functions of the lightest charged slepton massm�~l1� for MSSM with right-handed neutrinos. Horizontal lines denote
experimental upper limits. In the plot (d), �! e� and �! e� are strongly suppressed. In the plot (e), �! e� and �! �� are
strongly suppressed.
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which corresponds to the neutrino Yukawa couplings of
O�1�. In the degenerate (m�1

� 0:1 eV) case, we take
�R � 1� 1014 GeV since the neutrino Yukawa coupling
blows up below the Planck scale for �R � 4� 1014 GeV.
It is known that branching ratios are enhanced by a factor
of tan2
 for large values of tan
. In the presented plots, we
take tan
 � 30 except for the case of the degenerate �R
with normal hierarchical neutrinos (D�R-NH) in the SU(5)
SUSY GUT with right-handed neutrinos, where we show
the result for tan
 � 10. When we take tan
 � 30 for
D�R-NH in the SU(5) SUSY GUT with right-handed neu-
trinos, almost all the data points in the scanned parameter
space are excluded due to the B��! e�� constraint.

We can see that the �! e� decay rate is enhanced in
the normal hierarchy with degenerate �R cases. In fact,
even for the slepton as heavy as 3 TeV, B��! e�� is close
to (or above) the experimental upper limit. After applying
the constraint from B��! e��, the branching ratio of �!
�� can be 10�9 at most. On the other hand, in the inverted
hierarchy and degenerate cases (with degenerate �R), �!

e� and �! e� are relatively suppressed. This behavior is
understood in the following way. From the neutrino
Yukawa coupling matrix (12) and the PMNS matrix (44)
with s13 � 0, the off-diagonal elements of yyNyN are written
as

 �yyNyN�12 �
M̂N

hh2i
2 c�s�catm

m2
�2
�m2

�1

m�2
�m�1

;

�yyNyN�13 � �
M̂N

hh2i
2 c�s�satm

m2
�2
�m2

�1

m�2
�m�1

:

(50)

Therefore the 1� 2 and 1� 3 slepton mixings are sup-
pressed for a larger value of m�2

�m�1
when m2

�2
�m2

�1

and M̂N � �R are fixed.
In the nondegenerate �R (I) case, B��! e�� is sup-

pressed compared to the degenerate �R cases, so that the
constraint is weakened. In particular, there is an approxi-
mate electron-number conservation in the MSSM with
right-handed neutrinos with the Yukawa coupling matrix

FIG. 4 (color online). Branching ratios of lepton flavor violation processes as functions of the lightest charged slepton mass for
SU(5) SUSY GUT with right-handed neutrinos. Notations are the same as those in Fig. 3.
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of the structure Eq. (13), which leads to the suppression of
both�! e� and �! e�. The branching ratio of �! ��
can be as large as the current experimental upper limit. In
the SU(5) SUSY GUT with right-handed neutrinos, the
electron-number conservation is broken by GUT interac-
tions. As a result, B��! e�� can be also as large as the
current experimental upper limit. In the nondegenerate �R
(II) cases, the role of e and � are interchanged due to the
Yukawa structure Eq. (14).

Correlations between B��! ��e��� and B��! e�� in
the SU(5) SUSY GUT with right-handed neutrinos are
shown in Fig. 5. Since the MEG experiment can measure
B��! e�� down to 10�13 and the Super B factory can
measure B��! ��� and B��! e�� of 10�9, it is possible
to distinguish the structure of the slepton flavor mixing if
the slepton mass is less than 1 TeV.

3. Quark flavor signals

We show quark flavor signals in the mSUGRA, SU(5)
SUSY GUT with right-handed neutrinos and the U(2)
flavor symmetry models. In the MSSM with right-handed
neutrinos, there is no new source of the squark flavor
mixing other than the CKM matrix. The effect of the
neutrino Yukawa couplings appears in the squark sector
only through the renormalization of the Higgs fields.
Consequently the flavor structure of the squarks is essen-
tially the same as the mSUGRA case. In fact, we have
checked that the plots of the quark flavor signals look
similar to those in the mSUGRA, except that the allowed
SUSY parameter region is largely affected by the con-
straints from the LFV processes. That is why we do not
show the plots in the MSSM with right-handed neutrinos
here. Quark flavor signals in the SU(5) SUSY GUT with

FIG. 5 (color online). Correlations between B��! ��e��� and B��! e��. Light-gray (light-blue) and black dots denote �! ��
and �! e�, respectively. Experimental upper limits of the branching ratios are shown by horizontal and vertical lines in each plot.

PATTERNS OF FLAVOR SIGNALS IN SUPERSYMMETRIC . . . PHYSICAL REVIEW D 77, 095010 (2008)

095010-15



right-handed neutrinos are affected by the existence of the
neutrino Yukawa coupling through the GUT running be-
tween �P and �G. Large b� s and b� d mixings in the
right-handed down-type squark sector are induced by the
large 2� 3 and 1� 3 mixing in the neutrino Yukawa
coupling in the nondegenerate �R (I) and (II) cases, re-
spectively. In the degenerate �R cases, the parameter region
excluded by the �! e� constraint depends on the low-
energy neutrino mass spectrum. In particular, the region
with sizable squark mixings is excluded due to the strong
�! e� constraint in the normal hierarchy case. On the
other hand, the region with large 2� 3 squark mixing
remains in the inverted hierarchy case. The U(2) model
has large 2� 3 mixings in both the right-handed and left-
handed squark sector at the cutoff scale.

Here we show our results on the following observables:
(i) The direct CP asymmetry in b! s� decay (Fig. 6),

which is sensitive to the effect of the new CP violat-
ing phase in the b! s� decay amplitude.

(ii) The mixing-induced CP asymmetry in Bd ! K��
(Fig. 7). This asymmetry is enhanced by the b! s�
decay amplitude with the chirality opposite to the
SM one.

(iii) The direct CP asymmetry in b! d� decay (Fig. 8),
which is sensitive to the effect of the new CP violat-
ing phase in the b! d� decay amplitude.

(iv) The mixing-induced CP asymmetry in Bd ! ��
(Fig. 9), which is enhanced by the b! d� decay
amplitude with the chirality opposite to the SM one.

(v) The mixing-induced CP asymmetry in Bd ! �KS
decay (Fig. 10). The difference between this quantity
and the mixing-induced CP asymmetry in Bd !
J= KS, �SCP�Bd ! �KS� � SCP�Bd ! �KS� �
SCP�Bd ! J= KS� is sensitive to the new CP violat-
ing phase in the b! s�ss decay amplitude.

(vi) The mixing-induced CP asymmetry in Bs ! J= �
decay (Fig. 11), which is affected by the new CP
violating phase in the Bs � �Bs mixing matrix
element.

From Figs. 6–11, we can draw the following conclu-
sions. For the mSUGRA case, we do not see significant
deviations in any of the above observables. In the cases of
the degenerate �R with normal hierarchical (light) neutri-
nos (D�R-NH) and the degenerate �R with degenerate
neutrinos (D�R-D) for the SU(5) SUSY GUT with right-
handed neutrinos, the parameter region is strongly con-
strained by the B��! e�� as already discussed. There are
some points in which deviations are apparent in SCP�Bd !
K���, SCP�Bd ! ���, �SCP�Bd ! �KS�, and SCP�Bs !
J= ��. These points could be distinguished by future
measurements such as LHCb, in which the precision in
the determination of the phase of the Bs � �Bs mixing

FIG. 6 (color online). The direct CP asymmetry in b! s� as functions of the lightest down-type squark mass m�~d1� for (a)
mSUGRA, (b)–(f) five cases of the SU(5) SUSY GUT with right-handed neutrinos, and (g) U(2) model.
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FIG. 7 (color online). The mixing-induced CP asymmetry in Bd ! K�� as functions of m�~d1� for the same parameter sets as those
for Fig. 6.

FIG. 8 (color online). The direct CP asymmetry in b! d� as functions of m�~d1� for the same parameter sets as those for Fig. 6.
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FIG. 10 (color online). The difference between mixing-induced CP asymmetries in the Bd ! �KS and Bd ! J= KS modes as
functions of m�~d1� for the same parameter sets as those in Fig. 6.

FIG. 9 (color online). The mixing-induced CP asymmetry in Bd ! �� as functions ofm�~d1� for the same parameter sets as those for
Fig. 6.

GOTO, OKADA, SHINDOU, AND TANAKA PHYSICAL REVIEW D 77, 095010 (2008)

095010-18



matrix element is expected to be 0.01 rad level [12]. In the
degenerate �R with inverted hierarchical neutrinos
(D�R-IH) and the nondegenerate �R (I) with normal hier-
archical neutrinos (ND�R�I�-NH) cases of the SU(5) SUSY
GUT with right-handed neutrinos, the SUSY contributions
to mixing-induced CP asymmetries in Bs ! J= �, Bd !
K��, and Bd ! �KS can be significant. On the other hand,
in the nondegenerate �R (II) with normal hierarchical
neutrinos (ND�R�II�-NH) case of SU(5) SUSY GUT with
right-handed neutrinos, there is a significant SUSY con-
tribution to the b! d� decay amplitude, so that
SCP�Bd ! ��� can be as large as �0:1. Large SUSY
contributions can be found for almost all modes we analyze
in the U(2) model. Only the direct CP asymmetry in b!
d� does not show any significant deviation from the SM.

The correlation between �3 and �mBs=�mBd is shown
in Fig. 12. �mBs=�mBd is sensitive to the new physics
contributions to the Bd � �Bd and Bs � �Bs mixing matrix
elements unless the contributions cancel in the ratio. For
the mSUGRA case, the deviation is negligible and the plot
in this plane is the same as in the SM. The lower limit of�3

is determined by the constraint from "K. In the D�R-NH
and D�R-D cases of SU(5) SUSY GUT with right-handed
neutrinos, the deviation in the correlation is not so signifi-
cant. In the D�R-IH and the nondegenerate �R cases of

SU(5) SUSY GUT with right-handed neutrinos, as well as
the U(2) model, some deviations appear in the correlation
plots. In the D�R-IH and ND�R�I�-NH cases the deviation
comes from the SUSY contribution to the Bs � �Bs mixing
matrix element, while Bd � �Bd receive sizable SUSY cor-
rection in ND�R�II�-NH. In the U(2) model SUSY contri-
butions show up in both matrix elements. In order to
identify the deviation in the correlation in the future, it is
required that the evaluation of the � parameter by the
lattice QCD calculation is significantly improved and that
the �3 is precisely measured from tree-level dominant
processes.

In Fig. 13, we show the correlations among SCP�Bd !
K���, �SCP�Bd ! �KS�, SCP�Bs ! J= ��, and B��!
��� for D�R-IH and ND�R�I�-NH cases of the SU(5)
SUSY GUT with right-handed neutrinos, where these
quantities are significantly affected. We can see that large
deviations in b! s transitions occur in the region with
B��! ��� * 10�9. Also there is a positive correlation
between SCP�Bd ! K��� and �SCP�Bd ! �KS�.

We also calculate the branching ratio and the forward-
backward asymmetry of b! sl�l�, which are sensitive to
the amplitudes from photon- and Z-penguin and box dia-
grams. In all the cases we consider here, we find the
deviations are negligible.

FIG. 11 (color online). Predicted value of the mixing-induced CP asymmetry in Bs ! J= � as a function of m�~d1� for the same
parameter sets as those for Fig. 6.
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FIG. 12 (color online). Correlation between �3 and �mBs=�mBd for the same parameter sets as those in Fig. 6.

FIG. 13 (color online). Correlations among b! s observables and B��! ���.
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4. EDM constraints

We show the EDMs of the neutron, 199Hg and the
electron as functions of the lightest down-type squark
mass in Fig. 14. Here we use the NDA formula for the
neutron EDM. The primary source of these EDMs is the
phase of the A0, since we fix the phase of the higgsino mass
parameter as �� � 0 in the present analysis. The EDMs
for �� � O�1� are larger than those for �� � 0 by 1 or 2
orders of magnitude and easily exceed the experimental
upper limits in large portions of the parameter space. In the
present case, we can see that the upper limit of the electron
EDM mainly constrains the parameter space, while the
constraints from other two EDMs are slightly weaker.

Let us discuss how the possible quark and lepton flavor
signals change if we use the formula for the neutron EDM
based on the chiral perturbation theory, as mentioned in
Sec. III A 4. The main difference between the NDA and
ChPT formulae is the treatment of the strange quark
(chromo-)EDM. In ChPT the contribution from the strange
quark is taken into account, while it is simply neglected in
NDA. In the ND�R�I�-NH and D�R-IH of the SU(5) SUSY
GUT with right-handed neutrinos and the U(2) cases, the
two- to three-generation mixings and CP violating phases

exist in both left- and right-handed down-type squark mass
matrices, which enhance the chromo-EDM of the strange
quark. Therefore, the SUSY contributions to the CP asym-
metries in b! s decays correlate to the chromo-EDM of
the strange quark.

We show the plots of the neutron EDM calculated by the
ChPT formula [51] in Fig. 15. It can be seen that the ChPT
formula leads to typically 1� 2 orders of magnitude larger
value of the neutron EDM than the NDA formula does, in
the m�~d1� � 1 TeV region. Therefore, a larger portion of
the parameter space with new CP violating phases is
excluded if we adopt the ChPT formula for the evaluation
of the neutron EDM, and possible deviations in the CP
violation observables are also affected.

In Fig. 16, we show the correlations between the neutron
EDM calculated by the ChPT formula and the CP asym-
metries SCP�Bd ! K���, �SCP�Bd ! �KS�, and
SCP�Bs ! J= ��. The correlations between the neutron
EDM and the LFV decay branching ratios are also shown.
We show the correlation plots for the U(2) model in Fig. 17.
In particular for the ND�R�I�-NH and D�R-IH of the SU(5)
SUSY GUT with right-handed neutrinos, the parameter
region with large deviations of �SCP�Bd ! �KS� and

FIG. 14 (color online). Electric dipole moments of the neutron (gray/red), 199Hg (light-gray/light-blue), and the electron (black) as
functions of m�~d1� for the same parameter sets as those in Fig. 6. Horizontal lines show the experimental upper limits. The neutron
EDM is calculated by the NDA formula.
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FIG. 15 (color online). The neutron EDM calculated by the ChPT formula for the same parameter sets as those in Fig. 14.

FIG. 16 (color online). The CP asymmetries in b! s decays and the LFV branching ratios as functions of the neutron EDM given
by the chiral perturbation formula in SU(5) SUSY GUT with right-handed neutrinos. (a)–(d) and (e)–(h) are plots in the D�R-IH and
the ND�R�I�-NH cases, respectively.
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SCP�Bs ! J= �� is excluded if we adopt the ChPT for-
mula for the evaluation of the neutron EDM. On the other
hand, large deviations remain for other cases.

D. Summary of results and experimental prospects

There are good experimental prospects for future im-
provements in the observables considered above. From
recent study of Super B factories [66], the precision of
determination for 50� 75 ab�1 is 0.02–0.03 for
SCP�Bd ! K���, 0.08–0.12 for SCP�Bd ! ���, and
0.02–0.03 for SCP�Bd ! �KS� for mixing-induced CP
asymmetries. For the direct CP asymmetries of the radia-
tive B decays, the expected sensitivity reaches 0.004 for
ACP�b! s�� and 0.01 for ACP�b! �s� d���. The CP
asymmetry of the Bs ! J= � mode is determined up to
0.01 from LHCb with 10 fb�1 [12]. The precision of the�3

determination is expected at 2.4 for LHCb at 10 fb�1 [12],
and further improvement is expected at Super B factory. In
order to extract a new physics effect from the correlation
between �mBs=�mBd and �3 we need to improve the
determination of the � factor up to a percent level. The
�! e� branching ratio will be searched for at the 10�13

level at the MEG experiment. Current upper bounds of
B��! ��� and B��! e�� are 6:8� 10�8 and 1:1�
10�7, respectively, at the B factory experiments, and future
improvement by 1� 2 orders of magnitude is expected at
Super B factory.

Comparing with these prospects, we can determine the
significance of the deviations observed in Figs. 3–12. Our
results of lepton and quark flavor signals are summarized
in Table V. We list various quark flavor signals in b� s and
b� d transition for the mSUGRA, three cases of MSSM
with right-handed neutrinos, and SU(5) SUSY GUT with
right-handed neutrinos, and the U(2) flavor symmetry
model. The � and � LFV processes are also included for
the cases except for the U(2) model. The observable with a
mark

p
indicates that a large deviation is possible. The

mark � means that there are some points that the deviation
could be identified with future improvements of experi-
mental measurements and/or theoretical understanding of
uncertainty. From the table, we can see that significant
flavor signals are expected in the lepton sector for the
MSSM with right-handed neutrinos and the SU(5) SUSY
GUT with right-handed neutrinos. These lepton flavor
violation signals depend on the texture of the neutrino
Yukawa coupling matrix, i.e., �! �� can be large in
D�R-IH, D�R-D, and ND�R�I�-NH cases and �! e� can
be large in the ND�R�II�-NH cases while satisfying the
present experimental bound on�! e�. In D�R-NH cases,
�! e� is the most promising mode among these three
lepton flavor violation processes. In the SU(5) SUSY GUT
with right-handed neutrinos, in addition to the above tex-
ture dependent signals, �! e� can be enhanced as large
as the present experimental bound due to GUT interactions
even in the nondegenerate �R (I) and (II) cases. As for the
quark flavor signals, we can expect significant CP violat-
ing asymmetries in b! s and b! d transitions in the
SU(5) SUSY GUT with right-handed neutrinos and in the
U(2) model. The pattern of the deviations from the SM
predictions also depends on the texture of the neutrino
Yukawa coupling matrix in the SU(5) SUSY GUT with
right-handed neutrinos. Examining the pattern of devia-
tions from the SM in the quark and lepton flavor signals,
we can gain insights on the flavor structure in the SUSY
models.

In addition to experimental progress, it is important to
reduce theoretical uncertainties to identify the deviations.
In particular, the theoretical issue to predict mixing-
induced CP asymmetries in Bd ! K�� [67] and Bd !
�KS [68] modes within the SM needs to be clarified
because the deviation we expect is up to 10% level.

Notice that the significant flavor signals in the models
with right-handed neutrinos appear in the case with suffi-
ciently large neutrino Yukawa couplings, which corre-

FIG. 17 (color online). The CP asymmetries in b! s decays as functions of the neutron EDM given by the chiral perturbation
formula in the U(2) flavor symmetry model.
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sponds to the right-handed neutrino mass scale �R �
O�1014� GeV. When we take a smaller value of �R, all
the flavor signals are suppressed. As already mentioned,
the effects of the neutrino Yukawa couplings are negligibly
small for �R 
 1012 GeV.

In this paper we do not include the heavy Higgs ex-
change contributions to various FCNC and LFV processes.
These contributions are known to play an important role
for particular cases of SUSY parameter sets due to large
corrections to Yukawa coupling constants through SUSY
loop diagrams [69]. The relevant parameter set corre-
sponds to large values of tan
 and relatively small values
of heavy Higgs boson masses with large values of �. The
Higgs exchange contribution induces drastic effects in
processes like Bs ! ���� and b! sl�l� [70] especially
for a large value of tan
 ( � 50� 60) because of a high
power dependence of tan
. In some restricted parts of our
analysis, we may have additional flavor signals due to the
Higgs exchange effects.

IV. CONCLUSIONS

We have analyzed quark flavor signals associated with
b! s and b! d transitions and lepton flavor violations in
various cases of supersymmetric models. Extensive study
is carried out in terms of observables for representative
SUSY models. Our result is summarized in Table V. We
have improved computational methods and updated phe-
nomenological constraints from our works in previous

publications. The most important effect is the inclusion
of the constraint from the Bs � �Bs mixing from recent
Tevatron experiments. The maximum deviation for various
b! s transition processes turns out to be the 10% level,
compared to the previous results where the deviation at the
level of 50% was possible. In this work, we also present
predictions of tau lepton flavor processes. Under the con-
straint of �! e�, the tau LFV processes are promising to
look for new physics effects, which are also related to b!
s and b! d transition processes in SUSY GUT models.
The pattern of deviation from the SM prediction provides
us with an important clue on physics determining the
structure of the SUSY breaking sector, and a future B
factory plays a central role in such investigation along
with ongoing flavor experiments such as MEG and LHCb.
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TABLE V. Summary of expected flavor signals for each model. ‘‘NH,’’ ‘‘IH,’’ and ‘‘D’’ denote normal hierarchy, inverted hierarchy,
and degenerate, respectively, for the low-energy neutrino spectrum. The observable with a mark

p
indicates that a large deviation is

possible. The mark � means that there are some points that the deviation could be identified with future improvements of experimental
measurements and/or theoretical understanding of uncertainty. We do not consider LFV processes for the U(2)FS model (� ).

Model ACP�s��SCP�K
���ACP�d��SCP�����SCP��KS�SCP�Bs ! J= ���mBs=�mBd vs: �3�! e��! ���! e�

mSUGRA
MSSM� RN
Degenerate �R, NH

p

Degenerate �R, IH
p p

Degenerate �R, D
p p

Nondegenerate �R (I), NH
p

Nondegenerate �R (II), NH
p

SU�5� � RN
Degenerate �R, NH � � � �

p

Degenerate �R, IH
p

�
p p

�
p p

Degenerate �R, D � � � �
p p

Nondegenerate �R (I), NH
p p p

�
p p

Nondegenerate �R (II), NH
p

�
p p

U(2)FS
p p p p p

� — — —
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