
Flavor-Symmetry based
Flavor Violation   and CP Violation

in Supersymmetry

Jisuke Kubo (kanazawa Univ.)
at MPI,  Heidelberg.

based on: 
Babu and JK, PRD71, 056006 (2005);  
Itou, Kajiyama and JK, NPB743, 74 (2006);
Kifune, JK and Lenz, PRD77, 076010 (2008); 
Araki and JK, IJMod.A24, 5831 (2009); 
Kawashima, JK and Lenz,  PLB681,60 (2009);
JK and Lenz, PRD82,075001 (2010);
Kaburaki, Konya, JK and Lenz, arXiv:1012.2435;
Babu, Kawashima and Kubo, arXiv:1103.16641



2

Minimal Flavor Violation (MFV) 
versus 

Flavor-Symmetry -based Flavor Violation (FSbFV)

The basic idea is similar.
3 Q, 3 uR, 3dR, 3L, 3 eR

by Yukawas 

MFV FSbFV

Yukawas = Aux. fields

CP <= only CKM

A subgroup of GF is realized.

Hypothesis Model

CP and FCNC are controlled 
by a symmetry.

(D‘Ambrosio et al,`02)

(Chivukula+Georgi`87;
Hall+Randall`90;
D‘Ambrosio et al,`02 etc)

GF = [ U(3) ]5 → U(1)B × U(1)L
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I would like to thank you for your hospitality at the MPI and I am very happy
to have a chance to present my recent works. 2003 I gave a similar talk at
TU munich, and also at the university of Heidelberg. So you may wonder
whether I can tell you some news today? In fact there have been various
progress, from the theoretical point of view as well as from the experimental
point of view. As you know very well a number of different finite groups
as a family group has been considered in recent years. It is nice to explore
the different features of the finite group. 2003 I was presenting a model
based on the smallest finite group S3. Today nobody seems to e interested
in S3. Experimentally, the CKM parameters are much more precisely known
thanks to the B factor experiments. Similarly, the quark masses, thanks to
the computer power, are known with more precision. Model builder with
a family group can not simply ignore these experimental facts . Another
striking thing may be that CP violation in the B0 -B0 bar system could be
so large that the SM can not explain it. As I understand, the luminosity at
LHCb of this year will be sufficient to confirm a large CP violation in the
B0-B0 bar mixing.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry, respecting all these developments.

The talk is based on these papers.
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MFV is a commonly used notion in dealing with flavor violation in consid-
ering beyond the SM. First I would like to compare MFV with FSbFv. The
underling idea is not very much different, but the consequences are different.
The largest flavor group that commutes with the SM gauge interactions is
U(3) to the fifth power, because there are left handed quak doublet family,
right handed u quark family, right handed d quark family, left handed lepton
doublet family and right handed charged lepton family. And each family has
three family members. This big group is explicitly and hardly broken down
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III  Flavor-Symmetry based FCNC and CP
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CP in B    mixing

I  Where do  non-abelian discrete family symmetries
       come "om?

IV  Conclusion

PLAN

3

II  A concrete SUSY model based on Q6 x Z4 x CP



I  Where do  discrete family symmetries  come "om?

*It is simply there!

*It comes "om the geometry of extra dimensions.

*It comes "om SSB of a non-abelian continuous G  
(e.g. Berger, Grossman, `09; Adulpravichai, Blum,Lindner,`09 ;  
Luhn, `11).
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I. INTRODUCTION

The Yukawa sector of the standard model (SM) contains a large number of redundant
parameters. The presence of the redundant parameters is not related to a symmetry in the
SM. That is, they will appear in higher orders in perturbation theory even if they are set
equal to zero at the tree level. These redundant parameters may become physical parameters
when going beyond the SM, and, moreover, they can induce flavor changing neutral currents
(FCNCs) and CP violating phenomena that are absent or strongly suppressed in the SM. One
of the most well known examples is the case of the minimal supersymmetric model (MSSM).
Since the SM can not control the redundant parameters, the size of the new FCNCs and
CP violating phases may be unacceptably large unless there is some symmetry, or one fine
tunes their values 1.

A natural guidance to constrain the Yukawa sector and to reduce the redundancy of this
sector is a flavor symmetry. It has been recently realized that nonabelian discrete flavor
symmetries, especially dihedral symmetries, can not only reduce the redundancy, but also
partly explain the large mixing of neutrinos 2. When supersymmetrized, it has been found
that the same flavor symmetries can suppress FCNCs that are caused by soft supersymmetry
breaking terms [17, 18](see also [19]-[23]).

In this letter we address the question of the origin of dihedral flavor symmetries. We
will find that dimensional deconstruction [24, 25] is a possible origin of dihedral flavor
symmetries.

II. DIHEDRAL INVARIANCE IN AN EXTRA DIMENSIONAL SPACE

Consider an extra dimension which is compactified on a closed one-dimensional lattice
with N sites. We assume that the lattice has the form of a regular polygon with N edges
as it is illustrated in Fig. 1.
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FIG. 1: A regular polygon with N = 12 edges, which are located at y = y0, y1, . . . , yN−1.

1 For recent reviews, see, for instance, [1] and references therein.
2 Models based on dihedral flavor symmetries, ranging from D3(! S3) to Q6 and D7, have been recently

discussed in [2]-[16].
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The coordinates yi of the lattice sites transform to y′
i with N × N matrices of DN , which

are given in (2) and (3). Then it is natural to assume 3 that the fields defined on the lattice
are irreps of Q2N which is the covering group of DN . That is 4,

φ(x, y) → φ′(x, y) = Q̃2N φ(x, D̃−1
N y), Q̃2N ∈ Q2N and D̃N ∈ DN . (15)

In Table 1 explicit expressions of the matrices corresponding to the fundamental rotation
and the parity transformation are given, where we assume that the gauge fields belong to
the true singlet 1+,0.

Irreps 1+,0 1+,2 1−,0 1−,1 1−,2 1−,3 22!−1 22!

rotation 1 1 −1 −1 −1 −1 (R̃2N)2!−1 (R̃2N)2!

parity 1 −1 1 i −1 −i P̃Q P̃D

reality r r r c r c pr r

Table 1. Explicit expressions of the matrices corresponding to the fundamental rotation (i.e., a rotation
of θN given in (1)) and the parity transformation. R̃2N , P̃Q and P̃D are given in (8) and (5), respectively,
where " ∈ N and ≤ (N − 1)/2, r=real, c=complex, pr=pseudo real. All the real irreps of Q2N are those of
DN . Complex one-dimensional irreps exist only for N = 3, 5, 7, . . . , while the real one-dimensional irreps
1−,0 and 1−,2 exist only for N = 2, 4, 6, . . . .

Given the details of the Q2N irreps, it is then straightforward to construct an invariant
action [24–26]. Supersymmetrization can also be straightforwardly done [26].

IV. ORBIFOLD BOUNDARY CONDITIONS AND Q2N FLAVOR SYMMETRY

In the case of a continuos extra dimension, orbifold boundary conditions are used to
suppress unnecessary light fields and also to obtain four-dimensional chiral fields. We shall
discuss next how an internal Q2N flavor symmetry can appear even if orbifold boundary
conditions break the dihedral invariance (15). Let φ(x, y) be a generic field which satisfies
the periodic boundary condition, φ(x, y) = φ(x, y + Na). Then the field φ(x, y) can be
decomposed into the cosine and sine modes:

φ(x, y) =
φ(x)√

N
+

imax∑

i=1

φ+,i(x) cos(kiy) +
i′max∑

i=1

φ−,i (x)sin(kiy) , (16)

where

φ(x) =
1√
N

N−1∑

n=0

φ(x, yn), (17)

ki =
2πi

aN
, i ∈ N, imax =

{
i′max + 1 = N/2 − 1
i′max = (N − 1)/2

for

{
even N
odd N

. (18)

3 DN may be understood as a twisted product of ZN and Z2. Witten [27] has considered this ZN (the
symmetry of the boundary of a deconstructed disc) to solve the triplet-doublet splitting problem in GUTs.

4 Nonabelian discrete family symmetries appearing in extra dimension models of [5, 28], for instance, are
not directly related to a symmetry of the extra dimension.
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Discrete translational inv.+parity

From the geometry of a discrete dimension (dim. 
deconstruction)

M4 × lattice

A4

∆27 , ∆54 , Σ81

Vus " −yd

√
md

ms
+ yu

√
mu

mc
exp i2θq, (1)

Vcb " y2
d√

1− y4
d

ms

mb
exp i2θq −

y2
u√

1− y4
u

mc

mt
exp iθq, (2)

Vub "
√

1− y4
d

yd

√
md

ms

ms

mb

+yu

√
mu

mc

(
y2

d√
1− y4

d

ms

mb
exp i2θq −

1

y2
u

√
1− y4

u

mc

mt
exp iθq

)
, (3)
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< 0.020
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(WMAP :<∼ 0.17 eV)
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md
= 18± 0.2 17± 0.2 16± 0.2

1

(Kubo, `05)

DN

Flavor group5



A4 From orbifolding  extra dimensions

(Altarelli,Feruglio+Lin, `06)

|e1| = |e2|

gi

(A1,2,3 for U(1)Y , SU(2)L, SU(3)C)

g2
1 = g2

2 = g2
3

MGUT !MPL

k1g
2
1 = k2g

2
2 = k3g

2
3

ki ∈ N

∫
d4x

∫
d2θ ki S WiWi + h.c

S → S + i
Ai

ki

Dµ→ DµJ

ln J = −i

∫
d4x

∫
d2θ Ai WiWi + h.c

A1

k1
=
A2

k2
=
A3

k3

M4 × lattice

A4

∆27 , ∆54 , Σ81

1

with 120 degrees=> root vectors of SU(3)

 Z2

In field theory:

Ma+Rajasekaran, `01; Ma, `02



Abe, K-S Choi, Kobayashi, Ohki, Sakai,`10Extended by 

Orbifold symmetry    x  Abelian discrete symmetry

Non-abelian family symmetry

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
)2 ∼ mτ

B(µ → eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ → eγ)exp < 1.2 × 10−11

A5 T ′ ∆27 ∆54 Σ81 Σ168 · · ·

dn/e ∼ 10−32 cm (dexp
n /e < 6.3 × 10−26 cm)

For cosβMd
H ∼ 1.2 TeV sinβMu

H ∼ 4.3 TeV

∆MK , ∆MBd
, ∆MBs

cos βMd
H = 0.3(black) and 0.5(red) TeV

cos βMd
H = 1.1(black) , 1.5(red) and 2.0(green) TeV

∼ 10−4 10−5 ∼

∼ me

1

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
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B(µ → eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ → eγ)exp < 1.2 × 10−11

A5 T ′ ∆27 ∆54 Σ81 Σ168 · · ·

dn/e ∼ 10−32 cm (dexp
n /e < 6.3 × 10−26 cm)

For cosβMd
H ∼ 1.2 TeV sinβMu

H ∼ 4.3 TeV

∆MK , ∆MBd
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H = 1.1(black) , 1.5(red) and 2.0(green) TeV

∼ 10−4 10−5 ∼

∼ me

1

(See also  Adulpravichai, Blum,Lindner,`09)



In string theory :

*Kobayashi, Ni'es, Plöger, 
Raby+ Ratz,`06;   Abe et al,  `09

*Kobayashi, Raby+Zhang,  `03;`05
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II A concrete SUSY model based on Q6 x Z4 x CP

2+1=3 structure except U

SM  singlet

Each sector, except U,  forms a  family 
with parents  + one child

SM non-singlet

Babu and JK, PRD71, 056006 (2005); and to appear.

The SM singlet sector breaks Q6 x Z4 x CP spontaneously.

Frampton+Kephart,`95; Frampton+Kong, `96
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where

x · y = x1y1 + x2y2 , x ∗ y = x1y2 + x2y1 , x ! y = x1y2 − x2y1 . (2.6)

We have used the explicit basis for Q6 given in Ref. [8] and the notation uc ≡ (−uc
1, uc

2) etc,

for the right–handed Q6 doublet fermion fields. Note that the Z4 symmetry plays no role in

the construction of Eq. (2.5).

Table 1: Particle content of the Q6 model along with their transformation under Q6 × Z4.

{Q,L} {Q3, L3} {uc, dc, νc, ec} {uc
3, d

c
3, ν

c
3, e

c
3} Hu,d Hu,d

3 S S3 T T3 U

Q6 2 1′ 2′ 1′′′ 2′ 1′′′ 2 1 2′ 1′ 1

Z4 −i −i + + i i − − + + +

In addition to the non-abelian Q6 flavor symmetry, a flavor universal Z4 symmetry is

introduced. Owing to this Z4, even after spontaneous symmetry breaking, an unbroken in-

terchange symmetries PI,II survive in the Higgs potential. This symmetries PI,II along with

Q6 enable us to reduce significantly the number of parameters in the fermion mass matrices.

This reduction of parameters leads to a sum rule involving quark masses and mixings [8]. The

Q6 symmetry also provides a solution to the flavor changing problem of generic softly broken

supersymmetric models. Moreover, CP violation has a spontaneous origin, which is perhaps

more satisfying than the usual assumption of explicit CP violation. Nevertheless, the domi-

nant source of CP violation in the quark sector is the Kobayashi-Maskawa mechanism. The

sum rule involving quark masses and mixings that has been derived relies on the spontaneous

CP violation. With this, the problem of excessive CP violation that generically exists in the

soft SUSY breaking sector can be solved in a rather simple way. Details of the model can be

found in [8–10].

2.2 The Higgs sector

In order to break the Q6 symmetry spontaneously while avoiding pseudo Nambu-Goldstone

(NG) bosons one needs to introduce SM singlet Higgs fields. The minimal such set will involve

a 2, 2′, 1′ and two 1’s of Q6. The SM singlet S’s are needed to mix the Q6 doublets Hu,d with

the Q6 singlets Hu,d
3 . Without the Q6 doublet T there will be an accidental O(2) symmetry

3



Accidental permutation symmetries of   VHiggs

.....
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q (t) >

)
q = d, s (1)

M q
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12 (3)

φq = arg (−M q
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q
12) , (4)

aq
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(
Γq

12

M q
12
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=

|Γq
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12 |
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sin(φSM
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q )

|∆q|
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Vacuum I:

Vacuum II:

.....

Two minima are physically different.

9 theory parameters for 
6 quark masses and 4 CKM parameters.

One sum rule among them
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The mass matrix in the quark sector (up and down) is of the 
nearest  neighbor type

(Fritzsch, `78)
Spontaneous CP 

C and A are real and 

MI =





0 C B

−C 0 B

B′ B′ A




, MII =





0 C B

−C 0 B∗

B′ B′∗ A





A b
sl = −(8.5 ± 2.8) · 10−3

φs ∈ [−1, 0]

GF = [U(3)]5 → U(1)B × U(1)L × U(1)Y

GF → U(1)B × U(1)L × U(1)Y

b → sγ

Ab
sl = −(9.57 ± 2.51 ± 1.46) × 10−3 (1)

Ab
sl = −(4.2 +1.9

−1.8) × 10−3 (2)

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
)2 ∼ mτ

B(µ → eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ → eγ)exp < 1.2 × 10−11

A5 T ′ ∆27 ∆54 Σ81 Σ168 · · ·

1

arg[B] = arg[B′]

GF = [ U(3) ]5 → U(1)B × U(1)L

1

I would like to thank you for your hospitality at the MPI and I am very happy
to have a chance to present my recent works. 2003 I gave a similar talk at
TU munich, and also at the university of Heidelberg. So you may wonder
whether I can tell you some news today? In fact there have been various
progress, from the theoretical point of view as well as from the experimental
point of view. As you know very well a number of different finite groups
as a family group has been considered in recent years. It is nice to explore
the different features of the finite group. 2003 I was presenting a model
based on the smallest finite group S3. Today nobody seems to e interested
in S3. Experimentally, the CKM parameters are much more precisely known
thanks to the B factor experiments. Similarly, the quark masses, thanks to
the computer power, are known with more precision. Model builder with
a family group can not simply ignore these experimental facts . Another
striking thing may be that CP violation in the B0 -B0 bar system could be
so large that the SM can not explain it. As I understand, the luminosity at
LHCb of this year will be sufficient to confirm a large CP violation in the
B0-B0 bar mixing.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry, respecting all these developments.

The talk is based on these papers.

2

MFV is a commonly used notion in dealing with flavor violation in consid-
ering beyond the SM. First I would like to compare MFV with FSbFv. The
underling idea is not very much different, but the consequences are different.
The largest flavor group that commutes with the SM gauge interactions is
U(3) to the fifth power, because there are left handed quak doublet family,
right handed u quark family, right handed d quark family, left handed lepton
doublet family and right handed charged lepton family. And each family has

1
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Figure 1: Mass of the strange quark (MS scheme, running scale 2 GeV). The top two thirds
show the lattice results listed in Table 1. Full and empty symbols correspond to simulations
with Nf = 2+ 1 and Nf = 2, respectively. Diamonds represent results based on perturbative
renormalization, while squares indicate that, in the relation between the lattice-regularized
and renormalized MS masses, non-perturbative effects are accounted for. The vertical bands
indicate our estimates (18) and (19). The lower third shows recent determinations obtained
from the evaluation of sum rules, together with the earliest result based on this method, as
well as the most recent estimate of the Particle Data Group.

larger and finer lattices. This calculation should thus be viewed as an announcement of the
expected exciting developments in lattice QCD, which will lead to results with unprecedented
reliability and accuracy.

The third calculation of particular interest is HPQCD 09 [83]. The strange quark mass
is computed using a precise determination of the charm quark mass, mc(mc) = 1.268(9)
GeV [99], whose accuracy is better than 1%, and a calculation of the quark mass ratio
mc/ms = 11.85(16), which achieves a similar precision. Notably, the authors claim that the
renormalization factors cancel out in the ratio, which can thus be computed on the lattice
in terms of bare quark masses with high statistical and systematic accuracy. The MILC 09
determination of the quark mass ratio ms/mud [6] is also used in HPQCD 09 [83] to provide
a determination of the isospin averaged up-down quark mass.

The high precision quoted by HPQCD 09 in the determination of the strange quark mass
mainly relies on the precision reached in the determination of the charm quark mass [99]. This
calculation uses a novel approach based on the lattice determination of moments of charm-

21

FLAG WG, 2010

(Precise) quark masses 
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FIG. 9: MS masses, for the 5 lightest quarks, from this pa-
per compared with the Particle Data Group’s current esti-
mates [29]. Each mass is quoted at its conventional scale:
2GeV for u, d, s (nf =3); mc for c (nf =4); mb for b (nf =5).

Particle Data Group’s 2009 values in Figure 9. Agree-
ment is excellent, but our uncertainties are much smaller
in every case, and by an order of magnitude for the
strange and light quarks.

Finally we note that the consistency between quark
masses from lattice and non-lattice analyses, and be-
tween couplings from heavy-quark correlators and Wil-
son loops provides further evidence that taste-changing
interactions in the HISQ and ASQTAD quark formalisms
are understood and vanish as a → 0. While early con-
cerns about the validity of these formalisms have been
largely addressed both by formal arguments [13, 30–34]
and by extensive empirical studies [8–11, 26, 35–39], it
remains important to test the simulation technology of
lattice QCD with increasing precision, given the growing
importance of lattice results for phenomenology.
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Appendix: Accelerated Fitting

In Section III B 2 we used a trick to simplify our fits by,
in effect, transferring fit terms from the fit function into
the errors of the fit data. This trick can greatly speed
up complicated fits. Here we present a formal deriva-
tion of this procedure for three increasingly complicated
situations.

A. Linear Least Squares—Exact Data

Assuming we know D values yi for a quantity y which
can be expressed as a power series in x,

y =
∑

n

cnx
n , (52)

we wish to obtain a best fit for the first F unknown coef-
ficients cn. The cn are then our random variables. If we
are able to make reasonable estimates for their means and
standard deviations σn, in the absence of additional in-
formation, maximizing entropy suggests a Gaussian prior
of

P (c) ∝ e−
∑

n c2n/2σ
2
n . (53)

For simplicity, we assume throughout that the cn are
uncorrelated and have a prior mean of zero; extending to
more general cases is straightforward.
If we knew all coefficient values, then the data yi would

be completely determined, with

P (y|c) ∝
D−1
∏

i=0

δ(yi −
∑

n

cnx
n
i ) . (54)

Bayes’ theorem

P (c|y) ∝ P (y|c)P (c) (55)

allows us to convert this into a distribution for c given
the data y.
If we are only interested in fitting a subset of coeffi-

cients cn<
with n < F , we integrate over the remaining

cn>
, giving

P (c<|y) ∝ e−
∑

n<
c2n<

/2σ2
n× (56)

[

∫

dc> δD(y −
∑

n

cnx
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n
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.

We replace the delta function by its Fourier representa-
tion, integrate over first the cn>

, then the Fourier vari-
ables, to obtain
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n× (57)

(det σ2
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−1/2 e−∆y·(2σ2
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NP

SM

HPQCD

120 GeV <∼ mDark Matter
<∼ 330 GeV

Input : λ = 0.22465 ∼ 0.22619 , A = 0.784 ∼ 0.825

1

I would like to thank you for your hospitality at the MPI and I am very happy
to have a chance to present my recent works. 2003 I gave a similar talk at
TU munich, and also at the university of Heidelberg. So you may wonder
whether I can tell you some news today? In fact there have been various
progress, from the theoretical point of view as well as from the experimental
point of view. As you know very well a number of different finite groups
as a family group has been considered in recent years. It is nice to explore
the different features of the finite group. 2003 I was presenting a model
based on the smallest finite group S3. Today nobody seems to e interested
in S3. Experimentally, the CKM parameters are much more precisely known
thanks to the B factor experiments. Similarly, the quark masses, thanks to
the computer power, are known with more precision. Model builder with
a family group can not simply ignore these experimental facts . Another
striking thing may be that CP violation in the B0 -B0 bar system could be
so large that the SM can not explain it. As I understand, the luminosity at
LHCb of this year will be sufficient to confirm a large CP violation in the
B0-B0 bar mixing.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry, respecting all these developments.

The talk is based on these papers.

2

MFV is a commonly used notion in dealing with flavor violation in consid-
ering beyond the SM. First I would like to compare MFV with FSbFv. The
underling idea is not very much different, but the consequences are different.
The largest flavor group that commutes with the SM gauge interactions is
U(3) to the fifth power, because there are left handed quak doublet family,
right handed u quark family, right handed d quark family, left handed lepton
doublet family and right handed charged lepton family. And each family has

1

2 11. CKM quark-mixing matrix

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

∑
i VijV

∗
ik = δjk

and
∑

j VijV
∗
kj = δik. The six vanishing combinations can be represented as triangles in

a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention independent measure of CP
violation, Im

[
VijVklV

∗
il V

∗
kj

]
= J

∑
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (11.6)

by dividing each side by the best-known one, VcdV ∗
cb (see Fig. 1). Its vertices are exactly

(0, 0), (1, 0) and, due to the definition in Eq. (11.4), (ρ̄, η̄). An important goal of
flavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the ρ̄, η̄ plane.

Processes dominated by loop contributions in the SM are sensitive to new physics
and can be used to extract CKM elements only if the SM is assumed. In Sec. 11.2 and
11.3 we describe such measurements assuming the SM, and discuss implications for new
physics in Sec. 11.5.

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :
The most precise determination of |Vud| comes from the study of superallowed 0+ → 0+

nuclear beta decays, which are pure vector transitions. Taking the average of the nine
most precise determinations [8,9] yields [10]

|Vud| = 0.97377 ± 0.00027. (11.7)
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Q6 prediction

120 GeV <∼ mDark Matter
<∼ 330 GeV

Input : λ = 0.22465 ∼ 0.22619 , A = 0.784 ∼ 0.825
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I would like to thank you for your hospitality at the MPI and I am very happy
to have a chance to present my recent works. 2003 I gave a similar talk at
TU munich, and also at the university of Heidelberg. So you may wonder
whether I can tell you some news today? In fact there have been various
progress, from the theoretical point of view as well as from the experimental
point of view. As you know very well a number of different finite groups
as a family group has been considered in recent years. It is nice to explore
the different features of the finite group. 2003 I was presenting a model
based on the smallest finite group S3. Today nobody seems to e interested
in S3. Experimentally, the CKM parameters are much more precisely known
thanks to the B factor experiments. Similarly, the quark masses, thanks to
the computer power, are known with more precision. Model builder with
a family group can not simply ignore these experimental facts . Another
striking thing may be that CP violation in the B0 -B0 bar system could be
so large that the SM can not explain it. As I understand, the luminosity at
LHCb of this year will be sufficient to confirm a large CP violation in the
B0-B0 bar mixing.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry, respecting all these developments.

The talk is based on these papers.

2

MFV is a commonly used notion in dealing with flavor violation in consid-
ering beyond the SM. First I would like to compare MFV with FSbFv. The
underling idea is not very much different, but the consequences are different.
The largest flavor group that commutes with the SM gauge interactions is
U(3) to the fifth power, because there are left handed quak doublet family,
right handed u quark family, right handed d quark family, left handed lepton
doublet family and right handed charged lepton family. And each family has

1
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Lepton sector:

The flavor and CP symmetry allow  6 + 1(2)=7 (8)
theory parameters for 3+3 masses and 1+2 phases.

Figure 4: The prediction in the β − γ plane for the model PII . The input parameters and the constraints
are the same as for Fig. 3.

5 Predictive scenario for neutrino mixing

Table 2: An alternative Q6 × Z4 assignment for the leptons.

L {ec, νc} L3 ec
3 νc

3

Q6 2′ 2′ 1 1 1′′

Z4 −i + −i + +

The lepton sector of thePI model with the Q6 assignment given Table 1 has been studied

in Ref. [8], and therefore we will not discuss them further here. It is interesting to see if there

are any constraints on neutrino oscillation parameters for the PII model. Here we explore a

possibility of the Q6 assignment for the leptons, which is given in Table 6. The lepton part

of the superpotential (2.5) in this new scenario becomes

WYukawa" = be(L · Hd)ec
3 + b′eL3(H

d · ec) + ce(L ⊗ ec) · Hd

12

A more predictive assignment

Only an inverted       mass spectrum is consistent!
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B(KL → e+ e− (µ+ µ −)) < 10−23(−19)

120 GeV <∼ mDarkMatter <∼ 280 GeV

µ < EDM , b→ s γ

a large CP < µ

µ

3.

sin2 θ13 =
1

2
(me/mµ)2 $ 10−5

sin2 θ23 =
1

2
+ O((me/mµ)2) (1)

1

I would like to thank Prof. Fritzsch and the organizers of the
workshop for the opportunity to present my recent works here
in an exiting area of south asia.

In this talk I would like to talk about flavor-symmetry based
flavor violation in supersymmetry.

The talk is based on these papers.

2

MFV is a commonly used notion in dealing with flavor violation
in considering beyond the SM. First I would like to compare
MFV with FSbFv. The underling idea is not very much differ-
ent, but the consequences are different. The largest flavor group
that commutes with the SM gauge interactions is U(3) to the
fifth power, because there are left handed quak doublet family,
right handed u quark family, right handed d quark family, left

1

Vacuum I :

Vacuum II :

Fit of Schwetz,Tortoal, Valle

Input (Schwetz,Tortoal, Valle):
sin2 θ12 = 0.318+0.019

−0.016 , ∆m2
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Ab
sl = −(4.2 +1.9
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The Majorana phases are not independent.
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Vacuum II 

Vacuum I: negligible because   

Dirac phase

sin θ13 ! 0

MI =





0 C B

−C 0 B

B′ B′ A




, MII =





0 C B

−C 0 B∗

B′ B′∗ A





ν

A b
sl = −(8.5 ± 2.8) · 10−3

φs ∈ [−1, 0]

GF = [U(3)]5 → U(1)B × U(1)L × U(1)Y

GF → U(1)B × U(1)L × U(1)Y

b → sγ

Ab
sl = −(9.57 ± 2.51 ± 1.46) × 10−3 (1)

Ab
sl = −(4.2 +1.9

−1.8) × 10−3 (2)

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
)2 ∼ mτ

B(µ → eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ → eγ)exp < 1.2 × 10−11

1



III  Flavor-Symmetry based FCNC and CP

Two Sources:

1. Multi Higgs Structure Higgs Family

Tree, loop-level FCNC and   CP

2. SUSY sector  

Loop-level FCNC and CP SUSY breaking
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3 FIG. 1: One-loop diagram for µ → eγ.
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FIG. 2: The tree-diagram contributing to µ → 3e.

φu
H

φu
−

cL

uR

cR

uL

Y uH,−
cu (Y uH,−

uc )∗

FIG. 3: The tree-diagram contributing to (MEXTRA
D )12.
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Mondragon x2, Peinado,`07

B(µ → 3e) ∼ [
mµme

M2
H

]2 ∼ 10−17 for MH = 120 GeV

B(µ → 3e)exp < 1.0 · 10−12

sin2 θ12 = 0.318 , ∆m2
31 = 2.4 · 10−3 eV2 , ∆m2

21 = 7.59 · 10−5 eV2

sin2 θ12 = 0.318+0.019
−0.016 , sin2 θ23 = 0.5+0.07

−0.06 , sin2 θ13 = 0.013+0.013
−0.009

Basics of the K0 − K̄0 and B0 − B̄0 mixing

I. MIXING OF SCALAR FIELDS AND ITS TIME EVOLUTION

A. A toy Lagrangiuan

Consider

Lφ = ∂µφ
∗∂µφ − m2

φφ
∗φ − V (φ∗,φ)

+iψ̄i∂/ψi − miψ̄iψi − Yijψ̄LiψRjφ − Y ∗
ijψ̄RjψLiφ

∗ (1)

Symmetries are

1.

U(1)L : φ → eiαφ, ψL → eiαψL (2)

is broken by the fermion mass term. Similarly, U(1)R is broken. But

U(1)V : ψ → eiαψ (3)

is a good symmetry (fermion number conservation).
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I would like to thank Prof. Fritzsch and the organizers of the
workshop for the opportunity to present my recent works here
in an exiting area of south asia.

In this talk I would like to talk about flavor-symmetry based
flavor violation in supersymmetry.

The talk is based on these papers.

2

This is the plan of my talk.
You may ask where non-abelian discrete symmetries come

from. There are some ideas, which I would like to discuss. It
may be a set up of the talk by Tatsuo Kobayashi.

Then I will talk about flavor-symmetry based flavor violation
and CP violation.
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Before I start I would like to touch the origin of the resent trends
in using a finite group as a family group. There are experts in
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FIG. 2: The region in the sin γu − ru plane, in which the constraint (113) coming from ∆MD is satisfied

for sinβMu
H = 2 TeV, where ru, sin γu and Mu

H are defined in (111), (44) and (102), respectively.

B′
K = 1. Correspondingly, we do not take into account QCD corrections for the present

case.

The tree-level coefficient is given by

CK =
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In Fig. 3 we show the region in the rd − sin γd plane in which

∆MK = 2× 0.28× CK GeV < ∆M exp
K # 3.49× 10−15 GeV (117)

is satisfied.
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H = 0.5 TeV (red (dark grey)) and 0.3 TeV (black),

in which |∆MEXTRA
K | < ∆M exp

K is satisfied. rd and sin γd are defined in (116) and (44), respectively.

As in the previous cases, the mass differences can be obtained from

∆MBs,d
= 2

∣∣∣< B
0| (MSM

s,d )12 + (MEXTRA
s,d )12 |B0 >

∣∣∣ . (118)

The SM contributions to ∆MBs , ∆MBd
are well controlled up to the numerical uncertainty

in the decay constants. Here following [72], which is based on the NLO-QCD calculations

in Refs. [75] and [76], we consider two sets of the uncertainties for the B system, I and II,

as one can see in Table III. Since the uncertainties in the decay constants are much larger

than those of other quantities, we assume that

fBs

√
Bs =

{
0.221 ± 0.046 for the parameter set I

0.227 ± 0.017 for the parameter set II
, (119)

fBd

√
Bd =

{
0.180 ± 0.043 for the parameter set I

0.184 ± 0.020 for the parameter set II
(120)

are the only uncertainties for the SM model contributions MSM
s,d , where fBd

√
Bd is obtained

from ξ = fBs

√
Bs/fBd

√
Bd. To simplify the situation further, we assume that this is also

true for the extra contributions MEXTRA
s,d .

To calculate (MSM
s,d )12 we use the parameter values (68) which are predicted in the present

model:

|VCKM|us = 0.2266, |VCKM|ub = 0.00362, |VCKM|cb = 0.0417, φ3(γ) = 1.107. (121)
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I would like to thank the organizers of the workshop for giving
me a chance to talk about a topic which I have been working on
in recent years.

This is the title of my talk and they are my collaborators.
and this talk is based on the collaborations with them.
1 I am not going to give an overview on discrete flavor symmetry.

It would be impossible for me to do this. Many people have

1

(ratio of two Higgs masses)
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Flavor symmetry with spontaneous CP

Babu+Meng, `09
Kaburaki,Konya, Kubo, Lenz,`10
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CP from Multi Higgs Structure

arg[B] = arg[B′]

GF = [ U(3) ]5 → U(1)B × U(1)L

0 <∼ dn <∼ ×10−24 [e cm]

dexp
n < 6.3 × 10−26 [e cm]

1

I would like to thank you for your hospitality at the MPI and I am very happy
to have a chance to present my recent works. 2003 I gave a similar talk at
TU munich, and also at the university of Heidelberg. So you may wonder
whether I can tell you some news today? In fact there have been various
progress, from the theoretical point of view as well as from the experimental
point of view. As you know very well a number of different finite groups
as a family group has been considered in recent years. It is nice to explore
the different features of the finite group. 2003 I was presenting a model
based on the smallest finite group S3. Today nobody seems to e interested
in S3. Experimentally, the CKM parameters are much more precisely known
thanks to the B factor experiments. Similarly, the quark masses, thanks to
the computer power, are known with more precision. Model builder with
a family group can not simply ignore these experimental facts . Another
striking thing may be that CP violation in the B0 -B0 bar system could be
so large that the SM can not explain it. As I understand, the luminosity at
LHCb of this year will be sufficient to confirm a large CP violation in the
B0-B0 bar mixing.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry, respecting all these developments.

The talk is based on these papers.

2

MFV is a commonly used notion in dealing with flavor violation in consid-
ering beyond the SM. First I would like to compare MFV with FSbFv. The
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12)LR| < 10−3 ∆mK = 3.5 × 10−15 GeV
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Mismatch between flavors Soft mass insertions

FCNC and CP in the SUSY sector

Hall, Kostelecky and Raby
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Introduce 

to constrain the Yukawa sector, and 
simultaneously to so*en the SUSY flavor problem.

low-energy family symmetry

(Dine,Leigh+Kagan,`93; Pouliot+Seiberg,`93; Kaplan+Schmalz,`94;
Ha'+Murayama, `95; Carone, Ha'+Murayama, `96; Babu+Barr,`96;
Babu+Mohapatra,`99; Chen+Mahanthappa`02; Babu, Kobayashi+Kubo, `03;
Hamaguchi,Kakizaki+Yamaguchi, `03; Ross, Velasco-Sevi'a+Vives, `03; 
King+Ross,`03; Maekawa+Yamashita, `04;
 Ross, Velasco-Sevi'a+Vives, `04;
.................................)

Susy Flavor Problem

Combine spontaneous CP violation 
to suppress CP , Babu+JK,`05
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(δij)LL,RR =




aL,R 0 0

0 aL,R 0

0 0 bL,R



 (1)

(δij)LR ∼ A tems + µ tems (2)

∆Mq ∼ M−2
H (3)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(4)

〈Hu,d
1 〉 = 〈Hu,d

2 〉

〈Hu,d
1 〉 = 〈Hu,d

2 〉∗

i
d

dt

(
|B0

q (t) >

|B̄0
q (t) >

)
= (M − iΓ)

(
|B0

q (t) >

|B̄0
q (t) >

)
q = d, s (5)

M q
12 = MSM,q

12 · ∆q ∆q = |∆q|eiφ∆
q (6)

Γq
12 = ΓSM,q

12 (7)

φq = arg (−M q
12/Γ

q
12) , (8)

aq
sl = Im

(
Γq

12

M q
12

)
=

|Γq
12|

|MSM,q
12 |

·
sin(φSM

q + φ∆
q )

|∆q|
. (9)

∆Mq = 2|MSM,q
12 | · |∆q| , ∆Γq = 2|Γq

12| cos
(
φSM

q + φ∆
q

)

aq
sl =

|Γq
12|

|MSM,q
12 |

·
sin

(
φSM

q + φ∆
q

)

|∆q|
(10)

1

2+1 family structure

real

EDMs

phase alignment

(δd
23)LL ! −3.0 × 10−2 ∆aq

L

−(0.28 + i 8.7) × 10−2

[
0.5 TeV

md̃

]2

(1)

MH (2)

∞ (3)

Im M q
12 (4)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (5)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (6)

(δij)LR ∼ A tems + µ tems µ′s (7)

∆Mq ∼ M−2
H (8)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(9)

〈Hu,d
1 〉 = 〈Hu,d

2 〉

1

(δd
23)LL ! −3.0 × 10−2 ∆aq

L

−(0.28 + i 8.7) × 10−2

[
0.5 TeV

md̃

]2

(1)

MH (2)

∞ (3)

Im M q
12 (4)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (5)

(δij)LL,RR = U q†
L,R




aL,R 0 0

0 aL,R 0

0 0 bL,R



U q
L,R (6)

(δij)LR ∼ A tems + µ tems µ′s (7)

∆Mq ∼ M−2
H (8)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(9)

〈Hu,d
1 〉 = 〈Hu,d

2 〉

1

So*-SUSY- breaking mass insertions:

B(µ− → e− + γ) < 1.2× 10−11

B(τ− → e− + γ) < 2.7× 10−6

B(τ− → µ− + γ) < 1.1× 10−6

∆MK = MKL −MKS $ 3.5× 10−15 GeV

∆MB $ 3.3× 10−13 GeV

d(e) < (0.07 ± 0.07)× 10−26 e cm

d(n) < 0.63× 10−26 e cm

Im δ′s→ CP violations

Nondiag. δ′s→ FCNCs

< 0.0037

Q6

(m̃2
aLR)ij = Aa

ij (ma
F )ij (a = u, d, e)

238
92 U → · · · · · · 206

82 鉛 （45億年）

n→ p + e + ν̄e

3

with spontaneous CP

(complex VEV from the SM singlet sector)
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Lepton sector

(Gbbiani et al, Abel, Khalil + Lebedev, Endo, Kakizaki +Yamaguchi, 
Hisano + Shimizu; Hisano..............)

 FCNCs induced by the so* terms

1. Inverted neutrino mass spectrum, i.e., mν3 < mν1 ,mν2 .

2. m2
ν2

/∆m2
23 = (1+2t212+t412−rt412)

2

4t212(1+t212)(1+t212−rt212) cos2 φν
− tan2 φν

(r = ∆m2
21/∆m2

23, t12 = tan θ12),

where φν is an independent phase.

3. δCP = arg(Y ν
4 ) − φν = −φν .

4. sin θ13 " me/
√

2mµ " 3.4 × 10−3

tan θ23 " 1 − (me/
√

2mµ)2 = 1 − O(10−5).

5. Prediction of < mee >.

tan θ12 = 0.68, ∆m2
21 = 6.9 × 10−5 eV2 and ∆m2

23 = 2.5 × 10−3 eV2.

sin2 θ12 = 0.3 and ∆m2
21 = 6.9 × 10−5 eV2

∆m2
23 = 1.4, 2.3 and 3.0 × 10−3 eV2

me

mµ

memµ

m2
τ

8

Exp. bound Q6 Model

|(δe
12)LL| 4.0× 10−5 m̃2

!̃
4.9× 10−3∆a!

L

|(δe
12)RR| 9× 10−4 m̃2

!̃
8.4× 10−8∆ae

R

|(δe
12)LR| 8.4× 10−7 m̃2

!̃
∼ 5× 10−6m̃−1

!̃
|(δe

13)LL| 2× 10−2 m̃2
!̃

1.7× 10−5∆a!
L

|(δe
13)RR| 3× 10−1 m̃2

!̃
5.9× 10−2∆ae

R

|(δe
13)LR| 1.7× 10−2 m̃2

!̃
∼ 3× 10−7m̃−1

!̃
|(δe

23)LL| 2× 10−2 m̃2
!̃

8.4× 10−8∆a!
L

|(δe
23)RR| 3× 10−1 m̃2

!̃
1.4× 10−6∆ae

R

|(δe
23)LR| 1× 10−2 m̃2

!̃
∼ 2× 10−9m̃−1

!̃
|(δe

23)LL(δe
13)LL| 1× 10−4 m̃2

!̃
1.4× 10−12(∆a!

L)2

|(δe
23)RR(δe

13)RR| 9× 10−4 m̃2
!̃

8.4× 10−8(∆ae
R)2

|(δe
23)LL(δe

13)RR| 2× 10−5 m̃2
!̃

5.0× 10−9∆a!
L∆ae

R

|(δe
23)RR(δe

13)LL| 2× 10−5 m̃2
!̃

2.4× 10−11∆a!
L∆ae

R

Table 2: Experimental bounds on δ’s and the theoretical values in Q6 model,
where the parameter m̃!̃ denote m!̃/100 GeV and ∆aL,R and Ã are given in
(??).

2

Q6 Kobayashi, JK+Terao,`03;
Itou,Kajiyama+JK,`05
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Quark sector

(D3 ≈ S3)

Q6

C ′ = C

M =




0 C 0
C ′ 0 B
0 B′ A





Exp. bound Q6 Model
√

|Re(δd
12)

2
LL,RR| 4.0× 10−2 m̃q̃ (LL)1.2× 10−4∆aq

L, (RR)1.7× 10−1∆ad
R√

|Re(δd
12)LL(δd

12)RR| 2.8× 10−3 m̃q̃ 4.5× 10−3
√

∆aq
L∆ad

R√
|Re(δd

12)
2
LR| 4.4× 10−3 m̃q̃ ∼ 2× 10−5m̃−1

q̃√
|Re(δd

13)
2
LL,RR| 9.8× 10−2 m̃q̃ (LL)7.8× 10−3∆aq

L, (RR)1.4× 10−1∆ad
R√

|Re(δd
13)LL(δd

13)RR| 1.8× 10−2 m̃q̃ 3.4× 10−2
√

∆aq
L∆ad

R√
|Re(δd

13)
2
LR| 3.3× 10−2 m̃q̃ ∼ 2× 10−5m̃−1

q̃√
|Re(δu

12)
2
LL,RR| 1.0× 10−1 m̃q̃ (LL)1.0× 10−4∆aq

L, (RR)4.5× 10−4∆au
R√

|Re(δu
12)LL(δu

12)RR| 1.7× 10−2 m̃q̃ 2.1× 10−4
√

∆aq
L∆au

R√
|Re(δu

12)
2
LR| 3.1× 10−2 m̃q̃ ∼ 7× 10−5m̃−1

q̃

|(δd
23)LL,RR| ∼ 10−1 m̃q̃ (LL)1.5× 10−2∆aq

L, (RR)4.7× 10−1∆ad
R

|(δd
23)LR| 1.6× 10−2 m̃2

q̃ ∼ 5× 10−5m̃−1
q̃

Table 1: Experimental bounds on δ’s and their theoretical values in Q6 model,
where the parameter m̃q̃ denotes mq̃/500 GeV, and ∆aL,R and Ã are given
in (??).

1

Q6 Kobayashi, JK+Terao,`03;
Itou,Kajiyama+JK,`05
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Flavor symmetry with spontaneous CP
suppress FCNCs and CP too much!!

Can one get a large CP in the B   mixing?0

34



B  mixing

i
d

dt

(
|B0

q (t) >

|B̄0
q (t) >

)
= (M − iΓ)

(
|B0

q (t) >

|B̄0
q (t) >

)
q = d, s (1)

M q
12 = MSM,q

12 · ∆q ∆q = |∆q|eiφ∆
q (2)

Γq
12 = ΓSM,q

12 (3)

FIG. 1:
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=
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Master equations for observables
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from the ϕ and χ exchanges and those from the soft supersymmetry breaking terms,

where we assume that the later contributions can be freely chosen by varying the

aL, aR and Aij defined in (10) and (11). We find:

−0.018 <∼ φSM
s + φ∆

s
<∼ 0.012 and − 0.023 <∼ φ∆

s
<∼ 0.009. (45)

(If only the Higgs exchanges are taken into account, we find -0.015 <∼ φSM
s + φ∆

s
<∼

0.007.) So, if the evidence for a new phase (33) or (34) were confirmed, not only the

SM, but also the present supersymmetric model might run into a serious problem 6.

(ii) as
fs

Using (25) we next compute as
fs/a

SM,s
fs = sin(φSM

s + φ∆
s )/ sin φSM

s |∆s|. First we con-

sider only the contributions from the Higgs exchanges, where for a given cosβMd
H

we vary the Higgs mixing angle γd (16) and r = Md
−/Md

H so as to satisfy the con-

straints (44). The result is plotted in Fig. 1, where we varied cosβMd
H from 1.2 (the

smallest allowed value) to 2.6 TeV. The SM value (29) is between to blue vertical

lines. If all thre contributions are included, we find

−13 <∼ as
fs × 105 <∼ 7. (46)

(The experimental value is given in (32).)

(iii) (∆Γs/∆Ms) − as
fs

The prediction of (as
fs)/(afs)SM against (∆Γs/∆Ms)/(∆Γs/∆Ms)SM is plotted in

Fig. 2 (right). The contribution only from the Higgs exchanges is indicated by

black. In this area as
fs is mostly negative and its size may become one order of

magnitude larger than the SM value.

(iv) ∆s

The prediction in the Re(∆s) − Im(∆s) is plotted in Fig. 2 (left), where the cross

denotes the SM point. All the contribution are taken into account.

IV. CONCLUSION

We considered a supersymmetric extension of the SM based on the discrete Q6

family symmetry, which has been recently proposed in [19, 20], and investigated the

extra contribution to M12, which we denoted by Mnew
12 . We assumed that CP is

explicitly, but softly broken only by the b terms in the soft supersymmetry breaking

sector. Therefore, all other parameters of the model are real, which is consistent with

renormalizability [21]. There are two origins for the contribution to Mnew
12 ; from the

6 A similar conclusion has been reached in [27] for the MSSM with large tan β and the Minimal
Flavor Violation assumption.

12

Kawashima, JK and Lenz,  PLB681,60 (2009)

I : Tree-level Higgs contribution

II: Contributions from the soft mass insertions 

I+II

Yukawa couplings for neutral Higgses 
are real even for the mass eigen states.

(δd
23)LL ! −3.0 × 10−2 ∆aq
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−(0.28 + i 8.7) × 10−2
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0.5 TeV

md̃
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(δij)LL,RR = U q†
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U q
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U q
L,R (6)

(δij)LR ∼ A tems + µ tems µ′s (7)

∆Mq ∼ M−2
H (8)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(9)

〈Hu,d
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2 〉

1

is real, and
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0 aL,R 0

0 0 bL,R
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∆mb : 4% → 0.7%

(4)

〈Hu,d
1 〉 = 〈Hu,d

2 〉

〈Hu,d
1 〉 = 〈Hu,d

2 〉∗

i
d

dt

(
|B0

q (t) >

|B̄0
q (t) >

)
= (M − iΓ)

(
|B0

q (t) >

|B̄0
q (t) >

)
q = d, s (5)

M q
12 = MSM,q

12 · ∆q ∆q = |∆q|eiφ∆
q (6)

Γq
12 = ΓSM,q

12 (7)

φq = arg (−M q
12/Γ

q
12) , (8)

aq
sl = Im

(
Γq

12

M q
12

)
=

|Γq
12|

|MSM,q
12 |

·
sin(φSM

q + φ∆
q )

|∆q|
. (9)

∆Mq = 2|MSM,q
12 | · |∆q| , ∆Γq = 2|Γq

12| cos
(
φSM

q + φ∆
q

)

aq
sl =

|Γq
12|

|MSM,q
12 |

·
sin

(
φSM

q + φ∆
q

)

|∆q|
(10)

1

EDMs
b→ sγ

Ab
sl = −(9.57 ± 2.51 ± 1.46)× 10−3 (1)

Ab
sl = −(4.2 +1.9

−1.8)× 10−3 (2)

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
)2 ∼ mτ

B(µ→ eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ→ eγ)exp < 1.2× 10−11

A5 T ′ ∆27 ∆54 Σ81 Σ168 · · ·

dn/e ∼ 10−32 cm (dexp
n /e < 6.3× 10−26 cm)

For cosβMd
H ∼ 1.2 TeV sinβMu

H ∼ 4.3 TeV

∆MK , ∆MBd
, ∆MBs

cos βMd
H = 0.3(black) and 0.5(red) TeV

cos βMd
H = 1.1(black) , 1.5(red) and 2.0(green) TeV

1
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III. Loop effects to

Im M q
12 (1)

(δij)LL,RR =




aL,R 0 0

0 aL,R 0

0 0 bL,R



 (2)

(δij)LR ∼ A tems + µ tems µ′s (3)

∆Mq ∼ M−2
H (4)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%

∆mc : 9% → 1.3%

∆mb : 4% → 0.7%

(5)

〈Hu,d
1 〉 = 〈Hu,d

2 〉

〈Hu,d
1 〉 = 〈Hu,d

2 〉∗

i
d

dt

(
|B0

q (t) >

|B̄0
q (t) >

)
= (M − iΓ)

(
|B0

q (t) >

|B̄0
q (t) >

)
q = d, s (6)

M q
12 = MSM,q

12 · ∆q ∆q = |∆q|eiφ∆
q (7)

Γq
12 = ΓSM,q

12 (8)

φq = arg (−M q
12/Γ
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=
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·
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JK and Lenz, Phys.Rev.D82:075001,2010
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FIG. 1: The quartic coupling contribution to (δd
ij)LL.
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FIG. 2: The heavy Higgs (a) and higgsino (b) contributions to (δd
ij)LL.

where h̃u+
I = Uh,IJ h̃u+,dia

J , and

(M2F,dia
h )IJ = (m2

h,J ln m2
h,J/Q2)δIJ , (U †

h MF
h Uh)IJ = mh,JδIJ . (25)

MF
h is the mass matrix for the charged higgsinos.

Before we apply the results above we make few remarks. The infinite renormalization of

the soft scalar masses do not depend on the µ and A terms to all orders in perturbation

theory [43]. Therefore, the µ parameter dependence of the infinite part (and hence of ln Q)

in δ’s should be cancelled. However, the cancellation of the finite part is not exact. As we

see from (22) - (24), the insertions (δ)LL’s explicitly depend on µ parameters (M2
c and MF

h

also contain µ parameters). Keeping this in mind, we consider

D = µ2
1 ln m2

1/Q
2 + µ2

2 ln m2
2/Q

2 − (µ2
1 + µ2

2) ln m2
3/Q

2 (26)

in which the renormalization scale Q dependence exactly cancels. If all mi’s are of the same

size, D is small compared to the µ2’s. However, if there is a large SUSY breaking so that

the mass of a fermionic component (higgsino) differs from that of the bosonic component

(Higgs) by a large amount, D may become large. Moreover, there are terms in δ’s which,

instead of µ2, are proportional to the square of the soft scalar masses of the Higgs bosons,

7
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theory [43]. Therefore, the µ parameter dependence of the infinite part (and hence of ln Q)

in δ’s should be cancelled. However, the cancellation of the finite part is not exact. As we

see from (22) - (24), the insertions (δ)LL’s explicitly depend on µ parameters (M2
c and MF

h

also contain µ parameters). Keeping this in mind, we consider

D = µ2
1 ln m2

1/Q
2 + µ2

2 ln m2
2/Q

2 − (µ2
1 + µ2

2) ln m2
3/Q

2 (26)

in which the renormalization scale Q dependence exactly cancels. If all mi’s are of the same

size, D is small compared to the µ2’s. However, if there is a large SUSY breaking so that

the mass of a fermionic component (higgsino) differs from that of the bosonic component

(Higgs) by a large amount, D may become large. Moreover, there are terms in δ’s which,

instead of µ2, are proportional to the square of the soft scalar masses of the Higgs bosons,
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(δij)LR ∼ A tems + µ tems µ′s (4)

∆Mq ∼ M−2
H (5)

∆mu : 38% → 5%

∆md : 27% → 3%

∆ms : 33% → 1.4%
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q = d, s (7)

M q
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12 · ∆q ∆q = |∆q|eiφ∆
q (8)

Γq
12 = ΓSM,q

12 (9)

φq = arg (−M q
12/Γ

q
12) , (10)
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cancel.

softness flavor symmetry

This is a two-loop effect!!

sR s̃R b̃R bR

×

g̃ g̃

bL b̃L s̃L sL

φu+

FIG. 3: An example of two-loop contribution to MSUSY,s
12 . One-loop contribution to the insertion (δd

32)LL,

the φu+ loop in the box, means a two-loop effect on MSUSY,s
12 .

Input Input

fK (159.8 ± 1.4 ± 0.44) × 10−3 GeV fBd 0.194 ± 0.032 GeV

fBs 0.240 ± 0.040 GeV

MK 0.497648 ± 0.000022 GeV ∆M exp
K (0.5292 ± 0.0009) × 10−2 ps−1

Ms 5.3661 ± 0.0006 GeV ∆M exp
s 17.77 ± 0.10 ± 0.07 ps−1

Md 5.27950 ± 0.00033 GeV ∆M exp
d 0.507 ± 0.005 ps−1

md(2GeV) (5.04 +0.96
−1.54) × 10−3 GeV ms(2GeV) 0.105 +0.025

−0.035 GeV

md(mb) (4.23 +1.74
−1.71) × 10−3 GeV ms(mb) 0.080 ± 0.022 GeV

mb(mb) 4.20 ± 0.07 GeV

TABLE III: Parameter values used in the text (see also Ref. [50]). For the calculations in the text we use

only the central values. fK ,MK,d,s,∆M exp
K,d,s are from [48]. fBs belongs to the conservative sets of [7] (see

the references therein), and fBd is obtained from fBs/ξ with ξ = 1.24. md(2GeV) and ms(2GeV) are from

[48], while those at mb are taken from [47].

where the errors are dominated by the uncertainty in the decay constants and bag param-

eters. Note that the values for MSM,q
12 above are those in the standard parameterization of

the CKM matrix ([48]) and that the CKM matrix obtained from (32) with (33) and (34)

is not in the standard parameterization. Therefore, we have to express the supersymmetric

contribution MSUSY ,q
12 in the standard parameterization of the CKM matrix to calculate the

l.h.s. of (58). We use the central values of (7), (8), (60) and Table III for our calculations,
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large susy breaking

However,  large finite terms.

small           
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and  large

FCNCEDM, b -> s+gamma
Mass of extra Higgions       extra Higg bosons

tree

one-loop

µ (1)

|Vus| = 0.22535 ± 0.00065

|Vcb| = (0.04082 ± 0.00045) × 1.015 (2)

(δd
23)LL " −3.0 × 10−2 ∆aq

L

+(0.05 − i 8.6) × 10−2
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md̃

]2

(3)
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CKMfitter

LHCb 2011

SM

A b
sl = −(8.5 ± 2.8) · 10−3

φs ∈ [−1, 0]

GF = [U(3)]5 → U(1)B × U(1)L × U(1)Y

GF → U(1)B × U(1)L × U(1)Y

b → sγ

Ab
sl = −(9.57 ± 2.51 ± 1.46) × 10−3 (1)

Ab
sl = −(4.2 +1.9

−1.8) × 10−3 (2)

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
)2 ∼ mτ

B(µ → eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ → eγ)exp < 1.2 × 10−11

A5 T ′ ∆27 ∆54 Σ81 Σ168 · · ·

dn/e ∼ 10−28 cm (dexp
n /e < 6.3 × 10−26 cm)

For cosβMd
H ∼ 1.2 TeV sinβMu

H ∼ 4.3 TeV

1

CDF:

Q6
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CKMfitter

EDMn

A b
sl = −(8.5 ± 2.8) · 10−3

GF = [U(3)]5 → U(1)B × U(1)L × U(1)Y

GF → U(1)B × U(1)L × U(1)Y

b → sγ

Ab
sl = −(9.57 ± 2.51 ± 1.46) × 10−3 (1)

Ab
sl = −(4.2 +1.9

−1.8) × 10−3 (2)

S1/Z2 , T 2/Z3

DN Q2N A4 S4 Σ(2N2) ∆(2N2, 6N2)

−0.02 <∼ φ∆
s

<∼ 0.2

∼ mµ(
me

mµ
)2 ∼ mτ

B(µ → eγ) ∼ α

π
(
me

mµ
)4(

mτ

MH
)4 ∼ 10−20 for MH = 120 GeV

B(µ → eγ)exp < 1.2 × 10−11

A5 T ′ ∆27 ∆54 Σ81 Σ168 · · ·

dn/e ∼ 10−28 cm (dexp
n /e < 6.3 × 10−26 cm)

For cosβMd
H ∼ 1.2 TeV sinβMu

H ∼ 4.3 TeV

1

D0+CDF :

SM
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Upper and lower bound of mDarkMatter

µ < EDM , b→ s γ

µ

1

I would like to thank Prof. Fritzsch and the organizers of the
workshop for the opportunity to present my recent works here
in an exiting area of south asia.

In this talk I would like to talk about flavor-symmetry based
flavor violation in supersymmetry.

The talk is based on these papers.

2

This is the plan of my talk. First I would like to try to give some
ideas about finite groups, and touch the origin of the resent
trends in using a finite group as a family group. There are
experts in the audience. So I would be happy if they can correct
me if I am wrong.

You may ask where non-abelian discrete symmetries come
from. There are some ideas, which I would like to discuss. It
may be a set up of the talk by Tatsuo Kobayashi.

Then I will talk about flavor-symmetry based flavor violation
and CP violation.

1

If the Neutralino LSP = DarkMatter

120 GeV <∼ mDark Matter
<∼ 330 GeV

1

I would like to thank Prof. Fritzsch and the organizers of the workshop for
the opportunity to present my recent works here in an exiting area of south
asia.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry.

The talk is based on these papers.

2

MFV is a commonly used notion in dealing with flavor violation in consid-
ering beyond the SM. First I would like to compare MFV with FSbFv. The
underling idea is not very much different, but the consequences are different.
The largest flavor group that commutes with the SM gauge interactions is
U(3) to the fifth power, because there are left handed quak doublet family,
right handed u quark family, right handed d quark family, left handed lepton
doublet family and right handed charged lepton family. And each family has
three family members. This big group is explicitly and hardly broken down
to U(1)B x U(1)L x U(1)Y by the SM Yukawa interactions at the classical
level. (at the quantum level only U(1)B-L x U(1)Y) As for MFV one regards
the Yukawa couplings as auxiliary fields so that the Yukawa interactions are
formally invariant under the biggest group GF. But this is not a symme-
try in the sense of Neother. So it is a hypothesis. The phenomenological
consequence is that CP violation is possible only through the CKM matrix
and FCNCs are suppressed by the GIM mechanism. In contrast to MFV,
for FSbFV, one assumes that a subgroup of GF is really realized at some
low energy scale, and it is spontaneously or at most only softly broken. One
then hopes that CP violation and FCNC are well controlled by the flavor
symmetry. So this is a model.

1

120 GeV <∼ mDark Matter
<∼ 330 GeV

Input : λ = 0.22465 ∼ 0.22619 , A = 0.784 ∼ 0.825

EDM , b → sγ µ a large CP

1

I would like to thank you for your hospitality at the MPI and I am very happy
to have a chance to present my recent works. 2003 I gave a similar talk at
TU munich, and also at the university of Heidelberg. So you may wonder
whether I can tell you some news today? In fact there have been various
progress, from the theoretical point of view as well as from the experimental
point of view. As you know very well a number of different finite groups
as a family group has been considered in recent years. It is nice to explore
the different features of the finite group. 2003 I was presenting a model
based on the smallest finite group S3. Today nobody seems to e interested
in S3. Experimentally, the CKM parameters are much more precisely known
thanks to the B factor experiments. Similarly, the quark masses, thanks to
the computer power, are known with more precision. Model builder with
a family group can not simply ignore these experimental facts . Another
striking thing may be that CP violation in the B0 -B0 bar system could be
so large that the SM can not explain it. As I understand, the luminosity at
LHCb of this year will be sufficient to confirm a large CP violation in the
B0-B0 bar mixing.

In this talk I would like to talk about flavor-symmetry based flavor vio-
lation in supersymmetry, respecting all these developments.

The talk is based on these papers.
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large



Flavor symmetry with spontaneous CP can nicely 
suppress FCNCs and CP in SUSY models.

: small  to suppress EDMs
: large  to suppress FCNC

Large SUSY breaking in the extra Higgs sector

III Conclusion

|Vus| = 0.22535 ± 0.00065

|Vcb| = (0.04082 ± 0.00045) × 1.015 (1)
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Built-in mechanism to keep CP small in the 
first two generations, but to enhance CP for 
the third generation.

*

*
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try in the sense of Neother. So it is a hypothesis. The phenomenological
consequence is that CP violation is possible only through the CKM matrix
and FCNCs are suppressed by the GIM mechanism. In contrast to MFV,
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low energy scale, and it is spontaneously or at most only softly broken. One
then hopes that CP violation and FCNC are well controlled by the flavor
symmetry. So this is a model.
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