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 The Flavor Problem

No principle to fix 
the structure of the Yukawa sector

* Why Ng=3?
* What is the origin of 
  the fermion masses hierarchy?

* Why                           ?

最近の研究

4 for the quark mixing VCKM

4(6) for the neutrino mixing VMNS

6 quark masses, 3 charged leoton massses, 3 neutrino masses

|VCKM| !



0.97 0.22 0.0044

0.22 0.97 0.042

0.01 0.04 0.99



|VMNS| !



cos θsol sin θsol 0.07

sin θsol1/
√

2 cos θsol1/
√
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√
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sin θsol1/
√

2 cos θsol1/
√

2 1/
√

2


(sin θsol ! 0.55)

|(VMNS)13| < 0.2

VCKM ! VMNS

and so on.



The problem of 
the parameter redundancy 

in the Yukawa sector

*(The most important to me) one is:

The total # of the free 
parameters = 36(36-8=28) in the 
quark sector.

(Yij × 2)

(mq, q = u, d, . . . , t and VCKM)

DN ⊂ S0(3) , N = 3, 4, 5, ...

Q2N ⊂ SU(2) , 2N = 4, 6, 8, ...

∞

The Yukawa sector of the standard model (SM) contains many redundant parameters.

$ sin2β
The Yukawa sector of the standard model (SM) contains many redundant parameters.

µ→ e + γ , b→ s + γ

1



But only 10 

are observable!

36(28)-10=26(18) parameters can be 
anything they like.

This is the very nature of the SM

(Yij × 2)

(mq, q = u, d, . . . , t and VCKM)

DN ⊂ S0(3) , N = 3, 4, 5, ...

Q2N ⊂ SU(2) , 2N = 4, 6, 8, ...

∞

The Yukawa sector of the standard model (SM) contains many redundant parameters.

$ sin2β
The Yukawa sector of the standard model (SM) contains many redundant parameters.

µ→ e + γ , b→ s + γ

1



The Yukawa couplings in the basis of the 
flavor eigenstates are not measurable.

or equivalently,

(Yij × 2)

(mq, q = u, d, . . . , t and VCKM)

DN ⊂ S0(3) , N = 3, 4, 5, ...

Q2N ⊂ SU(2) , 2N = 4, 6, 8, ...

UuL, UdL, UuR, UdR

∞

The Yukawa sector of the standard model (SM) contains many redundant parameters.

$ sin2β
The Yukawa sector of the standard model (SM) contains many redundant parameters.

µ→ e + γ , b→ s + γ

1

are not measurable
in the SM.

But they may become physical parameters 
if the SM is extended. 



In a naively extended model there will be 
more free parameters than in the SM

(Yij × 2)

(mq, q = u, d, . . . , t and VCKM)

DN ⊂ S0(3) , N = 3, 4, 5, ...

Q2N ⊂ SU(2) , 2N = 4, 6, 8, ...

UuL, UdL, UuR, UdR

ψ qR φ , ψ qR WR

∞

The Yukawa sector of the standard model (SM) contains many redundant parameters.

$ sin2β
The Yukawa sector of the standard model (SM) contains many redundant parameters.

µ→ e + γ , b→ s + γ

1

gaugino

gauge field for R

making                  observable.

(Yij × 2)

(mq, q = u, d, . . . , t and VCKM)

DN ⊂ S0(3) , N = 3, 4, 5, ...

Q2N ⊂ SU(2) , 2N = 4, 6, 8, ...

UuL, UdL, UuR, UdR

UuR, UdR

ψ qR φ , ψ qR WR

∞

The Yukawa sector of the standard model (SM) contains many redundant parameters.

$ sin2β
The Yukawa sector of the standard model (SM) contains many redundant parameters.

µ→ e + γ , b→ s + γ

1

The most famous example is the MSSM.

THE SUSY flavor problem



A popular assumption is:
Unified Theory can solve the flavor problem.

Our standpoint is:
The problem can be partially solved
by a low energy flavor symmetry.



More than 100 so& parameters into the SM.

They induce FCNCs and CP
 that are extremely suppressed in the SM.

Q U c, Dc, Hu, Hd Q3 U c
3 , D

c
3, H

u
3 , Hd

3

Q6 21 22 1+,2 1−,1

L Ec, N c L3 Ec
3, N

c
3

Q6 21 22 1+,2 1−,1

L, Ec, N c L3, Ec
3 N c

3

Q6 22 1+,0 1−,3

∆MBs/∆MBd
>

ZM × ZN

µ → e + γ , b → s + γ ,

∆MK , ∆MB , εK , ε′/ε ,

9

and EDMs.

The SUSY Flavor Problem



Extreme fine-tuning of the so& SUSY
parameters is needed to make the MSSM
consistent.

The SUSY flavor proble'



A popular assumption is:

Hidden Sector Scenario

MSSM
Mediator

SUSY

Gravity, Gauge, Anomaly, Gaugino, etc
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We us*

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

Testable predictions

No hidden sector scenario

low-energy flavor symmetry



II  Two Examples (D7 and Q6)

13

(d7,Q6) Non-Abelian   vs  abelian  

  (d7,Q6) continuous   vs   discrete 

(d7,Q6) softly          vs  hardly broken                       
or spontaneously 

   (d7,Q6)   low  energy    vs   high energy 

(Q6) for  the quarks      vs  (d7) only for the quarks 
and leptons                        or only for the leptons 

(d7,Q6) renormalizable vs non-renormalizable 



Classificatio# 
of Finite  Groups

(Frampton and Kephart, ’o1)

14

Few words o# 
finite groups

of lower orders



Twisted products

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

φ′(x, y) = S φ(Λ−1x, y), S ∈ SL(2, C), Λ ∈ L↑
+ (2)

R̃N = Rotation about 2π/N (N = 12) (3)

P̃D = Parity transformation (4)

GDN = {R̃N , (R̃N)2, . . . , (R̃N)N = 1,

R̃N P̃D, (R̃N)2P̃D, . . . , (R̃N)N P̃D = P̃D}

= {2π/N, 4π/N, . . . , 2π, 2

π/N with P̃D, 4π/N with P̃D, . . . , P̃D}rotations

SN , N = 3, 4, 5, . . .

AN , N = 4, 5, . . .

([ZM , ZN ] = 0)

6

15

Literature on Finite Groups: Landau and Lifschitz,” Quantum mechanics”



Finite Groups 

The classification of the finite groups has bee# 
completed 1981 (Gorenstein); about 100 years later 
than the case of the continues group.

g= order of a finite group
  = # of the group elements

16



1. No non-abelian finite group exists  for odd g.

2. For sma!er g  there exist only three types.

3. The sma!est non-abelian finite group is S3=D3.

a) Permutation groups

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

φ′(x, y) = S φ(Λ−1x, y), S ∈ SL(2, C), Λ ∈ L↑
+ (2)

R̃N = Rotation about 2π/N (N = 12) (3)

P̃D = Parity transformation (4)

GDN = {R̃N , (R̃N)2, . . . , (R̃N)N = 1,

R̃N P̃D, (R̃N)2P̃D, . . . , (R̃N)N P̃D = P̃D}

= {2π/N, 4π/N, . . . , 2π, 2

π/N with P̃D, 4π/N with P̃D, . . . , P̃D}rotations

SN , N = 3, 4, 5, . . . , AN , N = 4, 5, . . .

DN , N = 3, 4, 5, . . .

Q2N , N = 2, 3, 4, . . .

([ZM , ZN ] = 0)

6

b) Dihedral groups
 and 
Binary dihedral (Dicyclic) group

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

φ′(x, y) = S φ(Λ−1x, y), S ∈ SL(2, C), Λ ∈ L↑
+ (2)

R̃N = Rotation about 2π/N (N = 12) (3)

P̃D = Parity transformation (4)

GDN = {R̃N , (R̃N)2, . . . , (R̃N)N = 1,

R̃N P̃D, (R̃N)2P̃D, . . . , (R̃N)N P̃D = P̃D}

= {2π/N, 4π/N, . . . , 2π, 2

π/N with P̃D, 4π/N with P̃D, . . . , P̃D}rotations

SN , N = 3, 4, 5, . . . , AN , N = 4, 5, . . .

DN , N = 3, 4, 5, . . .

Q2N , N = 2, 3, 4, . . .

([ZM , ZN ] = 0)

6

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

φ′(x, y) = S φ(Λ−1x, y), S ∈ SL(2, C), Λ ∈ L↑
+ (2)

R̃N = Rotation about 2π/N (N = 12) (3)

P̃D = Parity transformation (4)

GDN = {R̃N , (R̃N)2, . . . , (R̃N)N = 1,

R̃N P̃D, (R̃N)2P̃D, . . . , (R̃N)N P̃D = P̃D}

= {2π/N, 4π/N, . . . , 2π, 2

π/N with P̃D, 4π/N with P̃D, . . . , P̃D}rotations

SN , N = 3, 4, 5, . . . , AN , N = 4, 5, . . .

DN , N = 3, 4, 5, . . .

Q2N , N = 2, 3, 4, . . .

([ZM , ZN ] = 0)

6

c) Twisted products of 

Q U c, Dc, Hu, Hd Q3 U c
3 , D

c
3, H

u
3 , Hd

3

Q6 21 22 1+,2 1−,1

L Ec, N c L3 Ec
3, N

c
3

Q6 21 22 1+,2 1−,1

L, Ec, N c L3, Ec
3 N c

3

Q6 22 1+,0 1−,3

∆MBs/∆MBd
>

ZM × ZN

9



D7 model by Chen+Ma, hep-ph/0505064

a,b,b’,c=real
   ~<H1>/<H2>=complex

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 c ξb

c 0 b

ξb′ b′ a


(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

ms

md
= 18 ± 0.2 17 ± 0.2 16 ± 0.2

ρ η

19.5 ± 2.5

19.5 ± 2.5 × 1.5

ms

md
= 19.5 ± 2.5 ± 2.5 × 1.5

He

H2
$ 1

3

α − β − γ

1

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 c ξb

c 0 b

ξb′ b′ a


(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

ms

md
= 18 ± 0.2 17 ± 0.2 16 ± 0.2

ρ η

19.5 ± 2.5

19.5 ± 2.5 × 1.5

ms

md
= 19.5 ± 2.5 ± 2.5 × 1.5

He

H2
$ 1

3

α − β − γ

1

ξ

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 c ξb

c 0 b

ξb′ b′ a


(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

ms

md
= 18 ± 0.2 17 ± 0.2 16 ± 0.2

ρ η

19.5 ± 2.5

19.5 ± 2.5 × 1.5

ms

md
= 19.5 ± 2.5 ± 2.5 × 1.5

He

H2
$ 1

3

1

6 parameters for md, ms, mb and Vck'



Q6 model by Babu+Kubo, hep-ph/0411226

ξ

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 cd ξbd

cd 0 bd

ξb′d b′d ad


Q6 : 1+0 , 1+2 , 1−1 , 1−3 , 21 , 22 (2)

(u, d)i ∼ 21 + 1+2 , uc
i , d

c
i ∼ 22 + 1−1 (3)

(ν, e)i ∼ 22 + 1+0 , νc
i ∼ 22 + 1−3 , ec

i ∼ 22 + 1+0

Hu
i ∼ 22 + 1−1 , Hd

i ∼ 22 + 1−1

Mu , Md =



0 cu,d bu,d

cu,d 0 bu,d

b′u,d b′u,d au,d


, MD =



−cν cν 0

cν cν 0

b′ν b′ν aν


, Me =



−ce ce be

ce ce be

b′e b′e 0



(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

ms

md
= 18 ± 0.2 17 ± 0.2 16 ± 0.2

1

More singlet Hi.ses, spontaneous CP



ξ

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 cd ξbd

cd 0 bd

ξb′d b′d ad


Q6 : 1+0 , 1+2 , 1−1 , 1−3 , 21 , 22 (2)

(u, d)i ∼ 21 + 1+2 , uc
i , d

c
i ∼ 22 + 1−1 (3)

(ν, e)i ∼ 22 + 1+0 , νc
i ∼ 22 + 1−3 , ec

i ∼ 22 + 1+0

Hu
i ∼ 22 + 1−1 , Hd

i ∼ 22 + 1−1

Mu , Md =



0 cu,d bu,d

cu,d 0 bu,d

b′u,d b′u,d au,d


, MD =



−cν cν 0

cν cν 0

b′ν b′ν aν


, Me =



−ce ce be

ce ce be

b′e b′e 0



(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

ms

md
= 18 ± 0.2 17 ± 0.2 16 ± 0.2

1

a, b, b’, c=real
<H1> = <H2>
one phase for Vck'
two phase for Vmns

9 parameters for m_quark, Vckm (10) 
8 parameters for m_lepton, Vnms (12)
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D7

Q6

ms / md = 19.5 ± 2.5



T ! 1010(100億) K [(mn −mp)c2 = 1.5× 1010 K]

nn/np ! 0.2

nγ ! 1022 コ/cm3 （地上では∼ 106コ/cm3）

大きさ ! 40光年 （１％大きくなるのに 2秒）

j

19.5± 2.5

19.5± 2.5× 1.5

He

H2
! 1

3

α− β − γ

3He + 3He → 4He + 2p

∆λ

λ
! v

c

H2 + He ! 245 コ/cm3 , nγ ! 5.5× 1011 コ/cm3

ν = 4.08

6× 1010 Hz ≤ ν ≤ 3× 1012 Hz

Λ

0.01 cm ≤ λ ≤ 0.5 cm

1
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Q6

D7

ms / md = 18.0±0.2

ms/md = 19.25 ± 2.5 (PDG2006)

ξ

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 cd ξbd

cd 0 bd

ξb′d b′d ad


Q6 : 1+0 , 1+2 , 1−1 , 1−3 , 21 , 22 (2)

(u, d)i ∼ 21 + 1+2 , uc
i , d

c
i ∼ 22 + 1−1 (3)

(ν, e)i ∼ 22 + 1+0 , νc
i ∼ 22 + 1−3 , ec

i ∼ 22 + 1+0

Hu
i ∼ 22 + 1−1 , Hd

i ∼ 22 + 1−1

Mu , Md =



0 cu,d bu,d

cu,d 0 bu,d

b′u,d b′u,d au,d


, MD =



−cν cν 0

cν cν 0

b′ν b′ν aν


, Me =



−ce ce be

ce ce be

b′e b′e 0



(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

1
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Q6
D7

ms / md = 17.0±0.2

ms/md = 19.25 ± 2.5 (PDG2006)

ξ

D7 : 1+ , 1− , 21 , 22 , 23 (1)

(u, d)i ∼ 21 + 1+ , uc
i ∼ 22 + 1+ , dc

i ∼ 21 + 1+

Hu
i ∼ 23 + 1+ , Hd

i ∼ 21 + 1+

Mu = diag. , Md =



0 cd ξbd

cd 0 bd

ξb′d b′d ad


Q6 : 1+0 , 1+2 , 1−1 , 1−3 , 21 , 22 (2)

(u, d)i ∼ 21 + 1+2 , uc
i , d

c
i ∼ 22 + 1−1 (3)

(ν, e)i ∼ 22 + 1+0 , νc
i ∼ 22 + 1−3 , ec

i ∼ 22 + 1+0

Hu
i ∼ 22 + 1−1 , Hd

i ∼ 22 + 1−1

Mu , Md =



0 cu,d bu,d

cu,d 0 bu,d

b′u,d b′u,d au,d


, MD =



−cν cν 0

cν cν 0

b′ν b′ν aν


, Me =



−ce ce be

ce ce be

b′e b′e 0



(WMAP :<∼ 0.2 eV)

BD ∈ Z2

BQ ∈ Z4

1
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D7

Q6

ms / md = 16.0±0.2
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ξ
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c
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−ce ce be

ce ce be
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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. δ = arg(Y ν
4 ) − φν = −φν .

4. sin θ13 " me/
√

2mµ " 3.4 × 10−3 and 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
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Figure 3: Fig.4. The effective Majorana mass < mee > as a function of sinφν with sin2 θ12 = 0.3 and
∆m2

21 = 6.9×10−5 eV2. The dashed, solid and dot-dashed lines stand for ∆m2
23 = 1.4, 2.3 and 3.0×10−3

eV2, respectively. The ∆m2
21 dependence is very small.

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
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The Yukawa sector of the standard model (SM) contains many redundant

parameters. ! sin2β
The Yukawa sector of the standard model (SM) contains many redundant

parameters.

∆ad
R, ∆a!

L, Ãe
b′ and Ãe

c of the present Q6 model should satisfy

∆ad < 10−1, ∆aL < 10−2, Ãe
b′ − Ãe

c < 10−1 (1)

m̃2
(q,!)LL = m2

q̃,!̃


aq,!

L 0 0

0 aq,!
L 0

0 0 bq,!
L

 , m̃2
aRR = m2

q̃,!̃


aa

R 0 0

0 aa
R 0

0 0 ba
R

 (a = u, d, e), (2)

while the other SSB parameters are allowed to be of O(1). So, one can fairly

say that Q6 symmetry can soften the SUSY flavor problem. Note also that the

degree of degeneracy of the left-handed squark masses ∆aq
L does not need to

be very accurate. We find that because of the constraint on ∆ad
R given in (1),

∆aQ < 10+1

u′
L d′

L ũLiU
i1
uL d̃LjU

j1
dL dLkU

k2
dL = s′L νLlU

l1
ν = ν ′

L1

(= U c
i U c

j Dc
k Ec

l )

Qi Qj Qk Ll Leff ∼ cLL(uddν)1121(u′
Ld′

L)(s′Lν ′
L1)

p → K+ + ν̄
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aLR)ij = Aa

ij (ma
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where Aa
i ’s are free parameters of dimension one, and the fermion masses m’s are given in

(17), (18) and (40). Here we assume that Aa
i ’s are in the same order as the gaugino masses.

They are real, because we impose CP invariance at the Lagrangian level.

We work in the super CKM basis and calculate

∆a
LL = U †

aL m̃2
(q,!)LL UaL and ∆a

RR(LR) = U †
aR(L) m̃2

aRR(LR) UaR (60)

to parameterize FCNCs and CP violations coming from the SSB sector, where the unitary

matrices U ’s are given in (33), (43) and (44). In doing so, one observes that something

interesting happens; a phase alignment. This is because the only source for CP phases

comes from VEVs (15). To see the phase alignment, we first observe that the matrices RL,R

and the phase rotation matrices P u,d
L,R, given in (19), (20) and (21), commute with the scalar

soft mass matrices m̃2
qLL and m̃2

u,dRR. This implies that ∆u,d
LL,RR are real, where ∆e

LL,RR is

trivially real as we see from (43) and (44). As for the left-right soft mass squared (59), we

find that (P a
L)† (Ra

L)Tm̃2
aLR Ra

RP a
R is a real matrix for all a = u, d, e. Consequently, no CP

violating processes induced by the SSB terms are possible in this model, satisfying the most

stringent experimental constraint coming from the EDM of the neutron and the electron

[10].

In [10], experimental bounds on the dimensionless quantities

δa
LL,RR,LR = ∆a

LL,RR,LR/m2
q̃,!̃

(a = u, d, e), (61)

are given. The theoretical values of δ’s for the present model are calculated below, where

∆aq,!
L = aq,!

L − bq,!
L , ∆aa

R = aa
R − ba

R, Ãa
i =

Aa
i

mq̃,!̃

(a = u, d, e), (62)

are introduced.

Leptonic sector (LL and RR):

(δe
12)LL = (δe

21)LL " 4.9× 10−3 ∆a!
L,

(δe
13)LL = (δe

31)LL " −1.7× 10−5 ∆a!
L,

(δe
23)LL = (δe

32)LL " 8.4× 10−8 ∆a!
L,

(δe
12)RR = (δe

21)RR " 8.4× 10−8 ∆ae
R, (63)

(δe
13)RR = (δe

31)RR " 5.9× 10−2 ∆ae
R,

(δe
23)RR = (δe

32)RR " −1.4× 10−6 ∆ae
R.
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III. SUPPRESSION OF FCNCS AT MSUSY

Since all the soft scalar masses have the form (8), we write the mass matrices as

m̃2
aLL = m2

a


aa

L 0 0

0 aa
L 0

0 0 ba
L

 , m̃2
aRR = m2

a


aa

R 0 0

0 aa
R 0

0 0 ba
R

 (a = !̃, q̃), (35)

where m!̃,q̃ denote the average of the slepton and squark masses, respectively, and

(aL(R), bL(R)) are dimensionless free parameters of O(1). Further, since the trilinear in-

teractions are also S3 invariant, the left-right mass matrix can be written as

m̃2
aLR =


ma

1A
a
1 + ma

2A
a
2 ma

2A
a
2 ma

5A
a
5

ma
2A

a
2 ma

1A
a
1 −ma

2A
a
2 ma

5A
a
5

ma
4A

a
4 ma

4A
a
4 ma

3A
a
3

 (a = !̃, q̃), (36)

where Aa
i are free parameters of dimension one. Here we assume that they are in the same

order as the gaugino masses.

We consider FCNC processes, e.g. Br(µ → e + γ), that are proportional to the off-

diagonal elements of

∆a
LL,RR = U †

aL,R m̃2
aLL,RR UaL,R and ∆a

LR = U †
aL m̃2

aLR UaR. (37)

By using the unitary matrices given in Eqs. (23),(24) and (28)-(31), ∆’s can be explicitly

evaluated. In [7], experimental bounds on the dimensionless quantities

δa
LL,RR,LR = ∆a

LL,RR,LR/m2
ã (a = !, q), (38)

are given, which are summarized in Table I. The theoretical values of δ’s for the present

model are calculated below, where

∆aa
L,R = aa

L,R − ba
L,R, Ãa

i =
Aa

i

mã
(a = !, q), (39)

and aL,R, bL,R are defined in (35).
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A parametrization of FCNCs and   CP
in the superCKM basis:

B(µ− → e− + γ) < 10−12

∆MK = MKL − MKS # 10−12 GeV

d(n)/e < 10−12 cm

Im δ′s → CP violations

Nondiag. δ′s → FCNCs

3



The most stringent constraints
coming /om EDMs are satisfied.

A. CP violations induced by the so& terms

φ(x, y) → φ′(x, y) = Q̃2N φ(x, y), Q̃2N ∈ Q2N

DN ⊂ S0(3)

det R̃N = det P̃D → 1

Q2N ⊂ SU(2)

det R̃2N = det P̃Q = 1

(θN = 2π/N)

Q6

2k =


real for k = even

pseudoreal for k = odd

21 × 22 = 1−,3 + 1−,1 + 21 x1

x2

 ×

 a1

a2

 = (x1a2 + x2a1) (x1a1 − x2a2)

 x1a1 + x2a2

x1a2 − x2a1

 .

∆LL,RR = U †
L,R m̃2

LL,RR UL,R = real

∆LR = U †
aL m̃2

LR UR = real

7

and spontaneous CP

Phase alignmen0
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Exp. bound Q6 Model

|(δl
12)LL| 4.0 × 10−5 m̃2

l̃
4.8 × 10−3∆L

|(δl
12)RR| 9 × 10−4 m̃2

l̃
8.4 × 10−8∆e

|(δl
13)LL| 2 × 10−2 m̃2

l̃
1.710−5∆L

|(δl
23)LL| 2 × 10−2 m̃2

l̃
8.4 × 10−8∆L

|(δl
23)LL(δd

13)LL| 1 × 10−4 m̃2
l̃

1.4 × 10−12
√

∆L∆e

|(δl
23)LL(δl

13)RR| 2 × 10−5 m̃q̃ 5 × 10−9
√

∆L∆e

|(δl
23)RR(δl

13)RR| 9 × 10−4 m̃2
l̃

8.3 × 10−8
√

∆L∆e

|(δl
23)RR(δl

13)LL| 2 × 10−5 m̃2
l̃

2.4 × 10−11
√

∆L∆e

|(δl
12)LR| 8.4 × 10−7 m̃2

l̃
∼ 10−6m̃−1

l̃|(δl
13)LR| 1.7 × 10−2 m̃2

l̃
∼ 10−7m̃−1

l̃|(δl
23)LR| 1 × 10−2 m̃2

l̃
∼ 10−9m̃−1

l̃

Table 2: Experimental bounds on δ’s, where the parameter m̃l̃ denote ml̃/100
GeV.

2

Lepton sector
(Kobayashi, Terao and Kubo, ’04)

B. FCNCs induced by the so& terms



Exp. bound Q6 Model√
|Re(δd

12)
2
LL,RR| 4.0 × 10−2 m̃q̃ (LL)1.2 × 10−4∆Q, (RR)1.7 × 10−1∆d√

|Re(δd
12)LL(δd

12)RR| 2.8 × 10−3 m̃q̃ 4.5 × 10−3
√

∆Q∆d√
|Re(δd

12)
2
LR| 4.4 × 10−3 m̃q̃ ∼ 10−4m̃−1

q̃√
|Re(δd

13)
2
LL,RR| 9.8 × 10−2 m̃q̃ (LL)7.9 × 10−3∆Q, (RR)1.4 × 10−1∆d√

|Re(δd
13)LL(δd

13)RR| 1.8 × 10−2 m̃q̃ 3.4 × 10−2
√

∆Q∆d√
|Re(δd

13)
2
LR| 3.3 × 10−3 m̃q̃ ∼ 10−4m̃−1

q̃√
|Re(δu

12)
2
LL,RR| 1.0 × 10−1 m̃q̃ (LL)1.2 × 10−4∆Q, (RR)4.4 × 10−4∆u√

|Re(δu
12)LL(δu

12)RR| 1.7 × 10−2 m̃q̃ 2.3 × 10−4
√

∆Q∆u√
|Re(δu

12)
2
LR| 3.1 × 10−3 m̃q̃ ∼ 10−4m̃−1

q̃

|(δd
23)LL,RR| 8.2 m̃2

q̃ (LL)1.6 × 10−2∆Q, (RR)4.7 × 10−1∆d

|(δd
23)LR| 1.6 × 10−2 m̃2

q̃ ∼ 10−2m̃−1
q̃

Table 1: Experimental bounds on δ’s, where the parameter m̃q̃ denote mq̃/500
GeV.

1

Quark sector

(Itou,Kajiyama, Kubo)



IV  Conclusio#
“Low-energy discrete Flavor Symmetry”

constrains the flavor structure of the SM,
reducing the number of the redundan0
parameters of the SM.

so&ens the flavor proble'
and the SUSY flavor problem.
No assumption on the universality of the so2 
terms is needed.





Q Q3 U c, Dc U c
3 , Dc

3 L L3 Ec, N c Ec
3 N c

3 Hu,Hd Hu
3 ,Hd

3 S T Y

Q6 21 1+,2 22 1−,1 22 1+,0 22 1+,0 1−,3 22 1−,1 21 22 1+,2

Z4 3 3 0 0 1 1 2 2 2 1 1 2 2 0

R − − − − − − − − − + + + + +

TABLE I: Q6 × Z4 × R assignment of the chiral supermultiplets, where R is the R parity. This is an

alternative assignment to the one given in [27]. The abelian Z4 is also an alterative to the abelian discrete R

symmetry Z12R [27], for which one needs more singlets to construct a desired Higgs sector. The anomalies,

Q6[SU(2)L]2, Q6[SU(3)C ]2, Z4[SU(2)L]2 and Z4[SU(3)C ]2, can be cancelled by the Green-Schwarz mecha-

nism if, for instance, κ2 = κ3 is satisfied [40], where κ2 and κ3 are the Kac-Moody levels for SU(2)L and

SU(3)C , respectively.

where

WQ =
∑

I,i,j,k=1,2,3

(
Y uI

ij QiU
c
j H

u
I + Y dI

ij QiD
c
jH

d
I

)
, (8)

WL =
∑

I,i,j,k=1,2,3

(
Y eI

ij LiE
c
jH

d
I + Y νI

ij LiN
c
j H

u
I

)
+

mN

2

∑
i=1,2

(N c
i )

2 +
λN

2
(N c

3)
2Y, (9)

WH = mT (T 2
1 + T 2

2 ) + mY Y 2 + λS(S2
1 + S2

2)Y

+λ1(H
u
1 S2 + Hu

2 S1)H
d
3 + λ2(H

d
1S2 + Hd

2S1)H
u
3

+λ3

[−(Hu
1 Hd

1 −Hu
2 Hd

2 )T1 + (Hu
1 Hd

2 + Hu
2 Hd

1 )T2

]
. (10)

The Yukawa matrices Y ’s are given by

Yu1(d1) =

 0 0 0

0 0 Y u(d)
b

0 Y u(d)
b′ 0

 , Yu2(d2) =

 0 0 Y u(d)
b

0 0 0

−Y u(d)
b′ 0 0

 ,

Yu3(d3) =

 0 Y u(d)
c 0

Y u(d)
c 0 0

0 0 Y u(d)
a

 , (11)

Ye1 =

 −Y e
c 0 Y e

b

0 Y e
c 0

Y e
b′ 0 0

 , Ye2 =

 0 Y e
c 0

Y e
c 0 Y e

b

0 Y e
b′ 0

 , Ye3 = 0, (12)

Yν1 =

 −Y ν
c 0 0

0 Y ν
c 0

Y ν
b′ 0 0

 , Yν2 =

 0 Y ν
c 0

Y ν
c 0

0 Y ν
b′ 0

 ,

Yν3 =

 0 0 0

0 0 0

0 0 Y ν
a

 . (13)
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