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IntroductionIntroduction

In gauge-Higgs unification, 
achieving flavor violation is a nontrivial issue

∵ Yukawa couplings are originated 
from gauge coupling

i.e. universal for all flavors

In gauge-Higgs unification, 
achieving flavor violation is a nontrivial issue

∵ Yukawa couplings are originated 
from gauge coupling

i.e. universal for all flavors



As a new feature of higher dimensional models 
with Z2 orbifold, Z2-odd bulk masses are allowed

( ) ( )( ):i i iM y yε ψ ψ ε sign function

with Mi being different depending on each flavor

New source of flavor violation 
specific to higher dimensional models

New source of flavor violation 
specific to higher dimensional models



Zero mode Weyl fermions 
with different chirality localize 

at an opposite side
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4D effective Yukawa coupling4D effective Yukawa coupling
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No need of unnatural fine-tuning for 5D parameters 
due to exponential suppression

To get a viable top mass is not trivial, but possible
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due to exponential suppression

To get a viable top mass is not trivial, but possible



At first glance, 
the bulk masses can be off-diagonal in flavor space, 

which seems to generate flavor mixing

Unfortunately, it is not the case:
For each representation R of the gauge group, 

a general form of bulk mass terms

can be diagonalized 
by a suitable unitary transformation,
leaving the kinetic term invariant

Unfortunately, it is not the case:
For each representation R of the gauge group, 

a general form of bulk mass terms

can be diagonalized 
by a suitable unitary transformation,
leaving the kinetic term invariant
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We are led to introduce 
brane localized mass terms,

which are necessary to make exotics heavy
& are the sources of flavor mixing

as will be seen below

We are led to introduce 
brane localized mass terms,
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ModelModel

5D SU(3) model compactified on 1
2S Z
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N-generations of bulk fermion are introduced

(i = 1, …, N)

Need to eliminate the redundant 
quark doublets (Q) and exotics (∑)

Brane localized mass termsBrane localized mass terms
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fields

Brane mass matrices
(off-diagonal elements
are generically allowed)

“Flavor mixing”
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“2Nx2N unitary matrix”

“generation dependent” bulk masses
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Yukawa couplingYukawa coupling

Diagonalization

Yukawa coupling with flavor mixing



M3,6 ∝ 1 (Yu,d ∝ 1) case (flavor symmetry restored)M3,6 ∝ 1 (Yu,d ∝ 1) case (flavor symmetry restored)
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To get flavor mixing, 

we need non-degenerate bulk masses
as well as the off-diagonal brane masses

(specific to gauge-Higgs unification)

To get flavor mixing, 

we need non-degenerate bulk masses
as well as the off-diagonal brane masses

(specific to gauge-Higgs unification)

LessonLesson
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Yukawa couplings

Parameterize rotation angles as (CP invariance is assumed)

with satisfying a unitarity condition
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Now, we focus on 2 generation case



2 2 † 2 2 †

ˆ ˆˆ ˆ ˆ ˆ ˆdet , det ,

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ, ,

u c u d s d i i W

u c u u d s d d c dL uL

m m Y m m Y m m m

m m TrY Y m m TrY Y θ θ θ

 = = ≡


+ = + = = −

  

  

( )( )
( )( )

( ) ( ) ( )( )

( )( ) ( )
( )

2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2

2 2 2 2

2 2 2 2

ˆ ˆ ˆ ˆ, 1 1

ˆ ˆ sin

ˆ ˆ 1 1 sin

tan 2 tan 2
tan 2

1 tan 2 tan 2

2 1 1 sin cos
tan 2

1 cos

u c d s

u c

d s

dL uL
c

dL uL

dL

m m a b c d m m a b c d

m m a c b d a b c d

m m a c b d a b c d

a b d c

a c d

θ

θ

θ θθ
θ θ

θ θ
θ

θ

= = − −

′+ = + − − −

+ = − + − − − −

−=
+

− − −
=

− +

 

   
( ) ( )( )

( )
( ) ( )

2 2 2 2 2 2

2 2

2 2 2 2 2 2 2 2 2 2

sin 1 sin cos

2 sin cos
tan 2

cos sin sin cos
uL

b c d

ab d c

a c d b c d

θ θ θ

θ θ
θ

θ θ θ θ



 − − +


′ ′−
=

′ ′ ′ ′+ − +

Parameter fitting (6 parameters - 5 observables = 1 parameter)
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Mixing again

Universal bulk mass limit (c=d)Universal bulk mass limit (c=d)

tan2θc = 0   i.e. θc = 0 tan2θc = 0   i.e. θc = 0 

Check



Natural flavor conservationNatural flavor conservation

FCNC has played crucial roles 
in the discussion of the viability of New Physics

We ask if “natural flavor conservation” is satisfied, 
i.e. if FCNC processes at tree level are forbidden

Glashow-Weinberg conditionGlashow-Weinberg condition

“Fermions with the same electric charges, chirality 
should have the same quantum numbers 

(such as I3)”

“Fermions with the same electric charges, chirality 
should have the same quantum numbers 

(such as I3)”

Glashow & Weinberg (1977)



3 = 2L1/6 (Q) (+) + 1L-1/3 (-)
2R1/6 (-) + 1R-1/3 (dR) (+)

6* =  3L-1/3 (-) + 2L1/6 (Q) (+) + 1L2/3 (-)
3R-1/3 (+) + 2R1/6 (-) + 1R2/3 (uR) (+)

3 = 2L1/6 (Q) (+) + 1L-1/3 (-)
2R1/6 (-) + 1R-1/3 (dR) (+)

6* =  3L-1/3 (-) + 2L1/6 (Q) (+) + 1L2/3 (-)
3R-1/3 (+) + 2R1/6 (-) + 1R2/3 (uR) (+)

Parity assignmentParity assignment

The condition is satisfied in the down sector
relevant to K-Kbar mixing @tree level

( ) ( ) ( )03 2 3 3 4 33 1 3RR R↑ ↓−⊕ ⊕ −
Same quantum number as down quark

“Not” the end of the story

“exotic”



0 0K K− mixing

Non-degenerate bulk masses

FCNC at tree level even in QCD sector
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0 mode sector: No mixing  O.K.

Nonzero KK gluon couplings 
induce nontrivial flavor mixing

⇒ mixing@tree level0 0K K−
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“Chiral suppression”
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“Dominant”
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3 types of amplitudes should be considered
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KL-KS mass difference
We have calculated KL-KS mass difference 
from the dominant left-right type amplitude

B4,5: Bag parameters (B4=0.81, B5=0.56)



Comparing the data

ΔmK (KK modes) < 5.8 x 10^(-13) MeVΔmK (KK modes) < 5.8 x 10^(-13) MeV
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gives the lower bound 
for the compactification scale as

See numerical plots
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θ=0



2 2
0

3
2 2

cos sin 1 0 1 0

sin cos 0 1 0 1

a a
U

b b

θθ θ
θ θ

=
   − − − 
   = → 
     − −   

            

                    

( )
( )

2
†

2

2 2

† †

2 2

0 1 0ˆ ,
0 0 1

1 0
ˆ ˆ 1, . .

0 1
0

d dR dL

d d dR dR dR dR

c a
Y V V

d b

a c
Y Y V V V i e

b d
θ

 −  ′ =  
   − 

 −
 ∴ = ⇒ =
 − 

=
    

     

        

        
   

         

( ) ( ) ( ) ( ) 2
1 0 0 2 0 02 2

2
sin 2 0

1
n

n n
K S K K RR RR

n
dRm R f m I I

n
θα

−
 ∆ − = ∑∼KK modes
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No constraint of 1/R from the left-right type…

Vanishing mixing
in down sector



But, we have to notice that the L-L type or R-R type 
dominates over the L-R one at some value of sinθ’
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Chiral suppression

(Right-Right type is also 
suppressed similarly)

Most stringent lower 
bound of 1/R from LL

～ 60TeV x 1/5
～ O(10TeV)

Most stringent lower 
bound of 1/R from LL

～ 60TeV x 1/5
～ O(10TeV)

( )0
Ls ( )0

Rs( )0
Rd ( )0

Rd

( )0
Ls( )0

Ls( )0
Ld

( )0
Rs

( )0
Ld

( )0
Ld

0 5K s dγ∼

0K 0K

Left-Left type Left-Right type

( )a nGµ
( )a nGµ



( )1
min19.2 171R TeV−≤ ≤

Solution 2



“GIM-like” mechanism in GHU“GIM-like” mechanism in GHU

In the above results, 
the lower bound for the compactification scale is smaller

than that from naïve order estimate
(except the extreme case of |sinθ’|～1)

( )
( )

2

22 5

sin cos 1

10
300K

c c

KK
KM Te

M T
V

eV
θ θ

≥≤ ⇒

This apparent discrepancy can be understood 
since the “GIM-like” mechanism works in GHU

i.e. FCNC processes are automatically suppressed 
for light generation of quarks
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Light quarks masses are obtained from the large bulk masses
through the factor exp[-πRM]

In the large bulk mass limit, 
the KK mode sum can be approximated as follows
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More intuitive understanding of “GIM-like” suppressionMore intuitive understanding of “GIM-like” suppression

FCNC is controlled by the factor
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In πMR >> 1 limit & for small mode index n 

Width “1/M” of 
0 mode function

Period 2πR/n of 
KK gluon mode function≪

Almost flat KK gluon mode function 
for fast exponential dumping 0 mode fermions

Almost flavor universal (similar to 0 mode sector)



In the extreme case of |sinθ’|～1
the bulk mass of 2nd generation
happens to be relatively small 

(see plot, d～1)
↓

“GIM-like” mechanism does not work
↓

Severe lower bound for the compactification scale





In the extreme case of |sinθ’|～1
the bulk mass of 2nd generation
happens to be relatively small 

(see plot, d～1)
↓

“GIM-like” mechanism does not work
(No exponential suppression)

↓

Severe lower bound for the compactification scale



SummarySummary

We have studied the mechanism of generating 
flavor mixing in gauge-Higgs Unification

●Non-degenerate bulk masses as well as
brane masses play an important role for flavor mixing

●Especially, non-degenerate bulk masses are new sources 
of flavor violation beyond the Glashow-Weinberg 
argument & lead to FCNC at tree level

●In the case of                  mixing, 
nonzero KK gluon exchange at tree level yields 
the amplitude suppressed by the compactification 
scale and the data put its lower bound like O(10TeV)

● “GIM-like” mechanism works in GHU as well

●Non-degenerate bulk masses as well as
brane masses play an important role for flavor mixing

●Especially, non-degenerate bulk masses are new sources 
of flavor violation beyond the Glashow-Weinberg 
argument & lead to FCNC at tree level

●In the case of                  mixing, 
nonzero KK gluon exchange at tree level yields 
the amplitude suppressed by the compactification 
scale and the data put its lower bound like O(10TeV)

● “GIM-like” mechanism works in GHU as well

0 0K K−



Future directionsFuture directions

�Application to                mixing (in progress)

�Extension to 3 generations
(               mixing, b→sγ etc)

�Application to lepton sector (in progress)
(μ→3e, μ→e conversion, μ→eγ etc)

�Application to                mixing (in progress)

�Extension to 3 generations
(               mixing, b→sγ etc)

�Application to lepton sector (in progress)
(μ→3e, μ→e conversion, μ→eγ etc)
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No reason to choose the same bulk masses 
for different representations, 3 & 6*

Natural choice if we have some GUT 
where 3 & 6* are embedded into 

a single representation of the GUT group

Sp(8) → Sp(6) x SU(2) → SU(3) x U(1) x SU(2)Sp(8) → Sp(6) x SU(2) → SU(3) x U(1) x SU(2)

36 → (1, 3) + (21, 1) + (6, 2) 
→ (1, 3) + (1 + 6 + 6* + 8, 1) + (3 + 3*, 2)

36 → (1, 3) + (21, 1) + (6, 2) 
→ (1, 3) + (1 + 6 + 6* + 8, 1) + (3 + 3*, 2)

3 & 6* of SU(3) can be embedded into 
an adjoint representation 36 of Sp(8)
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SU(3) → SU(2) x U(1)SU(3) → SU(2) x U(1) HiggsHiggs
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Derivation of chiral suppressionDerivation of chiral suppression
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4-Fermi operator

Hadronic matrix element

“vacuum
saturation”

Fierz transformation
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