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High energy theory 
(unified theory)

Low energy theory   

Development in physics including gravity 
Development in mathematics
Constructing a new model 
Studying more on existing model



3

High energy theory 
(unified theory)

Low energy theory   

Development in physics including gravity 
Development in mathematics
Constructing a new model 
Studying more on existing model

✅

✅

New model to solve Strong CP problem, 
Hierarchy problem
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Strong CP problem

<latexit sha1_base64="hNh4p6R/YrFp0aIb91zqrU9/EvA="></latexit>

SQCD =

Z
d4x


Lquarks � ✓

g2

32⇡2
Gaµ⌫G̃a

µ⌫

�
QCD action:

QCD vacuum angle:
<latexit sha1_base64="/aErO0shD1BwYov5MpcLYfb6p8w="></latexit>

✓̄ = ✓ � arg(detMu · detMd)

Experimental upper bound on the angle:
<latexit sha1_base64="91OCfcmcP3FaIP+0Y+8SwP0HfHo="></latexit>

✓̄ . 10�10

How to explain the smallness?

’06 Baker et.al.
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Strong CP problem

CP symmetry is maximally broken by CKM phase:

<latexit sha1_base64="91OCfcmcP3FaIP+0Y+8SwP0HfHo="></latexit>

✓̄ . 10�10

<latexit sha1_base64="tSKKm50KNORIZzdInxm3P/9f8EU="></latexit>

�CKM ⇠ 1

<latexit sha1_base64="JCyUSXJKQyHEzdIgUtvqfGnuV2A="></latexit>

| arg(detMu · detMd)| ⇠ 1

O(1) CP phase quark mass matrices

The challenge for model building:

Some mechanism needs!
<latexit sha1_base64="UraHvdlNcADZSTBW4W12vjp7iYs="></latexit>

✓̄ � 10�10
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Solution to Strong CP problem
Axion: a dynamical solution to Strong CP problem

✓ ! ✓e↵
<latexit sha1_base64="a8YCq0x42cKcD/eIR8/9hlytFlM="></latexit><latexit sha1_base64="a8YCq0x42cKcD/eIR8/9hlytFlM="></latexit><latexit sha1_base64="a8YCq0x42cKcD/eIR8/9hlytFlM="></latexit><latexit sha1_base64="a8YCq0x42cKcD/eIR8/9hlytFlM="></latexit>

(axion field )

L✓ = �✓
g2

32⇡2
Gaµ⌫G̃a

µ⌫
<latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="6iYMZ3m+HxI6DPeCOOkQOl4S6jM="></latexit><latexit sha1_base64="6iYMZ3m+HxI6DPeCOOkQOl4S6jM="></latexit><latexit sha1_base64="0sopeGNqx8PAlTHYVf3kPvWwEDg="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit><latexit sha1_base64="zdZlWZoYd78fPOutVh1V66Pe+J0="></latexit>

L = �✓e↵
g2

32⇡2
Gaµ⌫G̃a

µ⌫
<latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="zGpo2rJ5WL/TXZyS6Mr6CZHx9+s="></latexit><latexit sha1_base64="zGpo2rJ5WL/TXZyS6Mr6CZHx9+s="></latexit><latexit sha1_base64="M6hreA+F5nn8DbJ+8zP61P/dcGg="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit><latexit sha1_base64="v5OHZZ2dqB7Zltf/1OBg0vFjpcE="></latexit>

!
<latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit>

V (✓e↵) = �⇤4
QCDcos(✓e↵)

<latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="cJt/2w2hYos10pRiqu0ewCnbd0M="></latexit><latexit sha1_base64="cJt/2w2hYos10pRiqu0ewCnbd0M="></latexit><latexit sha1_base64="l5DeTvF+cxbe++CxX06pzwWdAXE="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit><latexit sha1_base64="snvFlUXIrtat5hYlmmySA4dMkk8="></latexit>

Axion obtains potential by non-perturbative QCD effect

θ-parameter becomes a dynamical field θeff

At the potential minimum, Strong CP problem is solved!

V (✓e↵)
<latexit sha1_base64="UUWRqaZ6Stjdyl3Fgl3GjV5qV4U="></latexit><latexit sha1_base64="UUWRqaZ6Stjdyl3Fgl3GjV5qV4U="></latexit><latexit sha1_base64="UUWRqaZ6Stjdyl3Fgl3GjV5qV4U="></latexit><latexit sha1_base64="UUWRqaZ6Stjdyl3Fgl3GjV5qV4U="></latexit>

✓e↵
<latexit sha1_base64="cM0nVocqcsrzVGpK7S8zsKHj7EA="></latexit><latexit sha1_base64="cM0nVocqcsrzVGpK7S8zsKHj7EA="></latexit><latexit sha1_base64="cM0nVocqcsrzVGpK7S8zsKHj7EA="></latexit><latexit sha1_base64="cM0nVocqcsrzVGpK7S8zsKHj7EA="></latexit>

<latexit sha1_base64="BwvUKGnvGUW8OiC+9uFdunTD0GY="></latexit>

h✓̄i = 0
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Quality problem of axion model
Global symmetry does not protect axion potential

O

V
<latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="vYMPI5mvdanNXt9p42iWkUSZoUs="></latexit><latexit sha1_base64="vYMPI5mvdanNXt9p42iWkUSZoUs="></latexit><latexit sha1_base64="BGSNAgX4STDmMiTYb6MOX2rZNlY="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit>

a/Fa
<latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit><latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit><latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit><latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit>

O

V
<latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="vYMPI5mvdanNXt9p42iWkUSZoUs="></latexit><latexit sha1_base64="vYMPI5mvdanNXt9p42iWkUSZoUs="></latexit><latexit sha1_base64="BGSNAgX4STDmMiTYb6MOX2rZNlY="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit><latexit sha1_base64="QnFEa5j5optxcmG0UZ8YvXhmSI4="></latexit>

a/Fa
<latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit><latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit><latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit><latexit sha1_base64="iMEbs6+F8KgovM+yT/xXNNTtBtY="></latexit>

<latexit sha1_base64="jJzag1ymyyKphArqjU1y1+9VZUI="></latexit>

Vgravity ⇠ �
F 5
a

MP
cos(✓eff + �)

<latexit sha1_base64="nCsO4Sewtp1ocytY0Ypbc5K87bM="></latexit>

h✓̄i ⇠ 1

<latexit sha1_base64="bW5NNXcvhuHQMRe5aVmdDbmmQLQ="></latexit>

V (✓e↵) = �⇤4
QCDcos(a/Fa) + Vgravity

without very very tiny parameters
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Solutions to axion quality problem
Extra dimension model (5D axion model)
Introduction of additional gauge symmetries

Alternatice solution to Strong CP problem?

Conformal symmetry etc.

Spontaneous CP violation model
’84 Nelson,  ’84 Barr
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Spontaneous CP violation model
’84 Nelson,  ’84 Barr

Energy scale

CP symmetric

CP

SSB of CP symemtry

<latexit sha1_base64="IG6aC6Rf0EqF+0Nb7aAlPsL/jC4="></latexit>

�CKM = 0, ✓̄ = 0

<latexit sha1_base64="8SqNg/lUY4DANRBOJb8kfUpH6c0="></latexit>

�CKM ⇠ 1, ✓̄ ⇡ 0
✅ Tree level 

Loop levels✅



V

V

V

VVV
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A concrete model 

SM quark sector vector-like quarks
<latexit sha1_base64="P8RTzdCSW230oNTQDoUvwaG5Ye0="></latexit>

q, q̄
<latexit sha1_base64="v1J7x67MFcsw/XrYsHXTWaL0d7k="></latexit>

Qf , ūf , d̄f

<latexit sha1_base64="XeXYvIKu1mN9k0GzdZyL3/68j6s="></latexit>

L �
<latexit sha1_base64="K1wzLhR1/bsiljII8mL8xyXz0SE="></latexit>

+
X

f,f 0

Y
d
f,f 0HQf d̄f 0

<latexit sha1_base64="3ePFrIYHNd8+QLAm7K1VVt1zhXw="></latexit>

+
X

a,f

adaf⌘aqd̄f
<latexit sha1_base64="aoEYd81JBgFwG4FfTQbY4Z104yU="></latexit>

+µqq̄

<latexit sha1_base64="cdl9u1/RNp9dIz1INJWYAx//+es="></latexit>⌘a
<latexit sha1_base64="5VuiFlp8SFb6l7TCBCho9D9KUc0="></latexit>

argh⌘ai 6= 0

<latexit sha1_base64="QmsW7vEr45c42xPBy9Dwe813umc="></latexit>

M̂d =

✓
µ

P
a a

d
a,f h⌘ai

0 Y
d
ff 0hHi

◆

<latexit sha1_base64="lgCcfMQ8WI5IBkG/FmKDovpzKVk="></latexit>

arg det M̂d = 0 at tree level

<latexit sha1_base64="8Bbg9YxugRg3rM1/3v+d2OsnaAk="></latexit>

✓̄ = ✓ � arg(det M̂u · det M̂d) = 0 at tree levelThe angle is zero:
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A concrete model 

SM quark sector vector-like quarks
<latexit sha1_base64="P8RTzdCSW230oNTQDoUvwaG5Ye0="></latexit>

q, q̄
<latexit sha1_base64="v1J7x67MFcsw/XrYsHXTWaL0d7k="></latexit>

Qf , ūf , d̄f

<latexit sha1_base64="XeXYvIKu1mN9k0GzdZyL3/68j6s="></latexit>

L �
<latexit sha1_base64="K1wzLhR1/bsiljII8mL8xyXz0SE="></latexit>

+
X

f,f 0

Y
d
f,f 0HQf d̄f 0

<latexit sha1_base64="3ePFrIYHNd8+QLAm7K1VVt1zhXw="></latexit>

+
X

a,f

adaf⌘aqd̄f
<latexit sha1_base64="aoEYd81JBgFwG4FfTQbY4Z104yU="></latexit>

+µqq̄

<latexit sha1_base64="cdl9u1/RNp9dIz1INJWYAx//+es="></latexit>⌘a
<latexit sha1_base64="5VuiFlp8SFb6l7TCBCho9D9KUc0="></latexit>

argh⌘ai 6= 0

<latexit sha1_base64="tz8Pr6kH64imnHbevdzlz48MFdo="></latexit>

�CKM ⇠ 1

<latexit sha1_base64="MtpnAiKEZRQUiC2JkXtdmLOezQY="></latexit>

adaf h⌘ai ⇠ µ

Coincidence of scales is needed for CKM phase:
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Dangerous terms I
<latexit sha1_base64="XeXYvIKu1mN9k0GzdZyL3/68j6s="></latexit>

L �
<latexit sha1_base64="K1wzLhR1/bsiljII8mL8xyXz0SE="></latexit>

+
X

f,f 0

Y
d
f,f 0HQf d̄f 0

<latexit sha1_base64="3ePFrIYHNd8+QLAm7K1VVt1zhXw="></latexit>

+
X

a,f

adaf⌘aqd̄f
<latexit sha1_base64="aoEYd81JBgFwG4FfTQbY4Z104yU="></latexit>

+µqq̄

Dangetous terms:

<latexit sha1_base64="xGi5arHy3/ktSU+BgiLEFZx7XdM="></latexit>

ZN : q ! e2⇡i/Nq, q̄ ! e�2⇡i/N q̄, ⌘a ! e�2⇡i/N⌘a

V
<latexit sha1_base64="QmsW7vEr45c42xPBy9Dwe813umc="></latexit>

M̂d =

✓
µ

P
a a

d
a,f h⌘ai

0 Y
d
ff 0hHi

◆

<latexit sha1_base64="dz6179+4MPzTAmU7m0AFrsMGKlg="></latexit>

+
X

f

HQf q̄ +
X

a

⌘aqq̄

Forbiding dangerous terms by introducing a symmetry:

<latexit sha1_base64="UraHvdlNcADZSTBW4W12vjp7iYs="></latexit>

✓̄ � 10�10
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Dangerous terms II
Dangetous terms that cannot be forbidden by the ZN:

<latexit sha1_base64="fkQuURiw3DB/afRuwVo9SOq9YuQ="></latexit>

! !
b

!
! aqøq +

! !
a

!
HQ øq

<latexit sha1_base64="WNpNAAYye0er1RkAbr5qOFqEn/g="></latexit>

|! ! a"|/M P < 10! 10

Energy scale

CP symmetric

CP

SSB of CP symemtry
<latexit sha1_base64="S0vIgIy17cqBz+l4blZlO7eM3eg="></latexit>

! 108 GeV
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Radiative corrections
<latexit sha1_base64="LliOYbxZr/x+hKahAeTZpjSCQHs="></latexit>

L ! ! ab" !
a " bH   H + ! abcd" a" b" !

c " !
d + h .c.

<latexit sha1_base64="LW+5gJ4BKSbjSVVViqpEX7tXnnE="></latexit>

! ø" !

!
!
!
!
!

#bcad
af ad

bf $a$!
c

16%2M 2
CP

!
!
!
!
!

, ! ø" !

!
!
!
!
!

g2#abcdad
af ad

cf $!
b$d

(16%2)2M 2
CP

!
!
!
!
!

,

’15 Dine&Draper

<latexit sha1_base64="XeXYvIKu1mN9k0GzdZyL3/68j6s="></latexit>

L �
<latexit sha1_base64="3ePFrIYHNd8+QLAm7K1VVt1zhXw="></latexit>

+
X

a,f

adaf⌘aqd̄f

<latexit sha1_base64="YVZ0I3bbCFgYyy/Vo68inyrbV3w="></latexit>

ad
af ! 10! 3Small coupling is required:

<latexit sha1_base64="JUyFx6YtKGryHbHwI4C86lI3UHs="></latexit>

for |! ø" | < 10! 10

<latexit sha1_base64="zO4jecqUX1PHmmUpbVdq3MbKDYI="></latexit>

c.f.
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Our goal: natural models
’07 C. Cheung et.al., ’14 L. Vecchi, etc.

Strong CP problem  
Hierarchy problem

✅

✅

Energy scale

CP symmetric

CP

SSB of CP symemtry

Spontaneous CP violation Warped extra dimension

H
iggs

UV

TeV
<latexit sha1_base64="b8GfiUh/aXDTpi+7sr+jTIezZp8="></latexit>x

<latexit sha1_base64="DaujTyV/nBwOc/veGygCm3zPfyQ="></latexit>

y : Þfth direction
SM Higgs mass 



V V
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Our work

Energy scale

SSB of CP symemtry

Planck scale

SM Higgs mass

H
iggs

UV

TeV
<latexit sha1_base64="b8GfiUh/aXDTpi+7sr+jTIezZp8="></latexit>x

<latexit sha1_base64="DaujTyV/nBwOc/veGygCm3zPfyQ="></latexit>

y : Þfth direction

Intermediate brane

ηCP

Õ22 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.

Simple NB-type model (BBP) 

Spontaneous CP violation Warped extra dimension

Three branes
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Radion stabilization in three brane
Õ21 S. J. Lee, Y. Nakai,  M.S.

There is one radion

UV TeV

Two brane case

The radion is stabilized  
by Goldberger-Wise mechamism

UV TeV

Three brane case

Intermediate
There are two radions

The radion is stabilized  
by Goldberger-Wise mechamism

<latexit sha1_base64="oLEUbrPGYN2J000R0WlyyJRpFYg="></latexit>

! 1
<latexit sha1_base64="2JEa0VcbCltPxJRc7XViDy1T0n8="></latexit>

! 2

<latexit sha1_base64="03buEtFAI7s4IcCDl+6JgueEqeI="></latexit>

|! 2| > |! 1|
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A natural model
Õ22 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.

Higgs (SM fields) : IR brane
u and d: subregion 2

Subregion 1 Subregion 2

η: intermediate brane
q: subregion 1
q: UV brane
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A natural model
Õ22 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.

<latexit sha1_base64="XeXYvIKu1mN9k0GzdZyL3/68j6s="></latexit>

L �
<latexit sha1_base64="K1wzLhR1/bsiljII8mL8xyXz0SE="></latexit>

+
X

f,f 0

Y
d
f,f 0HQf d̄f 0

<latexit sha1_base64="3ePFrIYHNd8+QLAm7K1VVt1zhXw="></latexit>

+
X

a,f

adaf⌘aqd̄f
<latexit sha1_base64="Hth9O8P6kX+p1i0tf8s7AmxIVDQ="></latexit>

+
!

a,f

au
af ! aqu øuf

<latexit sha1_base64="deDbrek3CVzdQESLc76JmCWFLpg="></latexit>

+
!

f,f !

Y d
f,f ! H   Qf øuf !

<latexit sha1_base64="61YYchIa8xdvntcZHknFqYd7/38="></latexit>

+ µdqd øqd
<latexit sha1_base64="+L+0nueyq9u19km1rgksi1w7TtA="></latexit>

+ µu qu øqu
<latexit sha1_base64="XeXYvIKu1mN9k0GzdZyL3/68j6s="></latexit>

L �

Down-type:

Up-type:



Dangerous                             is not suppressed

20

A natural model
Õ22 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.

<latexit sha1_base64="fkQuURiw3DB/afRuwVo9SOq9YuQ="></latexit>

! !
b

!
! aqøq +

! !
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Qf, df, uf are charge under flavor symmetries
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Diagonal Yu, Yd is good to suppress radiative corrections 

CKM matrix is obtained in 4D effective theory 
(flavor symmetry violation in intermediate brane)
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Cosmological signal
First order phase transition in two brane case:

         Deconfinement          Confinement  

dual

 AdS-S (high T)         RS (low T) 
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TeV brane

Gravitational waves!!

 P. Creminelli, A. Nicolis, and R. Rattazzi (2002) 
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In three branes, we have first order phase transitions twice

Gravitational waves!!
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Summary & outlook

We have explored a doubly composite dynamics via a 
holographic warped extra dimension model with three 3- 
branes that realizes the NB mechanism to address the strong 
CP problem. 

In the three brane setup, we expect two times of the first 
order phase transition. The gravitational waves produced at 
different times may be detected in future.
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Thank you!!
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Loop corrections
Õ22 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.


