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High energy theory 
(unified theory)

Low energy theory   

My Challenge

• physics including gravity 
• QFT 
• Cosmology 
• mathematics

Developments in various fields
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My strategy

Solving Strong CP problem

Solving Hierarchy problem

No Global Symmetries
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My strategy

Solving Strong CP problem

Solving Hierarchy problem

Cosmology

Generalized symmetries

No Global Symmetries



Mass Reach vs How Special New Physics Is

Strong CP 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(det M u ádet M d)| ! 1

O(1) CP phase quark mass matrices

The challenge for model building:

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

ø! ! 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 " ÷Ga
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 ! ÷Ga
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
QCD cos(! 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>

! ø! " = 0
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A concrete axion model
KSVZ model

L ! ! qL øqR (extra quarks)

’79 Kim, ’80 Shifman, Vainshtein, Zakharov

a
<latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit>

f a
<latexit sha1_base64="FYUxH7wm0/7ohmBLGpqDNxISwPs="></latexit><latexit sha1_base64="FYUxH7wm0/7ohmBLGpqDNxISwPs="></latexit><latexit sha1_base64="FYUxH7wm0/7ohmBLGpqDNxISwPs="></latexit><latexit sha1_base64="FYUxH7wm0/7ohmBLGpqDNxISwPs="></latexit>

: axion field
: axion decay constant! !

1
"

2
f aei a

f a

<latexit sha1_base64="TEz1Z8TkhFo3Il1ESqSlzbW/8lQ="></latexit><latexit sha1_base64="TEz1Z8TkhFo3Il1ESqSlzbW/8lQ="></latexit><latexit sha1_base64="TEz1Z8TkhFo3Il1ESqSlzbW/8lQ="></latexit><latexit sha1_base64="TEz1Z8TkhFo3Il1ESqSlzbW/8lQ="></latexit>

PQ symmetry
<latexit sha1_base64="xyo4y4NGlLSYQ/jdkM498wA5DJM="></latexit>

! ! ei ! !
<latexit sha1_base64="l/yuiMOEay3xWi6ZShxCODHiP8o="></latexit>

qL ! e! i ! qL
<latexit sha1_base64="dyN7ehWaQsp4U06Y+mptp7GLWx0="></latexit>

øqR ! øqR<latexit sha1_base64="XPGM6uch7f0N8oRpBRbt4jkJo14="></latexit>, <latexit sha1_base64="XPGM6uch7f0N8oRpBRbt4jkJo14="></latexit>,

U(1)PQ - SU(3)c- SU(3)c triangle anomaly is nonzero

SU(3)c

SU(3)c
U(1)PQ != 0

<latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit>

! j P Q =
g2

32" 2 G ÷G
<latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit><latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit><latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit><latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit>

SSB of U(1)PQ gives axion

<latexit sha1_base64="68LZSB5ikQPdX/hE726ct12cPi8="></latexit>

! ! " #= 0

<latexit sha1_base64="yvAAIF9c3YohIE1drqJGK+osI2Q="></latexit>

a
f a

g2

32! 2 G ÷G(x)
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Gravity may break PQ symmetry badly

If physics at Planck scale explicitly breaks PQ symmetry

! k , ÷! k
<latexit sha1_base64="m/EaIAEzfsfqv/EPjGZFBhhtN+w="></latexit><latexit sha1_base64="m/EaIAEzfsfqv/EPjGZFBhhtN+w="></latexit><latexit sha1_base64="m/EaIAEzfsfqv/EPjGZFBhhtN+w="></latexit><latexit sha1_base64="m/EaIAEzfsfqv/EPjGZFBhhtN+w="></latexit>

: dimensionless couplings

V ! " m2
af 2

a cos
!

a
f a

"
+

#

! 1
(f a/

#
2)5

M pl
ei 5a/f a + h.c.

$

+ . . .
<latexit sha1_base64="3/OaRwnhHLYpL7EGir0dXESbnSQ="></latexit><latexit sha1_base64="3/OaRwnhHLYpL7EGir0dXESbnSQ="></latexit><latexit sha1_base64="3/OaRwnhHLYpL7EGir0dXESbnSQ="></latexit><latexit sha1_base64="3/OaRwnhHLYpL7EGir0dXESbnSQ="></latexit>

Axion potential is affected by Planck mass suppressed terms

original axion potential

<latexit sha1_base64="KS55v6qWO37/ut2oAkyBCQXEX84="></latexit>

L !
!

k=1 ,2,...

"

! k
! k+4

M k
pl

+ ÷! k
|! 2k |!

M k
pl

+ h.c. + . . .

#
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Gravity may break PQ symmetry badly

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/F a
<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/F a
<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="nCsO4Sewtp1ocytY0Ypbc5K87bM="></latexit>

! ø! " # 1

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

V (! e! ) = ! ! 4
QCD cos(a/F a) + Vgravity

without very very tiny parameters
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Quality problem in axion model

|! ! | = |
!

a
f a

"
| = |" 1|

f 5
a

!
2

5
M pl " 4

QCD

5
2

# < 10! 10

V (a) ! m2
aa2 + |! 1|

f 5
a

"
2

5
M pl

! "
5a
f a

# 2

+
5a
f a

"

$

+ ...

! ! 4
QCD

a2

f 2
a

+ |! 1|
f 4

a
"

2
5
M pl

5a
f a

"

! ! 4
QCD

!

" a
f a

+ |! 1|
f 4

a
"

2
5
M pl ! 4

QCD

5
2

"

#

$

2

|! 1| < 10! 56
!

1012 GeV
f a

" 5 !
! QCD

0.1 GeV

"
for " = O(1)

4

Shift of axion VEV should be smaller than 10-10

Couplings must be extremely tiny

More quantitatively,

Axion Quality Problem !!
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Addressing axion quality problem
Mechanism only allows highly Planck mass suppressed terms

e.g. using (new) gauge symmetry

Mechanism suppresses coefficients

e.g. conformal dynamics

<latexit sha1_base64="nwgYMfAdrJSPoOwfxp7qNHYUdV4="></latexit>

V ! !
! 5

M PL
+ . . . , ! " 1

<latexit sha1_base64="HlIfvc+TKuxUvT3OISB5Uc3TIE4="></latexit>

V !
! 12

M 8
PL

+
! 13

M 9
PL

+ . . .

Mechanism gives large axion mass around thetabar=0

e.g. visible axion model

<latexit sha1_base64="U1XEQEUWk3EFpGuhLTsvMl70Gq8="></latexit>

V !
1
2

m2
aa2 + !

! 5

M PL
. . . , m2

a "
" 4

QCD

f 2
a

No axion (another quality problem?)
e.g. Nelson-Barr model



Mass Reach vs How Special New Physics Is

Our models to address quality problem

15
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“Gauged” PQ symmetry

U(1)PQ1 sector U(1)PQ2 sector

Introducing two U(1)PQ sectors

SU(3)c

SU(3)c
!= 0

<latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit>

SU(3)c

SU(3)c
U(1)PQ1 != 0

<latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit>

U(1)PQ2 

U(1)gP Q ! c1U(1)P Q 1 + c2U(1)P Q 2
<latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="n5bejz+Qxd/yKQQvRgePlr3M/Hw="></latexit><latexit sha1_base64="n5bejz+Qxd/yKQQvRgePlr3M/Hw="></latexit><latexit sha1_base64="bNugmM+1YnauwDIaJKvT6yhdjBM="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit><latexit sha1_base64="d5G1xf/uNwHuipmUoLO7K14IWAA="></latexit>

SU(3)c

SU(3)c
U(1)gPQ = 0

<latexit sha1_base64="eN6qjPGDfQLtSydZ5aPu9KaZfUo="></latexit><latexit sha1_base64="eN6qjPGDfQLtSydZ5aPu9KaZfUo="></latexit><latexit sha1_base64="eN6qjPGDfQLtSydZ5aPu9KaZfUo="></latexit><latexit sha1_base64="eN6qjPGDfQLtSydZ5aPu9KaZfUo="></latexit>

A linear combination of two U(1)PQ’s cancel the anomaly and is gauged

’17 H. Fukuda, M. Ibe, M.S., T. T. Yanagida

Solving quality problem: protecting axion by gauge symmetry 
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Cosmology of “Gauged” PQ symmetry

�8�F���I�B�W�F���U�X�P���T�D�F�O�B�S�J�P�T���U�I�B�U���N�B�Z���X�P�S�L

Main difference: SSBs of two PQ symmetries

End of inflation

Pre-inflationary scenario
Time

SSB of U(1)PQ1

Reheating

T~ΛQCD, axion oscillation

SSB of U(1)PQ2

≈ standard pre-inflatinary scenario

End of inflation
Time

SSB of U(1)PQ1

Reheating

T~ΛQCD, axion oscillation

SSB of U(1)PQ2

Post-inflationary scenario

θ1
Global string1

<latexit sha1_base64="RrcvFYYg0FRrYAxlwyLiIZeqzn0="></latexit>

! 1 ! v1eiq 1 ! 1

θ2

Global string2

<latexit sha1_base64="2EIjVVEoqdgh4xsIbQPm/GGwXi0="></latexit>

! 2 ! v2eiq 2 ! 2

Domain wall problem
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Solution to DW problem?
’19 ’20 T. Hiramatsu, M. Ibe, M. Suzuki

Local string

Ndw>1

<latexit sha1_base64="kNiCcrn6Gs/B+t5XEhSabbYnwfY="></latexit>

v1/v 2 ! 1, q1 = 1, q2 > 1

<latexit sha1_base64="kNiCcrn6Gs/B+t5XEhSabbYnwfY="></latexit>

v1/v 2 ! 1, q1 = 1, q2 > 1
Special condition

θ1
Global string1

<latexit sha1_base64="RrcvFYYg0FRrYAxlwyLiIZeqzn0="></latexit>

! 1 ! v1eiq 1 ! 1
θ2

Global string2

<latexit sha1_base64="2EIjVVEoqdgh4xsIbQPm/GGwXi0="></latexit>

! 2 ! v2eiq 2 ! 2

Time
SSB of U(1)PQ1

SSB of U(1)PQ2

Local stringNdw=1string

???

Ndw>1 string

Small fraction of Ndw>1 string

 θgauge



19

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 , ø" = 0

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

! CKM ! 1, ø" " 0
! Tree level 

Loop levels!
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Nelson-Barr type model

SM quark sector �W�F�D�U�P�S���M�J�L�F���R�V�B�S�L�T
<latexit sha1_base64="P8RTzdCSW230oNTQDoUvwaG5Ye0="></latexit>

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

Qf , øuf , ødf

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

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

+
!

f,f !

Y d
f,f ! HQ f

ødf !

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

+
!

a,f

ad
af ! aqødf

<latexit sha1_base64="aoEYd81JBgFwG4FfTQbY4Z104yU="></latexit>

+ µqøq

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

arg! ! a" #= 0

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

ø! = ! ! arg(det öM u ádet öM d) = 0
The theta angle is zero at tree level:

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

+
!

f

HQ f øq +
!

a

! aqøq

Dangetous terms:
<latexit sha1_base64="fkQuURiw3DB/afRuwVo9SOq9YuQ="></latexit>

! !
b

!
! aqøq +

! !
a

!
HQ øq

<latexit sha1_base64="LliOYbxZr/x+hKahAeTZpjSCQHs="></latexit>

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

c " !
d + h .c.

A simple model

Radiative corrections

+ flavor sym violating terms
’15 Dine&Draper

’91 L. Bento,  G. C. Branco, and P. A. Parada 
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A natural model
Õ22 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.

Nelson-Barr, warped extra dim. 

!   5d profiles
!   Hierarchy problem
!   Flavor structures

!  radion stabilization in three branes
!  cosmology, GWs production

Õ23 S. Girmohanta, S. J. Lee, Y. Nakai,  M.S.

Õ21 S. J. Lee, Y. Nakai,  M.S.

avoid dangerous term,  small corrections

Three brane setup
Higgs (SM fields) : IR

u and d: subregion 2

η: intermediate

Subregion 1 Subregion 2

q: subregion 1
q: UV brane
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Another view of Strong CP problem or its solutions?

Understanding Strong CP problem in a different manner? 
New way to solve Strong CP problem? 
Replacing the Strong CP problem to another problem?

Generalized symmetries, (-1)-form symmetry

“Just a curiocity”



Mass Reach vs How Special New Physics Is

Review: higher-form symmetries

23



Mass Reach vs How Special New Physics IsGeneralized symmetries
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symmetry generator ~ topological operator 

Generalization of notion of symmetry

’14 A. Kupstin, N. Seiberg
’14 D. Gaiotto, A. Kapustin, N. Seiberg, and B. Willett

<latexit sha1_base64="UURf4wFTmTzLWn24jUS1RepqqJc="></latexit>

!
<latexit sha1_base64="8XxdLs2HS7Bb+OY6xj7G5Ph3fwM="></latexit>

! !

<latexit sha1_base64="vneKTxBbCdHMFnQKv3tlQhKnfg0="></latexit>

U = exp( i !
!

!
" j ) ! exp(i !

!

! !
" j ) = exp( i !

!

!
" j + i !

!

"
d " j )

= exp( i !
!

!
" j )

<latexit sha1_base64="VV8z3rcM6JM8SGaX8vJ92nX6imw="></latexit>

! ! ! ! = ! "

<latexit sha1_base64="8XxdLs2HS7Bb+OY6xj7G5Ph3fwM="></latexit>

! !
<latexit sha1_base64="UURf4wFTmTzLWn24jUS1RepqqJc="></latexit>

!
<latexit sha1_base64="tyFqVA/aRQgCaum4DJ/yPVaqirc="></latexit>

!
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0-form symmetry (ordinary symmetry)

Codimension 1, i.e. (4-1)-dim, topological operator
<latexit sha1_base64="AOabWH1E614birf1hvNf4Jow1O8="></latexit>

Ug(M (d! 1) ) = exp( i !
!

M ( d ! 1)
" j )

<latexit sha1_base64="z2ityyOucXZ/5g+37geApwercYU="></latexit>

U(t) = exp( i !
!

J 0d3x)
<latexit sha1_base64="Fon9AEY0dMVDTsXzVAAynnQ1GaE="></latexit>

U(t) = U(t!)
<latexit sha1_base64="UVF5gS0eC2B/o4MrRkci+DmHwso="></latexit>

U(! 3(t)) = U(! 3(t !))
<latexit sha1_base64="9HSVRi2GyikjgxHg0HHni7qCnn4="></latexit>

! 3(t !) ! ! 3(t) = ! ! 4

0-form symmetry
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p-form symmetry (p=0,1,2…)

Codimension (p+1), i.e. (4-(p+1))-dim, topological operator

p-form symmetry

<latexit sha1_base64="XYoapUVNyGBrsPMcKqaekmcNub0="></latexit>

U(! d! (p+1) ) = exp( i !
!

! d ! ( p +1)

" j )

<latexit sha1_base64="C5uXDUG2Lg4pIH70gEyQxDJJXH8="></latexit>

U(! d! (p+1) ) = U(! "
d! (p+1) )



Mass Reach vs How Special New Physics Is1-form symmetry in 4d Maxwell Theory
d=4 Maxwell theory

<latexit sha1_base64="8JXHL93IbPOojxgsWVrBZPaPf10="></latexit>

S[a] =
!

!
1

2e2 F " ! F =
!

d4x !
1

4e2 Fµ! F µ !

<latexit sha1_base64="MDSZQdRjooChGCRWgIxvpsXJp0E="></latexit>

d ! F = 0
<latexit sha1_base64="4JSaniQ60cXXoBI4csYBTlKfGl4="></latexit>

dF = 0

<latexit sha1_base64="6T9WLvnmdnq2VP2FaxvWTb8GEaw="></latexit>

Ue
g (S2) = exp( i !

!

S2
" j e)

27

<latexit sha1_base64="S8Y7A781H12Ch20IYeaN8DI3QSE="></latexit>

! j e = ! F
<latexit sha1_base64="js1dJfHa5AbP0SgAoh11n5YYacA="></latexit>

! j m = F

EOM:

Bianchi identity:

Two conserved currents
<latexit sha1_base64="MDSZQdRjooChGCRWgIxvpsXJp0E="></latexit>

d ! F = 0
<latexit sha1_base64="4JSaniQ60cXXoBI4csYBTlKfGl4="></latexit>

dF = 0

Two symmetry generators (topological operators)
<latexit sha1_base64="njPArnL/96Dmrawx3Buws6kveJI="></latexit>

Um
g (S2) = exp( i !

!

S2
" j m )



Mass Reach vs How Special New Physics Is1-form symmetry in 4d Maxwell Theory
Charged operators are Wilson-line and ’t Hooft line operators

<latexit sha1_base64="YaWE2VMjwmF8E+A/r4Yt4PHObOQ="></latexit>

Ue
! (S2)Wqe (! ) = eiq e ! Wqe (! )

<latexit sha1_base64="6ntXFNDF+vSvaAf7+IYMSHD9VCQ="></latexit>

Um
! ! (S2)Tqm (! !) = eiq m ! !

Tq(! !)
<latexit sha1_base64="mnUWE0K+5sPUofp0dE46KFmRYFQ="></latexit>

Wqe (! )
<latexit sha1_base64="xjQfM3zeDYQH0qGN3Mc4F2ZZc+0="></latexit>

time

<latexit sha1_base64="jmauo4lULO1qiyIwA95knIFUGmY="></latexit>space  γ:path of infinitly heavy test particle w/ 
charge qe

<latexit sha1_base64="UEQxpx6v7XTQACpqLpLzUNoTskY="></latexit>

Ue
! (S2)

<latexit sha1_base64="mnUWE0K+5sPUofp0dE46KFmRYFQ="></latexit>

Wqe (! )

<latexit sha1_base64="rr8EyonDPBEKEn9i4/xWp9t0QX8="></latexit>

eiq e ! <latexit sha1_base64="A6Ur7yJIC+J3t9TweOc+iynPB0k="></latexit>!



Mass Reach vs How Special New Physics Is1-form symmetry in 4d Maxwell Theory

Gauging electric 1-form symmetry

<latexit sha1_base64="mRtWOkRJOzkn+s06GEnMLrU8mV0="></latexit>!
(F ! Be) " ! (F ! Be)

<latexit sha1_base64="KyK6kfUXLNyHIFPxCrj8aafFEWo="></latexit>

A ! A + ! (x)
<latexit sha1_base64="aJzS0WoHQq0IdQzkbcqvRtAcvtU="></latexit>

F ! F + d! (x)
<latexit sha1_base64="krmv2wdhDKU0xESvbD52fpvSOqo="></latexit>

Be ! Be + d! (x)

SSB of electric 1-form symmetry
Stuckelberg mass term, gauge fields obtain mass
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(-1)-form symmetry

30



Mass Reach vs How Special New Physics Is(-1)-form symmetry?

31

<latexit sha1_base64="XYoapUVNyGBrsPMcKqaekmcNub0="></latexit>

U(! d! (p+1) ) = exp( i !
!

! d ! ( p +1)

" j )

d=4, p=-1

<latexit sha1_base64="DiTdMgSPPmNnj8y1Imv34emRUDA="></latexit>

U(! 4) = exp( i !
!

! 4

" j )

p-form symmetry generator

(-1)-form symmetry generator??

— not topological operator (whole spacetime integration) 
— no (or we do not know) charged operators

?

Not the same to zero or higher-form symmetry

— coupling with background gauge field
Another way to define (-1)-form symmetry?
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Theory has (-1)-form U(1) symmetry when            can linearly 
couple to periodic background field

<latexit sha1_base64="B84Swrr1dkvqqzK056czDKWpTDE="></latexit>

! (x) != ! (x) + 2 "

<latexit sha1_base64="8dD5NCWNY/gmCkqNDuVH/2ffWyE="></latexit>

! (x)

<latexit sha1_base64="Wo77jY5cldA8egoZawyMCozAAgg="></latexit>

M : spacetime manifold

—                 (-1)-form U(1) symmetry current

<latexit sha1_base64="TqbNbih/4jlVPnLcarkKOiJVaag="></latexit>

! j 0(x)

<latexit sha1_base64="0UVnnCIfQ0DzD11JL5JS/J2Sq8A="></latexit>

e! SE !" e! SE exp(i
!

M
! (x) " j 0(x))

<latexit sha1_base64="7Jf/tOtw++66DBQisEQt8QWY5ag="></latexit>!

M
! j 0(x) ! Z

<latexit sha1_base64="TqbNbih/4jlVPnLcarkKOiJVaag="></latexit>

! j 0(x)

—                              (-1)-form symmetry charge

e.g. 4d
<latexit sha1_base64="rrNz3K2cexWbijB5faxvfXTjZww="></latexit>

! j 0 =
1

8" 2 tr( F ! F )

— instanton number symmetry 
— coupling to background axion field

D. Aloni, E. García-Valdecasas, M. Reece, M. S.

’19 D. Cordova, D. S. Freed, H. T. Lam, N. Seiberg
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Gauging (-1)-form U(1) symmetry

Background θ Dynamical θ

Gauging (-1)-form U(1) symmetry

<latexit sha1_base64="wldXbGbiHVlORMWROuw5LZMeoZ8="></latexit>

! (x)
1

8" 2 Tr( F ! F )
<latexit sha1_base64="w+9ebuyuhQL45koToljxYtRL6zE="></latexit>

A ! ! j (0)

— Analogous to usual gauging

— Axion field is the gauge field for (-1)-form symmetry!

Gauging (-1)-form symmetries are related to  
any couplings are given by dynamical field VEVs
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SSB of (-1)-form U(1) symmety

34

D. Aloni, E. García-Valdecasas, M. Reece, M. S. (2024)



Mass Reach vs How Special New Physics IsSSB of (-1)-form U(1) symmetry
We have various evidences of SSB of (-1)-form U(1) symmetry

Axion obtains potential (mass)

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive

NG boson NG field

Dual: string bounded by monopole Dual: domain wall bounded by string

Stueckelberg mass term Stueckelberg-like mass term 

35

D. Aloni, E. García-Valdecasas, M. Reece, M. S. (2024)



Mass Reach vs How Special New Physics IsSSB of (-1)-form U(1) symmetry
We have various evidences of SSB of (-1)-form U(1) symmetry

Axion obtains potential (mass)

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive

NG boson NG field

Dual: string bounded by monopole Dual: domain wall bounded by string

Stueckelberg mass term Stueckelberg-like mass term 

36

e.g. axion obtains mass from non-zero topological susceptibility
<latexit sha1_base64="5SeFYCpDFHbavVd3CLHUkZ2k2l8="></latexit>

X = lim
q! 0

iqµ q!
!

eiqx !0|T K µ (x)K ! (0)|0"d4x
<latexit sha1_base64="tazAZ9fHFV2CVFg+/SpJZx4Xlpc="></latexit>

! µ K µ ! F ÷F



Mass Reach vs How Special New Physics IsSSB of (-1)-form U(1) symmetry
We have various evidences of SSB of (-1)-form U(1) symmetry

Axion obtains potential (mass)

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive

NG boson NG field

Dual: string bounded by monopole Dual: domain wall bounded by string

Stueckelberg mass term Stueckelberg-like mass term 

<latexit sha1_base64="wqGAvL78/gRkD8F1VZE4l7Jf1mA="></latexit>

qµ q!
!

eiqx !0|T K µ (x)K ! (0)|0"d4x #
qµ q!

q2

1
q2

Pole at q2 =0 !  NG field

<latexit sha1_base64="tazAZ9fHFV2CVFg+/SpJZx4Xlpc="></latexit>

! µ K µ ! F ÷F

37

<latexit sha1_base64="5SeFYCpDFHbavVd3CLHUkZ2k2l8="></latexit>

X = lim
q! 0

iqµ q!
!

eiqx !0|T K µ (x)K ! (0)|0"d4x

e.g. axion obtains mass from non-zero topological susceptibility
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We have various evidences of SSB of (-1)-form U(1) symmetry

Axion obtains potential (mass)

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive

NG boson NG field

Dual: string bounded by monopole Dual: domain wall bounded by string

Stueckelberg mass term Stueckelberg-like mass term 

Vacuum energy density E(θ) that depends on theta-angle 

Order parameter of SSB of (-1)-form U(1) symmetry

38



Mass Reach vs How Special New Physics IsStrong CP problem & (-1)-form symmetry

Partition function depends on θ

The Strong CP problem 

Vacuum energy density depends on θ

SSB of the (-1)-form U(1) symmetry

�7

A sufficient condition of Strong CP problem

If we encounter Strong CP problem,
 there is SSB of global (-1)-form U(1) symmetry

39

= Generating “functional” with θ-term as an external source term  
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A necessary condition to solve Strong CP problem

If SSB of global (-1)-form U(1) symmetry is avoided
Strong CP problem is solved

Equivalently,

!

!
Gauging the (-1)-form U(1) symmetry satisfies this condition 
i.e. axion, massless quark solutions

Explicit breaking of the (-1)-form symmetry?

40

E. García-Valdecasas, M. Reece, M. S. (2024)



Mass Reach vs How Special New Physics IsSummary & Outlook

41

Outlook
— More on NG theorem for (-1)-form sym? 
— Hierarchy problem & (-1)-form sym? 
— More on explicit breaking of (-1)-form sym? 
— Axion quality problem & (-1)-form sym? 
   etc.

Summary
— (-1)-form U(1) sym ~ instanton number sym 
— Gauging ~ axion field 
— SSB ~ vacuum energy density E(theta) 
— Strong CP problem —> SSB of global (-1)-form 
— Still looking for new solutions

Created by ChatGPT
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Backup

42
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Concrete model

U(1)PQ - SU(3)c- SU(3)c triangle anomaly is nonzero

L = ! ! Q øQ
<latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="zx0rZT8D9Uu0zrfqpzACBCcEv2o="></latexit><latexit sha1_base64="zx0rZT8D9Uu0zrfqpzACBCcEv2o="></latexit><latexit sha1_base64="MCxY9DYXTQWvIY387hYeCXig75k="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit><latexit sha1_base64="zpB1wu3Al9Z+1SD+Blay1TPPZRc="></latexit>

U(1)PQ symmetry
! ! ei 2! ! , Q ! e! i ! Q, øQ ! e! i ! øQ

<latexit sha1_base64="apageJXRufIyTMl2c4VEkMRAqOE="></latexit><latexit sha1_base64="apageJXRufIyTMl2c4VEkMRAqOE="></latexit><latexit sha1_base64="apageJXRufIyTMl2c4VEkMRAqOE="></latexit><latexit sha1_base64="apageJXRufIyTMl2c4VEkMRAqOE="></latexit>

SU(3)c

SU(3)c
U(1)PQ != 0

<latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit><latexit sha1_base64="SGcU1ugKOVGmP+c/riHLY4T+tmU="></latexit>

! j P Q =
g2

32" 2 G ÷G
<latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit><latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit><latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit><latexit sha1_base64="PncQ2ZqyShGLRc2YhCnfbOEw+Dk="></latexit>

KSVZ model
Axion: pseudo-NG boson from SSB of U(1)PQ symmetry

SSB of U(1)PQ gives axion

<latexit sha1_base64="2Oq0C9nW42MKMnlrXpnhw8S0cUQ="></latexit>

! ! vei ! (x )

<latexit sha1_base64="f483Q7IGrbfwqm1lSSCUVYvc3LU="></latexit>

L = ! ! (x)
g2

32" 2 G ÷G(x)
<latexit sha1_base64="ZncWAvfQlfMhLvRtIqOyEQ8BVGI="></latexit>

! ! " #= 0

φ: PQ field

’79 Kim, ’79 Shifman, Veinshtein, Zakharov
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Axion Cosmology
Two standard scenarios

End of inflation

Pre-inflationary scenario Post-inflationary scenario
Time

SSB of U(1)PQ

Reheating

T~ΛQCD, axion oscillation

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>

Axion field

a
<latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="UgijtGT7ptwdj5JnMTej9fZcLPQ="></latexit><latexit sha1_base64="UgijtGT7ptwdj5JnMTej9fZcLPQ="></latexit><latexit sha1_base64="7f0cn9q374n+BmK4GU59WfH+FSk="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit><latexit sha1_base64="ewuSP0XDU5BQMjDuiIQLqOI4Yk8="></latexit>

End of inflation
Reheating

SSB of U(1)PQ
Global string formation

T~ΛQCD
Domain wall formation

�l���z


