
Non-Abelian Vortices and Domain Walls 
in Two Higgs Doublet Models

Masafumi Kurachi 
Keio University / KEK

Workshop on Multi-Higgs Models 
September 4-7, 2018 

Instituto Superior Técnico, Lisboa



References

``Non-Abelian strings and domain walls in two Higgs doublet models,'' 
M. Eto, M. Kurachi and M. Nitta,  

JHEP 08 (2018) 195, arXiv:1805.07015 [hep-ph]

``Constraints on two Higgs doublet models from domain walls,'' 
M. Eto, M. Kurachi and M. Nitta,  

arXiv:1803.04662 [hep-ph] (to be published in Phys. Lett. B).



1. Introduction 
2. Domain walls in the 2HDM 
3. Non-Abelian vortices in the 2HDM 
4. Summary and Prospects

Outline



1. Introduction



Introduction
Stable non-trivial field configurations (solitons) can exist 
when a homotopy group of the vacuum manifold of the 
theory is non-trivial:

(necessary condition)
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Domain wall

Vortex

Monopole

Skyrmion

(possible topological object)

Such topological objects, once created during the 
evolution of the Universe, have an impact on cosmology
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Discovery of the remnant of  
any topological object 

Existence of the physics beyond the SM!!

There is no such object in the SM
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The vacuum structure and topological objects in the 
2HDMs have been studied extensively

Recent and future experimental progress 
(LHC, ILC, Gravitational wave detection, etc. ) 
make it more interesting at quantitative level

Introduction

It is worth summarizing what happens in different 
regions of parameter space, and construct numerical 
solutions of various topological objects for further 
quantitative studies

Theoretical knowledge 
of topology Phenomenology



2. Domain walls in the 2HDM



Two Higgs doublet model
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Require (softly broken) Z2 symmetry
(�1 ! +�1, �2 ! ��2)
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What makes the difference? SM 2HDM
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(up to gauge transformation)
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Shape of the potential is  
classified into five types

Global minimum

Local minimum
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

1 global minimum 
1 local minimum



What makes the difference? SM 2HDM

Relative phase of two Higgs fields: �1 = e�i↵

✓
0
v1

◆

<latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit><latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit><latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit><latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit>

�2 = e+i↵

✓
0
v2

◆

<latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit><latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit><latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit><latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit>
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↵
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0

tan�1(4) ⇡ � tan�1(4)

⇠
<latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit><latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit><latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit><latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit>

• CaseV : ⇠ = ⇡
<latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit><latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit><latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit><latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit>

(b)
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2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

2 minima: ↵ = 0
<latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit><latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit><latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit><latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit>

↵ = ⇡/2
<latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit><latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit><latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit><latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit>

Z2
<latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit><latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit><latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit><latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit>



What makes the difference? SM 2HDM

Relative phase of two Higgs fields: �1 = e�i↵

✓
0
v1

◆

<latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit><latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit><latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit><latexit sha1_base64="ljeF7o8w9UkdCo4K0d+d4UFagQU="></latexit>

�2 = e+i↵

✓
0
v2

◆

<latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit><latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit><latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit><latexit sha1_base64="pM3zt35/xcqY9tsHiotC62D6CVM="></latexit>

(a)
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⇡
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⇡
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⇡

2

0

tan�1(4) ⇡ � tan�1(4)

⇠
<latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit><latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit><latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit><latexit sha1_base64="oKJGnBb83uB2uCAa7tK80rQvAl8="></latexit>

• CaseV : ⇠ = ⇡
<latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit><latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit><latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit><latexit sha1_base64="E8VS9lsshzUsG7+94jYsyl6i3xw="></latexit>
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2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

2 minima: ↵ = 0
<latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit><latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit><latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit><latexit sha1_base64="XNm0DFwaZLtXFVAfWk9YjT8gQzM="></latexit>

↵ = ⇡/2
<latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit><latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit><latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit><latexit sha1_base64="syW7GNjf4UjOudlc1dSZ1JK8rcU="></latexit>

Z2
<latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit><latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit><latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit><latexit sha1_base64="kQxWxN9FC6VjC3DdYeTUF/7mDvE="></latexit>

In each case, different type of  
wall-like object appears



Domain walls and membranes in 2HDMs 
M. Eto, M. Kurachi and M. Nitta, arXiv:1803.04662 [hep-ph] (to be published in PLB)
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)(b)
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

Case I (⇠ = 0) Case II (⇠ = ⇡/4) Case III (⇠ = ⇡/2) Case IV (⇠ = 3⇡/4) Case V (⇠ = ⇡)
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)
(b)
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

↵
(x
)

<latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit>

E
(x
)

<latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

Case I (⇠ = 0) Case II (⇠ = ⇡/4) Case III (⇠ = ⇡/2) Case IV (⇠ = 3⇡/4) Case V (⇠ = ⇡)

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

V
⇠
(↵

)
<latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

: coordinate vertical to the wall 

Case I Case II Case III Case IV Case V
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)
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Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

Case I (⇠ = 0) Case II (⇠ = ⇡/4) Case III (⇠ = ⇡/2) Case IV (⇠ = 3⇡/4) Case V (⇠ = ⇡)

↵
(x
)

<latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit>

E
(x
)

<latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

Case I (⇠ = 0) Case II (⇠ = ⇡/4) Case III (⇠ = ⇡/2) Case IV (⇠ = 3⇡/4) Case V (⇠ = ⇡)

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

V
⇠
(↵

)
<latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit>

Domain walls and membranes in 2HDMs 

CP domain walls
CP symmetry is broken in the vacuum, 

restored on the domain wall

For a comprehensive discussion, see 
R. A. Battye, G. D. Brawn and A. Pilaftsis,  

JHEP 1108, 020 (2011)

M. Eto, M. Kurachi and M. Nitta, arXiv:1803.04662 [hep-ph] (to be published in PLB)
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CP symmetry is not broken in the vacuum, 
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Not topologically stable:

fields at               and           
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classically stable wall-like 
object, but it can quantum  

mechanically decay 
(We will see how this 

happens later)
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What is the vortex?
It can appear when the first homotopy group (    ) 
of the vacuum manifold is nontrivial

⇡1

⇡1 (U(1)) = Z

When U(1) symmetry is  
spontaneously broken,  
vortex solutions appear: 
non-trivial winding of U(1) 
phase around an axis
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Example: Abelian Higgs Model:

L = �1

4
Fµ⌫F

µ⌫ + |Dµ�|2 �m2�|2 � �|�|4



Vortices in 2HDMs 

What is the vortex?
It can appear when the first homotopy group (    ) 
of the vacuum manifold is nontrivial

⇡1

Is there any topological vortex solution in the 2HDM? 



Vortices in 2HDMs 

What is the vortex?
It can appear when the first homotopy group (    ) 
of the vacuum manifold is nontrivial

⇡1

Is there any topological vortex solution in the 2HDM? 

Yes!



Vortices in 2HDMs 

What is the vortex?
It can appear when the first homotopy group (    ) 
of the vacuum manifold is nontrivial

⇡1

Is there any topological vortex solution in the 2HDM? 

Yes!
Extra U(1) degree of freedom that does not exist in the SM
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VEV of the Higgs fields breaks the symmetry spontaneously

Vortex solution appears
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Vortex solution: 2x2 notation:
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Vortex solution: 2x2 notation:

non-trivial winding of the phase
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Vortex solution: 2x2 notation:



f1(r)

f2(r)

w(r)

V (�1,�2) = m2
11�

†
1�1 +m2

22�
†
2�2 �

⇣

m2
12�

†
1�2 + h.c.

⌘

+
�1

2

⇣

�†
1�1

⌘2
+

�2

2

⇣

�†
2�2

⌘2

+�3

⇣

�†
1�1

⌘⇣

�†
2�2

⌘

+ �4

⇣

�†
1�2

⌘⇣

�†
2�1

⌘

+

⇢

�5

2

⇣

�†
1�2

⌘2
+ h.c.

�

+
nh

�6�
†
1�1 + �7�

†
2�2

i ⇣

�†
1�2

⌘

+ h.c.
o

<latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit>

V (�1,�2) = m2
11�

†
1�1 +m2

22�
†
2�2 �

⇣

m2
12�

†
1�2 + h.c.

⌘

+
�1

2

⇣

�†
1�1

⌘2
+

�2

2

⇣

�†
2�2

⌘2

+�3

⇣

�†
1�1

⌘⇣

�†
2�2

⌘

+ �4

⇣

�†
1�2

⌘⇣

�†
2�1

⌘

+

⇢

�5

2

⇣

�†
1�2

⌘2
+ h.c.

�

+
nh

�6�
†
1�1 + �7�

†
2�2

i ⇣

�†
1�2

⌘

+ h.c.
o

<latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit>

symmetry of the 2HDM LagrangianU(1)a
<latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit>

H =

✓
v1 f1(r) ei✓ 0

0 v2 f2(r)

◆

<latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit>

Zi = �2
v

2
1

v

2
1 + v

2
2

1p
g

2 + g

02
✏ij

x

j

r

2
(1� w(r))

<latexit sha1_base64="2fBUVa99wn32H2FqEszvPaYtXF8="></latexit><latexit sha1_base64="2fBUVa99wn32H2FqEszvPaYtXF8="></latexit><latexit sha1_base64="2fBUVa99wn32H2FqEszvPaYtXF8="></latexit><latexit sha1_base64="2fBUVa99wn32H2FqEszvPaYtXF8="></latexit>

H ⌘ (i�2�
⇤
1, �2)

<latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit>

Vortex solution: 2x2 notation:

�Z = �2⇡
v22

v21 + v22

1p
g2 + g02

Z-flux



V (�1,�2) = m2
11�

†
1�1 +m2

22�
†
2�2 �

⇣

m2
12�

†
1�2 + h.c.

⌘

+
�1

2

⇣

�†
1�1

⌘2
+

�2

2

⇣

�†
2�2

⌘2

+�3

⇣

�†
1�1

⌘⇣

�†
2�2

⌘

+ �4

⇣

�†
1�2

⌘⇣

�†
2�1

⌘

+

⇢

�5

2

⇣

�†
1�2

⌘2
+ h.c.

�

+
nh

�6�
†
1�1 + �7�

†
2�2

i ⇣

�†
1�2

⌘

+ h.c.
o

<latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit>

V (�1,�2) = m2
11�

†
1�1 +m2

22�
†
2�2 �

⇣

m2
12�

†
1�2 + h.c.

⌘

+
�1

2

⇣

�†
1�1

⌘2
+

�2

2

⇣

�†
2�2

⌘2

+�3

⇣

�†
1�1

⌘⇣

�†
2�2

⌘

+ �4

⇣

�†
1�2

⌘⇣

�†
2�1

⌘

+

⇢

�5

2

⇣

�†
1�2

⌘2
+ h.c.

�

+
nh

�6�
†
1�1 + �7�

†
2�2

i ⇣

�†
1�2

⌘

+ h.c.
o

<latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit>

symmetry of the 2HDM LagrangianU(1)a
<latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit>

H =

✓
v1 f1(r) ei✓ 0

0 v2 f2(r)

◆

<latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit>

H ⌘ (i�2�
⇤
1, �2)

<latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit>

Vortex solution: 2x2 notation:

✓ : �⇡ ⇠ ⇡
<latexit sha1_base64="02c3EME4fXU5nl2WV/A7F+KVitk="></latexit><latexit sha1_base64="02c3EME4fXU5nl2WV/A7F+KVitk="></latexit><latexit sha1_base64="02c3EME4fXU5nl2WV/A7F+KVitk="></latexit><latexit sha1_base64="02c3EME4fXU5nl2WV/A7F+KVitk="></latexit>



V (�1,�2) = m2
11�

†
1�1 +m2

22�
†
2�2 �

⇣

m2
12�

†
1�2 + h.c.

⌘

+
�1

2

⇣

�†
1�1

⌘2
+

�2

2

⇣

�†
2�2

⌘2

+�3

⇣

�†
1�1

⌘⇣

�†
2�2

⌘

+ �4

⇣

�†
1�2

⌘⇣

�†
2�1

⌘

+

⇢

�5

2

⇣

�†
1�2

⌘2
+ h.c.

�

+
nh

�6�
†
1�1 + �7�

†
2�2

i ⇣

�†
1�2

⌘

+ h.c.
o

<latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit>

V (�1,�2) = m2
11�

†
1�1 +m2

22�
†
2�2 �

⇣

m2
12�

†
1�2 + h.c.

⌘

+
�1

2

⇣

�†
1�1

⌘2
+

�2

2

⇣

�†
2�2

⌘2

+�3

⇣

�†
1�1

⌘⇣

�†
2�2

⌘

+ �4

⇣

�†
1�2

⌘⇣

�†
2�1

⌘

+

⇢

�5

2

⇣

�†
1�2

⌘2
+ h.c.

�

+
nh

�6�
†
1�1 + �7�

†
2�2

i ⇣

�†
1�2

⌘

+ h.c.
o

<latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit><latexit sha1_base64="CZs062yG6C8xCIqevdkHZeIv6+c="></latexit>

symmetry of the 2HDM LagrangianU(1)a
<latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit>

H =

✓
v1 f1(r) ei✓ 0

0 v2 f2(r)

◆

<latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit><latexit sha1_base64="EMvr/JlV54FAst+nN00+19TI7DU="></latexit>

H ⌘ (i�2�
⇤
1, �2)

<latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit><latexit sha1_base64="L5iITzg3p4WQfoIvLX1I1yl97y4="></latexit>

Vortex solution: 2x2 notation:

= e
i
2 ✓e

i�3
2 ✓

✓
v1f1(r) 0

0 v2f2(r)

◆

<latexit sha1_base64="rE/wOPrdsvI6Dc4lcpGqZKTf9Xw="></latexit><latexit sha1_base64="rE/wOPrdsvI6Dc4lcpGqZKTf9Xw="></latexit><latexit sha1_base64="rE/wOPrdsvI6Dc4lcpGqZKTf9Xw="></latexit><latexit sha1_base64="rE/wOPrdsvI6Dc4lcpGqZKTf9Xw="></latexit>

U(1)a
<latexit sha1_base64="WWj5LSMZtQGaJFVj7CQl0oG8GTU="></latexit><latexit sha1_base64="WWj5LSMZtQGaJFVj7CQl0oG8GTU="></latexit><latexit sha1_base64="WWj5LSMZtQGaJFVj7CQl0oG8GTU="></latexit><latexit sha1_base64="WWj5LSMZtQGaJFVj7CQl0oG8GTU="></latexit>

phase : 
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Now let us discuss effects of           breaking terms
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Since the potential has non-trivial          phase dependence, 
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Now let us discuss effects of           breaking terms

Vortex solution:

U(1)a
<latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit><latexit sha1_base64="14HTCYUi2kmKc8xyeNhjwbPqhLQ="></latexit>

m2
12 6= 0, �5 6= 0

<latexit sha1_base64="iA/KYczG2oXEy/5GYlFCKEJOJ0M="></latexit><latexit sha1_base64="iA/KYczG2oXEy/5GYlFCKEJOJ0M="></latexit><latexit sha1_base64="iA/KYczG2oXEy/5GYlFCKEJOJ0M="></latexit><latexit sha1_base64="iA/KYczG2oXEy/5GYlFCKEJOJ0M="></latexit>

H =

✓
v1 f1(r) ei✓̂(✓) 0

0 v2 f2(r)

◆

<latexit sha1_base64="/JM1QujREzkWLA+IMdm7omcL8Mk="></latexit><latexit sha1_base64="/JM1QujREzkWLA+IMdm7omcL8Mk="></latexit><latexit sha1_base64="/JM1QujREzkWLA+IMdm7omcL8Mk="></latexit><latexit sha1_base64="/JM1QujREzkWLA+IMdm7omcL8Mk="></latexit>

= e
i
2 ✓̂(✓)e

i�3
2 ✓̂(✓)

✓
v1f1(r) 0

0 v2f2(r)

◆

<latexit sha1_base64="PAk05jYk6HRpk9cB92EbhheyK9k="></latexit><latexit sha1_base64="PAk05jYk6HRpk9cB92EbhheyK9k="></latexit><latexit sha1_base64="PAk05jYk6HRpk9cB92EbhheyK9k="></latexit><latexit sha1_base64="PAk05jYk6HRpk9cB92EbhheyK9k="></latexit>

To see the potential that the vortex configuration “feels”,  
 let us substitute                                into the potentialH = ei↵diag(v1, v2)
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Stability of the domain wall / membrane
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&
(Cases I, II, and V)

(a) region I (b) region II

(Cosmologically ruled out)
CP, Z2 domain walls remain

M. Eto, M. Kurachi and M. Nitta, 
arXiv:1803.04662 [hep-ph]

membrane disappears by creating 
a hole bounded by a vortex
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Case V

Cosmological constraint on the parameter space



Summary and Prospect
• Relative phase plays important role for the vacuum structure 
in the 2HDM 

• Depending on the parameter choice, various kinds of domain 
walls and membranes are created 

• Vortex attached by domain wall(s) can be also created, which 
plays the role to let the membranes decay 

• constraints on the parameter space was placed from 
cosmological requirement 

• Numerical solutions of various objects were obtained

Future directions:  • Effect of the explicit CP violation 
• Gravitational waves 
• Baryogenesis (new source of CP violation)



Backups



(b)

O O
↵ ↵

O
↵

�⇡

2

⇡

2
�⇡

2

⇡

2
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)(b)

O O
↵ ↵

O
↵

�⇡

2

⇡

2
�⇡

2

⇡

2
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)
(b)

O O
↵ ↵

O
↵

�⇡

2

⇡

2
�⇡

2

⇡

2
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

Domain walls and membranes in 2HDMs 

Case I (⇠ = 0) Case II (⇠ = ⇡/4) Case III (⇠ = ⇡/2) Case IV (⇠ = 3⇡/4) Case V (⇠ = ⇡)

(b)

O O
↵ ↵

O
↵

�⇡

2

⇡

2
�⇡

2

⇡

2
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)
(b)

O O
↵ ↵

O
↵

�⇡

2

⇡

2
�⇡

2

⇡

2
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2
O

↵
�⇡

2

⇡

2

Case V (⇠ = ⇡)Case IV (⇠ = 3⇡/4)Case III (⇠ = ⇡/2)Case II (⇠ = ⇡/4)Case I (⇠ = 0)

|�
(x
)|

<latexit sha1_base64="CNa94lVpNJ5PexEP2L/g0bZd3ew="></latexit><latexit sha1_base64="CNa94lVpNJ5PexEP2L/g0bZd3ew="></latexit><latexit sha1_base64="CNa94lVpNJ5PexEP2L/g0bZd3ew="></latexit><latexit sha1_base64="CNa94lVpNJ5PexEP2L/g0bZd3ew="></latexit>

↵
(x
)

<latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit><latexit sha1_base64="O4al1esTGBlZZkuOExLHSNfcLRc="></latexit>

E
(x
)

<latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit><latexit sha1_base64="AKpShjjivSFF7Rtf+MM3dCm+D+4="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

x

<latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit><latexit sha1_base64="OZK11u/aMdGQlcrYUrjKcdoy/PE="></latexit>

M. Eto, M. Kurachi and M. Nitta, arXiv:1803.04662 [hep-ph]

V
⇠
(↵

)
<latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit><latexit sha1_base64="t8bs8SV2OizH+V7ngDrpkWNyf1k="></latexit>



Gravitational Wave?
 Remnant of creations and annihilations of domain walls

K. Saikawa, arXiv:1703.02576 [hep-ph]



Effect of the explicit CP violation
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If        and/or      are complex,  
the reflection symmetry will be lost
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Effect of the explicit CP violation
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Domain walls  
become unstable

Phenomenological constraint on the magnitude  
of the explicit CP violation (EDM, Higgs decay…)

Lifetime of the domain wall

see, e.g., 
V. Keus, S. F. King, S. Moretti and K. Yagyu, JHEP 1604, 048 (2016)


