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Summary

The strong CP problem may be solved by Parity 
symmetry

In models with the minimal Higgs content, the Parity 
breaking scale can be determined by the SM parameters

Signals of or constraints on baryogenesis, dark matter, or 
gauge coupling unification models are correlated with 
SM parameters



Outline
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The strong CP problem

θ̄ = argdet(mumd) + θQCD < 10−10

Despite  having O(1) complex phases yu,d

ℒ = yu
ijH

†qiūj + yd
ijHqid̄j +

θQCD

32π2
GG̃

The strong CP problem



Parity solution

>> > >
ParityL R

qL qR

Mohapatra and Senjanovic (1978) 
Beg and Tsao (1978)

Babu and Mohapatra (1989)
Barr, Chang and Senjanovic (1991)

Hall and KH (2018,2019)

mu,d† = mu,d, θQCD = 0 θ̄ = 0
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Parity solution

Minimal fermion model

Minimal Higgs model
Babu and Mohapatra (1989)

Barr, Chang and Senjanovic (1991)
Hall and KH (2018,2019)

Mohapatra and Senjanovic (1978) 
Beg and Tsao (1978)



Minimal fermion model

SU(2)L SU(2)R

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N̄, ē)

Parity

Mohapatra and Senjanovic (1978) 
Beg and Tsao (1978)

q(t, x) ↔ iσ2q̄*(t, − x)



Higgses

SU(3)c × SU(2)L × SU(2)R × U(1)X

SU(3)c × SU(2)L × U(1)Y

SU(3)c × U(1)EM

Φ(1,2,2,0)

TR(1,1,3,1)

TL(1,3,1,1)

parity

Φ*

parity

Y = X + T3R

Q = Y + T3L



Yukawa couplings

yijqiΦq̄j + y′￼ijqiΦ*q̄j

Let us concentrate on quarks

q(3,2,1,1/6) q̄(3̄,1,2, − 1/6)Φ(1,2,2,0)

(SU(3)c, SU(2)L, SU(2)R, U(1)X)

 because of parity symmetry, so  are realy = y† det(y), det(y′￼)

The strong CP problem is solved?

Wait, the phases of Higgs vev?

+y*ij q*i Φ*q̄*j + y′￼*
ij q*i Φq̄*j

Parity



Phase of  Higgs VEV
Most of the parameters of the Higgs potential 

are real because of Hermiticity and parity

|Φ |4 , |Φ |2 , Φ2 + Φ*2

However, we must introduce 
 symmetry breaking field  and its parity partner SU(2)R TR TL

eiα |TR |2 Φ2 + eiα |TL |2 Φ*2 + h . c .

TR ≫ TL

eiαΦ2 + e−iαΦ*2

Φ ↔ Φ*

complex Higgs VEV!



Way out
eiα |TR |2 Φ2 + eiα |TL |2 Φ*2

+e−iα |TR |2 Φ*2 + e−iα |TL |2 Φ2

We must forbid these quartic couplings

Ex. supersymmetry Kuchimanchi (1995), Mohapatra and Rasin (1995)

quartic gauge



Minimal Higgs model

SU(3)c × SU(2)L × SU(2)R × U(1)X

SU(3)c × SU(2)L × U(1)Y

SU(3)c × U(1)EM

HR(1,1,2, − 1/2)

parity

HL(1,2,1,1/2)

Babu and Mohapatra(1989) 

Y = X + T3R

Q = Y + T3L



Fermion sector?

SU(2)L SU(2)R

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N̄, ē)

Parity

But yukawa couplings are forbidden 

(3,2,1,1/6) (3̄,1,2, − 1/6)

(1,2,1, − 1/2) (1,1,2,1/2)

qq̄HL

Let us try the minimal content



Yukawa couplings

yijqiHLŪj + y*ij q̄iHRUj + MijUiŪj

M ≫ yvR

y2

M
qq̄HLHR

right-handed quarks  ≃ q̄

M ≪ yvR right-handed quarks  ≃ Ū

Babu and Mohapatra(1989) 

Introduce  singlet, Dirac fermions SU(2)L × SU(2)R U, Ū, D, D̄

yijqiŪjHL



Yukawa couplings

yijqiHLŪj + y*ij q̄iHRUj + MijUiŪj

(q U) (
0 yvL

y†vR M ) ( q̄
Ū)

det(mu) ∝ det(yy†) is real

Babu and Mohapatra(1989) 

Strong CP problem is solved!

(Quantum corrections are found to be small enough)
Hall, KH (2018), de Vries, Draper, and Patel (2021)

Hisano, Kitahara, Osamura, and Yamada (2023)



q, u, d
 

L, e
H

q’, u’, d’
 

L’, e’
H’

SU(2)L ⇥ U(1)Y
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parity

electroweak electroweak’

New particles

W, Z W′￼, Z′￼

γ γ′￼

SM particles

Mirror variant
Barr, Chang and Senjanovic (1991)

H H’

SU(3)c × SU(2)L × U(1)Y × SU(2)′￼L × U(1)′￼Y
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Minimal Higgs model

SU(3)c × SU(2)L × SU(2)R × U(1)X

SU(3)c × SU(2)L × U(1)Y

SU(3)c × U(1)EM

HR(1,1,2, − 1/2)

parity

HL(1,2,1,1/2)

How to obtain  despite the parity symmetry?vR ≫ vL



Higgs potential

V =

= λ ( |HL |2 + |HR |2 − v′￼
2)

2
+ y |HL |2 |HR |2

(λ |HR |4 − m2 |HR |2 )(λ |HL |4 − m2 |HL |2 )+ |HL |2|HR |2+ỹ

?

parity

Can we find the minimum with

hHLi ⌧ hHRi
<latexit sha1_base64="/uIGwnme+EJwKJsbRsEX5K9AM2g="></latexit><latexit sha1_base64="/uIGwnme+EJwKJsbRsEX5K9AM2g="></latexit><latexit sha1_base64="/uIGwnme+EJwKJsbRsEX5K9AM2g="></latexit><latexit sha1_base64="/uIGwnme+EJwKJsbRsEX5K9AM2g="></latexit>



0 6= hHLi ⌧ hHRi
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HR

HL

y > 0

< HL > = 0

< HR > = 0

V = λ( |HL |2 + |HR |2 − v′￼
2)2 + y |HL |2 |HR |2



hHLi ⌧ hHRi
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y < 0

< HL > = < HR >

V = λ( |HL |2 + |HR |2 − v′￼
2)2 + y |HL |2 |HR |2

HR

HL



y ≃ 0

degenerated minima

V = λ( |HL |2 + |HR |2 − v′￼
2)2 + y |HL |2 |HR |2

HR

HL



y ≃ 0

degenerated minima

This point can become a minimum by quantum corrections

V = λ( |HL |2 + |HR |2 − v′￼
2)2 + y |HL |2 |HR |2

HR

HL

hHLi ⌧ hHRi
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Standard Model Higgs is a (pseudo) Nambu-Goldstone boson
associated with symmetry breaking by

Prediction on the quartic coupling
Hall, KH (2018)

HL

HR

ϕ H ≃ ϕv′￼

ϕ

V ≃ λ( |HL |2 + |HR |2 − v′￼
2)2

λSM(vR) ≃ 0 (up to calculable 
threshold correction)

+ small corrections

symmetry rotating the vector (HL, HR)

hHRi = v
0 = vR
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λH

 Vanishing self  coupling

vR
top quark

H

H

H

H
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top quark mass 
Higgs mass
strong coupling constant

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019)

Precise measurement 
and parity

Parity symmetry
breaking scale
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Baryogenesis, 
Dark matter and its detection,
gauge coupling unification 
and proton decay, …

top quark mass 
Higgs mass
strong coupling constant

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019)

Precise measurement 
and new physics

Parity symmetry
breaking scale
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Leptogenesis

SO(10) unification

Mirror electron dark matter

….



Leptogenesis

N

H
≠ N

H†

lepton anti-lepton

Lepton asymmetry

Baryon asymmetry

non-perturbative 
weak process
(sphaleron)

Fukugita and Yanagida (1986)

Right-handed 
neutrinos



+ +y y
y

y y y y
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<latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit>

H
<latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit> H

<latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit><latexit sha1_base64="yvDTX17HWCeDhoM71X1zjI5AVtU="></latexit>

N

H

N N

MN ≳ 109 GeV

<latexit sha1_base64="xgCgv0W6nsm97qi6l+9ppVjX430="></latexit>

(asymmetry) / y2 <
m⌫MN

v2L

Davidton and Ibarra (2002)

Leptogenesis

N

HL HL

y y
<̀latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit> <̀latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit>



N

HL HL

y y

` = (⌫, e), ¯̀= (N, ē)
<latexit sha1_base64="9/ueFJeyK3qUzayFQvBQXxnFGTU="></latexit><latexit sha1_base64="9/ueFJeyK3qUzayFQvBQXxnFGTU="></latexit><latexit sha1_base64="9/ueFJeyK3qUzayFQvBQXxnFGTU="></latexit><latexit sha1_base64="9/ueFJeyK3qUzayFQvBQXxnFGTU="></latexit>

<̀latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit> <̀latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit><latexit sha1_base64="GrG+LG8BixXllyVubm4uDqHvRJI=">AAACN3icbVDLSgNBEJz1bXwlehRhMAiewq4Iegx68ahgVMgsYXbSmwzOzC4zvZGw7C941V/xUzx5E6/+gZvHQRMLGoqqbqqpKFXSoe+/ewuLS8srq2vrlY3Nre2dam33ziWZFdASiUrsQ8QdKGmghRIVPKQWuI4U3EePlyP/fgDWycTc4jCFUPOekbEUHEcSA6U61brf8Meg8ySYkjqZ4rpT8w5YNxGZBoNCcefagZ9imHOLUigoKixzkHLxyHvQLqnhGlyYj58t6FGpdGmc2HIM0rH6+yLn2rmhjspNzbHvZr2R+K8Xw9DodCYd4/MwlybNEIyYhMeZopjQURu0Ky0IVMOScGFl+T8VfW65wLKzCjPwJBKtuenmbACDoh2EOWUKYmSKm54CmteDglnZ6yOzE6WolIUGs/XNk7uTRuA3gpvTevNiWu0a2SeH5JgE5Iw0yRW5Ji0iSJ88kxfy6r15H96n9zVZXfCmN3vkD7zvH7Tbq/A=</latexit>

<latexit sha1_base64="839rQCVW5+DYFsxV2y/D4qGUUCk="></latexit>

c

2⇤
``HLHL +

c

2⇤
¯̀̀̄ HRHR +

d

⇤
`¯̀HLHR

<latexit sha1_base64="EevawPQeoYQjVbNQpwaX2kFQqv0="></latexit>

m⌫ = MN

✓
vL
vR

◆2

� y2v2L
MN

<latexit sha1_base64="5JwoEvn++xOl9uj3nCzbaz0+8+Y="></latexit>

MN =
c

⇤
vR

2

<latexit sha1_base64="klG8kKP/XxZ8ARXJbhllr8HSUKY="></latexit>

y =
vR
⇤

d

<latexit sha1_base64="cR/W3hRiYa8y7yvtHZyNwh3FO5s="></latexit>

c

2⇤
``HLHL +

MN

2
NN + y`NHL

Leptogenesis



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

109 GeV < MN < m⌫
v2R
v2L

<latexit sha1_base64="yC5PIcaJOdW88KyH0316eB588Ts="></latexit>

vR & 1012 GeV

leptogenesis No fine-tuning in mν

Martinez, Dunsky, Hall, KH (2023)

Leptogenesis

(can be relaxed by some degeneracy of right-handed neutrinos)



Martinez, Dunsky, Hall, KH (2023)



SO(10) unification

SU(3)c × SU(2)L × SU(2)R × U(1)X

SU(3)c × SU(2)L × U(1)Y

<latexit sha1_base64="ofNIwOUITDSf/sn0K1DDH/BU6PM="></latexit>

SO(10)

45

< HR > = vR

Range of  is restricted by gauge coupling unificationvR



Hall, KH (2019)

109 1010 1011 1012 1013
1015

1016
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v' / GeV

M
X
Y
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eV

�=10 5

�(p�e+�0)<1.6×1034years

Hyper-K

X45, rXY=2

Δ = maxi, j
8π2

g2
i

−
8π2

g2
j

There can be quantum 
corrections from 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SO(10) unification

Δ < 10



q, u, d
L, e
H

γ, W, Z
parity

Mirror particlesSM particles

me′￼
= me

vR

vL

Mirror electron Dark Matter

Mirror electron is stable due to  and 
a dark matter candidate with a mass

U(1)EM′￼

q’, u’, d’
L’, e’
H’

γ′￼, W′￼, Z′￼
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ϵ = ϵtree + ϵquantum correction

Mirror electron Dark Matter
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Summary

The strong CP problem may be solved by Parity 
symmetry

In models with the minimal Higgs content, the Parity 
breaking scale can be determined by the SM parameters

Signals of or constraints on baryogenesis, dark matter, or 
gauge coupling unification models are correlated with 
SM parameters



New Physics at LHC and beyond

Searches for new particles

Searches for deviation from the standard model 
predictions

Precise measurements of standard model parameters

We should maximize the impact of future colliders

top quark mass,
strong coupling constant,

Higgs mass, etc.

p p
New particle

Nevents = NSM prediction ?

Any other new physics models 
impacted by precise measurements of parameters?



Backup



Fine-tuning

same as that of standard model

vR2

Λ2
cut

×
v2

vR2
=

v2

Λ2
cut

Despite the intermediate scale ,vR

V = λ ( |HL |2 + |HR |2 − vR2)
2

+ y |HL |2 |HR |2
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Composition of  DM

e′￼ u′￼

u′￼

u′￼

mu′￼u′￼u′￼
≃ 4me′￼

Q2
u′￼u′￼u′￼

= 22 = 4Q2
e′￼

Signal rates are independent of 
relative fractions

But the abundance of fractionally charged particles, 
such as , must be suppressedu′￼ud



HR

HL

ϕ

y = 0, tree level

0

π /2

y ≃ 0

V(ϕ)

!
��

"

��

#
ϕ

angular direction ϕ

V = λ( |HL |2 + |HR |2 − v′￼
2)2



ϕ

y = 0, quantum correction

y ≃ 0

!
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"
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#
ϕ

top quark

H

H

H

H
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V = λ( |HL |2 + |HR |2 − v′￼
2)2 + Vquantum(HL, HR)

Colemann-Weinberg potential

HR

HL



y ≃ −
v2

v′￼
2 , quantum correction

ϕ

is achieved !
Hall, KH (2018)

ϕ

V = λ( |HL |2 + |HR |2 − v′￼
2)2 + Vquantum(HL, HR) + y |HL |2 |HR |2

y ≃ 0

!
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#

(fine-tuned Higgs mass)
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hHLi ⌧ hHRi
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