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Hitoshi, particle, and cosmos
“Mystery of missing antimatter”

Oct. 25th, 2008 
at the University of Tokyo

https://www.ipmu.jp/ja/story/7534



Kavli IPMU 4th anniversary



Reading club
Hitoshi organized a weekly reading club for first-year Ph.D students 

We learned the use of symmetry, 
the Standard Model (except for Higgs), 
etc.



Berkeley and Kavli IPMU

2013? at Kyoto 2016 Berkeley-IPMU week



Berkeley and Kavli IPMU

2018 Berkeley-IPMU week



Working with Lawrence

Development in QCD axion 
cosmology with Lawrence, 
Raymond C0, Aaron Pierce, …

Raymond Co’s talk

2017



Outline

Z2 symmetry of Higgs and its spontaneous breaking, how it is correlated 
with Standard Model parameters

Parity, SO(10), and dark matter



 symmetry of  HiggsZ2

If  introduces the mirror copy of the SM, dark matter candidates

If  involves space-time parity, the strong CP problem can be solved

Z2

Z2

Goldberg and Hall (1986)

Standard Model Higgs  
 doublet

H
SU(2)L

Mirror baryons, electrons, atoms, …

Its  partner  
 doublet

Z2 H′￼

SU(2)′￼L

 symmetryZ2

Babu and Mohapatra (1989), Barr, Chang and Senjanovic (1991), 
Hall and KH (2018,2019)

θGG̃

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

SU(3)c × SU(2)L × SU(2)R × U(1)X

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



 needs to be brokenZ2

For mirror , there would be too much extra radiation in the universe. Also, 
mirror atom dark matter would be too strongly self-interesting

For space-time parity, there would too light particles that has O(1) coupling 
to SM particles

Z2

σatom ∼
1

m2
e′￼
α2

SU(3)c × SU(2)L × SU(2)R × U(1)X mWR
= mWL

SU(3)c × SU(2)L × U(1)Y × SU(2)′￼L × U(1)′￼Y mq′￼
= mq



 and vanishing SM Higgs quarticZ2
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Buttazzo et.al (2013)

In 2017, we found a relation 
between the vanishing quartic 
coupling and Z2 symmetry



Higgs potential

V =

= λ ( |H |2 + |H′￼|2 − v′￼

2)
2

+ y |H |2 |H′￼|2

(λ |H′￼|4 − m2 |H′￼|2 )(λ |H |4 − m2 |H |2 ) + |H |2 |H′￼|2+ỹ

?

parity

Can we find the minimum with

hHi ⌧ hH 0i
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0 6= hHi ⌧ hH 0i
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H′￼

H

y > 0

< H > = 0

< H′￼ > = 0

V = λ( |H |2 + |H′￼|2 − v′￼

2)2 + y |H |2 |H′￼|2



y < 0

< H > = < H′￼ >

H′￼

H

hHi ⌧ hH 0i
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V = λ( |H |2 + |H′￼|2 − v′￼

2)2 + y |H |2 |H′￼|2



y ≃ 0

degenerated minima

H′￼

H

V = λ( |H |2 + |H′￼|2 − v′￼

2)2 + y |H |2 |H′￼|2



y ≃ 0

This point can become a minimum by quantum corrections

degenerated minima

H′￼

H

V = λ( |H |2 + |H′￼|2 − v′￼

2)2 + y |H |2 |H′￼|2

hHi ⌧ hH 0i
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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)

H

H′￼

ϕ H ≃ ϕv′￼

ϕ

V ≃ λ( |H |2 + |H′￼|2 − v′￼

2)2 + small corrections

symmetry rotating the vector (H, H′￼)

hH 0i = v
0
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λSM(v′￼) ≃ 0 (up to calculable 
threshold correction)
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λH

 Vanishing quartic coupling

v′￼

top quark

H

H

H

H
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∝ m4
top

E / GeV



Fine-tuning

same as that of standard model

v′￼

2

Λ2
cut

×
v2

v′￼

2 =
v2

Λ2
cut

Despite the intermediate scale ,v′￼

V = λ ( |H |2 + |H′￼|2 − v′￼

2)
2

+ y |H |2 |H′￼|2



Generic Z2
The scheme is applicable to generic models 
with the SM Higgs  and its Z2 partner H H′￼
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Higgs Parity

Mirror Z2, Left-Right symmetry 
with or without space-time parity, ….



Precise measurement and Z2

top quark mass 
Higgs mass
strong coupling constant

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019, 2020, 2022)

Carrasco-Martinez, Dunsky, Hall and KH (2023)

Z2 symmetry
breaking scale
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Dark matter and its detection,
gauge coupling unification 
and proton decay, baryogenesis, … 

top quark mass 
Higgs mass
strong coupling constant

Precise measurement and new physics

Z2 symmetry
breaking scale

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019, 2020, 2022)

Carrasco-Martinez, Dunsky, Hall and KH (2023)



top quark mass 
Higgs mass
strong coupling constant

Precise measurement and new physics

Z2 symmetry
breaking scale

2023 at Flatiron Institute

Dark matter and its detection,
gauge coupling unification 
and proton decay, baryogenesis, … 

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019, 2020, 2022)

Carrasco-Martinez, Dunsky, Hall and KH (2023)



Z2 symmetries
Mirror Z2

Left-Right symmetry

Left-Right Parity

Mirror Parity

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

SU(3)c × SU(2)L × SU(2)R × U(1)X

SU(3)c × SU(2)L × SU(2)R × U(1)X

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

 dark matter, dark radiation, 
GWs from mirror QCD PT
e′￼

SO(10) unification, leptogenesis, 
right-handed neutrino DM

above + solving strong CP problem

 dark matter, solving strong CP probleme′￼



Z2 symmetries
Mirror Z2

Left-Right symmetry

Left-Right Parity

Mirror Parity

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

SU(3)c × SU(2)L × SU(2)R × U(1)X

SU(3)c × SU(2)L × SU(2)R × U(1)X

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

 dark matter, dark radiation, 
GWs from mirror QCD PT
e′￼

SO(10) unification, leptogenesis, 
right-handed neutrino DM

above + solving strong CP problem

 dark matter, solving strong CP probleme′￼



Outline

Z2 symmetry of Higgs and its spontaneous breaking

Parity, SO(10), and dark matter



The strong CP problem

d�
1
3
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u+ 2
3
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dn/e ⇠ 0.1 fm ⇠ 10�14 cm ?
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Baker et.al (2006)dn/e < 2.9⇥ 10�26 cm
<latexit sha1_base64="116EGZL4KyJJh6tX1sIJ3pBYqbI=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1Gwcd0N4gMsgjaWEcwDkhhmJ7PJkJnZZWZWCMv6ATb+io2FIrb2dv6Nk2QLTTxw4XDOvdx7jx8xqrTrflu5ufmFxaX8cmFldW19w97cqqkwlphUcchC2fCRIowKUtVUM9KIJEHcZ6TuD65Gfv2eSEVDcauHEWlz1BM0oBhpI3XsvW5HHBF4AWHJOW9pyomCnnuXHJZO0oekJTnEPO3YRddxx4CzxMtIEWSodOyvVjfEMSdCY4aUanpupNsJkppiRtJCK1YkQniAeqRpqEBmbTsZf5PCfaN0YRBKU0LDsfp7IkFcqSH3TSdHuq+mvZH4n9eMdXDWTqiIYk0EniwKYgZ1CEfRwC6VBGs2NARhSc2tEPeRRFibAAsmBG/65VlSKzme63g3x8XyZRZHHuyAXXAAPHAKyuAaVEAVYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QPsT5mY</latexit><latexit sha1_base64="116EGZL4KyJJh6tX1sIJ3pBYqbI=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1Gwcd0N4gMsgjaWEcwDkhhmJ7PJkJnZZWZWCMv6ATb+io2FIrb2dv6Nk2QLTTxw4XDOvdx7jx8xqrTrflu5ufmFxaX8cmFldW19w97cqqkwlphUcchC2fCRIowKUtVUM9KIJEHcZ6TuD65Gfv2eSEVDcauHEWlz1BM0oBhpI3XsvW5HHBF4AWHJOW9pyomCnnuXHJZO0oekJTnEPO3YRddxx4CzxMtIEWSodOyvVjfEMSdCY4aUanpupNsJkppiRtJCK1YkQniAeqRpqEBmbTsZf5PCfaN0YRBKU0LDsfp7IkFcqSH3TSdHuq+mvZH4n9eMdXDWTqiIYk0EniwKYgZ1CEfRwC6VBGs2NARhSc2tEPeRRFibAAsmBG/65VlSKzme63g3x8XyZRZHHuyAXXAAPHAKyuAaVEAVYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QPsT5mY</latexit><latexit sha1_base64="116EGZL4KyJJh6tX1sIJ3pBYqbI=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1Gwcd0N4gMsgjaWEcwDkhhmJ7PJkJnZZWZWCMv6ATb+io2FIrb2dv6Nk2QLTTxw4XDOvdx7jx8xqrTrflu5ufmFxaX8cmFldW19w97cqqkwlphUcchC2fCRIowKUtVUM9KIJEHcZ6TuD65Gfv2eSEVDcauHEWlz1BM0oBhpI3XsvW5HHBF4AWHJOW9pyomCnnuXHJZO0oekJTnEPO3YRddxx4CzxMtIEWSodOyvVjfEMSdCY4aUanpupNsJkppiRtJCK1YkQniAeqRpqEBmbTsZf5PCfaN0YRBKU0LDsfp7IkFcqSH3TSdHuq+mvZH4n9eMdXDWTqiIYk0EniwKYgZ1CEfRwC6VBGs2NARhSc2tEPeRRFibAAsmBG/65VlSKzme63g3x8XyZRZHHuyAXXAAPHAKyuAaVEAVYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QPsT5mY</latexit><latexit sha1_base64="116EGZL4KyJJh6tX1sIJ3pBYqbI=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1Gwcd0N4gMsgjaWEcwDkhhmJ7PJkJnZZWZWCMv6ATb+io2FIrb2dv6Nk2QLTTxw4XDOvdx7jx8xqrTrflu5ufmFxaX8cmFldW19w97cqqkwlphUcchC2fCRIowKUtVUM9KIJEHcZ6TuD65Gfv2eSEVDcauHEWlz1BM0oBhpI3XsvW5HHBF4AWHJOW9pyomCnnuXHJZO0oekJTnEPO3YRddxx4CzxMtIEWSodOyvVjfEMSdCY4aUanpupNsJkppiRtJCK1YkQniAeqRpqEBmbTsZf5PCfaN0YRBKU0LDsfp7IkFcqSH3TSdHuq+mvZH4n9eMdXDWTqiIYk0EniwKYgZ1CEfRwC6VBGs2NARhSc2tEPeRRFibAAsmBG/65VlSKzme63g3x8XyZRZHHuyAXXAAPHAKyuAaVEAVYPAInsEreLOerBfr3fqYtOasbGYb/IH1+QPsT5mY</latexit>

Neutron Electric Dipole Moment

Suggests CP symmetry

H = dn
~E · ~S

<latexit sha1_base64="JLEAWsvarC0w/OJamzrmswz3b80=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokIuhGKInRZ0T6gCWEymbRDJ5MwMymUkI0bf8WNC0Xc+g/u/BunaRbaeuDCmXPuZe49fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Gbqd8dESBrzBzVJiBuhAachxUhpyTOPmvAKBh53xgRntzl0cBArWLzuc8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuuyOGJVgIYxkIXV7BQf09kKJJyEvm6M0JqKOe9qfif109VeOlmlCepIhzPPgpTBlUMp5HAgAqCFZtogrCgeleIh0ggrHRwVR2CPX/yIumc1W2rbt+d1xrXZRwVcAiOwSmwwQVogCZogTbA4BE8g1fwZjwZL8a78TFrXTLKmQPwB8bnDyqcl7s=</latexit><latexit sha1_base64="JLEAWsvarC0w/OJamzrmswz3b80=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokIuhGKInRZ0T6gCWEymbRDJ5MwMymUkI0bf8WNC0Xc+g/u/BunaRbaeuDCmXPuZe49fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Gbqd8dESBrzBzVJiBuhAachxUhpyTOPmvAKBh53xgRntzl0cBArWLzuc8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuuyOGJVgIYxkIXV7BQf09kKJJyEvm6M0JqKOe9qfif109VeOlmlCepIhzPPgpTBlUMp5HAgAqCFZtogrCgeleIh0ggrHRwVR2CPX/yIumc1W2rbt+d1xrXZRwVcAiOwSmwwQVogCZogTbA4BE8g1fwZjwZL8a78TFrXTLKmQPwB8bnDyqcl7s=</latexit><latexit sha1_base64="JLEAWsvarC0w/OJamzrmswz3b80=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokIuhGKInRZ0T6gCWEymbRDJ5MwMymUkI0bf8WNC0Xc+g/u/BunaRbaeuDCmXPuZe49fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Gbqd8dESBrzBzVJiBuhAachxUhpyTOPmvAKBh53xgRntzl0cBArWLzuc8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuuyOGJVgIYxkIXV7BQf09kKJJyEvm6M0JqKOe9qfif109VeOlmlCepIhzPPgpTBlUMp5HAgAqCFZtogrCgeleIh0ggrHRwVR2CPX/yIumc1W2rbt+d1xrXZRwVcAiOwSmwwQVogCZogTbA4BE8g1fwZjwZL8a78TFrXTLKmQPwB8bnDyqcl7s=</latexit><latexit sha1_base64="JLEAWsvarC0w/OJamzrmswz3b80=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KokIuhGKInRZ0T6gCWEymbRDJ5MwMymUkI0bf8WNC0Xc+g/u/BunaRbaeuDCmXPuZe49fsKoVJb1bSwtr6yurVc2qptb2zu75t5+R8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Gbqd8dESBrzBzVJiBuhAachxUhpyTOPmvAKBh53xgRntzl0cBArWLzuc8+sWXWrAFwkdklqoETLM7+cIMZpRLjCDEnZt61EuRkSimJG8qqTSpIgPEID0teUo4hINyuuyOGJVgIYxkIXV7BQf09kKJJyEvm6M0JqKOe9qfif109VeOlmlCepIhzPPgpTBlUMp5HAgAqCFZtogrCgeleIh0ggrHRwVR2CPX/yIumc1W2rbt+d1xrXZRwVcAiOwSmwwQVogCZogTbA4BE8g1fwZjwZL8a78TFrXTLKmQPwB8bnDyqcl7s=</latexit>

dn = 0
<latexit sha1_base64="juBArIQQLRloTb6zEc0SsAJHL3Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2ANpTNZtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1LBtXHdb6e0tr6xuVXeruzs7u0fVA+P2jrJFMMWS0SiugHVKLjEluFGYDdVSONAYCcY3838zhMqzRP5aCYp+jEdSh5xRo2VOuFAkhviDqo1t+7OQVaJV5AaFGgOql/9MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9Mh9iyVNEbt5/Nzp+TMKiGJEmVLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMdO3nXKaZQckWi6JMEJOQ2e8k5AqZERNLKFPc3krYiCrKjE2oYkPwll9eJe2LuufWvYfLWuO2iKMMJ3AK5+DBFTTgHprQAgZjeIZXeHNS58V5dz4WrSWnmDmGP3A+fwDpWY6e</latexit><latexit sha1_base64="juBArIQQLRloTb6zEc0SsAJHL3Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2ANpTNZtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1LBtXHdb6e0tr6xuVXeruzs7u0fVA+P2jrJFMMWS0SiugHVKLjEluFGYDdVSONAYCcY3838zhMqzRP5aCYp+jEdSh5xRo2VOuFAkhviDqo1t+7OQVaJV5AaFGgOql/9MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9Mh9iyVNEbt5/Nzp+TMKiGJEmVLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMdO3nXKaZQckWi6JMEJOQ2e8k5AqZERNLKFPc3krYiCrKjE2oYkPwll9eJe2LuufWvYfLWuO2iKMMJ3AK5+DBFTTgHprQAgZjeIZXeHNS58V5dz4WrSWnmDmGP3A+fwDpWY6e</latexit><latexit sha1_base64="juBArIQQLRloTb6zEc0SsAJHL3Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2ANpTNZtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1LBtXHdb6e0tr6xuVXeruzs7u0fVA+P2jrJFMMWS0SiugHVKLjEluFGYDdVSONAYCcY3838zhMqzRP5aCYp+jEdSh5xRo2VOuFAkhviDqo1t+7OQVaJV5AaFGgOql/9MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9Mh9iyVNEbt5/Nzp+TMKiGJEmVLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMdO3nXKaZQckWi6JMEJOQ2e8k5AqZERNLKFPc3krYiCrKjE2oYkPwll9eJe2LuufWvYfLWuO2iKMMJ3AK5+DBFTTgHprQAgZjeIZXeHNS58V5dz4WrSWnmDmGP3A+fwDpWY6e</latexit><latexit sha1_base64="juBArIQQLRloTb6zEc0SsAJHL3Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2ANpTNZtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1LBtXHdb6e0tr6xuVXeruzs7u0fVA+P2jrJFMMWS0SiugHVKLjEluFGYDdVSONAYCcY3838zhMqzRP5aCYp+jEdSh5xRo2VOuFAkhviDqo1t+7OQVaJV5AaFGgOql/9MGFZjNIwQbXueW5q/Jwqw5nAaaWfaUwpG9Mh9iyVNEbt5/Nzp+TMKiGJEmVLGjJXf0/kNNZ6Ege2M6ZmpJe9mfif18tMdO3nXKaZQckWi6JMEJOQ2e8k5AqZERNLKFPc3krYiCrKjE2oYkPwll9eJe2LuufWvYfLWuO2iKMMJ3AK5+DBFTTgHprQAgZjeIZXeHNS58V5dz4WrSWnmDmGP3A+fwDpWY6e</latexit>

dn ~E · ~S =) �dn ~E · ~S
<latexit sha1_base64="lN242cqxBYEcxs/9OsmciV5ASPI=">AAACLHicdVDLSgMxFM34rPVVdekmWAQ3lhkRdFksggsXFe0DOqVkMmkbmkmG5E6lDP0gN/6KIC4s4tbvMH0stNUDgZNzziW5J4gFN+C6I2dpeWV1bT2zkd3c2t7Zze3tV41KNGUVqoTS9YAYJrhkFeAgWD3WjESBYLWgVxr7tT7Thiv5AIOYNSPSkbzNKQErtXKlsCWx32c0vR5in4YKprf7oX+rZEfzTheI1uoRn/6bbOXybsGdAC8Sb0byaIZyK/fqh4omEZNABTGm4bkxNFOigVPBhlk/MSwmtEc6rGGpJBEzzXSy7BAfWyXEbaXtkYAn6s+JlETGDKLAJiMCXTPvjcW/vEYC7ctmymWcAJN0+lA7ERgUHjeHQ64ZBTGwhFDN7V8x7RJNKNh+s7YEb37lRVI9K3huwbs7zxevZnVk0CE6QifIQxeoiG5QGVUQRU/oBb2jkfPsvDkfzuc0uuTMZg7QLzhf36CBqHE=</latexit><latexit sha1_base64="lN242cqxBYEcxs/9OsmciV5ASPI=">AAACLHicdVDLSgMxFM34rPVVdekmWAQ3lhkRdFksggsXFe0DOqVkMmkbmkmG5E6lDP0gN/6KIC4s4tbvMH0stNUDgZNzziW5J4gFN+C6I2dpeWV1bT2zkd3c2t7Zze3tV41KNGUVqoTS9YAYJrhkFeAgWD3WjESBYLWgVxr7tT7Thiv5AIOYNSPSkbzNKQErtXKlsCWx32c0vR5in4YKprf7oX+rZEfzTheI1uoRn/6bbOXybsGdAC8Sb0byaIZyK/fqh4omEZNABTGm4bkxNFOigVPBhlk/MSwmtEc6rGGpJBEzzXSy7BAfWyXEbaXtkYAn6s+JlETGDKLAJiMCXTPvjcW/vEYC7ctmymWcAJN0+lA7ERgUHjeHQ64ZBTGwhFDN7V8x7RJNKNh+s7YEb37lRVI9K3huwbs7zxevZnVk0CE6QifIQxeoiG5QGVUQRU/oBb2jkfPsvDkfzuc0uuTMZg7QLzhf36CBqHE=</latexit><latexit sha1_base64="lN242cqxBYEcxs/9OsmciV5ASPI=">AAACLHicdVDLSgMxFM34rPVVdekmWAQ3lhkRdFksggsXFe0DOqVkMmkbmkmG5E6lDP0gN/6KIC4s4tbvMH0stNUDgZNzziW5J4gFN+C6I2dpeWV1bT2zkd3c2t7Zze3tV41KNGUVqoTS9YAYJrhkFeAgWD3WjESBYLWgVxr7tT7Thiv5AIOYNSPSkbzNKQErtXKlsCWx32c0vR5in4YKprf7oX+rZEfzTheI1uoRn/6bbOXybsGdAC8Sb0byaIZyK/fqh4omEZNABTGm4bkxNFOigVPBhlk/MSwmtEc6rGGpJBEzzXSy7BAfWyXEbaXtkYAn6s+JlETGDKLAJiMCXTPvjcW/vEYC7ctmymWcAJN0+lA7ERgUHjeHQ64ZBTGwhFDN7V8x7RJNKNh+s7YEb37lRVI9K3huwbs7zxevZnVk0CE6QifIQxeoiG5QGVUQRU/oBb2jkfPsvDkfzuc0uuTMZg7QLzhf36CBqHE=</latexit><latexit sha1_base64="lN242cqxBYEcxs/9OsmciV5ASPI=">AAACLHicdVDLSgMxFM34rPVVdekmWAQ3lhkRdFksggsXFe0DOqVkMmkbmkmG5E6lDP0gN/6KIC4s4tbvMH0stNUDgZNzziW5J4gFN+C6I2dpeWV1bT2zkd3c2t7Zze3tV41KNGUVqoTS9YAYJrhkFeAgWD3WjESBYLWgVxr7tT7Thiv5AIOYNSPSkbzNKQErtXKlsCWx32c0vR5in4YKprf7oX+rZEfzTheI1uoRn/6bbOXybsGdAC8Sb0byaIZyK/fqh4omEZNABTGm4bkxNFOigVPBhlk/MSwmtEc6rGGpJBEzzXSy7BAfWyXEbaXtkYAn6s+JlETGDKLAJiMCXTPvjcW/vEYC7ctmymWcAJN0+lA7ERgUHjeHQ64ZBTGwhFDN7V8x7RJNKNh+s7YEb37lRVI9K3huwbs7zxevZnVk0CE6QifIQxeoiG5QGVUQRU/oBb2jkfPsvDkfzuc0uuTMZg7QLzhf36CBqHE=</latexit>

CP



CP is not preserved in SM

dn/e ' 5⇥ 10�16✓̄ cm
<latexit sha1_base64="HB5HgKXdoTveMQppgcFSvwv243s=">AAACHXicbZBNSwMxEIazflu/qh69BIvgxborfh1FLx4VrBW6tWTTaRuaZNdkVijL+kO8+Fe8eFDEgxfx35jWHtT6QuDhnRky80aJFBZ9/9MbG5+YnJqemS3MzS8sLhWXVy5tnBoOFR7L2FxFzIIUGiooUMJVYoCpSEI16p7069VbMFbE+gJ7CdQVa2vREpyhsxrF3WZDbwMNrVBwQ/doiA4sDfzrbCvYz2kYMZOF2AFk+V0WGkW5yhvFkl/2B6KjEAyhRIY6axTfw2bMUwUauWTW1gI/wXrGDAouIS+EqYWE8S5rQ82hZm6Heja4LqcbzmnSVmzc00gH7s+JjClreypynYphx/6t9c3/arUUW4f1TOgkRdD8+6NWKinGtB8VbQoDHGXPAeNGuF0p7zDDOLpACy6E4O/Jo3C5Uw78cnC+Wzo6HsYxQ9bIOtkkATkgR+SUnJEK4eSePJJn8uI9eE/eq/f23TrmDWdWyS95H1/UNqEt</latexit><latexit sha1_base64="HB5HgKXdoTveMQppgcFSvwv243s=">AAACHXicbZBNSwMxEIazflu/qh69BIvgxborfh1FLx4VrBW6tWTTaRuaZNdkVijL+kO8+Fe8eFDEgxfx35jWHtT6QuDhnRky80aJFBZ9/9MbG5+YnJqemS3MzS8sLhWXVy5tnBoOFR7L2FxFzIIUGiooUMJVYoCpSEI16p7069VbMFbE+gJ7CdQVa2vREpyhsxrF3WZDbwMNrVBwQ/doiA4sDfzrbCvYz2kYMZOF2AFk+V0WGkW5yhvFkl/2B6KjEAyhRIY6axTfw2bMUwUauWTW1gI/wXrGDAouIS+EqYWE8S5rQ82hZm6Heja4LqcbzmnSVmzc00gH7s+JjClreypynYphx/6t9c3/arUUW4f1TOgkRdD8+6NWKinGtB8VbQoDHGXPAeNGuF0p7zDDOLpACy6E4O/Jo3C5Uw78cnC+Wzo6HsYxQ9bIOtkkATkgR+SUnJEK4eSePJJn8uI9eE/eq/f23TrmDWdWyS95H1/UNqEt</latexit><latexit sha1_base64="HB5HgKXdoTveMQppgcFSvwv243s=">AAACHXicbZBNSwMxEIazflu/qh69BIvgxborfh1FLx4VrBW6tWTTaRuaZNdkVijL+kO8+Fe8eFDEgxfx35jWHtT6QuDhnRky80aJFBZ9/9MbG5+YnJqemS3MzS8sLhWXVy5tnBoOFR7L2FxFzIIUGiooUMJVYoCpSEI16p7069VbMFbE+gJ7CdQVa2vREpyhsxrF3WZDbwMNrVBwQ/doiA4sDfzrbCvYz2kYMZOF2AFk+V0WGkW5yhvFkl/2B6KjEAyhRIY6axTfw2bMUwUauWTW1gI/wXrGDAouIS+EqYWE8S5rQ82hZm6Heja4LqcbzmnSVmzc00gH7s+JjClreypynYphx/6t9c3/arUUW4f1TOgkRdD8+6NWKinGtB8VbQoDHGXPAeNGuF0p7zDDOLpACy6E4O/Jo3C5Uw78cnC+Wzo6HsYxQ9bIOtkkATkgR+SUnJEK4eSePJJn8uI9eE/eq/f23TrmDWdWyS95H1/UNqEt</latexit><latexit sha1_base64="HB5HgKXdoTveMQppgcFSvwv243s=">AAACHXicbZBNSwMxEIazflu/qh69BIvgxborfh1FLx4VrBW6tWTTaRuaZNdkVijL+kO8+Fe8eFDEgxfx35jWHtT6QuDhnRky80aJFBZ9/9MbG5+YnJqemS3MzS8sLhWXVy5tnBoOFR7L2FxFzIIUGiooUMJVYoCpSEI16p7069VbMFbE+gJ7CdQVa2vREpyhsxrF3WZDbwMNrVBwQ/doiA4sDfzrbCvYz2kYMZOF2AFk+V0WGkW5yhvFkl/2B6KjEAyhRIY6axTfw2bMUwUauWTW1gI/wXrGDAouIS+EqYWE8S5rQ82hZm6Heja4LqcbzmnSVmzc00gH7s+JjClreypynYphx/6t9c3/arUUW4f1TOgkRdD8+6NWKinGtB8VbQoDHGXPAeNGuF0p7zDDOLpACy6E4O/Jo3C5Uw78cnC+Wzo6HsYxQ9bIOtkkATkgR+SUnJEK4eSePJJn8uI9eE/eq/f23TrmDWdWyS95H1/UNqEt</latexit>

Crewther, Vecchia and Witten (1979)

✓CKM = O(1)
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The strong CP problem

θ̄ = argdet(mumd) + θQCD < 10−10

yu,d must have O(1) complex phases 
CP is violated

ℒ = yu
ijH

†qiūj + yd
ijHqid̄j +

θQCD

32π2
GG̃

CP violation

observed



Parity solution

H = dn
⃗E ⋅ ⃗S

Space inversion

Parity symmetry can forbid the neutron electric dipole moment

⃗E
Spin ⃗S

+ + + + + + + + + +

- - - - - - - - - - + + + + + + + + + +

- - - - - - - - - -



Left-Right Parity

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N̄, ē)

Parity

(3,2L,1,1/6) (3̄,1,2R, − 1/6)

(1,2L,1, − 1/2) (1,1,2R,1/2)

SU(3)c × SU(2)L × SU(2)R × U(1)X × PLR

HL HR

q(t, x) ↔ iσ2q̄*(t, − x)



Left-Right Parity

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N̄, ē)

Parity

(3,2L,1,1/6) (3̄,1,2R, − 1/6)

(1,2L,1, − 1/2) (1,1,2R,1/2)

SU(3)c × SU(2)L × SU(2)R × U(1)X × PLR

HL HR

Carrasco-Martinez, Dunsky, Hall and KH (2023)
Mystery of missing 
antimatter (2008)



Left-Right Parity

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N̄, ē)

Parity

(3,2L,1,1/6) (3̄,1,2R, − 1/6)

(1,2L,1, − 1/2) (1,1,2R,1/2)

SU(3)c × SU(2)L × SU(2)R × U(1)X × PLR

HL HR

SU(3)c × SU(2)L × U(1)Y

SU(3)c × U(1)EM

HR

HL



Left-Right in SO(10)
SO(10) contains left-right symmetry without space-time inversion

ψ16 = (ℓ, ℓ̄, q, q̄)

SO(10) SU(3)c × SU(2)L × SU(2)R × U(1)X

 is spontaneously brokenCLR

CLR : q ↔ q̄, ℓ ↔ ℓ̄

H45

H16 = (HL, HR, Hc
L, Hc

R)



Left-Right Parity in SO(10)
Add CP:  ψ16(t, x) → iσ2ψ*16(t, − x)

CLR : q ↔ q̄, ℓ ↔ ℓ̄

SO(10) × CP SU(3)c × SU(2)L × SU(2)R × U(1)X × PLR

H45

assuming  is CP oddH45

(CP and CLR) = PLR : q(t, x) ↔ iσ2q̄*(t, − x), ℓ(t, x) ↔ iσ2ℓ̄*(t, − x)
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Coupling unification
Hall, KH (2018, 2019)

RGE scale

energy-dependent couplings
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=
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Quantify unification
Hall, KH (2019)

Δ = maxi,j
8π2

g2
i

−
8π2

g2
j

There can be quantum 
corrections from 
heavy particles around 
the GUT scale
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Quantify unification
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Dark Matter?

One of the right-handed neutrinos?

Dark sector?

Free massive scalar?

A new particle with non-trivial electroweak charge?

Difficult because of the up-neutrino unification



DM in 10
Let us add a fermion  in  of χ 10 SO(10)

χD χD̄ χL̄χL

SU(3)

SU(2)

U(1)

3 3̄

2 2

1/3−1/3 1/2−1/2

Higgsino-like DM



Higgsino-like DM

It should not remain a Dirac fermion
in order to avoid direct detection bound 

<latexit sha1_base64="ax65hUl7Bvr/7WnWynfj+PQ3NiA="></latexit>

Freeze-out mechanism : mL ≃ 1 TeV

χL χL

Nucleon Nucleon

Z Add a mixing with a singlet 
that has a Majorana mass



Colored partner
χD χD̄ χL̄χL

SU(3)
SU(2)

U(1)

3 3̄
2 2

1/3−1/3 1/2−1/2

<latexit sha1_base64="MElN6BpHFa4iY3M32L/7XBs2jKA="></latexit>

χD

χL̄

SMXY

The lifetime is longer 
than the age of the universe 

if TeVmD ∼



Exotic stable relic

Majority of them end up in as  etc has large radiusχD χD χD, χDū

 annihilation freezes-out around  χD T ∼ 0.1mD

They re-annihilate around the QCD PT 

χDū + χD̄u → SM

χD χDu + χDū → χD χD χD + SM

ΩχD χD χD
h2 ∼ 0.1 ( mD

10 TeV )
2

De Luca et.al (2018)

Charged particles with such large abundance is 
excluded by heavy isotope searches



Splitting by missing VEV
<latexit sha1_base64="7TdQMIy9E4RO3M+H4cF1NX7GMOM="></latexit>

hH45i = �iv45 ⇥

0

BB@

�2 0 0
0 �2 0 04⇥6

0 0 �2

06⇥4 04⇥4

1

CCA

χ1−6 : χD,D̄, χ7−10 : χL,L̄

 symmetrySU(2)R

By giving mass to  by  maybe large mass splitting can be achievedχ H45

See Dimopoulos and Wilczek (1981) 
for models with SUSY protection

Baldwin and KH (2024)

(Models with small enough quantum corrections need one more 10-plet )



Lower bound on the mass
<latexit sha1_base64="MElN6BpHFa4iY3M32L/7XBs2jKA="></latexit>

χD

χL̄

SMXY
DM overproduction

<latexit sha1_base64="4dw8++H5sjNzOlCkqCHp4BWsiYo="></latexit>

mD > 3⇥ 109 GeV ⇥
⇣ mXY

1016GeV

⌘4/5 ⇣ mL

100GeV

⌘6/5

ρDM

s
≃ 0.4 eV ( mL

100 GeV )
3 0.05 GeV

Tdec



Gauge coupling unification
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Constraints
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τpe++π0 < 2× 1035 yr

Baldwin and KH (2024)



SM parameters
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Summary

Z2 symmetry of Higgs is phenomenologically interesting

The breaking scale of a class of Z2 symmetry, Higgs Parity, is correlated with 
the SM parameters

Combined with space-time parity, the strong CP problem can be solved

Implications to SO(10) unification, dark matter detections, etc.



Back up



Fermion masses
xH16ψ16X +

1
2

mXX2

  for down and electron,  or  for up and neutrino X : 10 45 54



CKM phase
xH16ψ16X +

1
2

mXX2

CP requires that  and  are realx mX

i
H45

M
H16ψ16X +

1
2

iλH45X2



Setup
 identically vanishesχa χbHab

45

So let us introduce two fermions :  and χ1 χ2

χa χbHac
45Hbc

45 χa χaHbc
45Hbc

45
quantum 

correction



Setup

For example, for , λv45 < M2

0

M2

λ2v2
45/M2

χ2

χD1

χL1

λχa
1 χb

2Hab
45 +

1
2

M2 χa
2 χa

2



Corrections
λχa

1 χb
2Hab

45 +
1
2

M2 χa
2 χa

2

The first term preserve  under which Z4 χ1,2(1), H45(2)

Ignoring the second terms, 
corrections always involve odd number of H45

Two of the indices of  s must be contracted with  H45 χ

Correction to  mass vanishesχL



Corrections
λχa

1 χb
2Hab

45 +
1
2

M2 χa
2 χa

2

Using the second term,

χ1

χ2 χ2
χ1

H45

x

δm ∼
1

16π2
λ2m2 = 100 GeV ( λ

10−4 )
2 M2

1012 GeV



Corrections
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 symmetrySU(2)R

The vev should be non-zero after  symmetry breakingSU(2)R

Indeed,  givesH45H45H16H*16

δv
v45

∼
v2

R

v2
45


