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Summary
Parity symmetry can solve the strong CP problem

Dark matter and baryon asymmetry can be explained 
for a range of parity symmetry breaking scales

The symmetry breaking scale is correlated with 
the top quark mass and the strong coupling constant

The parameter space can be probed by the warmness 
of dark matter and measurements of SM parameters
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Outline

Introduction : the strong CP problem and parity

Minimal fermions or Higgses models      

Sterile neutrino dark matter

Leptogenesis

Top quark mass and strong coupling constant
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The strong CP problem
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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
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Neutron Electric Dipole Moment

Suggests CP symmetry forbidding H = dn
~E · ~S
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But CP violation from quark masses is essential for CKM phase

Strong CP problem 

H = dn
~E · ~S
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’t Hooft (1976)
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Parity solution

H = dn
⃗E ⋅ ⃗S

Parity⃗E
Spin ⃗S

⃗E

Spin ⃗S

⃗S = ⃗x × ⃗v“           ”

⃗x → − ⃗x

Mohapatra and Senjanovic (1978), Beg and Tsao (1978),
Babu and Mohapatra (1989)
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Parity solution

u†
jmij ū

†
i + ujm

⇤
ij ūi

<latexit sha1_base64="1XrOC9PsXxkVfpinICDs4kloNhA="></latexit><latexit sha1_base64="1XrOC9PsXxkVfpinICDs4kloNhA="></latexit><latexit sha1_base64="1XrOC9PsXxkVfpinICDs4kloNhA="></latexit><latexit sha1_base64="1XrOC9PsXxkVfpinICDs4kloNhA="></latexit>

uimij ūj + u†
im

⇤
ij ū

†
j

<latexit sha1_base64="T2G8e8LQ0I6wVdSofya6s99zj0c="></latexit><latexit sha1_base64="T2G8e8LQ0I6wVdSofya6s99zj0c="></latexit><latexit sha1_base64="T2G8e8LQ0I6wVdSofya6s99zj0c="></latexit><latexit sha1_base64="T2G8e8LQ0I6wVdSofya6s99zj0c="></latexit>

Hermitian mass
ui(t, x) $ ū†

i (t,�x)
<latexit sha1_base64="65ABxpvQ6QNJohWb3wSWCZp9HAc="></latexit><latexit sha1_base64="65ABxpvQ6QNJohWb3wSWCZp9HAc="></latexit><latexit sha1_base64="65ABxpvQ6QNJohWb3wSWCZp9HAc="></latexit><latexit sha1_base64="65ABxpvQ6QNJohWb3wSWCZp9HAc="></latexit>

Left Right

✓QCDGG̃
<latexit sha1_base64="T/kWuYVfHEtQsPoCDHNv/ZzT11Q="></latexit><latexit sha1_base64="T/kWuYVfHEtQsPoCDHNv/ZzT11Q="></latexit><latexit sha1_base64="T/kWuYVfHEtQsPoCDHNv/ZzT11Q="></latexit><latexit sha1_base64="T/kWuYVfHEtQsPoCDHNv/ZzT11Q="></latexit>

G01 ! �G01
<latexit sha1_base64="q7hBYp3aeRru4MOR3oC+aBla4Yo="></latexit><latexit sha1_base64="q7hBYp3aeRru4MOR3oC+aBla4Yo="></latexit><latexit sha1_base64="q7hBYp3aeRru4MOR3oC+aBla4Yo="></latexit><latexit sha1_base64="q7hBYp3aeRru4MOR3oC+aBla4Yo="></latexit>

Fermions

G23 ! G23
<latexit sha1_base64="pDUoHiDquIHzBoF6GlofLOF8L9Y="></latexit><latexit sha1_base64="pDUoHiDquIHzBoF6GlofLOF8L9Y="></latexit><latexit sha1_base64="pDUoHiDquIHzBoF6GlofLOF8L9Y="></latexit><latexit sha1_base64="pDUoHiDquIHzBoF6GlofLOF8L9Y="></latexit>

Gluons

etc

✓CPV = ✓QCD + arg(detmij) = 0
<latexit sha1_base64="3fOjroeJEQfHWk5pEjwMFaaBE1I="></latexit><latexit sha1_base64="3fOjroeJEQfHWk5pEjwMFaaBE1I="></latexit><latexit sha1_base64="3fOjroeJEQfHWk5pEjwMFaaBE1I="></latexit><latexit sha1_base64="3fOjroeJEQfHWk5pEjwMFaaBE1I="></latexit>

6

(CP is violated!)



Parity is broken

Lee and Yang (1956), Wu (1957)

7

<latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit><latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit><latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit><latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit>

uL
<latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit><latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit><latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit><latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit>

dL
<latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit><latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit><latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit><latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit>

uR
<latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit><latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit><latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit><latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit>

dR
<latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit><latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit><latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit><latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit>

WL
<latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit><latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit><latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit><latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit>



New gauge bosons

Lee (1973), Pati and Salam (1975),
Moahapatra and Pati (1975), Senjanovic and Mohapatra (1975)

SU(2)L SU(2)R

The strong CP phase may arise again 
after the spontaneous breaking

8

Left-Right symmetry

by spontaneous breaking of the LR symmetry

uL
<latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit><latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit><latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit><latexit sha1_base64="GYoGHvNoq9+YvhAov74uJ3UNMBg="></latexit>

<latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit><latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit><latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit><latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit> <latexit sha1_base64="NwSti8yuSGZA4g6ZuuSk749iWhk="></latexit>dL
<latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit><latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit><latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit><latexit sha1_base64="borp5NDMVltHP0bwDsE3/8i+CZ4="></latexit>

dR
<latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit><latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit><latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit><latexit sha1_base64="hN3XZUu7DzsnMRuaNlmv3pPRmy4="></latexit>

WL
<latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit><latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit><latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit><latexit sha1_base64="9I9wECvVHGEG87UEhq/bwkg5mZk="></latexit>

uR
<latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit><latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit><latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit><latexit sha1_base64="h/G4hlDo8hGLfWazXXIuj+UBEP8="></latexit>

WR
<latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit><latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit><latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit><latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit>

mWL ⌧ mWR
<latexit sha1_base64="qcX8wPqKohYxS/NB2nfwOywg0us="></latexit><latexit sha1_base64="qcX8wPqKohYxS/NB2nfwOywg0us="></latexit><latexit sha1_base64="qcX8wPqKohYxS/NB2nfwOywg0us="></latexit><latexit sha1_base64="qcX8wPqKohYxS/NB2nfwOywg0us="></latexit>

(I will detail more later)



Right-handed neutrinos

Dark matter

Baryon asymmetry

` = (⌫, e) $ ¯̀= (N, ē)
<latexit sha1_base64="e7Jq/G/JgyV7OeCsLAiMQIau1aY="></latexit><latexit sha1_base64="e7Jq/G/JgyV7OeCsLAiMQIau1aY="></latexit><latexit sha1_base64="e7Jq/G/JgyV7OeCsLAiMQIau1aY="></latexit><latexit sha1_base64="e7Jq/G/JgyV7OeCsLAiMQIau1aY="></latexit>

 is neutral and may be stable enough
Sterile neutrino dark matter

N

N
<latexit sha1_base64="cuMPURwrBCPFneqzbXCaeU7zB1g=">AAACNHicbVDLSgNBEJz1bXzrUYTBIHgKuyLoUfTiSRRMDGSXMDvpTQZnZpeZ3khY9gu86q/4L4I38eo3OHkcNLGgoajqppqKMyks+v67Nze/sLi0vLJaWVvf2Nza3tlt2DQ3HOo8lalpxsyCFBrqKFBCMzPAVCzhIX68GvoPfTBWpPoeBxlEinW1SARn6KS7m/Z21a/5I9BZEkxIlUxw297xDsJOynMFGrlk1rYCP8OoYAYFl1BWwtxCxvgj60LLUc0U2KgYfVrSI6d0aJIaNxrpSP19UTBl7UDFblMx7Nlpbyj+6yUw0CqbSsfkPCqEznIEzcfhSS4ppnRYBe0IAxzlwBHGjXD/U95jhnF0hVVCDU88VYrpThH2oV+2gqigoYQEQ8l0VwItqkEZGtHtYWjGSllxhQbT9c2Sxkkt8GvB3Wn14nJS7QrZJ4fkmATkjFyQa3JL6oQTIM/khbx6b96H9+l9jVfnvMnNHvkD7/sH6t6qhw==</latexit><latexit sha1_base64="cuMPURwrBCPFneqzbXCaeU7zB1g=">AAACNHicbVDLSgNBEJz1bXzrUYTBIHgKuyLoUfTiSRRMDGSXMDvpTQZnZpeZ3khY9gu86q/4L4I38eo3OHkcNLGgoajqppqKMyks+v67Nze/sLi0vLJaWVvf2Nza3tlt2DQ3HOo8lalpxsyCFBrqKFBCMzPAVCzhIX68GvoPfTBWpPoeBxlEinW1SARn6KS7m/Z21a/5I9BZEkxIlUxw297xDsJOynMFGrlk1rYCP8OoYAYFl1BWwtxCxvgj60LLUc0U2KgYfVrSI6d0aJIaNxrpSP19UTBl7UDFblMx7Nlpbyj+6yUw0CqbSsfkPCqEznIEzcfhSS4ppnRYBe0IAxzlwBHGjXD/U95jhnF0hVVCDU88VYrpThH2oV+2gqigoYQEQ8l0VwItqkEZGtHtYWjGSllxhQbT9c2Sxkkt8GvB3Wn14nJS7QrZJ4fkmATkjFyQa3JL6oQTIM/khbx6b96H9+l9jVfnvMnNHvkD7/sH6t6qhw==</latexit><latexit sha1_base64="cuMPURwrBCPFneqzbXCaeU7zB1g=">AAACNHicbVDLSgNBEJz1bXzrUYTBIHgKuyLoUfTiSRRMDGSXMDvpTQZnZpeZ3khY9gu86q/4L4I38eo3OHkcNLGgoajqppqKMyks+v67Nze/sLi0vLJaWVvf2Nza3tlt2DQ3HOo8lalpxsyCFBrqKFBCMzPAVCzhIX68GvoPfTBWpPoeBxlEinW1SARn6KS7m/Z21a/5I9BZEkxIlUxw297xDsJOynMFGrlk1rYCP8OoYAYFl1BWwtxCxvgj60LLUc0U2KgYfVrSI6d0aJIaNxrpSP19UTBl7UDFblMx7Nlpbyj+6yUw0CqbSsfkPCqEznIEzcfhSS4ppnRYBe0IAxzlwBHGjXD/U95jhnF0hVVCDU88VYrpThH2oV+2gqigoYQEQ8l0VwItqkEZGtHtYWjGSllxhQbT9c2Sxkkt8GvB3Wn14nJS7QrZJ4fkmATkjFyQa3JL6oQTIM/khbx6b96H9+l9jVfnvMnNHvkD7/sH6t6qhw==</latexit><latexit sha1_base64="cuMPURwrBCPFneqzbXCaeU7zB1g=">AAACNHicbVDLSgNBEJz1bXzrUYTBIHgKuyLoUfTiSRRMDGSXMDvpTQZnZpeZ3khY9gu86q/4L4I38eo3OHkcNLGgoajqppqKMyks+v67Nze/sLi0vLJaWVvf2Nza3tlt2DQ3HOo8lalpxsyCFBrqKFBCMzPAVCzhIX68GvoPfTBWpPoeBxlEinW1SARn6KS7m/Z21a/5I9BZEkxIlUxw297xDsJOynMFGrlk1rYCP8OoYAYFl1BWwtxCxvgj60LLUc0U2KgYfVrSI6d0aJIaNxrpSP19UTBl7UDFblMx7Nlpbyj+6yUw0CqbSsfkPCqEznIEzcfhSS4ppnRYBe0IAxzlwBHGjXD/U95jhnF0hVVCDU88VYrpThH2oV+2gqigoYQEQ8l0VwItqkEZGtHtYWjGSllxhQbT9c2Sxkkt8GvB3Wn14nJS7QrZJ4fkmATkjFyQa3JL6oQTIM/khbx6b96H9+l9jVfnvMnNHvkD7/sH6t6qhw==</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>

HL
<latexit sha1_base64="KhDl5gP4g2csIxSavakXQneUIsU="></latexit><latexit sha1_base64="KhDl5gP4g2csIxSavakXQneUIsU="></latexit><latexit sha1_base64="KhDl5gP4g2csIxSavakXQneUIsU="></latexit><latexit sha1_base64="KhDl5gP4g2csIxSavakXQneUIsU="></latexit>

Leptogenesis

Dodelson and Widrow (1993)
Khail and Seto (2008)
Bezrukov, Hettmansperger and Lindner (2009)
Dror, Dunsky, Hall and KH (2020)

Fukugita and Yanagida (1986)
Dunsky, Hall and KH (2020)

9
<latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit>
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Minimal fermion model

SU(2)L SU(2)R

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N, 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)B−L

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



Yukawa couplings

yijqiΦq̄j + y′￼ijqiΦ*q̄j + h . c .

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)B−L)

yukawa couplings are Hermitian because of the parity symmetry
det(y), det(y′￼) are real

The strong CP problem is solved??
Wait, what about the phases of Higgs vev?

Φ ↔ Φ*
Parity



Yukawa couplings
yijqiΦq̄j + y′￼ijqiΦ*q̄j + h . c .

Φ(1,2,2,0)

Suppose  is pseudo-real : Φ ϵΦ*ϵ = Φ

yijqiΦq̄j + h . c . Φ = (v 0
0 v*)with

mu = md, mc = ms, mt = mb

mu,ij = yijv, md,ij = yijv*

 is real, butdet(mu) × det(md)

Φ = (H, ϵH*)



Yukawa couplings
yijqiΦq̄j + y′￼ijqiΦ*q̄j + h . c .

Φ(1,2,2,0)

Suppose  is complexΦ

Φ = (v1 0
0 v2)

mu,ij = yijv1 + y′￼ijv*2 , md,ij = yijv2 + y′￼ijv*1
Realistic quark masses can be obtained, but

 is NOT real unless  det(mu) × det(md) arg(v2) = − arg(v1)

Φ = (H1, H*2 )



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

+e−iα |TR |2 Φ*2 + e−iα |TL |2 Φ2

TR ≫ TL

eiαΦ2 + e−iαΦ*2 ⊃ eiαv1v2 + h . c .

Φ ↔ Φ*



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)



Minimal Higgs model

SU(3)c × SU(2)L × SU(2)R × U(1)B−L

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) 



Fermion sector?

SU(2)L SU(2)R

q = (u, d)

ℓ = (ν, e)

q̄ = (ū, d̄)

ℓ̄ = (N, 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



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) 

(not viable for top)



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)

I will consider the minimal Higgs model in the following
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Production of  dark matter
Relativistic freeze-out + dilution

<latexit sha1_base64="k7L//N2uydKH3SMOf7+q6I9COh4="></latexit><latexit sha1_base64="k7L//N2uydKH3SMOf7+q6I9COh4="></latexit><latexit sha1_base64="k7L//N2uydKH3SMOf7+q6I9COh4="></latexit><latexit sha1_base64="k7L//N2uydKH3SMOf7+q6I9COh4="></latexit><latexit sha1_base64="k7L//N2uydKH3SMOf7+q6I9COh4="></latexit><latexit sha1_base64="12SeShxEwB9GxJcopQ51eyHf9i8="></latexit><latexit sha1_base64="12SeShxEwB9GxJcopQ51eyHf9i8="></latexit><latexit sha1_base64="12SeShxEwB9GxJcopQ51eyHf9i8="></latexit>

Ne

u d

WR

Decouple at

T = 108 GeV
⇣ vR
1010 GeV

⌘4/3

<latexit sha1_base64="HS7xMnKll3dgxFLfga8Fk9Y0VC4="></latexit><latexit sha1_base64="HS7xMnKll3dgxFLfga8Fk9Y0VC4="></latexit><latexit sha1_base64="HS7xMnKll3dgxFLfga8Fk9Y0VC4="></latexit><latexit sha1_base64="HS7xMnKll3dgxFLfga8Fk9Y0VC4="></latexit>

Too much unless , for which dark matter is too warmmN ≲ 100 eV

larger  and dilutionmN

Other possibility 
includes freeze-in: 

Bezrukov, Hettmansperger and Lindner (2009)
Asaka, Shaposhnikov and Kusenko (2006)
Nemevsek, Senjanovic and Zhang (2012)
Dror, Dunsky, Hall and KH (2020)

Khail and Seto (2008), Kusenko, Takahashi and Yanagida (2010), ….
Dror, Dunsky, Hall and KH (2020)
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Dilution by heavy 
right-handed neutrino

 : Dark matter
 : Long-lived, dominate the universe, decay, and dilute dark matter
 : (Provide quantum correction required for leptogenesis)

N1
N2
N3

⌦N1

⌦DM
' M1

10 keV

300 GeV

M2

Tdec

10 MeV
<latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit><latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit><latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit><latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit>

Don’t disturb BBN : Tdec > 4 MeV
<latexit sha1_base64="Zt5DOEHFvPK+AQ48o95Tbk1WPJo="></latexit><latexit sha1_base64="Zt5DOEHFvPK+AQ48o95Tbk1WPJo="></latexit><latexit sha1_base64="Zt5DOEHFvPK+AQ48o95Tbk1WPJo="></latexit><latexit sha1_base64="Zt5DOEHFvPK+AQ48o95Tbk1WPJo="></latexit>

Large enough  is requiredM2
24

Three right-handed neutrinos  with masses Ni Mi
(The numbering not necessarily corresponds 

to the numbering of SM neutrinos)



Right-handed neutrino mass?

Mi =
ci
⇤
vR

2

<latexit sha1_base64="1B/c3KEje3lqIz4I67LzDq4jkIo="></latexit><latexit sha1_base64="1B/c3KEje3lqIz4I67LzDq4jkIo="></latexit><latexit sha1_base64="1B/c3KEje3lqIz4I67LzDq4jkIo="></latexit><latexit sha1_base64="1B/c3KEje3lqIz4I67LzDq4jkIo="></latexit>

yij =
vR
⇤

dij
<latexit sha1_base64="zgRlPiLwfpkABfT+QAZaDPK6plI="></latexit><latexit sha1_base64="zgRlPiLwfpkABfT+QAZaDPK6plI="></latexit><latexit sha1_base64="zgRlPiLwfpkABfT+QAZaDPK6plI="></latexit><latexit sha1_base64="zgRlPiLwfpkABfT+QAZaDPK6plI="></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>

ci

2⇤
`i`iHLHL +

ci

2⇤
¯̀
i
¯̀
iHRHR +

dij

⇤
`i
¯̀
jHLHR

<latexit sha1_base64="VABMoy/FXp+dr7o7LqqAGj6UpZ4="></latexit><latexit sha1_base64="VABMoy/FXp+dr7o7LqqAGj6UpZ4="></latexit><latexit sha1_base64="VABMoy/FXp+dr7o7LqqAGj6UpZ4="></latexit><latexit sha1_base64="VABMoy/FXp+dr7o7LqqAGj6UpZ4="></latexit>

ci

2⇤
`i`iHLHL +

Mi

2
NiNi + yij`iNjHL

<latexit sha1_base64="578bSIeMydu2TtKoRIOym7SowAc="></latexit><latexit sha1_base64="578bSIeMydu2TtKoRIOym7SowAc="></latexit><latexit sha1_base64="578bSIeMydu2TtKoRIOym7SowAc="></latexit><latexit sha1_base64="578bSIeMydu2TtKoRIOym7SowAc="></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>
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m⌫,ij = �ijMi

✓
vL
vR

◆2

� yikyjkv2L
Mk

<latexit sha1_base64="JTXalOKehKg2mgXXhWiuskzbObg="></latexit><latexit sha1_base64="JTXalOKehKg2mgXXhWiuskzbObg="></latexit><latexit sha1_base64="JTXalOKehKg2mgXXhWiuskzbObg="></latexit><latexit sha1_base64="JTXalOKehKg2mgXXhWiuskzbObg="></latexit>



0

BBBBBBB@

✓
vL
vR

◆2

M1 �
y21i
Mi

v2L �y2iy1i
Mi

v2L �y1iy3i
Mi

v2L

�y2iy1i
Mi

✓
vL
vR

◆2

M2 �
y22i
Mi

v2L �y2iy3i
Mi

v2L

�y1iy3i
Mi

v2L �y2iy3i
Mi

v2L

✓
vL
vR

◆2

M3 �
y23i
Mi

v2L

1

CCCCCCCA

<latexit sha1_base64="ynoSUUKlWn80AuME1k2SAW83hY4="></latexit><latexit sha1_base64="ynoSUUKlWn80AuME1k2SAW83hY4="></latexit><latexit sha1_base64="ynoSUUKlWn80AuME1k2SAW83hY4="></latexit><latexit sha1_base64="ynoSUUKlWn80AuME1k2SAW83hY4="></latexit>
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Right-handed neutrino mass?



0

BBBBBBB@

✓
vL
vR

◆2

M1 �
y21i
Mi

v2L �y2iy1i
Mi

v2L �y1iy3i
Mi

v2L

�y2iy1i
Mi

✓
vL
vR

◆2

M2 �
y22i
Mi

v2L �y2iy3i
Mi

v2L

�y1iy3i
Mi

v2L �y2iy3i
Mi

v2L

✓
vL
vR

◆2

M3 �
y233
M3

v2L

1

CCCCCCCA

<latexit sha1_base64="kte5MuX1UYq5u+nOTbDGz4VDgOk="></latexit><latexit sha1_base64="kte5MuX1UYq5u+nOTbDGz4VDgOk="></latexit><latexit sha1_base64="kte5MuX1UYq5u+nOTbDGz4VDgOk="></latexit><latexit sha1_base64="kte5MuX1UYq5u+nOTbDGz4VDgOk="></latexit>
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Right-handed neutrino mass?

N1,2

HL

<̀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="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit>

M2 =

✓
vR
vL

◆2

⇥ (observed SM neutrino mass)
<latexit sha1_base64="6sM9a+VUs0phYp6H29SdGRu0/aA="></latexit><latexit sha1_base64="6sM9a+VUs0phYp6H29SdGRu0/aA="></latexit><latexit sha1_base64="6sM9a+VUs0phYp6H29SdGRu0/aA="></latexit><latexit sha1_base64="6sM9a+VUs0phYp6H29SdGRu0/aA="></latexit>

y1i, y2i
<latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit><latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit><latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit><latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit>

Enough stability of N1,2

Dror, Dunsky, Hall and KH (2020)



⌦N1

⌦DM
' M1

10 keV

300 GeV

M2

Tdec

10 MeV
<latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit><latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit><latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit><latexit sha1_base64="2c/GDE9mUozjtm3KAx2XoECCQd4="></latexit>

Too early decay of
 by N2 WR

28

Dror, Dunsky, Hall and KH (2020)
Dunsky, Hall and KH (2020)

<latexit sha1_base64="tQxGD54KeCGFpsVqXnu4Dxv8kGg="></latexit><latexit sha1_base64="tQxGD54KeCGFpsVqXnu4Dxv8kGg="></latexit><latexit sha1_base64="tQxGD54KeCGFpsVqXnu4Dxv8kGg="></latexit><latexit sha1_base64="tQxGD54KeCGFpsVqXnu4Dxv8kGg="></latexit>

N2
<latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit> ē

<latexit sha1_base64="qCYTq07bkR3iK7mj6S1cR4p5c70="></latexit><latexit sha1_base64="qCYTq07bkR3iK7mj6S1cR4p5c70="></latexit><latexit sha1_base64="qCYTq07bkR3iK7mj6S1cR4p5c70="></latexit><latexit sha1_base64="qCYTq07bkR3iK7mj6S1cR4p5c70="></latexit>

WR
<latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit><latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit><latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit><latexit sha1_base64="CdIAOS9vo3hs7n0sUvQEGoTuy2o="></latexit>

� ⇠ M5
2

v4R
/ v6R

<latexit sha1_base64="GXNk0G7f7jYbmgRlgFQ7CAI0j64="></latexit><latexit sha1_base64="GXNk0G7f7jYbmgRlgFQ7CAI0j64="></latexit><latexit sha1_base64="GXNk0G7f7jYbmgRlgFQ7CAI0j64="></latexit><latexit sha1_base64="GXNk0G7f7jYbmgRlgFQ7CAI0j64="></latexit>

M2 /
q

�m2
atm

<latexit sha1_base64="kxrR++HkMSPvlZJvJ3Z28WrHJMs="></latexit><latexit sha1_base64="kxrR++HkMSPvlZJvJ3Z28WrHJMs="></latexit><latexit sha1_base64="kxrR++HkMSPvlZJvJ3Z28WrHJMs="></latexit><latexit sha1_base64="kxrR++HkMSPvlZJvJ3Z28WrHJMs="></latexit>

: backup



Outline

Introduction : the strong CP problem and parity

Minimal fermions or Higgses      

Sterile neutrino dark matter

Leptogenesis

Top quark mass and strong coupling constant
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Leptogenesis

N2

H
≠ N2

H†

lepton anti-lepton

Lepton asymmetry

Baryon asymmetry

non-perturbative 
weak process
(sphaleron)

Fukugita and Yanagida (1986)
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+

Leptogenesis favors large      , which is however 
disfavored by DM production  

vR
<latexit sha1_base64="5qA/RzmPyvVbe+40BqFVxkpOyv4=">AAACI3icbVDJSsRAEO24G3c9emkcBE9DIoIeRS8e3UaFSRg6PZVMY3cndFdGhpBP8Kpf4Nd4Ey8e/Bd7loPbg4LHe1VU1UsKKSwGwYc3NT0zOze/sOgvLa+srq1vbN7YvDQcWjyXublLmAUpNLRQoIS7wgBTiYTb5P506N/2wViR62scFBArlmmRCs7QSVf9zmVnvRE0gxHoXxJOSINMcN7Z8Pyom/NSgUYumbXtMCgwrphBwSXUflRaKBi/Zxm0HdVMgY2r0a013XVKl6a5caWRjtTvExVT1g5U4joVw5797Q3F/7x2ielRXAldlAiajxelpaSY0+HjtCsMcJQDRxg3wt1KeY8ZxtHF40caHniuFNPdKupDv26HcUUjCSlGkulMAq0aYU0jI7IeRmYs1b5LL/yd1V9ys98Mg2Z4cdA4PpnkuEC2yQ7ZIyE5JMfkjJyTFuEkI4/kiTx7L96r9+a9j1unvMnMFvkB7/MLZwyjHA==</latexit><latexit sha1_base64="5qA/RzmPyvVbe+40BqFVxkpOyv4=">AAACI3icbVDJSsRAEO24G3c9emkcBE9DIoIeRS8e3UaFSRg6PZVMY3cndFdGhpBP8Kpf4Nd4Ey8e/Bd7loPbg4LHe1VU1UsKKSwGwYc3NT0zOze/sOgvLa+srq1vbN7YvDQcWjyXublLmAUpNLRQoIS7wgBTiYTb5P506N/2wViR62scFBArlmmRCs7QSVf9zmVnvRE0gxHoXxJOSINMcN7Z8Pyom/NSgUYumbXtMCgwrphBwSXUflRaKBi/Zxm0HdVMgY2r0a013XVKl6a5caWRjtTvExVT1g5U4joVw5797Q3F/7x2ielRXAldlAiajxelpaSY0+HjtCsMcJQDRxg3wt1KeY8ZxtHF40caHniuFNPdKupDv26HcUUjCSlGkulMAq0aYU0jI7IeRmYs1b5LL/yd1V9ys98Mg2Z4cdA4PpnkuEC2yQ7ZIyE5JMfkjJyTFuEkI4/kiTx7L96r9+a9j1unvMnMFvkB7/MLZwyjHA==</latexit><latexit sha1_base64="5qA/RzmPyvVbe+40BqFVxkpOyv4=">AAACI3icbVDJSsRAEO24G3c9emkcBE9DIoIeRS8e3UaFSRg6PZVMY3cndFdGhpBP8Kpf4Nd4Ey8e/Bd7loPbg4LHe1VU1UsKKSwGwYc3NT0zOze/sOgvLa+srq1vbN7YvDQcWjyXublLmAUpNLRQoIS7wgBTiYTb5P506N/2wViR62scFBArlmmRCs7QSVf9zmVnvRE0gxHoXxJOSINMcN7Z8Pyom/NSgUYumbXtMCgwrphBwSXUflRaKBi/Zxm0HdVMgY2r0a013XVKl6a5caWRjtTvExVT1g5U4joVw5797Q3F/7x2ielRXAldlAiajxelpaSY0+HjtCsMcJQDRxg3wt1KeY8ZxtHF40caHniuFNPdKupDv26HcUUjCSlGkulMAq0aYU0jI7IeRmYs1b5LL/yd1V9ys98Mg2Z4cdA4PpnkuEC2yQ7ZIyE5JMfkjJyTFuEkI4/kiTx7L96r9+a9j1unvMnMFvkB7/MLZwyjHA==</latexit><latexit sha1_base64="5qA/RzmPyvVbe+40BqFVxkpOyv4=">AAACI3icbVDJSsRAEO24G3c9emkcBE9DIoIeRS8e3UaFSRg6PZVMY3cndFdGhpBP8Kpf4Nd4Ey8e/Bd7loPbg4LHe1VU1UsKKSwGwYc3NT0zOze/sOgvLa+srq1vbN7YvDQcWjyXublLmAUpNLRQoIS7wgBTiYTb5P506N/2wViR62scFBArlmmRCs7QSVf9zmVnvRE0gxHoXxJOSINMcN7Z8Pyom/NSgUYumbXtMCgwrphBwSXUflRaKBi/Zxm0HdVMgY2r0a013XVKl6a5caWRjtTvExVT1g5U4joVw5797Q3F/7x2ielRXAldlAiajxelpaSY0+HjtCsMcJQDRxg3wt1KeY8ZxtHF40caHniuFNPdKupDv26HcUUjCSlGkulMAq0aYU0jI7IeRmYs1b5LL/yd1V9ys98Mg2Z4cdA4PpnkuEC2yQ7ZIyE5JMfkjJyTFuEkI4/kiTx7L96r9+a9j1unvMnMFvkB7/MLZwyjHA==</latexit>

+y y
y

y y y y

Efficient?
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m⌫,33 = �y3ky3kv2L
Mk

+M3

✓
vL
vR

◆2

<latexit sha1_base64="fGgBitx1I/C+E8jWtxmW3KnF4ds="></latexit><latexit sha1_base64="fGgBitx1I/C+E8jWtxmW3KnF4ds="></latexit><latexit sha1_base64="fGgBitx1I/C+E8jWtxmW3KnF4ds="></latexit><latexit sha1_base64="fGgBitx1I/C+E8jWtxmW3KnF4ds="></latexit>

(asymmetry) / y233 <
m⌫M3

v2L
<

m2
⌫v

2
R

v4L
<latexit sha1_base64="gltWUg2DvnYkPuFfjPup81SJsrQ="></latexit><latexit sha1_base64="gltWUg2DvnYkPuFfjPup81SJsrQ="></latexit><latexit sha1_base64="gltWUg2DvnYkPuFfjPup81SJsrQ="></latexit><latexit sha1_base64="gltWUg2DvnYkPuFfjPup81SJsrQ="></latexit>

<latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit><latexit sha1_base64="b1m1DF+RUM3WZQ9cBEvp+9ThOXo="></latexit>

<latexit sha1_base64="L8ac9IPS/Aq2RL4XYmuLDI/n8PE="></latexit><latexit sha1_base64="L8ac9IPS/Aq2RL4XYmuLDI/n8PE="></latexit><latexit sha1_base64="L8ac9IPS/Aq2RL4XYmuLDI/n8PE="></latexit><latexit sha1_base64="L8ac9IPS/Aq2RL4XYmuLDI/n8PE="></latexit>

<latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit><latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit><latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit><latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit>

N2
<latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit> N2

<latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit>

N2
<latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit>

N3
<latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit>

N3
<latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit>

<̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit>

<̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit> <̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit>

<̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit>

<̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></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>

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> H

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

are small
y1i, y2i

<latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit><latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit><latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit><latexit sha1_base64="QlKkFelFwvw08p05FZGpjn9IU58="></latexit>



Resonant leptogenesis?
(asymmetry) ∝

1
M2 − M3

Flanz, Paschos and Sarkar (1995)

32

y y y

<latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit><latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit><latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit><latexit sha1_base64="g3YOXzqDYALF9B/XEGAcF/lba/w="></latexit>

N2
<latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit><latexit sha1_base64="4J/1DZXKFCz+2UqrUrO72itQGmY="></latexit>

N3
<latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit><latexit sha1_base64="wMAIzVztOuU1Q7jm3TPv+pstegw="></latexit>

<̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit>

<̀latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></latexit><latexit sha1_base64="M8jfLVcWbCmqORZEeOlEvW6amAY="></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>

Achieved by approximate symmetry that imposes M2 ≃ M3

e.g.,  of SU(2)flavor ( ¯̀2, ¯̀3)
<latexit sha1_base64="j/TQhAc1WBmKtWbKmd66rLt8sgg="></latexit><latexit sha1_base64="j/TQhAc1WBmKtWbKmd66rLt8sgg="></latexit><latexit sha1_base64="j/TQhAc1WBmKtWbKmd66rLt8sgg="></latexit><latexit sha1_base64="j/TQhAc1WBmKtWbKmd66rLt8sgg="></latexit>

This is necessarily broken by the charged lepton yukawa

<latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit>

<latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit>

¯̀
2

<latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit>

¯̀
2

<latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit>

¯̀
3

<latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit>

¯̀
3

<latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit>6=
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�S(`HL + ¯̀HR) +
1

2
mSS

2

<latexit sha1_base64="P7Kgkx3BPEKgx5IdlaWXEDHYb5E="></latexit><latexit sha1_base64="P7Kgkx3BPEKgx5IdlaWXEDHYb5E="></latexit><latexit sha1_base64="P7Kgkx3BPEKgx5IdlaWXEDHYb5E="></latexit><latexit sha1_base64="P7Kgkx3BPEKgx5IdlaWXEDHYb5E="></latexit>

Only a linear combination of  and  obtains a massν N
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Still, quantum correction generates a non-zero neutrino mass
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Consider the following UV completion of the dim-5 operators:

Not as efficient as 
the resonant case
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No degeneracy

Degenerate mass

Dunsky, Hall and KH (2020)

Inverted hierarchy: 
backup



Outline

Introduction : the strong CP problem and parity

Minimal fermions or Higgses      

Sterile neutrino dark matter

Leptogenesis

Top quark mass and strong coupling constant
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Vanishing quartic

I will show that

λSM( < HR > ) ≃ 0 < HR >
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because the Z2 symmetry constrains 
the potential of HL and HR
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H = HL, H′￼ = HR

Generically applicable to a theory with H ↔ H′￼

For LR symmetric theories, 



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

?

HP

Can we find the minimum with

hHi ⌧ hH 0i
<latexit sha1_base64="7rFDyCuq/COux4cA5bD6v5GyHTM="></latexit><latexit sha1_base64="7rFDyCuq/COux4cA5bD6v5GyHTM="></latexit><latexit sha1_base64="7rFDyCuq/COux4cA5bD6v5GyHTM="></latexit><latexit sha1_base64="7rFDyCuq/COux4cA5bD6v5GyHTM="></latexit>

37



H′￼

H

y > 0

< H > = 0

< H′￼> = 0

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

0 6= hHi ⌧ hH 0i
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hHi ⌧ hH 0i
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y ≃ 0

degenerated minima

H′￼

H

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

symmetry rotating the vector
(H, H′￼)
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V = λ( |H |2 + |H′￼|2 − v′￼
2)2 + y |H |2 |H′￼|2

y ≃ 0

degenerated minima

Degeneracy is resolved by quantum corrections

?

H′￼

H

hHi ⌧ hH 0i
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H′￼

H

ϕ

y = 0, tree level

0

π /2

y ≃ 0

V(ϕ)

0
�
4

�
2 ϕ

angular direction ϕ

V = λ( |H |2 + |H′￼|2 − v′￼
2)2
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H′￼

H

ϕ

y = 0, quantum correction

y ≃ 0

0
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�
2 ϕ

top quark

H

H

H

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

Coleman-Weinberg potential
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y ≃ −
v2

v′￼
2 + quantum correction

H′￼

H

ϕ

is achieved !
Hall, KH (2018)

ϕ

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

hHi ⌧ hH 0i
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(fine-tuned Higgs mass)
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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

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

+ small corrections

symmetry rotating the vector (H, H′￼)
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No degeneracy

Degenerate mass

Dunsky, Hall and KH (2020)

Inverted hierarchy: 
backup
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Summary
Parity symmetry can solve the strong CP problem

Dark matter and baryon asymmetry can be explained 
for a range of parity symmetry breaking scales that is 
correlated with the top quark mass and the strong 
coupling constant

The scenario is probed by the observation of the 
structure formation and the measurement of the 
standard model parameters
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2007.12711
2004.09511

https://arxiv.org/abs/2007.12711
https://arxiv.org/abs/2004.09511


Discussion

SO(10) gauge coupling unification and proton decay

Mirror dark matter and its direct detection rate

Gravitational waves from mirror QCD phase transition
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The correlation between the SM parameters and 
the symmetry breaking scale is applicable to 
generic Z2 symmetric theories with H ↔ H′￼

Hall, KH (2018)

Dunsky, Hall, KH (2018)

Dunsky, Hall, KH (2018)

https://arxiv.org/abs/1905.12722
https://arxiv.org/abs/1902.07726
https://arxiv.org/abs/1908.02756


Summary



Backup
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Enhancement of  
lepton asymmetry
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Two ways of  enhancement
1. Cancellation between the two terms in 

2. Degenerate masses

mν

M2,3

M2 − M3

Flanz, Paschos and Sarkar (1995)
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Only a linear combination of  and  obtains a massν N
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Still, quantum correction generates a non-zero neutrino mass
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2. Degenerate masses
Approximate symmetry that ensures M2 ≃ M3

e.g.,  of SU(2)flavor ( ¯̀2, ¯̀3)
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56

<latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit>

<latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit><latexit sha1_base64="gsdeph84/tnHqxUN3x1JV6yz1mU="></latexit>

¯̀
2

<latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit>

¯̀
2

<latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit><latexit sha1_base64="t9dl8IFj4BuV6O2QXBdjbDSV2Wo="></latexit>

¯̀
3

<latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit>

¯̀
3

<latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit><latexit sha1_base64="IftI1h0jR03XgKLP3pzoaTWrkTs="></latexit>6=
<latexit sha1_base64="Cn0VwP8fHTkogS9yl45yUHNTpP8="></latexit><latexit sha1_base64="Cn0VwP8fHTkogS9yl45yUHNTpP8="></latexit><latexit sha1_base64="Cn0VwP8fHTkogS9yl45yUHNTpP8="></latexit><latexit sha1_base64="Cn0VwP8fHTkogS9yl45yUHNTpP8="></latexit>



57

No enhancement

Cancellation

Degenerate mass

Dunsky, Hall and KH (2020)



Vanishing quartic
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Additional figures
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Freeze-in
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Non-zero theta term
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Quantum corrections to the theta term
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Quantum corrections to the theta term
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