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Origin of flavors
but, how come different masses and flavor mixings?

Three copies of fermions: the same gauge quantum #’s, 
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(normal hierarchy)

Quarks:

Leptons:
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m⌫̄e = 0.8 eV [KATRIN, 2022]
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m⌫i < 0.12 eV [Planck + BAO, 2018]



Origin of dark matter
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103 GeV
<latexit sha1_base64="IBgCHdMVQ2kRNfvPDF2etu42C2Y=">AAAB93icdVBNSwMxEM3Wr1o/uurRS7AIHqRk22LtRQoe9FjBtkJ3Ldk024Zms0uSFerSX+LFg4pX/4o3/43ZtoKKPhh4vDfDzDw/5kxphD6s3NLyyupafr2wsbm1XbR3djsqSiShbRLxSN74WFHOBG1rpjm9iSXFoc9p1x+fZ373jkrFInGtJzH1QjwULGAEayP17aKDbqvucerKEF7QzrRvl1AZIaeOGjAjlSqqZMSpOSc16BglQwks0Orb7+4gIklIhSYcK9VzUKy9FEvNCKfTgpsoGmMyxkPaM1TgkCovnR0+hYdGGcAgkqaEhjP1+0SKQ6UmoW86Q6xH6reXiX95vUQHp17KRJxoKsh8UZBwqCOYpQAHTFKi+cQQTCQzt0IywhITbbIqmBC+PoX/k3al3Cg7V7VS82yRRh7sgwNwBBxQB01wCVqgDQhIwAN4As/WvfVovViv89actZjZAz9gvX0CuDySCA==</latexit><latexit sha1_base64="IBgCHdMVQ2kRNfvPDF2etu42C2Y=">AAAB93icdVBNSwMxEM3Wr1o/uurRS7AIHqRk22LtRQoe9FjBtkJ3Ldk024Zms0uSFerSX+LFg4pX/4o3/43ZtoKKPhh4vDfDzDw/5kxphD6s3NLyyupafr2wsbm1XbR3djsqSiShbRLxSN74WFHOBG1rpjm9iSXFoc9p1x+fZ373jkrFInGtJzH1QjwULGAEayP17aKDbqvucerKEF7QzrRvl1AZIaeOGjAjlSqqZMSpOSc16BglQwks0Orb7+4gIklIhSYcK9VzUKy9FEvNCKfTgpsoGmMyxkPaM1TgkCovnR0+hYdGGcAgkqaEhjP1+0SKQ6UmoW86Q6xH6reXiX95vUQHp17KRJxoKsh8UZBwqCOYpQAHTFKi+cQQTCQzt0IywhITbbIqmBC+PoX/k3al3Cg7V7VS82yRRh7sgwNwBBxQB01wCVqgDQhIwAN4As/WvfVovViv89actZjZAz9gvX0CuDySCA==</latexit><latexit sha1_base64="IBgCHdMVQ2kRNfvPDF2etu42C2Y=">AAAB93icdVBNSwMxEM3Wr1o/uurRS7AIHqRk22LtRQoe9FjBtkJ3Ldk024Zms0uSFerSX+LFg4pX/4o3/43ZtoKKPhh4vDfDzDw/5kxphD6s3NLyyupafr2wsbm1XbR3djsqSiShbRLxSN74WFHOBG1rpjm9iSXFoc9p1x+fZ373jkrFInGtJzH1QjwULGAEayP17aKDbqvucerKEF7QzrRvl1AZIaeOGjAjlSqqZMSpOSc16BglQwks0Orb7+4gIklIhSYcK9VzUKy9FEvNCKfTgpsoGmMyxkPaM1TgkCovnR0+hYdGGcAgkqaEhjP1+0SKQ6UmoW86Q6xH6reXiX95vUQHp17KRJxoKsh8UZBwqCOYpQAHTFKi+cQQTCQzt0IywhITbbIqmBC+PoX/k3al3Cg7V7VS82yRRh7sgwNwBBxQB01wCVqgDQhIwAN4As/WvfVovViv89actZjZAz9gvX0CuDySCA==</latexit><latexit sha1_base64="IBgCHdMVQ2kRNfvPDF2etu42C2Y=">AAAB93icdVBNSwMxEM3Wr1o/uurRS7AIHqRk22LtRQoe9FjBtkJ3Ldk024Zms0uSFerSX+LFg4pX/4o3/43ZtoKKPhh4vDfDzDw/5kxphD6s3NLyyupafr2wsbm1XbR3djsqSiShbRLxSN74WFHOBG1rpjm9iSXFoc9p1x+fZ373jkrFInGtJzH1QjwULGAEayP17aKDbqvucerKEF7QzrRvl1AZIaeOGjAjlSqqZMSpOSc16BglQwks0Orb7+4gIklIhSYcK9VzUKy9FEvNCKfTgpsoGmMyxkPaM1TgkCovnR0+hYdGGcAgkqaEhjP1+0SKQ6UmoW86Q6xH6reXiX95vUQHp17KRJxoKsh8UZBwqCOYpQAHTFKi+cQQTCQzt0IywhITbbIqmBC+PoX/k3al3Cg7V7VS82yRRh7sgwNwBBxQB01wCVqgDQhIwAN4As/WvfVovViv89actZjZAz9gvX0CuDySCA==</latexit>

keV
<latexit sha1_base64="f+GIYyBCx6F9wGWAaicaUcvZVZQ=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU8nWYu1FCl48VnDbSruUbJq2ocnukmSFsvRXePGg4tW/481/Y7atoKIPBh7vzTAzL4gF1wbjDye3srq2vpHfLGxt7+zuFfcPWjpKFGUejUSkOgHRTPCQeYYbwTqxYkQGgrWDyVXmt++Z0jwKb800Zr4ko5APOSXGSndpT0k0Ya1Zv1jCZYzdGq6jjFTOcCUjbtU9ryLXKhlKsESzX3zvDSKaSBYaKojWXRfHxk+JMpwKNiv0Es1iQidkxLqWhkQy7afzg2foxCoDNIyUrdCgufp9IiVS66kMbKckZqx/e5n4l9dNzPDCT3kYJ4aFdLFomAhkIpR9jwZcMWrE1BJCFbe3IjomilBjMyrYEL4+Rf8Tr1Kul92baqlxuUwjD0dwDKfgQg0acA1N8ICChAd4gmdHOY/Oi/O6aM05y5lD+AHn7RNNOJBF</latexit><latexit sha1_base64="f+GIYyBCx6F9wGWAaicaUcvZVZQ=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU8nWYu1FCl48VnDbSruUbJq2ocnukmSFsvRXePGg4tW/481/Y7atoKIPBh7vzTAzL4gF1wbjDye3srq2vpHfLGxt7+zuFfcPWjpKFGUejUSkOgHRTPCQeYYbwTqxYkQGgrWDyVXmt++Z0jwKb800Zr4ko5APOSXGSndpT0k0Ya1Zv1jCZYzdGq6jjFTOcCUjbtU9ryLXKhlKsESzX3zvDSKaSBYaKojWXRfHxk+JMpwKNiv0Es1iQidkxLqWhkQy7afzg2foxCoDNIyUrdCgufp9IiVS66kMbKckZqx/e5n4l9dNzPDCT3kYJ4aFdLFomAhkIpR9jwZcMWrE1BJCFbe3IjomilBjMyrYEL4+Rf8Tr1Kul92baqlxuUwjD0dwDKfgQg0acA1N8ICChAd4gmdHOY/Oi/O6aM05y5lD+AHn7RNNOJBF</latexit><latexit sha1_base64="f+GIYyBCx6F9wGWAaicaUcvZVZQ=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU8nWYu1FCl48VnDbSruUbJq2ocnukmSFsvRXePGg4tW/481/Y7atoKIPBh7vzTAzL4gF1wbjDye3srq2vpHfLGxt7+zuFfcPWjpKFGUejUSkOgHRTPCQeYYbwTqxYkQGgrWDyVXmt++Z0jwKb800Zr4ko5APOSXGSndpT0k0Ya1Zv1jCZYzdGq6jjFTOcCUjbtU9ryLXKhlKsESzX3zvDSKaSBYaKojWXRfHxk+JMpwKNiv0Es1iQidkxLqWhkQy7afzg2foxCoDNIyUrdCgufp9IiVS66kMbKckZqx/e5n4l9dNzPDCT3kYJ4aFdLFomAhkIpR9jwZcMWrE1BJCFbe3IjomilBjMyrYEL4+Rf8Tr1Kul92baqlxuUwjD0dwDKfgQg0acA1N8ICChAd4gmdHOY/Oi/O6aM05y5lD+AHn7RNNOJBF</latexit><latexit sha1_base64="f+GIYyBCx6F9wGWAaicaUcvZVZQ=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU8nWYu1FCl48VnDbSruUbJq2ocnukmSFsvRXePGg4tW/481/Y7atoKIPBh7vzTAzL4gF1wbjDye3srq2vpHfLGxt7+zuFfcPWjpKFGUejUSkOgHRTPCQeYYbwTqxYkQGgrWDyVXmt++Z0jwKb800Zr4ko5APOSXGSndpT0k0Ya1Zv1jCZYzdGq6jjFTOcCUjbtU9ryLXKhlKsESzX3zvDSKaSBYaKojWXRfHxk+JMpwKNiv0Es1iQidkxLqWhkQy7afzg2foxCoDNIyUrdCgufp9IiVS66kMbKckZqx/e5n4l9dNzPDCT3kYJ4aFdLFomAhkIpR9jwZcMWrE1BJCFbe3IjomilBjMyrYEL4+Rf8Tr1Kul92baqlxuUwjD0dwDKfgQg0acA1N8ICChAd4gmdHOY/Oi/O6aM05y5lD+AHn7RNNOJBF</latexit>10�22 eV

<latexit sha1_base64="3AwMEH0H10Opmlh+YhMQH/1QFvo=">AAAB+nicdVDLSsNAFJ3UV62vWJduBovgQsskFms3UnDjsoJpC00sk+m0HTp5MDMRS8ivuHGh4tYvceffOGkrqOiBC4dz7uXee/yYM6kQ+jAKS8srq2vF9dLG5tb2jrlbbssoEYQ6JOKR6PpYUs5C6iimOO3GguLA57TjTy5zv3NHhWRReKOmMfUCPArZkBGstNQ3yxa6TU9sO3OPU1cEkLazvllBVYSsOmrAnNinyM6JVbPOatDSSo4KWKDVN9/dQUSSgIaKcCxlz0Kx8lIsFCOcZiU3kTTGZIJHtKdpiAMqvXR2ewYPtTKAw0joChWcqd8nUhxIOQ183RlgNZa/vVz8y+slanjupSyME0VDMl80TDhUEcyDgAMmKFF8qgkmgulbIRljgYnScZV0CF+fwv+JY1cbVeu6VmleLNIogn1wAI6ABeqgCa5ACziAgHvwAJ7As5EZj8aL8TpvLRiLmT3wA8bbJ9CjkzU=</latexit><latexit sha1_base64="3AwMEH0H10Opmlh+YhMQH/1QFvo=">AAAB+nicdVDLSsNAFJ3UV62vWJduBovgQsskFms3UnDjsoJpC00sk+m0HTp5MDMRS8ivuHGh4tYvceffOGkrqOiBC4dz7uXee/yYM6kQ+jAKS8srq2vF9dLG5tb2jrlbbssoEYQ6JOKR6PpYUs5C6iimOO3GguLA57TjTy5zv3NHhWRReKOmMfUCPArZkBGstNQ3yxa6TU9sO3OPU1cEkLazvllBVYSsOmrAnNinyM6JVbPOatDSSo4KWKDVN9/dQUSSgIaKcCxlz0Kx8lIsFCOcZiU3kTTGZIJHtKdpiAMqvXR2ewYPtTKAw0joChWcqd8nUhxIOQ183RlgNZa/vVz8y+slanjupSyME0VDMl80TDhUEcyDgAMmKFF8qgkmgulbIRljgYnScZV0CF+fwv+JY1cbVeu6VmleLNIogn1wAI6ABeqgCa5ACziAgHvwAJ7As5EZj8aL8TpvLRiLmT3wA8bbJ9CjkzU=</latexit><latexit sha1_base64="3AwMEH0H10Opmlh+YhMQH/1QFvo=">AAAB+nicdVDLSsNAFJ3UV62vWJduBovgQsskFms3UnDjsoJpC00sk+m0HTp5MDMRS8ivuHGh4tYvceffOGkrqOiBC4dz7uXee/yYM6kQ+jAKS8srq2vF9dLG5tb2jrlbbssoEYQ6JOKR6PpYUs5C6iimOO3GguLA57TjTy5zv3NHhWRReKOmMfUCPArZkBGstNQ3yxa6TU9sO3OPU1cEkLazvllBVYSsOmrAnNinyM6JVbPOatDSSo4KWKDVN9/dQUSSgIaKcCxlz0Kx8lIsFCOcZiU3kTTGZIJHtKdpiAMqvXR2ewYPtTKAw0joChWcqd8nUhxIOQ183RlgNZa/vVz8y+slanjupSyME0VDMl80TDhUEcyDgAMmKFF8qgkmgulbIRljgYnScZV0CF+fwv+JY1cbVeu6VmleLNIogn1wAI6ABeqgCa5ACziAgHvwAJ7As5EZj8aL8TpvLRiLmT3wA8bbJ9CjkzU=</latexit><latexit sha1_base64="3AwMEH0H10Opmlh+YhMQH/1QFvo=">AAAB+nicdVDLSsNAFJ3UV62vWJduBovgQsskFms3UnDjsoJpC00sk+m0HTp5MDMRS8ivuHGh4tYvceffOGkrqOiBC4dz7uXee/yYM6kQ+jAKS8srq2vF9dLG5tb2jrlbbssoEYQ6JOKR6PpYUs5C6iimOO3GguLA57TjTy5zv3NHhWRReKOmMfUCPArZkBGstNQ3yxa6TU9sO3OPU1cEkLazvllBVYSsOmrAnNinyM6JVbPOatDSSo4KWKDVN9/dQUSSgIaKcCxlz0Kx8lIsFCOcZiU3kTTGZIJHtKdpiAMqvXR2ewYPtTKAw0joChWcqd8nUhxIOQ183RlgNZa/vVz8y+slanjupSyME0VDMl80TDhUEcyDgAMmKFF8qgkmgulbIRljgYnScZV0CF+fwv+JY1cbVeu6VmleLNIogn1wAI6ABeqgCa5ACziAgHvwAJ7As5EZj8aL8TpvLRiLmT3wA8bbJ9CjkzU=</latexit>

10�6 eV
<latexit sha1_base64="+k3qScHViNNuE2McfGHPe4ebTYk=">AAAB+XicdVDLSgMxFM3UV62vqS7dBIvgQkumltZupODGZQX7gM5YMmmmDc08SDJKGedT3LhQceufuPNvzLQVVPTAhcM593LvPW7EmVQIfRi5peWV1bX8emFjc2t7xyzudmQYC0LbJOSh6LlYUs4C2lZMcdqLBMW+y2nXnVxkfveWCsnC4FpNI+r4eBQwjxGstDQwixa6SU5qqX2c2MKHtJMOzBIqI2TVUQNmpHKKKhmxqlatCi2tZCiBBVoD890ehiT2aaAIx1L2LRQpJ8FCMcJpWrBjSSNMJnhE+5oG2KfSSWanp/BQK0PohUJXoOBM/T6RYF/Kqe/qTh+rsfztZeJfXj9W3pmTsCCKFQ3IfJEXc6hCmOUAh0xQovhUE0wE07dCMsYCE6XTKugQvj6F/5N2pdwoW1fVUvN8kUYe7IMDcAQsUAdNcAlaoA0IuAMP4Ak8G/fGo/FivM5bc8ZiZg/8gPH2CWJkkv0=</latexit><latexit sha1_base64="+k3qScHViNNuE2McfGHPe4ebTYk=">AAAB+XicdVDLSgMxFM3UV62vqS7dBIvgQkumltZupODGZQX7gM5YMmmmDc08SDJKGedT3LhQceufuPNvzLQVVPTAhcM593LvPW7EmVQIfRi5peWV1bX8emFjc2t7xyzudmQYC0LbJOSh6LlYUs4C2lZMcdqLBMW+y2nXnVxkfveWCsnC4FpNI+r4eBQwjxGstDQwixa6SU5qqX2c2MKHtJMOzBIqI2TVUQNmpHKKKhmxqlatCi2tZCiBBVoD890ehiT2aaAIx1L2LRQpJ8FCMcJpWrBjSSNMJnhE+5oG2KfSSWanp/BQK0PohUJXoOBM/T6RYF/Kqe/qTh+rsfztZeJfXj9W3pmTsCCKFQ3IfJEXc6hCmOUAh0xQovhUE0wE07dCMsYCE6XTKugQvj6F/5N2pdwoW1fVUvN8kUYe7IMDcAQsUAdNcAlaoA0IuAMP4Ak8G/fGo/FivM5bc8ZiZg/8gPH2CWJkkv0=</latexit><latexit sha1_base64="+k3qScHViNNuE2McfGHPe4ebTYk=">AAAB+XicdVDLSgMxFM3UV62vqS7dBIvgQkumltZupODGZQX7gM5YMmmmDc08SDJKGedT3LhQceufuPNvzLQVVPTAhcM593LvPW7EmVQIfRi5peWV1bX8emFjc2t7xyzudmQYC0LbJOSh6LlYUs4C2lZMcdqLBMW+y2nXnVxkfveWCsnC4FpNI+r4eBQwjxGstDQwixa6SU5qqX2c2MKHtJMOzBIqI2TVUQNmpHKKKhmxqlatCi2tZCiBBVoD890ehiT2aaAIx1L2LRQpJ8FCMcJpWrBjSSNMJnhE+5oG2KfSSWanp/BQK0PohUJXoOBM/T6RYF/Kqe/qTh+rsfztZeJfXj9W3pmTsCCKFQ3IfJEXc6hCmOUAh0xQovhUE0wE07dCMsYCE6XTKugQvj6F/5N2pdwoW1fVUvN8kUYe7IMDcAQsUAdNcAlaoA0IuAMP4Ak8G/fGo/FivM5bc8ZiZg/8gPH2CWJkkv0=</latexit><latexit sha1_base64="+k3qScHViNNuE2McfGHPe4ebTYk=">AAAB+XicdVDLSgMxFM3UV62vqS7dBIvgQkumltZupODGZQX7gM5YMmmmDc08SDJKGedT3LhQceufuPNvzLQVVPTAhcM593LvPW7EmVQIfRi5peWV1bX8emFjc2t7xyzudmQYC0LbJOSh6LlYUs4C2lZMcdqLBMW+y2nXnVxkfveWCsnC4FpNI+r4eBQwjxGstDQwixa6SU5qqX2c2MKHtJMOzBIqI2TVUQNmpHKKKhmxqlatCi2tZCiBBVoD890ehiT2aaAIx1L2LRQpJ8FCMcJpWrBjSSNMJnhE+5oG2KfSSWanp/BQK0PohUJXoOBM/T6RYF/Kqe/qTh+rsfztZeJfXj9W3pmTsCCKFQ3IfJEXc6hCmOUAh0xQovhUE0wE07dCMsYCE6XTKugQvj6F/5N2pdwoW1fVUvN8kUYe7IMDcAQsUAdNcAlaoA0IuAMP4Ak8G/fGo/FivM5bc8ZiZg/8gPH2CWJkkv0=</latexit>

1058 GeV
<latexit sha1_base64="dUbz27xr0BObAshw/fUQPrU45Sc=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkqmVttupOBClxWcttAZSyZN29DMgyQjlmF+xY0LFbd+iTv/xkxbQUUPXDiccy/33uNFnEmF0IeRW1peWV3Lrxc2Nre2d8zdYluGsSDUJiEPRdfDknIWUFsxxWk3EhT7Hqcdb3KR+Z07KiQLgxs1jajr41HAhoxgpaW+WbTQbXJaT53jxBE+vKTttG+WUBkhq4YaMCOVE1TJiFW1zqrQ0kqGElig1TffnUFIYp8GinAsZc9CkXITLBQjnKYFJ5Y0wmSCR7SnaYB9Kt1kdnsKD7UygMNQ6AoUnKnfJxLsSzn1Pd3pYzWWv71M/MvrxWpYdxMWRLGiAZkvGsYcqhBmQcABE5QoPtUEE8H0rZCMscBE6bgKOoSvT+H/xK6UG2Xrulpqni/SyIN9cACOgAVqoAmuQAvYgIB78ACewLORGo/Gi/E6b80Zi5k98APG2ycH1ZNY</latexit><latexit sha1_base64="dUbz27xr0BObAshw/fUQPrU45Sc=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkqmVttupOBClxWcttAZSyZN29DMgyQjlmF+xY0LFbd+iTv/xkxbQUUPXDiccy/33uNFnEmF0IeRW1peWV3Lrxc2Nre2d8zdYluGsSDUJiEPRdfDknIWUFsxxWk3EhT7Hqcdb3KR+Z07KiQLgxs1jajr41HAhoxgpaW+WbTQbXJaT53jxBE+vKTttG+WUBkhq4YaMCOVE1TJiFW1zqrQ0kqGElig1TffnUFIYp8GinAsZc9CkXITLBQjnKYFJ5Y0wmSCR7SnaYB9Kt1kdnsKD7UygMNQ6AoUnKnfJxLsSzn1Pd3pYzWWv71M/MvrxWpYdxMWRLGiAZkvGsYcqhBmQcABE5QoPtUEE8H0rZCMscBE6bgKOoSvT+H/xK6UG2Xrulpqni/SyIN9cACOgAVqoAmuQAvYgIB78ACewLORGo/Gi/E6b80Zi5k98APG2ycH1ZNY</latexit><latexit sha1_base64="dUbz27xr0BObAshw/fUQPrU45Sc=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkqmVttupOBClxWcttAZSyZN29DMgyQjlmF+xY0LFbd+iTv/xkxbQUUPXDiccy/33uNFnEmF0IeRW1peWV3Lrxc2Nre2d8zdYluGsSDUJiEPRdfDknIWUFsxxWk3EhT7Hqcdb3KR+Z07KiQLgxs1jajr41HAhoxgpaW+WbTQbXJaT53jxBE+vKTttG+WUBkhq4YaMCOVE1TJiFW1zqrQ0kqGElig1TffnUFIYp8GinAsZc9CkXITLBQjnKYFJ5Y0wmSCR7SnaYB9Kt1kdnsKD7UygMNQ6AoUnKnfJxLsSzn1Pd3pYzWWv71M/MvrxWpYdxMWRLGiAZkvGsYcqhBmQcABE5QoPtUEE8H0rZCMscBE6bgKOoSvT+H/xK6UG2Xrulpqni/SyIN9cACOgAVqoAmuQAvYgIB78ACewLORGo/Gi/E6b80Zi5k98APG2ycH1ZNY</latexit><latexit sha1_base64="dUbz27xr0BObAshw/fUQPrU45Sc=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkqmVttupOBClxWcttAZSyZN29DMgyQjlmF+xY0LFbd+iTv/xkxbQUUPXDiccy/33uNFnEmF0IeRW1peWV3Lrxc2Nre2d8zdYluGsSDUJiEPRdfDknIWUFsxxWk3EhT7Hqcdb3KR+Z07KiQLgxs1jajr41HAhoxgpaW+WbTQbXJaT53jxBE+vKTttG+WUBkhq4YaMCOVE1TJiFW1zqrQ0kqGElig1TffnUFIYp8GinAsZc9CkXITLBQjnKYFJ5Y0wmSCR7SnaYB9Kt1kdnsKD7UygMNQ6AoUnKnfJxLsSzn1Pd3pYzWWv71M/MvrxWpYdxMWRLGiAZkvGsYcqhBmQcABE5QoPtUEE8H0rZCMscBE6bgKOoSvT+H/xK6UG2Xrulpqni/SyIN9cACOgAVqoAmuQAvYgIB78ACewLORGo/Gi/E6b80Zi5k98APG2ycH1ZNY</latexit>1019 GeV

<latexit sha1_base64="rjOPDfcKd8MpJWfRTGbNW1FDfsI=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkpSi7UbKbjQZQX7gHYsmTTThmYeJBmxDPMrblyouPVL3Pk3ZtoKKnrgwuGce7n3HjcSXGmEPqzc0vLK6lp+vbCxubW9Y+8W2yqMJWUtGopQdl2imOABa2muBetGkhHfFazjTi4yv3PHpOJhcKOnEXN8Mgq4xynRRhrYRYxuE1xP+8dJX/rwkrXTgV1CZYRwDdVhRionqJIRXMWnVYiNkqEEFmgO7Pf+MKSxzwJNBVGqh1GknYRIzalgaaEfKxYROiEj1jM0ID5TTjK7PYWHRhlCL5SmAg1n6veJhPhKTX3XdPpEj9VvLxP/8nqx9s6chAdRrFlA54u8WEAdwiwIOOSSUS2mhhAqubkV0jGRhGoTV8GE8PUp/J+0KuV6GV9XS43zRRp5sA8OwBHAoAYa4Ao0QQtQcA8ewBN4tlLr0XqxXuetOWsxswd+wHr7BAMkk1U=</latexit><latexit sha1_base64="rjOPDfcKd8MpJWfRTGbNW1FDfsI=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkpSi7UbKbjQZQX7gHYsmTTThmYeJBmxDPMrblyouPVL3Pk3ZtoKKnrgwuGce7n3HjcSXGmEPqzc0vLK6lp+vbCxubW9Y+8W2yqMJWUtGopQdl2imOABa2muBetGkhHfFazjTi4yv3PHpOJhcKOnEXN8Mgq4xynRRhrYRYxuE1xP+8dJX/rwkrXTgV1CZYRwDdVhRionqJIRXMWnVYiNkqEEFmgO7Pf+MKSxzwJNBVGqh1GknYRIzalgaaEfKxYROiEj1jM0ID5TTjK7PYWHRhlCL5SmAg1n6veJhPhKTX3XdPpEj9VvLxP/8nqx9s6chAdRrFlA54u8WEAdwiwIOOSSUS2mhhAqubkV0jGRhGoTV8GE8PUp/J+0KuV6GV9XS43zRRp5sA8OwBHAoAYa4Ao0QQtQcA8ewBN4tlLr0XqxXuetOWsxswd+wHr7BAMkk1U=</latexit><latexit sha1_base64="rjOPDfcKd8MpJWfRTGbNW1FDfsI=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkpSi7UbKbjQZQX7gHYsmTTThmYeJBmxDPMrblyouPVL3Pk3ZtoKKnrgwuGce7n3HjcSXGmEPqzc0vLK6lp+vbCxubW9Y+8W2yqMJWUtGopQdl2imOABa2muBetGkhHfFazjTi4yv3PHpOJhcKOnEXN8Mgq4xynRRhrYRYxuE1xP+8dJX/rwkrXTgV1CZYRwDdVhRionqJIRXMWnVYiNkqEEFmgO7Pf+MKSxzwJNBVGqh1GknYRIzalgaaEfKxYROiEj1jM0ID5TTjK7PYWHRhlCL5SmAg1n6veJhPhKTX3XdPpEj9VvLxP/8nqx9s6chAdRrFlA54u8WEAdwiwIOOSSUS2mhhAqubkV0jGRhGoTV8GE8PUp/J+0KuV6GV9XS43zRRp5sA8OwBHAoAYa4Ao0QQtQcA8ewBN4tlLr0XqxXuetOWsxswd+wHr7BAMkk1U=</latexit><latexit sha1_base64="rjOPDfcKd8MpJWfRTGbNW1FDfsI=">AAAB+nicdVDLSgMxFM3UV62vsS7dBIvgQkpSi7UbKbjQZQX7gHYsmTTThmYeJBmxDPMrblyouPVL3Pk3ZtoKKnrgwuGce7n3HjcSXGmEPqzc0vLK6lp+vbCxubW9Y+8W2yqMJWUtGopQdl2imOABa2muBetGkhHfFazjTi4yv3PHpOJhcKOnEXN8Mgq4xynRRhrYRYxuE1xP+8dJX/rwkrXTgV1CZYRwDdVhRionqJIRXMWnVYiNkqEEFmgO7Pf+MKSxzwJNBVGqh1GknYRIzalgaaEfKxYROiEj1jM0ID5TTjK7PYWHRhlCL5SmAg1n6veJhPhKTX3XdPpEj9VvLxP/8nqx9s6chAdRrFlA54u8WEAdwiwIOOSSUS2mhhAqubkV0jGRhGoTV8GE8PUp/J+0KuV6GV9XS43zRRp5sA8OwBHAoAYa4Ao0QQtQcA8ewBN4tlLr0XqxXuetOWsxswd+wHr7BAMkk1U=</latexit>

⇡<latexit sha1_base64="ZC6SmOplEwX00n/YOF9dAA6OHTc=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8lWwt1l6k4MVjBdcW2qVk02wbmk1CkhXL0h/hxYOKV/+PN/+N2baCij4YeLw3w8y8SHFmLEIf3tLyyuraemGjuLm1vbNb2tu/NTLVhAZEcqk7ETaUM0EDyyynHaUpTiJO29H4Mvfbd1QbJsWNnSgaJngoWMwItk5q97BSWt73S2VUQcivowbMSfUUVXPi1/yzGvSdkqMMFmj1S++9gSRpQoUlHBvT9ZGyYYa1ZYTTabGXGqowGeMh7ToqcEJNmM3OncJjpwxgLLUrYeFM/T6R4cSYSRK5zgTbkfnt5eJfXje18XmYMaFSSwWZL4pTDq2E+e9wwDQllk8cwUQzdyskI6wxsS6hogvh61P4PwmqlUbFv66VmxeLNArgEByBE+CDOmiCK9ACASBgDB7AE3j2lPfovXiv89YlbzFzAH7Ae/sEN6aPrg==</latexit><latexit sha1_base64="ZC6SmOplEwX00n/YOF9dAA6OHTc=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8lWwt1l6k4MVjBdcW2qVk02wbmk1CkhXL0h/hxYOKV/+PN/+N2baCij4YeLw3w8y8SHFmLEIf3tLyyuraemGjuLm1vbNb2tu/NTLVhAZEcqk7ETaUM0EDyyynHaUpTiJO29H4Mvfbd1QbJsWNnSgaJngoWMwItk5q97BSWt73S2VUQcivowbMSfUUVXPi1/yzGvSdkqMMFmj1S++9gSRpQoUlHBvT9ZGyYYa1ZYTTabGXGqowGeMh7ToqcEJNmM3OncJjpwxgLLUrYeFM/T6R4cSYSRK5zgTbkfnt5eJfXje18XmYMaFSSwWZL4pTDq2E+e9wwDQllk8cwUQzdyskI6wxsS6hogvh61P4PwmqlUbFv66VmxeLNArgEByBE+CDOmiCK9ACASBgDB7AE3j2lPfovXiv89YlbzFzAH7Ae/sEN6aPrg==</latexit><latexit sha1_base64="ZC6SmOplEwX00n/YOF9dAA6OHTc=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8lWwt1l6k4MVjBdcW2qVk02wbmk1CkhXL0h/hxYOKV/+PN/+N2baCij4YeLw3w8y8SHFmLEIf3tLyyuraemGjuLm1vbNb2tu/NTLVhAZEcqk7ETaUM0EDyyynHaUpTiJO29H4Mvfbd1QbJsWNnSgaJngoWMwItk5q97BSWt73S2VUQcivowbMSfUUVXPi1/yzGvSdkqMMFmj1S++9gSRpQoUlHBvT9ZGyYYa1ZYTTabGXGqowGeMh7ToqcEJNmM3OncJjpwxgLLUrYeFM/T6R4cSYSRK5zgTbkfnt5eJfXje18XmYMaFSSwWZL4pTDq2E+e9wwDQllk8cwUQzdyskI6wxsS6hogvh61P4PwmqlUbFv66VmxeLNArgEByBE+CDOmiCK9ACASBgDB7AE3j2lPfovXiv89YlbzFzAH7Ae/sEN6aPrg==</latexit><latexit sha1_base64="ZC6SmOplEwX00n/YOF9dAA6OHTc=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8lWwt1l6k4MVjBdcW2qVk02wbmk1CkhXL0h/hxYOKV/+PN/+N2baCij4YeLw3w8y8SHFmLEIf3tLyyuraemGjuLm1vbNb2tu/NTLVhAZEcqk7ETaUM0EDyyynHaUpTiJO29H4Mvfbd1QbJsWNnSgaJngoWMwItk5q97BSWt73S2VUQcivowbMSfUUVXPi1/yzGvSdkqMMFmj1S++9gSRpQoUlHBvT9ZGyYYa1ZYTTabGXGqowGeMh7ToqcEJNmM3OncJjpwxgLLUrYeFM/T6R4cSYSRK5zgTbkfnt5eJfXje18XmYMaFSSwWZL4pTDq2E+e9wwDQllk8cwUQzdyskI6wxsS6hogvh61P4PwmqlUbFv66VmxeLNArgEByBE+CDOmiCK9ACASBgDB7AE3j2lPfovXiv89YlbzFzAH7Ae/sEN6aPrg==</latexit>

105 GeV
<latexit sha1_base64="2zvjlTS+D7+sPD/2pIfMrNlkFdY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkoqgXKXjQYwXTFppYNttNu3Q3CbsboYb+Ei8eVLz6V7z5b9x+HLT1wcDjvRlm5oUpZ0o7zrdVWFpeWV0rrpc2Nre2y/bObkMlmSTUIwlPZCvEinIWU08zzWkrlRSLkNNmOLge+81HKhVL4ns9TGkgcC9mESNYG6ljl13n4cw/zn0p0A1tjDp2xak6E6BF4s5IBWaod+wvv5uQTNBYE46VartOqoMcS80Ip6OSnymaYjLAPdo2NMaCqiCfHD5Ch0bpoiiRpmKNJurviRwLpYYiNJ0C676a98bif14709FFkLM4zTSNyXRRlHGkEzROAXWZpETzoSGYSGZuRaSPJSbaZFUyIbjzLy8S76R6WXXvTiu1q1kaRdiHAzgCF86hBrdQBw8IZPAMr/BmPVkv1rv1MW0tWLOZPfgD6/MHgcKR4g==</latexit><latexit sha1_base64="2zvjlTS+D7+sPD/2pIfMrNlkFdY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkoqgXKXjQYwXTFppYNttNu3Q3CbsboYb+Ei8eVLz6V7z5b9x+HLT1wcDjvRlm5oUpZ0o7zrdVWFpeWV0rrpc2Nre2y/bObkMlmSTUIwlPZCvEinIWU08zzWkrlRSLkNNmOLge+81HKhVL4ns9TGkgcC9mESNYG6ljl13n4cw/zn0p0A1tjDp2xak6E6BF4s5IBWaod+wvv5uQTNBYE46VartOqoMcS80Ip6OSnymaYjLAPdo2NMaCqiCfHD5Ch0bpoiiRpmKNJurviRwLpYYiNJ0C676a98bif14709FFkLM4zTSNyXRRlHGkEzROAXWZpETzoSGYSGZuRaSPJSbaZFUyIbjzLy8S76R6WXXvTiu1q1kaRdiHAzgCF86hBrdQBw8IZPAMr/BmPVkv1rv1MW0tWLOZPfgD6/MHgcKR4g==</latexit><latexit sha1_base64="2zvjlTS+D7+sPD/2pIfMrNlkFdY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkoqgXKXjQYwXTFppYNttNu3Q3CbsboYb+Ei8eVLz6V7z5b9x+HLT1wcDjvRlm5oUpZ0o7zrdVWFpeWV0rrpc2Nre2y/bObkMlmSTUIwlPZCvEinIWU08zzWkrlRSLkNNmOLge+81HKhVL4ns9TGkgcC9mESNYG6ljl13n4cw/zn0p0A1tjDp2xak6E6BF4s5IBWaod+wvv5uQTNBYE46VartOqoMcS80Ip6OSnymaYjLAPdo2NMaCqiCfHD5Ch0bpoiiRpmKNJurviRwLpYYiNJ0C676a98bif14709FFkLM4zTSNyXRRlHGkEzROAXWZpETzoSGYSGZuRaSPJSbaZFUyIbjzLy8S76R6WXXvTiu1q1kaRdiHAzgCF86hBrdQBw8IZPAMr/BmPVkv1rv1MW0tWLOZPfgD6/MHgcKR4g==</latexit><latexit sha1_base64="2zvjlTS+D7+sPD/2pIfMrNlkFdY=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkoqgXKXjQYwXTFppYNttNu3Q3CbsboYb+Ei8eVLz6V7z5b9x+HLT1wcDjvRlm5oUpZ0o7zrdVWFpeWV0rrpc2Nre2y/bObkMlmSTUIwlPZCvEinIWU08zzWkrlRSLkNNmOLge+81HKhVL4ns9TGkgcC9mESNYG6ljl13n4cw/zn0p0A1tjDp2xak6E6BF4s5IBWaod+wvv5uQTNBYE46VartOqoMcS80Ip6OSnymaYjLAPdo2NMaCqiCfHD5Ch0bpoiiRpmKNJurviRwLpYYiNJ0C676a98bif14709FFkLM4zTSNyXRRlHGkEzROAXWZpETzoSGYSGZuRaSPJSbaZFUyIbjzLy8S76R6WXXvTiu1q1kaRdiHAzgCF86hBrdQBw8IZPAMr/BmPVkv1rv1MW0tWLOZPfgD6/MHgcKR4g==</latexit>

mass

FIMP

WIMP

Axion
SIMP



Radiative neutrino masses
Seesaw mechanism with right-handed neutrinos:

Seesaw mechanism at loops:

<latexit sha1_base64="i9mNOj9cmC2SX4smiGQk2w4XKG4=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqJUEbCwsInhJIDnC3mYuWbK3d+zuCSHkN9hYKGLrD7Lz37hJrtDEBwOP92aYmRemgmvjut9OYW19Y3OruF3a2d3bPygfHjV1kimGPktEotoh1Si4RN9wI7CdKqRxKLAVjm5nfusJleaJfDTjFIOYDiSPOKPGSn5XZr37XrniVt05yCrxclKBHI1e+avbT1gWozRMUK07npuaYEKV4UzgtNTNNKaUjegAO5ZKGqMOJvNjp+TMKn0SJcqWNGSu/p6Y0FjrcRzazpiaoV72ZuJ/Xicz0XUw4TLNDEq2WBRlgpiEzD4nfa6QGTG2hDLF7a2EDamizNh8SjYEb/nlVdKsVb3Lau3holK/yeMowgmcwjl4cAV1uIMG+MCAwzO8wpsjnRfn3flYtBacfOYY/sD5/AGv446Z</latexit>⌫L
<latexit sha1_base64="P4YMjDN/4tm7itWHUZ0vN6WeNU8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFLx6r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKVWl2VPrLefa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdKsVryLSvXuvFy7zuMowDGcwBl4cAk1uIU6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8r1Y90</latexit>

⌫cR

Mixing with RH neutrinos 

X

<latexit sha1_base64="z0mmc16N/ENywOtzOjNIVXh011M=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE17LopssK9gFNDJPpbTp0MgkzE6GUght/xY0LRdz6E+78G6dpF9p64MLhnHu5954w5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYpNGjCE9kOiQLOBDQ00xzaqQQShxxa4eBm4rceQCqWiDs9TMGPSSRYj1GijRTYBx4nIuKAa/del0QRyMD1ZC4FdtmpODnwInFnpIxmqAf2l9dNaBaD0JQTpTquk2p/RKRmlMO45GUKUkIHJIKOoYLEoPxR/sMYHxuli3uJNCU0ztXfEyMSKzWMQ9MZE91X895E/M/rZLp35Y+YSDMNgk4X9TKOdYIngeAuk0A1HxpCqGTmVkz7RBKqTWwlE4I7//IiaZ5W3IvK+e1ZuXo9i6OIDtEROkEuukRVVEN11EAUPaJn9IrerCfrxXq3PqatBWs2s4/+wPr8AYmkl3k=</latexit>

hH†
1i

<latexit sha1_base64="6F+txo0wydcXRe0doPJ+lkcqKMA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRC0eM8khgQ2aHXpgwO7uZmTUhhE/w4kFjvPpF3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM07Qj+hA8pAzaqz0UOtVesWSW3bnIKvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8xPnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhDf+hMskNSjZYlGYCmJiMvub9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0mzUvauypf3F6XqbRZHHk7gFM7Bg2uoQg3q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz/HRY17</latexit>

H2
<latexit sha1_base64="6F+txo0wydcXRe0doPJ+lkcqKMA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryPRC0eM8khgQ2aHXpgwO7uZmTUhhE/w4kFjvPpF3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM07Qj+hA8pAzaqz0UOtVesWSW3bnIKvEy0gJMtR7xa9uP2ZphNIwQbXueG5i/AlVhjOB00I31ZhQNqID7FgqaYTan8xPnZIzq/RJGCtb0pC5+ntiQiOtx1FgOyNqhnrZm4n/eZ3UhDf+hMskNSjZYlGYCmJiMvub9LlCZsTYEsoUt7cSNqSKMmPTKdgQvOWXV0mzUvauypf3F6XqbRZHHk7gFM7Bg2uoQg3q0AAGA3iGV3hzhPPivDsfi9ack80cwx84nz/HRY17</latexit>

H2

<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫ <latexit sha1_base64="q6CFIK/8u3AtOQPnMQ4yVd+MDZA=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68SRxyQLJEHo6naRJT8/QXSOEIZ/gxYMiXv0ib/6NnWQOmvig4PFeFVX1glgKg6777eSWlldW1/LrhY3Nre2d4u5e3USJZrzGIhnpZkANl0LxGgqUvBlrTsNA8kYwvJ74jSeujYjUI45i7oe0r0RPMIpWerjt3HeKJbfsTkEWiZeREmSodopf7W7EkpArZJIa0/LcGP2UahRM8nGhnRgeUzakfd6yVNGQGz+dnjomR1bpkl6kbSkkU/X3REpDY0ZhYDtDigMz703E/7xWgr1LPxUqTpArNlvUSyTBiEz+Jl2hOUM5soQyLeythA2opgxtOgUbgjf/8iKpn5S98/LZ3WmpcpXFkYcDOIRj8OACKnADVagBgz48wyu8OdJ5cd6dj1lrzslm9uEPnM8fAPiNoQ==</latexit>

NR
<latexit sha1_base64="q6CFIK/8u3AtOQPnMQ4yVd+MDZA=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68SRxyQLJEHo6naRJT8/QXSOEIZ/gxYMiXv0ib/6NnWQOmvig4PFeFVX1glgKg6777eSWlldW1/LrhY3Nre2d4u5e3USJZrzGIhnpZkANl0LxGgqUvBlrTsNA8kYwvJ74jSeujYjUI45i7oe0r0RPMIpWerjt3HeKJbfsTkEWiZeREmSodopf7W7EkpArZJIa0/LcGP2UahRM8nGhnRgeUzakfd6yVNGQGz+dnjomR1bpkl6kbSkkU/X3REpDY0ZhYDtDigMz703E/7xWgr1LPxUqTpArNlvUSyTBiEz+Jl2hOUM5soQyLeythA2opgxtOgUbgjf/8iKpn5S98/LZ3WmpcpXFkYcDOIRj8OACKnADVagBgz48wyu8OdJ5cd6dj1lrzslm9uEPnM8fAPiNoQ==</latexit>

NR
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

<latexit sha1_base64="KQmYRezq6Ey4v6ihRrGYF7l92u4="></latexit>

m⌫ ⇠ �5y2Nv2

16⇡2MNR

ln
M2

NR

m2
H2

<latexit sha1_base64="EQWLff4YSv/tPtgSOzmGTJiVxn4="></latexit>

M⌫ =

✓
0 yNv

yNv MN

◆ <latexit sha1_base64="CZArIV3xApY2d2wScSHxPsuvTxM=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVUnFawFVYmGhKhJ9SE0bOa7TWnWcyHYqVWl+gIVfYWEAIVZ2Nv4G9zFAy5Gu7tE598q+x4sYlcqyvo3M0vLK6lp2PbexubW9Y+7u1WQYC0yqOGShaHhIEkY5qSqqGGlEgqDAY6Tu9W/Gfn1AhKQhf1DDiLQC1OXUpxgpLbnm0ShwHR6PrhxfIJwM20W3DAftYprcueXUYQzq7pp5q2BNABeJPSN5MEPFNb+cTojjgHCFGZKyaVuRaiVIKIoZSXNOLEmEcB91SVNTjgIiW8nkmhQea6UD/VDo4gpO1N8bCQqkHAaengyQ6sl5byz+5zVj5V+2EsqjWBGOpw/5MYMqhONoYIcKghUbaoKwoPqvEPeQjkXpAHM6BHv+5EVSKxbs88LZ/Wm+dD2LIwsOwCE4ATa4ACVwCyqgCjB4BM/gFbwZT8aL8W58TEczxmxnH/yB8fkD1/CbZQ==</latexit>

|m⌫ | =
y2Nv2

MN
⌧ MN

Loop-suppressed neutrino masses.

Neutrino masses at tree level:
heavy RH neutrinos for yN=O(1).

Either NR or neutral H2 : dark matter

<latexit sha1_base64="z0mmc16N/ENywOtzOjNIVXh011M=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE17LopssK9gFNDJPpbTp0MgkzE6GUght/xY0LRdz6E+78G6dpF9p64MLhnHu5954w5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYpNGjCE9kOiQLOBDQ00xzaqQQShxxa4eBm4rceQCqWiDs9TMGPSSRYj1GijRTYBx4nIuKAa/del0QRyMD1ZC4FdtmpODnwInFnpIxmqAf2l9dNaBaD0JQTpTquk2p/RKRmlMO45GUKUkIHJIKOoYLEoPxR/sMYHxuli3uJNCU0ztXfEyMSKzWMQ9MZE91X895E/M/rZLp35Y+YSDMNgk4X9TKOdYIngeAuk0A1HxpCqGTmVkz7RBKqTWwlE4I7//IiaZ5W3IvK+e1ZuXo9i6OIDtEROkEuukRVVEN11EAUPaJn9IrerCfrxXq3PqatBWs2s4/+wPr8AYmkl3k=</latexit>

hH†
1i

<latexit sha1_base64="szQngvM2AnHarsNjI5vuHd1hmAM=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIra6k4MZlBfuQdiiZTKYNTTJDkhHK0K9w40IRt36OO//GtJ2Fth4IHM45l9x7goQzbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TRWiLxDxW3QBrypmkLcMMp91EUSwCTjvB+Hbmd56o0iyWD2aSUF/goWQRI9hY6bHPbTTEg9qgXHGr7hxolXg5qUCO5qD81Q9jkgoqDeFY657nJsbPsDKMcDot9VNNE0zGeEh7lkosqPaz+cJTdGaVEEWxsk8aNFd/T2RYaD0RgU0KbEZ62ZuJ/3m91ETXfsZkkhoqyeKjKOXIxGh2PQqZosTwiSWYKGZ3RWSEFSbGdlSyJXjLJ6+S9kXVq1dr95eVxk1eRxFO4BTOwYMraMAdNKEFBAQ8wyu8Ocp5cd6dj0W04OQzx/AHzucPbuuQKw==</latexit>

�5 [E. Ma, 2006]

[P.  Minkowski, 1977;  T.  Yanagida, 1979; 
Gell-Mann et al, 1979;  R. N. Mohapatra et al, 1980]

[Review:  Y. Cai et al,1706.08524]



Seesaw for leptons
Seesaw mechanism for neutrinos:

Seesaw mechanism for charged leptons with VLL:

<latexit sha1_base64="FbpfgM73KPnGVBDNcLror79DH20="></latexit>

M⌫ =

✓
0 y⌫v

y⌫v MN

◆
<latexit sha1_base64="i9mNOj9cmC2SX4smiGQk2w4XKG4=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqJUEbCwsInhJIDnC3mYuWbK3d+zuCSHkN9hYKGLrD7Lz37hJrtDEBwOP92aYmRemgmvjut9OYW19Y3OruF3a2d3bPygfHjV1kimGPktEotoh1Si4RN9wI7CdKqRxKLAVjm5nfusJleaJfDTjFIOYDiSPOKPGSn5XZr37XrniVt05yCrxclKBHI1e+avbT1gWozRMUK07npuaYEKV4UzgtNTNNKaUjegAO5ZKGqMOJvNjp+TMKn0SJcqWNGSu/p6Y0FjrcRzazpiaoV72ZuJ/Xicz0XUw4TLNDEq2WBRlgpiEzD4nfa6QGTG2hDLF7a2EDamizNh8SjYEb/nlVdKsVb3Lau3holK/yeMowgmcwjl4cAV1uIMG+MCAwzO8wpsjnRfn3flYtBacfOYY/sD5/AGv446Z</latexit>⌫L

<latexit sha1_base64="P4YMjDN/4tm7itWHUZ0vN6WeNU8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFLx6r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKVWl2VPrLefa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdKsVryLSvXuvFy7zuMowDGcwBl4cAk1uIU6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8r1Y90</latexit>

⌫cR <latexit sha1_base64="ZhhpMrPmYFsoMbDv++OSXHQLzZE=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxVUmFgAVUiYUFVCT6kJo0clynteo4ke1UitL+AQu/wsIAQqysbPwN7mOAliNZPj7nXl3f48eMSmVZ30ZuaXlldS2/XtjY3NreMXf36jJKBCY1HLFINH0kCaOc1BRVjDRjQVDoM9Lw+9djvzEgQtKIP6g0Jm6IupwGFCOlJc88Hoaew5PhpRMIhLO0XR4/4aBdHmW33t3IYQzq2zOLVsmaAC4Se0aKYIaqZ345nQgnIeEKMyRly7Zi5WZIKIoZGRWcRJIY4T7qkpamHIVEutlknxE80koHBpHQhys4UX93ZCiUMg19XRki1ZPz3lj8z2slKrhwM8rjRBGOp4OChEEVwXE4sEMFwYqlmiAsqP4rxD2kg1E6woIOwZ5feZHUyyX7rFS+Py1WrmZx5MEBOAQnwAbnoAJuQBXUAAaP4Bm8gjfjyXgx3o2PaWnOmPXsgz8wPn8Ark2cZw==</latexit>

|m⌫ | =
y2⌫v

2

MN
⌧ MN

<latexit sha1_base64="gqhdvIKLq/0Lk85a9yyJKYAd4HI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8SEMFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1e96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSbNS9i7LlfpFqXqTxZGHEziFc/DgCqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH5oDjMw=</latexit>

E
<latexit sha1_base64="vSx5yCWEOGGT9FV7gnat8fO5ANk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaop+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7VrVu6zWmheV+k0eRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ANUfjPM=</latexit>

l

Small bare lepton mass from flavor symmetry

Small neutrino massesApproximate L # conservation

<latexit sha1_base64="YgidgE8rS0mUx+xDgKhSpGvgKfs="></latexit>

Ml =

✓
0 mL = yEv2

mR = �Ev� ME

◆ <latexit sha1_base64="3kiICjmdt7ql7dX2S50AZ2UlqcU=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVZIi6kYpiOBCoYp9QBPCZDpph84kYWYilDRbN/6KGxeKuPUP3Pk3TtsstPXA5R7OuZeZe/yYUaks69soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWibaPJGE0JA1FFSPtWBDEfUZa/uBi7LceiJA0Cu/VMCYuR72QBhQjpSXPhCPusdGZEwiEU+5dQ+7dZemNd5k5jEHdPbNsVawJ4Dyxc1IGOeqe+eV0I5xwEirMkJQd24qVmyKhKGYkKzmJJDHCA9QjHU1DxIl008klGTzQShcGkdAVKjhRf2+kiEs55L6e5Ej15aw3Fv/zOokKTt2UhnGiSIinDwUJgyqC41hglwqCFRtqgrCg+q8Q95EORenwSjoEe/bkedKsVuzjSvX2qFw7z+Mogj2wDw6BDU5ADVyBOmgADB7BM3gFb8aT8WK8Gx/T0YKR7+yCPzA+fwDpOpnP</latexit>

|ml| =
mLmR

ME
⌧ ME

[HML,  J.-S. Song, K. Yamashita, 2021, 2022]

U(1)’ breaking at weak scale Small charged lepton masses

shifted seesaw mass: <latexit sha1_base64="AV/Z7xazmlt29miZjb15F8a9J9U=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwY0lKaKupODGZQV7gTaEyXTSDp1JwsxEqKFP4saFIm59FHe+jZM2C239YeDjP+cw5/xBwpnSjvNtldbWNza3ytuVnd29/ap9cNhRcSoJbZOYx7IXYEU5i2hbM81pL5EUi4DTbjC5zevdRyoVi6MHPU2oJ/AoYiEjWBvLt6vnwucDHSPhOzn6ds2pO3OhVXALqEGhlm9/DYYxSQWNNOFYqb7rJNrLsNSMcDqrDFJFE0wmeET7BiMsqPKy+eIzdGqcIQpjaV6k0dz9PZFhodRUBKZTYD1Wy7Xc/K/WT3V47WUsSlJNI7L4KEw5MofmKaAhk5RoPjWAiWRmV0TGWGKiTVYVE4K7fPIqdBp197LeuL+oNW+KOMpwDCdwBi5cQRPuoAVtIJDCM7zCm/VkvVjv1seitWQVM0fwR9bnD58Akmk=</latexit>�ml ! m0 �ml



Z4 symmetry for neutrino 
masses and dark matter



Models with discrete Z4

Extra doublet H2 + complex singlet S + spurion 𝜑
Scalar sector:

Fermion sector: Three right-handed neutrinos NR

forbidden.

Neutrino masses vanish for unbroken Z4. 
<latexit sha1_base64="hzixE1gXUpBzGW+7R8G8LYj6HqY=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWI11jBwlgk+pCaqHLcm9aq4wTbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UrH59wr33uChDOlHefbKqysrq1vFDdLW9s7u3v2/kFTxamk0KAxj2U7IAo4E9DQTHNoJxJIFHBoBcObqd8agVQsFvd6nIAfkb5gIaNEG6lrlz1ORJ+DNyIyGTBPzl8CHrDTtStO1ZkBLxM3JxWUo961v7xeTNMIhKacKNVxnUT7GZGaUQ6TkpcqSAgdkj50DBUkAuVnsyMm+NgoPRzG0pTQeKb+nshIpNQ4CkxnRPRALXpT8T+vk+rwys+YSFINgs4/ClOOdYynieAek0A1HxtCqGRmV0wHRBKqTW4lE4K7ePIyaZ5W3Yvq+d1ZpXadx1FEZXSETpCLLlEN3aI6aiCKHtEzekVv1pP1Yr1bH/PWgpXPHKI/sD5/AN5jmD0=</latexit>

h'i 6= 0

Z4 symmetry

Z4 is broken to Z2 :

Neutrino masses and stability for dark matter.

[J. Kim et al, 2407.13595]



Models with discrete Z4
Z4 invariant Lagrangian:

<latexit sha1_base64="4EVZI4WU5A0tkw4p2MYr+Z4bn5g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfJ0k4MVjAuYBSQizk95kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPd5ceCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItXyqUXCJdcONwFaskIa+wKY/upv6zSdUmkfywYxj7IZ0IHnAGTVWqp31iiW37M5AlomXkRJkqPaKX51+xJIQpWGCat323Nh0U6oMZwInhU6iMaZsRAfYtlTSEHU3nR06ISdW6ZMgUrakITP190RKQ63HoW87Q2qGetGbiv957cQEN92UyzgxKNl8UZAIYiIy/Zr0uUJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeO87F2VL2sXpcptFkcejuAYTsGDa6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwBzkYy1</latexit>

+

<latexit sha1_base64="hzixE1gXUpBzGW+7R8G8LYj6HqY=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWI11jBwlgk+pCaqHLcm9aq4wTbqVRFHVj4FRYGEGLlI9j4G9w2A7Qc6UrH59wr33uChDOlHefbKqysrq1vFDdLW9s7u3v2/kFTxamk0KAxj2U7IAo4E9DQTHNoJxJIFHBoBcObqd8agVQsFvd6nIAfkb5gIaNEG6lrlz1ORJ+DNyIyGTBPzl8CHrDTtStO1ZkBLxM3JxWUo961v7xeTNMIhKacKNVxnUT7GZGaUQ6TkpcqSAgdkj50DBUkAuVnsyMm+NgoPRzG0pTQeKb+nshIpNQ4CkxnRPRALXpT8T+vk+rwys+YSFINgs4/ClOOdYynieAek0A1HxtCqGRmV0wHRBKqTW4lE4K7ePIyaZ5W3Yvq+d1ZpXadx1FEZXSETpCLLlEN3aI6aiCKHtEzekVv1pP1Yr1bH/PWgpXPHKI/sD5/AN5jmD0=</latexit>

h'i 6= 0
<latexit sha1_base64="1mNlAp5UFHfdk7ALhjA0uvhLKQo=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiTia6MU3LixVLEPaEKYTCbt0MkkzEwKJXThxl9x40IRt36EO//GaZuFth4YOJxzD3fu8RNGpbKsb6OwtLyyulZcL21sbm3vmLt7LRmnApMmjlksOj6ShFFOmooqRjqJICjyGWn7g+uJ3x4SIWnMH9QoIW6EepyGFCOlJc8s33pZ3bsfXzpMhwLk1eHQc4ZIJH3qmRWrak0BF4mdkwrI0fDMLyeIcRoRrjBDUnZtK1FuhoSimJFxyUklSRAeoB7paspRRKSbTY8Yw0OtBDCMhX5cwan6O5GhSMpR5OvJCKm+nPcm4n9eN1XhhZtRnqSKcDxbFKYMqhhOGoEBFQQrNtIEYUH1XyHuI4Gw0r2VdAn2/MmLpHVctc+qp3cnldpVXkcRlMEBOAI2OAc1cAMaoAkweATP4BW8GU/Gi/FufMxGC0ae2Qd/YHz+AE+Hl+Q=</latexit>

MNR = �Nv' :  RH neutrino masses

<latexit sha1_base64="d03k0UYmtPDO2rpAvW+n5siqPJY=">AAACNHicbVDLSgMxFM34rPU16tJNsAgupMwUXxul4KbgpoJ9QKeUTHrbhmYyY5IplNKPcuOHuBHBhSJu/QbTdqC29UDgcM493NzjR5wp7Thv1tLyyuraemojvbm1vbNr7+2XVRhLCiUa8lBWfaKAMwElzTSHaiSBBD6Hit+9HfmVHkjFQvGg+xHUA9IWrMUo0UZq2HceJ6LNARcarifH1BPwiJ1TPHVyiXM9Vb0ekVGHzUQadsbJOmPgReImJIMSFBv2i9cMaRyA0JQTpWquE+n6gEjNKIdh2osVRIR2SRtqhgoSgKoPxkcP8bFRmrgVSvOExmP1b2JAAqX6gW8mA6I7at4bif95tVi3ruoDJqJYg6CTRa2YYx3iUYO4ySRQzfuGECqZ+SumHSIJ1abntCnBnT95kZRzWfcie35/lsnfJHWk0CE6QifIRZcojwqoiEqIoif0ij7Qp/VsvVtf1vdkdMlKMgdoBtbPL6lBqkc=</latexit>

hH1i 6= 0, hH2i = 0, h'i 6= 0

Mixing between S and neutral components of H2 :
<latexit sha1_base64="eS84RROOZhsluG81EebFWKD3cRo=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgxbArvi5C0IsHDxHMA7JLmJ3MJkNmZ4eZWSEs+Q0vHhTx6s9482+cJHvQxIKGoqqb7q5QcqaN6347haXlldW14nppY3Nre6e8u9fUSaoIbZCEJ6odYk05E7RhmOG0LRXFcchpKxzeTvzWE1WaJeLRjCQNYtwXLGIEGyv5J5lPMEf346533S1X3Ko7BVokXk4qkKPeLX/5vYSkMRWGcKx1x3OlCTKsDCOcjkt+qqnEZIj7tGOpwDHVQTa9eYyOrNJDUaJsCYOm6u+JDMdaj+LQdsbYDPS8NxH/8zqpia6CjAmZGirIbFGUcmQSNAkA9ZiixPCRJZgoZm9FZIAVJsbGVLIhePMvL5LmadW7qJ4/nFVqN3kcRTiAQzgGDy6hBndQhwYQkPAMr/DmpM6L8+58zFoLTj6zD3/gfP4Az1qQ5g==</latexit>

�L1 =

<latexit sha1_base64="FHQOgLkMs7TAIToZE9rJe9q5U4E=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBC8GHaDr4sQ9OLBQwTzgOwSZiezyZDZ2WFmVghLfsOLB0W8+jPe/BsnyR40saChqOqmuyuUnGnjut/O0vLK6tp6YaO4ubW9s1va22/qJFWENkjCE9UOsaacCdowzHDaloriOOS0FQ5vJ37riSrNEvFoRpIGMe4LFjGCjZX808wnmKP7cbd63S2V3Yo7BVokXk7KkKPeLX35vYSkMRWGcKx1x3OlCTKsDCOcjot+qqnEZIj7tGOpwDHVQTa9eYyOrdJDUaJsCYOm6u+JDMdaj+LQdsbYDPS8NxH/8zqpia6CjAmZGirIbFGUcmQSNAkA9ZiixPCRJZgoZm9FZIAVJsbGVLQhePMvL5JmteJdVM4fzsq1mzyOAhzCEZyAB5dQgzuoQwMISHiGV3hzUufFeXc+Zq1LTj5zAH/gfP4A0N+Q5w==</latexit>

�L2 =

“2HDM Higgs-portal”

General mixed dark matter of singlet and doublet.
[J. Kim et al, 2025]



Neutrino masses
Decoupled singlet S and neutrino masses at loops:

<latexit sha1_base64="z0mmc16N/ENywOtzOjNIVXh011M=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE17LopssK9gFNDJPpbTp0MgkzE6GUght/xY0LRdz6E+78G6dpF9p64MLhnHu5954w5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYpNGjCE9kOiQLOBDQ00xzaqQQShxxa4eBm4rceQCqWiDs9TMGPSSRYj1GijRTYBx4nIuKAa/del0QRyMD1ZC4FdtmpODnwInFnpIxmqAf2l9dNaBaD0JQTpTquk2p/RKRmlMO45GUKUkIHJIKOoYLEoPxR/sMYHxuli3uJNCU0ztXfEyMSKzWMQ9MZE91X895E/M/rZLp35Y+YSDMNgk4X9TKOdYIngeAuk0A1HxpCqGTmVkz7RBKqTWwlE4I7//IiaZ5W3IvK+e1ZuXo9i6OIDtEROkEuukRVVEN11EAUPaJn9IrerCfrxXq3PqatBWs2s4/+wPr8AYmkl3k=</latexit>

hH†
1i

<latexit sha1_base64="z0mmc16N/ENywOtzOjNIVXh011M=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE17LopssK9gFNDJPpbTp0MgkzE6GUght/xY0LRdz6E+78G6dpF9p64MLhnHu5954w5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYpNGjCE9kOiQLOBDQ00xzaqQQShxxa4eBm4rceQCqWiDs9TMGPSSRYj1GijRTYBx4nIuKAa/del0QRyMD1ZC4FdtmpODnwInFnpIxmqAf2l9dNaBaD0JQTpTquk2p/RKRmlMO45GUKUkIHJIKOoYLEoPxR/sMYHxuli3uJNCU0ztXfEyMSKzWMQ9MZE91X895E/M/rZLp35Y+YSDMNgk4X9TKOdYIngeAuk0A1HxpCqGTmVkz7RBKqTWwlE4I7//IiaZ5W3IvK+e1ZuXo9i6OIDtEROkEuukRVVEN11EAUPaJn9IrerCfrxXq3PqatBWs2s4/+wPr8AYmkl3k=</latexit>

hH†
1i

Integrating out S above v𝜑
<latexit sha1_base64="5Mdw/jUzIbpoX4S+PkRAa+wkRsM="></latexit>

0 =
1

2
�0
S'v',

q
|m̂2

S | =
q
2|µ|v' ⌧ mS

leads to

Neutrino masses:
<latexit sha1_base64="PevBo32lKmYK3LrRQpz6M6a6+Ek="></latexit>

m⌫ ⇠ �5,e↵y2Nv2

16⇡2MNR

ln
M2

NR

m2
H2

<latexit sha1_base64="pExwdfWty8s80D7F7J+6BFDCwOg=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4kDIjVl1JwY3LCvYBnWHIpJk2NMkMSUYo42zc+CtuXCji1n9w59+YtrPQ1gOBwznncnNPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXo/99j2RisbiTo8S4nPUFzSiGGkjBfbBg8dMuoeCrHaSeZJDEkV5blQG3cCuOFVnAjhP3IJUQIFGYH95vRinnAiNGVKq6zqJ9jMkNcWM5GUvVSRBeIj6pGuoQJwoP5tckcMjo/RgFEvzhIYT9fdEhrhSIx6aJEd6oGa9sfif1011dOlnVCSpJgJPF0UpgzqG40pgj0qCNRsZgrCk5q8QD5BEWJviyqYEd/bkedI6rbrn1drtWaV+VdRRAvvgEBwDF1yAOrgBDdAEGDyCZ/AK3qwn68V6tz6m0QWrmNkDf2B9/gAAPZg/</latexit>

|�5,e↵ | ⌧ 1

Either NR or neutral H2 can be light enough
without small parameters. 

<latexit sha1_base64="I3RBTGkfPc74zGhJFAqIMw/ayBs=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgQsqM+FpJwY3LivYBnaFk0kwbmmRCkhHKtOCvuHGhiFu/w51/Y9rOQlvP5cLhnHvJzYkko9p43rezsLi0vLJaWCuub2xubbs7u3WdpAqTGk5YopoR0oRRQWqGGkaaUhHEI0YaUf9m7DceidI0EQ9mIEnIUVfQmGJkrNR2908CW8Ogj6REw0BTDnn7vu2WvLI3AZwnfk5KIEe17X4FnQSnnAiDGdK65XvShBlShmJGRsUg1UQi3Edd0rJUIE50mE3OH8Ejq3RgnCjbwsCJ+nsjQ1zrAY/sJEemp2e9sfif10pNfBVmVMjUEIGnD8UpgyaB4yxghyqCDRtYgrCi9laIe0ghbGxiRRuCP/vleVI/LfsX5fO7s1LlOo+jAA7AITgGPrgEFXALqqAGMMjAM3gFb86T8+K8Ox/T0QUn39kDf+B8/gA2DZUE</latexit>

, || ⇠ mS

<latexit sha1_base64="qknFLe9ik1C9LPYJ03DNvmfS8iU=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgQkoiVl1JwY3LCvYBTQiTyaQdOjMJMxOhhIC/4saFIm79Dnf+jdM2C209MHA451zunROmjCrtON/W0vLK6tp6ZaO6ubW9s2vv7XdUkklM2jhhieyFSBFGBWlrqhnppZIgHjLSDUe3E7/7SKSiiXjQ45T4HA0EjSlG2kiBfegxE45QkDfOck9ySOK4KAK75tSdKeAicUtSAyVagf3lRQnOOBEaM6RU33VS7edIaooZKapepkiK8AgNSN9QgThRfj49v4AnRolgnEjzhIZT9fdEjrhSYx6aJEd6qOa9ifif1890fO3nVKSZJgLPFsUZgzqBky5gRCXBmo0NQVhScyvEQyQR1qaxqinBnf/yIumc193LeuP+ota8KeuogCNwDE6BC65AE9yBFmgDDHLwDF7Bm/VkvVjv1scsumSVMwfgD6zPH/MWlXw=</latexit>

�5,e↵

<latexit sha1_base64="KtcdDDnBqrm/XeJqvBDvHeRPkG0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eFoPoKeyKr5MEvHiMYB6QLKF3MpsMmZ0dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7QsmZNp737RRWVtfWN4qbpa3tnd298v5BUyepIrRBEp6odoiaciZowzDDaVsqinHIaSsc3U391hNVmiXi0YwlDWIcCBYxgsZKre4IpcTTXrniVb0Z3GXi56QCOeq98le3n5A0psIQjlp3fE+aIENlGOF0UuqmmkokIxzQjqUCY6qDbHbuxD2xSt+NEmVLGHem/p7IMNZ6HIe2M0Yz1IveVPzP66QmugkyJmRqqCDzRVHKXZO409/dPlOUGD62BIli9laXDFEhMTahkg3BX3x5mTTPq/5V9fLholK7zeMowhEcwxn4cA01uIc6NIDACJ7hFd4c6bw4787HvLXg5DOH8AfO5w/6q49W</latexit>

0 <latexit sha1_base64="vkUmepbXCAFrwUXnkxq99o+LTLA=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/QDiWTZtrYTBKSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89keLMWN//9gorq2vrG8XN0tb2zu5eef+gaWSqCW0QyaVuR9hQzgRtWGY5bStNcRJx2opGt1O/9US1YVI82LGiYYIHgsWMYOukZneElcK9csWv+jOgZRLkpAI56r3yV7cvSZpQYQnHxnQCX9kww9oywumk1E0NVZiM8IB2HBU4oSbMZtdO0IlT+iiW2pWwaKb+nshwYsw4iVxngu3QLHpT8T+vk9r4OsyYUKmlgswXxSlHVqLp66jPNCWWjx3BRDN3KyJDrDGxLqCSCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAjPMMrvHnSe/HevY95a8HLZw7hD7zPH5g4jyU=</latexit>

[J. Kim et al, 2024]



Inert doublet scalar masses
In the decoupling limit of the singlet S: 

<latexit sha1_base64="ZEJxpuLy5TUrMGFYKfYWSo43GFM=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZKb6WRTfdKFXsA9phyKRpG5pkhiQjlGHc+CtuXCji1r9w59+YtrPQ1gMXDufcy733BBGjSjvOt5VbWFxaXsmvFtbWNza37O2dhgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB8GrsNx+IVDQU93oUEY+jvqA9ipE2km/vcT+p+uW0w4hSinJ47Sc3/l167NtFp+RMAOeJm5EiyFDz7a9ON8QxJ0JjhpRqu06kvQRJTTEjaaETKxIhPER90jZUIE6Ul0w+SOGhUbqwF0pTQsOJ+nsiQVypEQ9MJ0d6oGa9sfif145178JLqIhiTQSeLurFDOoQjuOAXSoJ1mxkCMKSmlshHiCJsDahFUwI7uzL86RRLrlnpdPbk2LlMosjD/bBATgCLjgHFVAFNVAHGDyCZ/AK3qwn68V6tz6mrTkrm9kFf2B9/gDo65aN</latexit>

mH2 . MNR , lightest neutral scalar in H2 dark matter

Mass spectrum within H2:

<latexit sha1_base64="t6vV9AFcahOt7OTyYeiERRTe6ao=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIHiTsiq+TBLx4jGAekF3C7GSSDJmZXWZmhbDm4K948aCIV3/Dm3/jJNmDJhY0FFXddHdFCWfaeN63s7C4tLyyWlgrrm9sbm27O7t1HaeK0BqJeayaEdaUM0lrhhlOm4miWEScNqLBzdhvPFClWSzvzTChocA9ybqMYGOltrsf9Ix1BfI9LzjJAiXQgNZHbbfklb0J0Dzxc1KCHNW2+xV0YpIKKg3hWOuW7yUmzLAyjHA6KgappgkmA9yjLUslFlSH2eT+ETqySgd1Y2VLGjRRf09kWGg9FJHtFNj09aw3Fv/zWqnpXoUZk0lqqCTTRd2UIxOjcRiowxQlhg8twUQxeysifawwMTayog3Bn315ntRPy/5F+fzurFS5zuMowAEcwjH4cAkVuIUq1IDAIzzDK7w5T86L8+58TFsXnHxmD/7A+fwBmUWVMQ==</latexit>& 100 keV
DM direct detection

with Z boson exchange
<latexit sha1_base64="ZJ7mDZ+1jvVQXllKtW4N2WOIQj8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHhMwDwgWcLspDcZMzu7zMwKIeYLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YhK81jem1GCfkT7koecUWOl2lO3WHLL7gxkmXgZKUGGarf41enFLI1QGiao1m3PTYw/pspwJnBS6KQaE8qGtI9tSyWNUPvj2aETcmKVHgljZUsaMlN/T4xppPUoCmxnRM1AL3pT8T+vnZrw2h9zmaQGJZsvClNBTEymX5MeV8iMGFlCmeL2VsIGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PgvDjvzse8NedkM4fwB87nD+5VjQY=</latexit>

|
<latexit sha1_base64="ZJ7mDZ+1jvVQXllKtW4N2WOIQj8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHhMwDwgWcLspDcZMzu7zMwKIeYLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YhK81jem1GCfkT7koecUWOl2lO3WHLL7gxkmXgZKUGGarf41enFLI1QGiao1m3PTYw/pspwJnBS6KQaE8qGtI9tSyWNUPvj2aETcmKVHgljZUsaMlN/T4xppPUoCmxnRM1AL3pT8T+vnZrw2h9zmaQGJZsvClNBTEymX5MeV8iMGFlCmeL2VsIGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PgvDjvzse8NedkM4fwB87nD+5VjQY=</latexit>

|

<latexit sha1_base64="Kh+SeMHSHW6E2iZephtJeUy1da8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJxKq4KAU3LivYBzQhTCaTduhkEmYmQglx46+4caGIW//CnX/jtM1CWw8MHM45lzv3+AmjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29joxTgUkbxywWPR9JwignbUUVI71EEBT5jHT90c3E7z4QIWnM79U4IW6EBpyGFCOlJc88cJgOB8jL6qeZIyJIwjDPG9a1Z1atmjUFXCR2QaqgQMszv5wgxmlEuMIMSdm3rUS5GRKKYkbyipNKkiA8QgPS15SjiEg3m16Qw2OtBDCMhX5cwan6eyJDkZTjyNfJCKmhnPcm4n9eP1XhlZtRnqSKcDxbFKYMqhhO6oABFQQrNtYEYUH1XyEeIoGw0qVVdAn2/MmLpHNWsy9q9bvzarNR1FEGh+AInAAbXIImuAUt0AYYPIJn8ArejCfjxXg3PmbRklHM7IM/MD5/AHnylkI=</latexit>

�5,e↵ > 0 : A0 dark matter, H0 dark matter,
<latexit sha1_base64="qb+JJESvscDKQNDhJGDxTH4I+h8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJxKqISMGNywr2AU0Ik8mkHTqThJmJUELc+CtuXCji1r9w5984bbPQ1gMDh3PO5c49fsKoVJb1bZQWFpeWV8qrlbX1jc0tc3unLeNUYNLCMYtF10eSMBqRlqKKkW4iCOI+Ix1/eDP2Ow9ESBpH92qUEJejfkRDipHSkmfuOUyHA+Rl9ePMERySMMzzK+vSM6tWzZoAzhO7IFVQoOmZX04Q45STSGGGpOzZVqLcDAlFMSN5xUklSRAeoj7paRohTqSbTS7I4aFWAhjGQr9IwYn6eyJDXMoR93WSIzWQs95Y/M/rpSq8cDMaJakiEZ4uClMGVQzHdcCACoIVG2mCsKD6rxAPkEBY6dIqugR79uR50j6p2We1+t1ptXFd1FEG++AAHAEbnIMGuAVN0AIYPIJn8ArejCfjxXg3PqbRklHM7II/MD5/AHbmlkA=</latexit>

�5,e↵ < 0 :

: sizable mass splitting

[R. Barbieri et al, 2006; 
L. Lopez Honorez et al, 2006]

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

cf. 
<latexit sha1_base64="sTXxTgkoBLC2X336e5fXQQBx9qA=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXEiZKb5WUnDTjVLFPqAdhkyaaUOTzJBkhDLMxl9x40IRt36GO//GtJ2Fth4IHM45l5t7gphRpR3n21pYXFpeWS2sFdc3Nre27Z3dpooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Hrstx6JVDQSD3oUE4+jvqAhxUgbybf3uZ/W/ErW7WsT4vDGT2/9++zEt0tO2ZkAzhM3JyWQo+7bX91ehBNOhMYMKdVxnVh7KZKaYkayYjdRJEZ4iPqkY6hAnCgvnRyQwSOj9GAYSfOEhhP190SKuFIjHpgkR3qgZr2x+J/XSXR46aVUxIkmAk8XhQmDOoLjNmCPSoI1GxmCsKTmrxAPkERYm86KpgR39uR50qyU3fPy2d1pqXqV11EAB+AQHAMXXIAqqIE6aAAMMvAMXsGb9WS9WO/WxzS6YOUze+APrM8fGLCWFQ==</latexit>

mH2 & MNR , RH neutrino DM [A. Ibarra et al, 2016]



Neutrino mass vs DD

<latexit sha1_base64="IRZITs+TL/3Y3qK88ZwyX2fjLRk=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEjE10YpuHFZwT6gCWEynbRDZyZhZiKEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3nihlVGnX/baWlldW19YrG9XNre2dXXtvv62STGLSwglLZDdCijAqSEtTzUg3lQTxiJFONLqd+J1HIhVNxIPOUxJwNBA0phhpI4V2jYe+yK5dx/NPCl9ySNrj0K67jjsFXCReSeqgRDO0v/x+gjNOhMYMKdXz3FQHBZKaYkbGVT9TJEV4hAakZ6hAnKigmB4/hkdG6cM4kaaEhlP190SBuFI5j0wnR3qo5r2J+J/Xy3R8FRRUpJkmAs8WxRmDOoGTJGCfSoI1yw1BWFJzK8RDJBHWJq+qCcGbf3mRtE8d78I5vz+rN27KOCrgAByCY+CBS9AAd6AJWgCDHDyDV/BmPVkv1rv1MWtdssqZGvgD6/MHOyST3A==</latexit>

m⌫ = 0.1 eV
Heaviest neutrino mass

Lightest RH neutrino

fixed to

<latexit sha1_base64="iiCOtWK1QLuxkArh5FKgwHTBKgg=">AAACD3icbZDLSsNAFIYn9VbrLerSTbAoFaEkwdtGqbjpsoK9QJuGyXTSDp1JwsxEKCFv4MZXceNCEbdu3fk2TtMstPrDwMd/zuHM+b2IEiFN80srLCwuLa8UV0tr6xubW/r2TkuEMUe4iUIa8o4HBaYkwE1JJMWdiGPIPIrb3vhmWm/fYy5IGNzJSYQdBocB8QmCUlmufshcs29f9nwOUWKliZ1WWN92k2vXTI8zqis6cvWyWTUzGX/ByqEMcjVc/bM3CFHMcCARhUJ0LTOSTgK5JIjitNSLBY4gGsMh7ioMIMPCSbJ7UuNAOQPDD7l6gTQy9+dEApkQE+apTgblSMzXpuZ/tW4s/QsnIUEUSxyg2SI/poYMjWk4xoBwjCSdKICIE/VXA42gikaqCEsqBGv+5L/QsqvWWfX09qRcu8rjKII9sA8qwALnoAbqoAGaAIEH8ARewKv2qD1rb9r7rLWg5TO74Je0j298RpsM</latexit>

m2
0 =

1

2
(m2

A0
+m2

H0
)

<latexit sha1_base64="BKIls/FzyK9XVijGIgFgwQAcS3E=">AAACB3icbVDLSsNAFJ3Ud31FXQoyWAQXUhLxtRJBFy4VbBWaUCbTm3boTBJmboSSdufGX3HjQhG3/oI7/8Zp7cLXgYHDOedy554ok8Kg5304pYnJqemZ2bny/MLi0rK7slo3aa451HgqU30TMQNSJFBDgRJuMg1MRRKuo+7p0L++BW1EmlxhL4NQsXYiYsEZWqnpbvSDM5DI+kEbbUpR3/OCnSLQinahPmi6Fa/qjUD/En9MKmSMi6b7HrRSnitIkEtmTMP3MgwLplFwCYNykBvIGO+yNjQsTZgCExajOwZ0yyotGqfavgTpSP0+UTBlTE9FNqkYdsxvbyj+5zVyjI/CQiRZjpDwr0VxLimmdFgKbQkNHGXPEsa1sH+lvMM042irK9sS/N8n/yX13ap/UN2/3KucHI/rmCXrZJNsE58ckhNyTi5IjXByRx7IE3l27p1H58V5/YqWnPHMGvkB5+0T/4yYvw==</latexit>

|�| & 100 keV

<latexit sha1_base64="aE1ueDi1T0AWjveYvqnT7Cl+nJ8=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkoiVl2IFNy4rGAf0IQwmUzaoZNJmJkIJQ1u/BU3LhRx61e482+ctllo64GBwznncuceP2FUKsv6NhYWl5ZXVktr5fWNza1tc2e3JeNUYNLEMYtFx0eSMMpJU1HFSCcRBEU+I21/cDP22w9ESBrzezVMiBuhHqchxUhpyTP3Rw7T6QB5We0kc0QESRjm+ejK9syKVbUmgPPELkgFFGh45pcTxDiNCFeYISm7tpUoN0NCUcxIXnZSSRKEB6hHuppyFBHpZpMTcniklQCGsdCPKzhRf09kKJJyGPk6GSHVl7PeWPzP66YqvHQzypNUEY6ni8KUQRXDcR8woIJgxYaaICyo/ivEfSQQVrq1si7Bnj15nrROq/Z5tXZ3VqlfF3WUwAE4BMfABhegDm5BAzQBBo/gGbyCN+PJeDHejY9pdMEoZvbAHxifP8nOlwk=</latexit>

|�5,e↵ | < 1

Heavy singlet scalar mass

Direct detection(DD)

Perturbativity

<latexit sha1_base64="luo2MNT/RQ7r5dMtW4BfjlmzWUM=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSJmIVTdKwYUuK9gHNCFMppN26EwSZiZiCfkVNy4UceuPuPNvnLZZaOuBC4dz7uXee4KEM6UR+raWlldW19ZLG+XNre2dXXuv0lZxKgltkZjHshtgRTmLaEszzWk3kRSLgNNOMLqZ+J1HKhWLowc9Tqgn8CBiISNYG8m3K8JHV3WE3JPMlQLe0nbu21VUQ1PAReIUpAoKNH37y+3HJBU00oRjpXoOSrSXYakZ4TQvu6miCSYjPKA9QyMsqPKy6e05PDJKH4axNBVpOFV/T2RYKDUWgekUWA/VvDcR//N6qQ4vvYxFSappRGaLwpRDHcNJELDPJCWajw3BRDJzKyRDLDHRJq6yCcGZf3mRtE9rznmtfn9WbVwXcZTAATgEx8ABF6AB7kATtAABT+AZvII3K7derHfrY9a6ZBUz++APrM8f45KTEA==</latexit>

m0 = 500GeV

Smaller Yukawa couplings

=> smaller RH neutrino masses

<latexit sha1_base64="IRZITs+TL/3Y3qK88ZwyX2fjLRk=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEjE10YpuHFZwT6gCWEynbRDZyZhZiKEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3nihlVGnX/baWlldW19YrG9XNre2dXXtvv62STGLSwglLZDdCijAqSEtTzUg3lQTxiJFONLqd+J1HIhVNxIPOUxJwNBA0phhpI4V2jYe+yK5dx/NPCl9ySNrj0K67jjsFXCReSeqgRDO0v/x+gjNOhMYMKdXz3FQHBZKaYkbGVT9TJEV4hAakZ6hAnKigmB4/hkdG6cM4kaaEhlP190SBuFI5j0wnR3qo5r2J+J/Xy3R8FRRUpJkmAs8WxRmDOoGTJGCfSoI1yw1BWFJzK8RDJBHWJq+qCcGbf3mRtE8d78I5vz+rN27KOCrgAByCY+CBS9AAd6AJWgCDHDyDV/BmPVkv1rv1MWtdssqZGvgD6/MHOyST3A==</latexit>

m⌫ = 0.1 eV

 => mS ~ up to 1015 GeV

[J. Kim et al, 2024]



Inert double-like DM
DM-nucleus cross section:

Standard annihilation channels:

New ann. channels into dark scalars:

<latexit sha1_base64="WkEKNhij1GxMBesWoD/I8yrVWew=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVFWCeE2oiIWxSLRBbaLIcZ3WquNEtoNURZ1Z+BUWBhBi5QvY+BucNgO0HMnS0Tn3yvecIGFUKsv6NkoLi0vLK+XVytr6xuaWub3TlnEqMGnhmMXiPkCSMMpJS1HFyH0iCIoCRpxgeJ37zgMRksb8To0S4kWoz2lIMVJa8s39K9+C+XNVDMPMDZCA4bgGHacGO50aHAx8s2rVrQngPLELUgUFmr755fZinEaEK8yQlF3bSpSXIaEoZmRccVNJEoSHqE+6mnIUEellkyhjeKiVHgxjfUXMFZyovzcyFEk5igI9GSE1kLNeLv7ndVMVXngZ5UmqCMfTj8KUQR077wX2qCBYsZEmCAuqb4V4gATCSrdX0SXYs5HnSfu4bp/VT29Pqo3Loo4y2AMH4AjY4Bw0wA1oghbA4BE8g1fwZjwZL8a78TEdLRnFzi74A+PzB8AEl8U=</latexit>

A0A0 ! ff̄ ,WW,ZZ, hh

<latexit sha1_base64="WOlIOumzsIScGZJCZ2Jt8GOyAds=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KIr5VU3LisYB/QhDCZTtqhkwczk0IJBTf+ihsXirj1J9z5N07aLLT1wGUO59zLnXv8hDOpLOvbKC0tr6yuldcrG5tb2zvm7l5LxqkgtEliHouOjyXlLKJNxRSnnURQHPqctv3hbe63R1RIFkcPapxQN8T9iAWMYKUlzzy48SyUl6Ni5IywSAaseDyzatWsKdAisQtShQINz/xyejFJQxopwrGUXdtKlJthoRjhdFJxUkkTTIa4T7uaRjik0s2mN0zQsVZ6KIiFrkihqfp7IsOhlOPQ150hVgM57+Xif143VcGVm7EoSRWNyGxRkHKk780DQT0mKFF8rAkmgum/IjLAAhOlY6voEOz5kxdJ67RmX9TO78+q9esijjIcwhGcgA2XUIc7aEATCDzCM7zCm/FkvBjvxsestWQUM/vwB8bnD2G+lsA=</latexit>

A0A0 ! ''

<latexit sha1_base64="PcCyjcj3h9XkjP9q3S6Hm+IQHAo=">AAACI3icbZBLSwMxEMez9VXra9Wjl2ARBLHs2lZFUApePHioYB/QLks2m7ah2QdJVijbfhcvfhUvHpTixYPfxbTdSm0dCPzmPzNM5u+EjAppGF9aaml5ZXUtvZ7Z2Nza3tF396oiiDgmFRywgNcdJAijPqlIKhmph5wgz2Gk5nRvR/XaE+GCBv6j7IXE8lDbpy2KkVSSrV81mWp2kR3nC8XB9W92P5PkT6ZUOO1Psdi39ayRM8YBF8FMIAuSKNv6sOkGOPKILzFDQjRMI5RWjLikmJFBphkJEiLcRW3SUOgjjwgrHt84gEdKcWEr4Or5Eo7V2YkYeUL0PEd1ekh2xHxtJP5Xa0SydWnF1A8jSXw8WdSKGJQBHBkGXcoJlqynAGFO1V8h7iCOsFS2ZpQJ5vzJi1A9y5nnueJDIVu6SexIgwNwCI6BCS5ACdyBMqgADJ7BK3gHH9qL9qYNtc9Ja0pLZvbBn9C+fwAemKP0</latexit>

�345 = �L5 = �3 + �4 � |�5|

[A. Belyaev et al, 1612.00512]

[J. Kim et al, 2024] Extended to higher DM masses.

<latexit sha1_base64="6O6FaGXnAQNysxEWcLmjHBgUErA=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHgRIpoHJEuYncwmQ2Zm15lZISz7E148KOLV3/Hm3zhJ9qCJBQ1FVTfdXUHMmTau++0UlpZXVteK66WNza3tnfLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ98VtPVGkWyQczjqkv8ECykBFsrNROu0qg+9usV664VXcKtEi8nFQgR71X/ur2I5IIKg3hWOuO58bGT7EyjHCalbqJpjEmIzygHUslFlT76fTeDB1ZpY/CSNmSBk3V3xMpFlqPRWA7BTZDPe9NxP+8TmLCSz9lMk4MlWS2KEw4MhGaPI/6TFFi+NgSTBSztyIyxAoTYyMq2RC8+ZcXSfOk6p1Xz+5OK7WrPI4iHMAhHIMHF1CDG6hDAwhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG4KI/D</latexit>

SM

<latexit sha1_base64="6O6FaGXnAQNysxEWcLmjHBgUErA=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHgRIpoHJEuYncwmQ2Zm15lZISz7E148KOLV3/Hm3zhJ9qCJBQ1FVTfdXUHMmTau++0UlpZXVteK66WNza3tnfLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ98VtPVGkWyQczjqkv8ECykBFsrNROu0qg+9usV664VXcKtEi8nFQgR71X/ur2I5IIKg3hWOuO58bGT7EyjHCalbqJpjEmIzygHUslFlT76fTeDB1ZpY/CSNmSBk3V3xMpFlqPRWA7BTZDPe9NxP+8TmLCSz9lMk4MlWS2KEw4MhGaPI/6TFFi+NgSTBSztyIyxAoTYyMq2RC8+ZcXSfOk6p1Xz+5OK7WrPI4iHMAhHIMHF1CDG6hDAwhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG4KI/D</latexit>

SM

<latexit sha1_base64="z4cWODmZQfwCEa4KNIddCBPUIms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5NEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7q97bq9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu1qzyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDuF+Nbg==</latexit>

A0

<latexit sha1_base64="z4cWODmZQfwCEa4KNIddCBPUIms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5NEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7q97bq9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu1qzyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDuF+Nbg==</latexit>

A0

<latexit sha1_base64="z4cWODmZQfwCEa4KNIddCBPUIms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5NEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7q97bq9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu1qzyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDuF+Nbg==</latexit>

A0

<latexit sha1_base64="z4cWODmZQfwCEa4KNIddCBPUIms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5NEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7q97bq9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu1qzyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDuF+Nbg==</latexit>

A0

<latexit sha1_base64="rQeqVxKryKuNLtWwWOMGwuv5mKw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/QDiWTZtrQJBOSTKEM/Qg3LhRx6/e4829M21lo64ELh3Pu5d57IsWZsb7/7RXW1jc2t4rbpZ3dvf2D8uFR0ySpJrRBEp7odoQN5UzShmWW07bSFIuI01Y0up/5rTHVhiXyyU4UDQUeSBYzgq2TWt0x1mrIeuWKX/XnQKskyEkFctR75a9uPyGpoNISjo3pBL6yYYa1ZYTTaambGqowGeEB7TgqsaAmzObnTtGZU/ooTrQradFc/T2RYWHMRESuU2A7NMveTPzP66Q2vg0zJlVqqSSLRXHKkU3Q7HfUZ5oSyyeOYKKZuxWRIdaYWJdQyYUQLL+8SpoX1eC6evV4Wand5XEU4QRO4RwCuIEaPEAdGkBgBM/wCm+e8l68d+9j0Vrw8plj+APv8wd9Vo+s</latexit>'

<latexit sha1_base64="rQeqVxKryKuNLtWwWOMGwuv5mKw=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/QDiWTZtrQJBOSTKEM/Qg3LhRx6/e4829M21lo64ELh3Pu5d57IsWZsb7/7RXW1jc2t4rbpZ3dvf2D8uFR0ySpJrRBEp7odoQN5UzShmWW07bSFIuI01Y0up/5rTHVhiXyyU4UDQUeSBYzgq2TWt0x1mrIeuWKX/XnQKskyEkFctR75a9uPyGpoNISjo3pBL6yYYa1ZYTTaambGqowGeEB7TgqsaAmzObnTtGZU/ooTrQradFc/T2RYWHMRESuU2A7NMveTPzP66Q2vg0zJlVqqSSLRXHKkU3Q7HfUZ5oSyyeOYKKZuxWRIdaYWJdQyYUQLL+8SpoX1eC6evV4Wand5XEU4QRO4RwCuIEaPEAdGkBgBM/wCm+e8l68d+9j0Vrw8plj+APv8wd9Vo+s</latexit>'

“vanishing Higgs mixing”

<latexit sha1_base64="fJ3Sast/W/OOvloSK+N/UuU4bY4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU7srfp2k4MVjBbcttkvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNHWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0e3Ubz1RpVksH8w4oYHAA8kiRrCxkt+qPdaGvXLFrbozoGXi5aQCORq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM2OnaATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdB1kTCapoZLMF0UpRyZG089RnylKDB9bgoli9lZEhlhhYmw+JRuCt/jyMmmeVb3L6sX9eaV+k8dRhCM4hlPw4ArqcAcN8IEAg2d4hTdHOi/Ou/Mxby04+cwh/IHz+QMBVo4p</latexit>

W/Z/h

<latexit sha1_base64="fJ3Sast/W/OOvloSK+N/UuU4bY4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU7srfp2k4MVjBbcttkvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNHWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0e3Ubz1RpVksH8w4oYHAA8kiRrCxkt+qPdaGvXLFrbozoGXi5aQCORq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM2OnaATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdB1kTCapoZLMF0UpRyZG089RnylKDB9bgoli9lZEhlhhYmw+JRuCt/jyMmmeVb3L6sX9eaV+k8dRhCM4hlPw4ArqcAcN8IEAg2d4hTdHOi/Ou/Mxby04+cwh/IHz+QMBVo4p</latexit>

W/Z/h

<latexit sha1_base64="z4cWODmZQfwCEa4KNIddCBPUIms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5NEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7q97bq9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu1qzyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDuF+Nbg==</latexit>

A0

<latexit sha1_base64="z4cWODmZQfwCEa4KNIddCBPUIms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5NEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQaMFDUVVN91dQSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7q97bq9ccavuDOQv8XJSgRz1Xvmz249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkyCp9EsbalkIyU39OZDQyZhwFtjOiODSL3lT8z+ukGF76mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLf0nzpOqdV8/uTiu1qzyOIhzAIRyDBxdQg1uoQwMYDOAJXuDVkc6z8+a8z1sLTj6zD7/gfHwDuF+Nbg==</latexit>

A0

[J. Kim et al, 2024, 2025]



Thermal leptogenesis
RH neutrinos are once in thermal equilibrium. 

Assume hierarchical masses for RH neutrinos.

Decays of the lightest RH neutrino:

B-L asymmetry => baryon-to-photon ratio:

CP asymmetry:

Efficiency factor:

(decay parameter),

Baryon asymmetry without washout:

<latexit sha1_base64="smtCz+9VToYXIRtTpVJ2bMlA/9c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nELzxIwYvHCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9yv/1ElWaxfDSThAYCDyWLGMHGSr7oj25Qv1pz6+4MaJl4BalBgWa/+tUbxCQVVBrCsdZdz01MkGFlGOF0WumlmiaYjPGQdi2VWFAdZLNjp+jEKgMUxcqWNGim/p7IsNB6IkLbKbAZ6UUvF//zuqmJroOMySQ1VJL5oijlyMQo/xwNmKLE8IklmChmb0VkhBUmxuZTsSF4iy8vk9ZZ3busXzyc1xq3RRxlOIJjOAUPrqAB99AEHwgweIZXeHOk8+K8Ox/z1pJTzBzCHzifPyVBjkA=</latexit>mh :<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>, heaviest ৵ mass

<latexit sha1_base64="KEslHm2suxjKsYkSQE3hdHzvwis=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCC6mJ+NoopW7cKBX6gjaEyXTaDp1MwsxEaEO/xI0LRdz6Ke78G6dtFtp64MLhnHu59x4/YlQq2/42MkvLK6tr2fXcxubWdt7c2a3LMBaY1HDIQtH0kSSMclJTVDHSjARBgc9Iwx/cTvzGExGShryqhhFxA9TjtEsxUlryzPzIK1/fe8nDsTM+qXplzyzYRXsKa5E4KSlAiopnfrU7IY4DwhVmSMqWY0fKTZBQFDMyzrVjSSKEB6hHWppyFBDpJtPDx9ahVjpWNxS6uLKm6u+JBAVSDgNfdwZI9eW8NxH/81qx6l65CeVRrAjHs0XdmFkqtCYpWB0qCFZsqAnCgupbLdxHAmGls8rpEJz5lxdJ/bToXBTPH88KpZs0jizswwEcgQOXUII7qEANMMTwDK/wZoyMF+Pd+Ji1Zox0Zg/+wPj8ARaYkhI=</latexit>

zB = MN,1/TB (Completion of baryon
asymmetry generation)

Loop functions

[W. Buchmuller et al, 2004]

[T. Hugle et al, 2018]

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,



Thermal leptogenesis
Wash-out processes:

<latexit sha1_base64="v5uPU6GzWzBo9EEspYNrtV+91FU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYB6YLGF20psMmZ1dZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7gkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOlx65ArTWPiNcrV9yqOwNZJl5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bXTwhJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1ITXfsZlkhqUbL4oTAUxMZm+T/pcITNibAllittbCRtSRZmxIZVsCN7iy8ukeVb1LqsX9+eV2k0eRxGO4BhOwYMrqMEd1KEBDCQ8wyu8Odp5cd6dj3lrwclnDuEPnM8fI5+QkQ==</latexit>. 1

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

Modified efficiency factor:

(annihilation of asymmetry in H2)

(lepton asymmetry)

Observed baryon asymmetry can be explained
even for relatively light RH neutrino.

Purple region allowed.

[J. D. Clarke et al, 2015;  T. Hugle et al, 2018]

Inefficient ∆L=2 process:



Lepton portals for 
charged lepton masses 

and dark matter



U(1)’ lepton portals
SU(2)-singlet vector-like lepton + local U(1)’:

Lepton mixings Seesaw masses
<latexit sha1_base64="opjW7Ih2py4vPHtGjcTIY1dvBXc=">AAACEnicbZDNSsNAFIUn9b/+RV26GSyCbkpSRF2JIIILhSpWC00Jk+mkHTqThJkboYQ8gxtfxY0LRdy6cufbOG2z0NYDAx/n3sude4JEcA2O822VZmbn5hcWl8rLK6tr6/bG5p2OU0VZg8YiVs2AaCZ4xBrAQbBmohiRgWD3Qf9sWL9/YErzOLqFQcLaknQjHnJKwFi+ve9BjwHxL3EBN57mEnuhIjSTfiZ8N8+zK/889+2KU3VGwtPgFlBBheq+/eV1YppKFgEVROuW6yTQzogCTgXLy16qWUJon3RZy2BEJNPtbHRSjneN08FhrMyLAI/c3xMZkVoPZGA6JYGenqwNzf9qrRTC43bGoyQFFtHxojAVGGI8zAd3uGIUxMAAoYqbv2LaIyYNMCmWTQju5MnTcFeruofV2vVB5fSkiGMRbaMdtIdcdIRO0QWqowai6BE9o1f0Zj1ZL9a79TFuLVnFzBb6I+vzB4smngY=</latexit>

✓L✓R ⇠ ml1

ME

<latexit sha1_base64="DT12q6sfhAtYSavkGnkEbPv3enc=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwISUpoq6kIIILhSr2AU0Jk+mkHTozCTMToYRs3fgrblwo4tY/cOffOG2z0NYDFw7n3Mu99wQxo0o7zrdVWFhcWl4prpbW1jc2t+ztnaaKEolJA0csku0AKcKoIA1NNSPtWBLEA0ZawfBi7LceiFQ0Evd6FJMuR31BQ4qRNpJvQ+6nzHczT1EOvVAinHL/2qh3WXrjX2ZHvl12Ks4EcJ64OSmDHHXf/vJ6EU44ERozpFTHdWLdTZHUFDOSlbxEkRjhIeqTjqECcaK66eSTDB4YpQfDSJoSGk7U3xMp4kqNeGA6OdIDNeuNxf+8TqLDs25KRZxoIvB0UZgwqCM4jgX2qCRYs5EhCEtqboV4gEwc2oRXMiG4sy/Pk2a14p5UqrfH5dp5HkcR7IF9cAhccApq4ArUQQNg8AiewSt4s56sF+vd+pi2Fqx8Zhf8gfX5A+Rgmc4=</latexit>

ml1 ⇠ mLmR

ME
,

e.g. muon seesaw:
<latexit sha1_base64="VgwiTthhGA4oTP+BXYseY0l6IxI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCylJEXUlBRHcCBX6giaEyXTSDp2ZhJmJUEPxV9y4UMSt/+HOv3HaZqGtBy4czrmXe+8JE0aVdpxvq7C0vLK6VlwvbWxube/Yu3stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPh9cRvPxCpaCwaepQQn6O+oBHFSBspsA/ughtPUQ5d7zTzJIcN0hoHdtmpOFPAReLmpAxy1AP7y+vFOOVEaMyQUl3XSbSfIakpZmRc8lJFEoSHqE+6hgrEifKz6fVjeGyUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//O6qY4u/YyKJNVE4NmiKGVQx3ASBexRSbBmI0MQltTcCvEASYS1CaxkQnDnX14krWrFPa9U78/Ktas8jiI4BEfgBLjgAtTALaiDJsDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH/MqURw==</latexit>

ME ⇠ 1TeV
<latexit sha1_base64="2VUFCjfJdcZEXbhx+qPvTY2hNkY=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSDYGHZDUCsJ2FhYRDEPyK7L7GQ2GTL7YOauEJY0Nv6KjYUitv6DnX/jJNlCEw9c7uGce5m5x08EV2BZ38bC4tLyymphrbi+sbm1be7sNlWcSsoaNBaxbPtEMcEj1gAOgrUTyUjoC9byB5djv/XApOJxdAfDhLkh6UU84JSAljzzwIE+A+Jd5/3WUTzEtnWfnVRHnlmyytYEeJ7YOSmhHHXP/HK6MU1DFgEVRKmObSXgZkQCp4KNik6qWELogPRYR9OIhEy52eSKET7SShcHsdQVAZ6ovzcyEio1DH09GRLoq1lvLP7ndVIIzt2MR0kKLKLTh4JUYIjxOBLc5ZJREENNCJVc/xXTPpGEgg6uqEOwZ0+eJ81K2T4tV26qpdpFHkcB7aNDdIxsdIZq6ArVUQNR9Iie0St6M56MF+Pd+JiOLhj5zh76A+PzB3crl+M=</latexit>

✓L✓R ⇠ 10�4

<latexit sha1_base64="53AyXBOlEkzdsZRN7yP7fAaFlZA=">AAACFHicbZDLSsNAFIYn3q23qks3wSIISkmKqCsRRHChoGJVaEqYTE/s0JlJnDkRSshDuPFV3LhQxK0Ld76N08vC2w8DP985hzPnj1LBDXrepzMyOjY+MTk1XZqZnZtfKC8uXZok0wzqLBGJvo6oAcEV1JGjgOtUA5WRgKuoc9CrX92BNjxRF9hNoSnpjeIxZxQtCssbgeGqFmAbkIb5+eZxYYGE2yDWlOU1OWBFfhIeFmG54lW9vty/xh+aChnqNCx/BK2EZRIUMkGNafheis2cauRMQFEKMgMpZR16Aw1rFZVgmnn/qMJds6Tlxom2T6Hbp98nciqN6crIdkqKbfO71oP/1RoZxrvNnKs0Q1BssCjOhIuJ20vIbXENDEXXGso0t391WZvaONDmWLIh+L9P/msua1V/u1o726rs7w3jmCIrZJWsE5/skH1yRE5JnTByTx7JM3lxHpwn59V5G7SOOMOZZfJDzvsXHiae2w==</latexit>

sin 2✓R,L ' 2mR,L

ME

Lepton masses:
<latexit sha1_base64="HCKufLkWVTScZGtcZMbXkQHZSG0=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxoSUpoq6kIIILhSr2AU0Ik+mkHTqTxJmJUEL+wI2/4saFIm7duvNvnLZZaPXAhTPn3Mvce/yYUaks68sozMzOzS8UF0tLyyura+b6RlNGicCkgSMWibaPJGE0JA1FFSPtWBDEfUZa/uBs5LfuiZA0Cm/VMCYuR72QBhQjpSXP3OVeyjw7cyTl5A5yzzpwAoFwyr1L/brJ0ivvPNv3zLJVscaAf4mdkzLIUffMT6cb4YSTUGGGpOzYVqzcFAlFMSNZyUkkiREeoB7paBoiTqSbju/J4I5WujCIhK5QwbH6cyJFXMoh93UnR6ovp72R+J/XSVRw4qY0jBNFQjz5KEgYVBEchQO7VBCs2FAThAXVu0LcRzoOpSMs6RDs6ZP/kma1Yh9VqteH5dppHkcRbIFtsAdscAxq4ALUQQNg8ACewAt4NR6NZ+PNeJ+0Fox8ZhP8gvHxDRRdnAk=</latexit>

ml1 ' m0 �
mLmR

ME
,

<latexit sha1_base64="z0klGcSjqSa908d2sqfuW4hEasA=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIi6kkKIngRKtgPaEPYbCft0t0k7m6UEvtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+baWlldW19YLG8XNre2dXbu011RxKik0aMxj2Q6IAs4iaGimObQTCUQEHFrB8HLitx5AKhZHd3qUgCdIP2Iho0QbybdLws+4Xx13FRNwj2/8K98uOxVnCrxI3JyUUY66b391ezFNBUSacqJUx3US7WVEakY5jIvdVEFC6JD0oWNoRAQoL5uePsZHRunhMJamIo2n6u+JjAilRiIwnYLogZr3JuJ/XifV4bmXsShJNUR0tihMOdYxnuSAe0wC1XxkCKGSmVsxHRBJqDZpFU0I7vzLi6RZrbinlertSbl2kcdRQAfoEB0jF52hGrpGddRAFD2iZ/SK3qwn68V6tz5mrUtWPrOP/sD6/AG7ZJOl</latexit>

ml2 ' ME<latexit sha1_base64="94OwYWRAwKLU6zmTBywJNKkw2mQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUkAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB0H4yz</latexit>,



Muon g-2

<latexit sha1_base64="0YV9zjB+hLPtDK5XX/pri7SROeU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVE9S8OKxgv2ANpTNdtMs3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyScaeO6305pY3Nre6e8W9nbPzg8qh6fdHWcKkI7JOax6gdYU84k7RhmOO0nimIRcNoLpne533uiSrNYPppZQn2BJ5KFjGCTS8MkYqNqza27C6B14hWkBgXao+rXcByTVFBpCMdaDzw3MX6GlWGE03llmGqaYDLFEzqwVGJBtZ8tbp2jC6uMURgrW9Kghfp7IsNC65kIbKfAJtKrXi7+5w1SE974GZNJaqgky0VhypGJUf44GjNFieEzSzBRzN6KSIQVJsbGU7EheKsvr5Nuo+41642Hq1rrtoijDGdwDpfgwTW04B7a0AECETzDK7w5wnlx3p2PZWvJKWZO4Q+czx8Uno5C</latexit>

�

<latexit sha1_base64="Fe+83PH9WjIWrEGqk3a5BGcfoZU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKewGUU8S8OIxinlgEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXsX5crdeal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz8aQI0S</latexit>

Z 0

Z’-VL loops dominant!

almost independent of  VLL mass.

Extra scalars decoupled;
[ HML, K. Yamashita, 2022]

Seesaw muon mass:
<latexit sha1_base64="QWF6ye5+iV7M8/0s/PbWwrndYhU="></latexit>

�aµ '
g2Z0m2

µ

4⇡2m2
Z0

:



W-boson mass
Weak gauge boson masses modified at tree level and loops:

Vector-like leptons in loops Z-Z’ mass mixing

<latexit sha1_base64="Fe+83PH9WjIWrEGqk3a5BGcfoZU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKewGUU8S8OIxinlgEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXsX5crdeal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz8aQI0S</latexit>

Z 0

<latexit sha1_base64="qsLJwny6kueSkhFXSpGd3J3Cw0Y="></latexit>

�MW ' 1

2
MW

c2
W

c2
W

� s2
W

�⇢, �⇢ = �⇢L +�⇢H

<latexit sha1_base64="ABbPtPo/c7CFSZykylyGdscBSMk=">AAACAnicbVDLSsNAFL2pr1pfUVfiJlgEVyUpom6UghuXFewDmhAm00k7dDIJM5NCCcGNv+LGhSJu/Qp3/o3TNgttPXAvh3PuZeaeIGFUKtv+Nkorq2vrG+XNytb2zu6euX/QlnEqMGnhmMWiGyBJGOWkpahipJsIgqKAkU4wup36nTERksb8QU0S4kVowGlIMVJa8s0jV1LuBkShazcUCGdjv57r5uS+WbVr9gzWMnEKUoUCTd/8cvsxTiPCFWZIyp5jJ8rLkFAUM5JX3FSSBOERGpCephxFRHrZ7ITcOtVK3wpjoYsra6b+3shQJOUkCvRkhNRQLnpT8T+vl6rwyssoT1JFOJ4/FKbMUrE1zcPqU0GwYhNNEBZU/9XCQ6STUDq1ig7BWTx5mbTrNeeiVr8/rzZuijjKcAwncAYOXEID7qAJLcDwCM/wCm/Gk/FivBsf89GSUewcwh8Ynz94NJd4</latexit>

sin� =
v2
v1

Z-Z’ mixing dominates W-boson mass corrections.

[HML, K. Yamashita, 2022] [L. Bian, HML, C.B. Park, 2017]



W-boson mass

<latexit sha1_base64="wvSGSX2xXkq5YXL4TnAXVWn94ak=">AAACFHicbVDLSgMxFM34rPVVdekmWISKMMwMot0oBTcuK9gHdErJpJk2NJMZkjuFMvQj3Pgrblwo4taFO//G9LHQ1gMJh3PuIbknSATX4Djf1srq2vrGZm4rv72zu7dfODis6zhVlNVoLGLVDIhmgktWAw6CNRPFSBQI1ggGtxO/MWRK81g+wChh7Yj0JA85JWCkTuHc11z6AQNy7YeK0GzY8cbmcsd+D0wswo7tlkuO7TlnnULRsZ0p8DJx56SI5qh2Cl9+N6ZpxCRQQbRuuU4C7Ywo4FSwcd5PNUsIHZAeaxkqScR0O5suNcanRuniMFbmSMBT9XciI5HWoygwkxGBvl70JuJ/XiuFsNzOuExSYJLOHgpTgSHGk4ZwlytGQYwMIVRx81dM+8R0A6bHvCnBXVx5mdQ92720vfuLYuVmXkcOHaMTVEIuukIVdIeqqIYoekTP6BW9WU/Wi/VufcxGV6x55gj9gfX5A22cnRY=</latexit>

sin� =
v2
v1

& 0.18(0.20)
<latexit sha1_base64="aaZNF4WW2qPYJV6P01AkSFB87Pg=">AAACEnicbVDLSgMxFM3UV62vqks3wSK2UEqm+NooBRe6rGBrsVNKJs20ocnMkGSEMsw3uPFX3LhQxK0rd/6NmbYLbT1w4XDOvdx7jxtypjRC31ZmYXFpeSW7mltb39jcym/vNFUQSUIbJOCBbLlYUc582tBMc9oKJcXC5fTOHV6m/t0DlYoF/q0ehbQjcN9nHiNYG6mbL8WOFNALZOKUnTIU3fj+MDk/RqhoI4RKTnnsX9Fm0s0XUAWNAeeJPSUFMEW9m/9yegGJBPU14Vipto1C3Ymx1IxwmuScSNEQkyHu07ahPhZUdeLxSwk8MEovvcuUr+FY/T0RY6HUSLimU2A9ULNeKv7ntSPtnXVi5oeRpj6ZLPIiDnUA03xgj0lKNB8Zgolk5lZIBlhiok2KOROCPfvyPGlWK/ZJpXpzVKhdTOPIgj2wD4rABqegBq5BHTQAAY/gGbyCN+vJerHerY9Ja8aazuyCP7A+fwDtJJsY</latexit>

for mZ0 = 500(1000)GeV

[HML, K. Yamashita, 2022]

CDFII

Z-Z’ mixing,
<latexit sha1_base64="tQhrhMyQNOdzlN0OmdZ/NeBYffI="></latexit>

tan 2⇣ ' �sW gZ0

gY

M2
Z

m2
Z0

sin2 �

Extra Z’ couplings to SM fermions including quarks.

[CMS, 2412.13872]



Precision bounds on Z’
Z-boson width:

<latexit sha1_base64="K4qwUjrlrDw8f8MYABfKUx8D8uI=">AAAB83icbVA9SwNBEN3zM8avqKXNYhCswl0QtZKAFhYWEcwH5I6wt5lLluztHbtzQgj5GzYWitj6Z+z8N26SKzTxwcDjvRlm5oWpFAZd99tZWV1b39gsbBW3d3b39ksHh02TZJpDgycy0e2QGZBCQQMFSminGlgcSmiFw5up33oCbUSiHnGUQhCzvhKR4Ayt5Pu3IJH5epB077ulsltxZ6DLxMtJmeSod0tffi/hWQwKuWTGdDw3xWDMNAouYVL0MwMp40PWh46lisVggvHs5gk9tUqPRom2pZDO1N8TYxYbM4pD2xkzHJhFbyr+53UyjK6CsVBphqD4fFGUSYoJnQZAe0IDRzmyhHEt7K2UD5hmHG1MRRuCt/jyMmlWK95FpfpwXq5d53EUyDE5IWfEI5ekRu5InTQIJyl5Jq/kzcmcF+fd+Zi3rjj5zBH5A+fzB9R9kYs=</latexit>

�⇢L
<latexit sha1_base64="9JUUYrHgRPxnGD69bK5TyFV41bo=">AAACEXicbVDLSgNBEJyNrxhfUY9eBoMQQZbdGIwnCejBSyCCeUA2hNlJJxkys7vMzAphyS948Ve8eFDEqzdv/o2Tx0ETCxqKqm66u/yIM6Ud59tKrayurW+kNzNb2zu7e9n9g7oKY0mhRkMeyqZPFHAWQE0zzaEZSSDC59Dwh9cTv/EAUrEwuNejCNqC9APWY5RoI3Wyee8GuCa40ml4HJRSTOCS7RTzbsk+P/XOEk8KXIH6uJPNObYzBV4m7pzk0BzVTvbL64Y0FhBoyolSLdeJdDshUjPKYZzxYgURoUPSh5ahARGg2sn0ozE+MUoX90JpKtB4qv6eSIhQaiR80ymIHqhFbyL+57Vi3btsJyyIYg0BnS3qxRzrEE/iwV0mgWo+MoRQycytmA6IJFSbEDMmBHfx5WVSL9juhV24K+bKV/M40ugIHaM8clEJldEtqqIaougRPaNX9GY9WS/Wu/Uxa01Z85lD9AfW5w+Dtprp</latexit>

�MW . 7.04(17.3)MeV

loop effects are limited
Measurement of effective             :

<latexit sha1_base64="3xbtGWz89FU2qGxfEOBT/MgQr/c=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHM1KJulIIblxXsRdqhZNJMG5pkhiQjlKFP4caFIm59HHe+jWk7C239IfDxn3PIOX8Qc6aN6347uZXVtfWN/GZha3tnd6+4f9DUUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxjdTuutJ6o0i+SDGcfUF3ggWcgINtZ6vD5zy67rVs97xdKMrNAyeBmUIFO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDsWJRZU++ls4Qk6sU4fhZGyTxo0c39PpFhoPRaB7RTYDPVibWr+V+skJrzyUybjxFBJ5h+FCUcmQtPrUZ8pSgwfW8BEMbsrIkOsMDE2o4INwVs8eRmalbJ3Ua7cV0u1myyOPBzBMZyCB5dQgzuoQwMICHiGV3hzlPPivDsf89ack80cwh85nz8FjI6W</latexit>

= �0.00043

[LEP]
[SLD]

Consistent with LEP at 2.5σ and world average at 1.2σ

Anti-correlation with W boson mass:

[SM]
<latexit sha1_base64="U0YU+rQKUKECTyYNG7h5ELGAS4w=">AAACHXicbZDLSgMxFIYzXmu9VV26CRbBVZmp9bJRBDcuFWwrdGrJpGdsMMkMyRmhDH0RN76KGxeKuHAjvo3pZeHth8DHf87h5PxRKoVF3//0pqZnZufmCwvFxaXlldXS2nrDJpnhUOeJTMxVxCxIoaGOAiVcpQaYiiQ0o9vTYb15B8aKRF9iP4W2YjdaxIIzdFanVAut0NfVEHuA7DoPjaISUhx0RghxPDjyK9XdYK8Wpor6Fd+p1imVx+T79C8EEyiTic47pfewm/BMgUYumbWtwE+xnTODgksYFMPMQsr4LbuBlkPNFNh2PrpuQLed06VxYtzTSEfu94mcKWv7KnKdimHP/q4Nzf9qrQzjw3YudJohaD5eFGeSYkKHUdGuMMBR9h0wboT7K+U9ZhhHF2jRhRD8PvkvNKqVYL9SvaiVT44ncRTIJtkiOyQgB+SEnJFzUiec3JNH8kxevAfvyXv13satU95kZoP8kPfxBRO7n+w=</latexit>

sin2 ✓lepte↵ = 0.23154± 0.00004

<latexit sha1_base64="+dfLaHOHOehvMmpACw8PCIH3Rp4=">AAACCnicbZA9SwNBEIb34nf8OrW0WQ2CVbgLolYSsLFUMFHIxbC3mTNL9vaO3TkhHKlt/Cs2ForY+gvs/Ddukis08YWFh3dmmJ03TKUw6HnfTmlufmFxaXmlvLq2vrHpbm03TZJpDg2eyETfhsyAFAoaKFDCbaqBxaGEm7B/PqrfPIA2IlHXOEihHbN7JSLBGVqr4+4FRqi7WoA9QHaXBzqmElIcdsYIUTTsuBWv6o1FZ8EvoEIKXXbcr6Cb8CwGhVwyY1q+l2I7ZxoFlzAsB5mBlPE+u4eWRcViMO18fMqQHlinS6NE26eQjt3fEzmLjRnEoe2MGfbMdG1k/ldrZRidtnOh0gxB8cmiKJMUEzrKhXaFBo5yYIFxLexfKe8xzTja9Mo2BH/65Flo1qr+cbV2dVSpnxVxLJNdsk8OiU9OSJ1ckEvSIJw8kmfySt6cJ+fFeXc+Jq0lp5jZIX/kfP4AuFOa6Q==</latexit>

sin2 ✓lepte↵

[CDFII]



Vector-like leptons at LHC
Production of Vector-like lepton:

Drell-Yann, mostly SU(2) singlet

Decay branching ratios:

σtot~1fb for 
<latexit sha1_base64="D16qNQq/Yge2wNGpraMva6Z+MbM=">AAACAnicbVDLSgMxFM34rPU16krcBIvgQspMkepKCiK6ESrYB3SGIZNm2tAkMyQZoQzFjb/ixoUibv0Kd/6NaTsLbT0QOJxzLjf3hAmjSjvOt7WwuLS8slpYK65vbG5t2zu7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCweXYbz0QqWgs7vUwIT5HPUEjipE2UmDv3wZXXk+bAIdVx/FOMk9yeE2ao8AuOWVnAjhP3JyUQI56YH953RinnAiNGVKq4zqJ9jMkNcWMjIpeqkiC8AD1SMdQgThRfjY5YQSPjNKFUSzNExpO1N8TGeJKDXlokhzpvpr1xuJ/XifV0bmfUZGkmgg8XRSlDOoYjvuAXSoJ1mxoCMKSmr9C3EcSYW1aK5oS3NmT50mzUnar5crdaal2kddRAAfgEBwDF5yBGrgBddAAGDyCZ/AK3qwn68V6tz6m0QUrn9kDf2B9/gBbxpYe</latexit>

ME & 600GeV

E→Z’μ + Z’→μμfor light Z’
“multi-leptons”

E→Zμ, Wν “>2jets + leptons”

[HML, J.-S. Song K. Yamashita, 2021]



Z’ at LHC
Zero gauge kinetic mixing,

<latexit sha1_base64="TBuGFLnNNv/VxiCnbgCS8623x3U="></latexit>

Lkin = �1

2
sin ⇠Z 0

µ⌫B
µ⌫ = 0

dimuons at LEP (or muon colliders)

Evades LEP bound for small mixing 
with electron or mZ’>100GeV.

X

X
Z’

<latexit sha1_base64="vSx5yCWEOGGT9FV7gnat8fO5ANk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaop+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7VrVu6zWmheV+k0eRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ANUfjPM=</latexit>

l

<latexit sha1_base64="cm6uqdhh0u/Li5/C98/tqzXpmZo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnawXUEXEtF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfja/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMnueDLhCZsTEEsoUt7cSNqKKMmMjKtkQvOWXV0mrVvUuq7X7i0r9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8A6umP4g==</latexit>

l̄

<latexit sha1_base64="Q/kA8a/qA/O23vnVYV7vOvYqaIQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFETxWsB/QhjLZbtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777aysrq1vbBa2its7u3v7pYPDpo5TRVmDxiJW7QA1E1yyhuFGsHaiGEaBYK1gdDP1W09MaR7LBzNOmB/hQPKQUzRWamfdABW5nfRKZbfizkCWiZeTMuSo90pf3X5M04hJQwVq3fHcxPgZKsOpYJNiN9UsQTrCAetYKjFi2s9m907IqVX6JIyVLWnITP09kWGk9TgKbGeEZqgXvan4n9dJTXjlZ1wmqWGSzheFqSAmJtPnSZ8rRo0YW4JUcXsroUNUSI2NqGhD8BZfXibNasW7qFTvz8u16zyOAhzDCZyBB5dQgzuoQwMoCHiGV3hzHp0X5935mLeuOPnMEfyB8/kDr6aPuw==</latexit>

Ē

<latexit sha1_base64="gqhdvIKLq/0Lk85a9yyJKYAd4HI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8SEMFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1e96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSbNS9i7LlfpFqXqTxZGHEziFc/DgCqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH5oDjMw=</latexit>

E <latexit sha1_base64="1s1KGlHhI12qzwqO/h9iyc7LFUA=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KkkR9SQFLx6r2A9oQ9lsJ+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUc2jwWMa6HTADUihooEAJ7UQDiwIJrWB0M/VbT6CNiNUDjhPwIzZQIhScoZXaXRwCst59r1R2K+4MdJl4OSmTHPVe6avbj3kagUIumTEdz03Qz5hGwSVMit3UQML4iA2gY6liERg/m907oadW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xwys+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyraELzFl5dJs1rxLirVu/Ny7TqPo0COyQk5Ix65JDVyS+qkQTiR5Jm8kjfn0Xlx3p2PeeuKk88ckT9wPn8AAJCP8A==</latexit>

✓R
<latexit sha1_base64="1s1KGlHhI12qzwqO/h9iyc7LFUA=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KkkR9SQFLx6r2A9oQ9lsJ+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUc2jwWMa6HTADUihooEAJ7UQDiwIJrWB0M/VbT6CNiNUDjhPwIzZQIhScoZXaXRwCst59r1R2K+4MdJl4OSmTHPVe6avbj3kagUIumTEdz03Qz5hGwSVMit3UQML4iA2gY6liERg/m907oadW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xwys+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyraELzFl5dJs1rxLirVu/Ny7TqPo0COyQk5Ix65JDVyS+qkQTiR5Jm8kjfn0Xlx3p2PeeuKk88ckT9wPn8AAJCP8A==</latexit>

✓R

muon couplings testable at muon colliders.

dimuon resonances/tails at LHC

DY suppressed by

consistent with dimuon high pt-tails,

<latexit sha1_base64="94OwYWRAwKLU6zmTBywJNKkw2mQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUkAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB0H4yz</latexit>,

[HML, K. Yamashita, 2022]

[A. Greljo, 2017]

<latexit sha1_base64="0yOseX9VnpCsx/zdpuh4keZd1E0=">AAACCXicbZDLSsNAFIYn9VbrLerSzWAR3LQkpXjZSMGNywr2Ak1aJtNJO3QyCTMToYZs3fgqblwo4tY3cOfbOE2z0NYfBj7+cw5nzu9FjEplWd9GYWV1bX2juFna2t7Z3TP3D9oyjAUmLRyyUHQ9JAmjnLQUVYx0I0FQ4DHS8SbXs3rnnghJQ36nphFxAzTi1KcYKW0NTOhIyvt154EopDGAttVPKraVVjK4TAdm2apameAy2DmUQa7mwPxyhiGOA8IVZkjKnm1Fyk2QUBQzkpacWJII4QkakZ5GjgIi3SS7JIUn2hlCPxT6cQUz9/dEggIpp4GnOwOkxnKxNjP/q/Vi5V+4CeVRrAjH80V+zKAK4SwWOKSCYMWmGhAWVP8V4jESCCsdXkmHYC+evAztWtU+q9Zu6+XGVR5HERyBY3AKbHAOGuAGNEELYPAInsEreDOejBfj3fiYtxaMfOYQ/JHx+QPr5JiK</latexit>

sin4 ⇣ ⇠ 10�10 � 10�9

<latexit sha1_base64="qvrk1VzJSmlxtWUSgn52juf+ldI=">AAACBHicbVDLSgMxFM34rPU16rKbYBFdlDJTRF1JwY3LCn1hZxgyaaYNTTJDkhHK0IUbf8WNC0Xc+hHu/BvTdhbaeiBwOOdcbu4JE0aVdpxva2V1bX1js7BV3N7Z3du3Dw7bKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSjm6nfeSBS0Vg09TghPkcDQSOKkTZSYJd4kN2fTryBNhkOXa+SeZLDJmlPKoFddqrODHCZuDkpgxyNwP7y+jFOOREaM6RUz3US7WdIaooZmRS9VJEE4REakJ6hAnGi/Gx2xASeGKUPo1iaJzScqb8nMsSVGvPQJDnSQ7XoTcX/vF6qoys/oyJJNRF4vihKGdQxnDYC+1QSrNnYEIQlNX+FeIgkwtr0VjQluIsnL5N2repeVGt35+X6dV5HAZTAMTgDLrgEdXALGqAFMHgEz+AVvFlP1ov1bn3MoytWPnME/sD6/AGDDJda</latexit>

mZ0 & 1TeV,
<latexit sha1_base64="k7v6hH05kqvFZmPkKq2DpP7FIXU=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4sewW0Z6k4MVjBfsB7Vqy6WwbmmSXJFsoS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZFyacaeN5387a+sbm1nZhp7i7t39w6B4dN3WcKgoNGvNYtUOigTMJDcMMh3aigIiQQysc3c381hiUZrF8NJMEAkEGkkWMEmOlnut2OWitmcC+95RdVqc9t+SVvTnwKvFzUkI56j33q9uPaSpAGsqJ1h3fS0yQEWUY5TAtdlMNCaEjMoCOpZII0EE2v3yKz63Sx1GsbEmD5+rviYwIrScitJ2CmKFe9mbif14nNVE1yJhMUgOSLhZFKccmxrMYcJ8poIZPLCFUMXsrpkOiCDU2rKINwV9+eZU0K2X/ulx5uCrVbvM4CugUnaEL5KMbVEP3qI4aiKIxekav6M3JnBfn3flYtK45+cwJ+gPn8wd7QJLm</latexit>

. 10�8



Z’ at LHC
Nonzero gauge kinetic mixing → dimuons at LEP and LHC

<latexit sha1_base64="VL0aGzwjpaZpSJIqSbrU6ol0b9U=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePFYwX5AE8pmO2mXbjZhdyOW0h/hxYMiXv093vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kimGTJSJRnZBqFFxi03AjsJMqpHEosB2Obmd++xGV5ol8MOMUg5gOJI84o8ZKbV9z6T/xXrniVt05yCrxclKBHI1e+cvvJyyLURomqNZdz01NMKHKcCZwWvIzjSllIzrArqWSxqiDyfzcKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif181MdB1MuEwzg5ItFkWZICYhs99JnytkRowtoUxxeythQ6ooMzahkg3BW355lbRqVe+yWru/qNRv8jiKcAKncA4eXEEd7qABTWAwgmd4hTcndV6cd+dj0Vpw8plj+APn8wd3wY+m</latexit>

sin ⇠

<latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q

<latexit sha1_base64="M1EvhUKRQBOVoiTHbNNfNMEFyOE=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFLx4r2A9oQ9lsN+3SzSbdnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dtbWNza3tgs7xd29/YPD0tFx08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupv5rSeujYjVI04S7kd0oEQoGEUrtbNuQDUZT3ulsltx5yCrxMtJGXLUe6Wvbj9macQVMkmN6Xhugn5GNQom+bTYTQ1PKBvRAe9YqmjEjZ/N752Sc6v0SRhrWwrJXP09kdHImEkU2M6I4tAsezPxP6+TYnjjZ0IlKXLFFovCVBKMyex50heaM5QTSyjTwt5K2JBqytBGVLQheMsvr5JmteJdVaoPl+XabR5HAU7hDC7Ag2uowT3UoQEMJDzDK7w5Y+fFeXc+Fq1rTj5zAn/gfP4A8oKP5w==</latexit>

q̄

Z’
<latexit sha1_base64="vSx5yCWEOGGT9FV7gnat8fO5ANk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaop+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7VrVu6zWmheV+k0eRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ANUfjPM=</latexit>

l

<latexit sha1_base64="cm6uqdhh0u/Li5/C98/tqzXpmZo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePFYwX5AG8pmO2mXbjZxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKnawXUEXEtF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfja/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMnueDLhCZsTEEsoUt7cSNqKKMmMjKtkQvOWXV0mrVvUuq7X7i0r9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8A6umP4g==</latexit>

l̄

<latexit sha1_base64="VL0aGzwjpaZpSJIqSbrU6ol0b9U=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePFYwX5AE8pmO2mXbjZhdyOW0h/hxYMiXv093vw3btsctPXBwOO9GWbmhang2rjut1NYW9/Y3Cpul3Z29/YPyodHLZ1kimGTJSJRnZBqFFxi03AjsJMqpHEosB2Obmd++xGV5ol8MOMUg5gOJI84o8ZKbV9z6T/xXrniVt05yCrxclKBHI1e+cvvJyyLURomqNZdz01NMKHKcCZwWvIzjSllIzrArqWSxqiDyfzcKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif181MdB1MuEwzg5ItFkWZICYhs99JnytkRowtoUxxeythQ6ooMzahkg3BW355lbRqVe+yWru/qNRv8jiKcAKncA4eXEEd7qABTWAwgmd4hTcndV6cd+dj0Vpw8plj+APn8wd3wY+m</latexit>

sin ⇠
<latexit sha1_base64="uTv7KD2fJJB+Qv0r4ceJYyscV48=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxinlgsobZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdD31m09cGxGpexzH3A/pQIm+YBSt9NDBIUf6WOnedYslt+zOQJaJl5ESZKh1i1+dXsSSkCtkkhrT9twY/ZRqFEzySaGTGB5TNqID3rZU0ZAbP51dPCEnVumRfqRtKSQz9fdESkNjxmFgO0OKQ7PoTcX/vHaC/Us/FSpOkCs2X9RPJMGITN8nPaE5Qzm2hDIt7K2EDammDG1IBRuCt/jyMmlUyt55uXJ7VqpeZXHk4QiO4RQ8uIAq3EAN6sBAwTO8wptjnBfn3fmYt+acbOYQ/sD5/AErJ5CU</latexit>

✓2Ror

BR(Z’→μμ)/BR(Z’→Eμ)~
<latexit sha1_base64="wRlNYY/dc9E0T9MvirZwlKulhxg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwY0mKqCspuHFZxT6giWEynbRDZ5IwcyPUUPwVNy4Ucet/uPNvnD4W2nrgwuGce7n3njAVXIPjfFsLi0vLK6uFteL6xubWtr2z29BJpiir00QkqhUSzQSPWR04CNZKFSMyFKwZ9q9GfvOBKc2T+A4GKfMl6cY84pSAkQJ734MeAxLceppL7Dr3+UllGNglp+yMgeeJOyUlNEUtsL+8TkIzyWKggmjddp0U/Jwo4FSwYdHLNEsJ7ZMuaxsaE8m0n4+vH+Ijo3RwlChTMeCx+nsiJ1LrgQxNpyTQ07PeSPzPa2cQXfg5j9MMWEwni6JMYEjwKArc4YpREANDCFXc3IppjyhCwQRWNCG4sy/Pk0al7J6VKzenperlNI4COkCH6Bi56BxV0TWqoTqi6BE9o1f0Zj1ZL9a79TFpXbCmM3voD6zPH0i6lHQ=</latexit>

✓R ⇠ 10�2

Light vector-like lepton:

Heavy vector-like lepton:

Z’→μμ dominant cf. E→Z’μ

<latexit sha1_base64="kkZ6YPzzGAwjbn6v+C/i07Lar4U=">AAACIXicbVDLSgMxFM34tr6qLt0Ei+iilJnioysRXOhSwdZiMwyZ9LaGJpkhyYhl6K+48VfcuFDEnfgzprULrR4IHM45l5t74lRwY33/w5uanpmdm19YLCwtr6yuFdc3GibJNIM6S0SimzE1ILiCuuVWQDPVQGUs4DrunQ796zvQhifqyvZTCCXtKt7hjFonRcUaMVyRe04EGGO4xH7FD6plTMqkjGWU3+wOSNfqoVM98Ek5J1riM2gMomLJRUfAf0kwJiU0xkVUfCfthGUSlGWCGtMK/NSGOdWWMwGDAskMpJT1aBdajioqwYT56MIB3nFKG3cS7Z6yeKT+nMipNKYvY5eU1N6aSW8o/ue1MtuphTlXaWZBse9FnUxgm+BhXbjNNTAr+o5Qprn7K2a3VFNmXakFV0IwefJf0qhWgsNK9XK/dHI8rmMBbaFttIcCdIRO0Dm6QHXE0AN6Qi/o1Xv0nr037/07OuWNZzbRL3ifX98PoXU=</latexit>

sin ⇠ . 0.012, mZ0 & 250GeV

<latexit sha1_base64="RDUMS2xkD7mkAmuEi670nJGIXhg=">AAACE3icbVC7TsMwFHXKq5RXgJHFokIUhiqpEDChSiyMRaIP0USV47qtVTuJ7BukKso/sPArLAwgxMrCxt/gPgZouZJ9j865V/Y5QSy4Bsf5tnJLyyura/n1wsbm1vaOvbvX0FGiKKvTSESqFRDNBA9ZHTgI1ooVIzIQrBkMr8d684EpzaPwDkYx8yXph7zHKQFDdexTT/O+JJ3UUxJDBFkpjj2I8P3x+PZkknoBUaZnJx276JSdSeFF4M5AEc2q1rG/vG5EE8lCoIJo3XadGPyUKOBUsKzgJZrFhA5Jn7UNDIlk2k8nnjJ8ZJgu7kXKnBDwhP29kRKp9UgGZlISGOh5bUz+p7UT6F36KQ/jBFhIpw/1EmHM43FAuMsVoyBGBhCquPkrpgOiCAUTY8GE4M5bXgSNStk9L1duz4rVq1kceXSADlEJuegCVdENqqE6ougRPaNX9GY9WS/Wu/UxHc1Zs5199Keszx8HhJ49</latexit>

�tot(pp ! Z 0 ! µµ̄)
<latexit sha1_base64="heW7gsZFYgN9q+9GveGnolQ1rP8="></latexit>

= 75.3 pb(sin2 ⇠) BR(Z 0 ! µµ̄)
<latexit sha1_base64="q8CQJg959zCqZ2V8wkIdpw0aac8=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEqlJJUUTdKoZsuXFToC5pQJtNJO3QmiTMToYTs3Pgrblwo4tZfcOffOH0stPXAhcM593LvPV7EqFSW9W0sLa+srq1nNrKbW9s7u+beflOGscCkgUMWiraHJGE0IA1FFSPtSBDEPUZa3rAy9lsPREgaBnU1iojLUT+gPsVIaalrHpUdeS9UItNr+8wpJI7gsE6aTiF/W62cpl0zZxWtCeAisWckB2aodc0vpxfimJNAYYak7NhWpNwECUUxI2nWiSWJEB6iPuloGiBOpJtM/kjhiVZ60A+FrkDBifp7IkFcyhH3dCdHaiDnvbH4n9eJlX/lJjSIYkUCPF3kxwyqEI5DgT0qCFZspAnCgupbIR4ggbDS0WV1CPb8y4ukWSraF8XS3XmufDOLIwMOwTHIAxtcgjKoghpoAAwewTN4BW/Gk/FivBsf09YlYzZzAP7A+PwBs1qX5g==</latexit>

@
p
s = 13TeV (LHC)



Limits from LHC
Vector-like leptons (coupled to tau)

Dimuon for Z’ at LHC

Z’

Vector-like leptons B(E→Z’μ)

[J. Kawamura, S. Raby, 
2104.04461]

<latexit sha1_base64="JgnaXsBlGagVSmsF0PEoX4goJro=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgqeyWop6k4MVjBfsh3aVk09k2NMmuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKgotGvNYdUOigTMJLcMMh26igIiQQycc38z8zhMozWJ5byYJBIIMJYsYJcZKD/4QHnHdF2m/XHGr7hx4lXg5qaAczX75yx/ENBUgDeVE657nJibIiDKMcpiW/FRDQuiYDKFnqSQCdJDND57iM6sMcBQrW9Lgufp7IiNC64kIbacgZqSXvZn4n9dLTXQVZEwmqQFJF4uilGMT49n3eMAUUMMnlhCqmL0V0xFRhBqbUcmG4C2/vEratap3Ua3d1SuN6zyOIjpBp+gceegSNdAtaqIWokigZ/SK3hzlvDjvzseiteDkM8foD5zPHzLSkAI=</latexit>

� 4µ
<latexit sha1_base64="n6TK4ixgTpeDtcDWagREeugn7h0=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKTBF1JQURXFboCzrDkEkzbWiSGZKMUIbZ+CtuXCji1s9w59+YtrPQ1gOBwznncnNPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6d+95FIRWPR0pOE+BwNBY0oRtpIgX3EgztvqE2AQ9c7zzzJYYt08sCuOjVnBrhM3IJUQYFmYH95gxinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQJwoP5sdkMNTowxgFEvzhIYz9fdEhrhSEx6aJEd6pBa9qfif1091dO1nVCSpJgLPF0UpgzqG0zbggEqCNZsYgrCk5q8Qj5BEWJvOKqYEd/HkZdKp19zLWv3hotq4Keoog2NwAs6AC65AA9yDJmgDDHLwDF7Bm/VkvVjv1sc8WrKKmUPwB9bnD7JlldI=</latexit>

mE & 1TeV



Lepton flavor violation
Simultaneous couplings of vector-like leptons to all SM leptons.

Flavor violating decays of leptons
<latexit sha1_base64="Fe+83PH9WjIWrEGqk3a5BGcfoZU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKewGUU8S8OIxinlgEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXsX5crdeal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz8aQI0S</latexit>

Z 0 <latexit sha1_base64="rjiPcoLuAFQ6MWoGxN5DnD+ltpE=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSHXulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDGz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveVeWyflGu3uZxFOAYTuAMPLiGKtxDDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPy3mM7w==</latexit>e <latexit sha1_base64="Fe+83PH9WjIWrEGqk3a5BGcfoZU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKewGUU8S8OIxinlgEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXsX5crdeal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz8aQI0S</latexit>

Z 0<latexit sha1_base64="fIvRgA2HQUGWjktjViOqjpAR1fo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi10kKXjxWsLbQhrLZbtqlu5uwOxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwkRwg5737ZRWVtfWN8qbla3tnd296v7Bo4lTTVmLxiLWnZAYJrhiLeQoWCfRjMhQsHY4vs399hPThsfqAScJCyQZKh5xSjCXekjSfrXm1b0Z3GXiF6QGBZr96ldvENNUMoVUEGO6vpdgkBGNnAo2rfRSwxJCx2TIupYqIpkJstmtU/fEKgM3irUthe5M/T2REWnMRIa2UxIcmUUvF//zuilG10HGVZIiU3S+KEqFi7GbP+4OuGYUxcQSQjW3t7p0RDShaOOp2BD8xZeXyeNZ3b+sX9yf1xo3RRxlOIJjOAUfrqABd9CEFlAYwTO8wpsjnRfn3fmYt5acYuYQ/sD5/AEjOY5O</latexit>ω

Seesaw mass for muon: Lepton g-2:

cf. seesaw relations: <latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="jU3I5rOv+wPAnijWC7T18+lnciM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvHisYG2hCWWz3aZLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDv1209cG5GoBxynPIhppMRAMIpWavuhiCJ/0qvW3Lo7A1kmXkFqUKDZq375/YRlMVfIJDWm67kpBjnVKJjkk4qfGZ5SNqIR71qqaMxNkM/OnZATq/TJING2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XjfDwXWQC5VmyBWbLxpkkmBCpr+TvtCcoRxbQpkW9lbChlRThjahig3BW3x5mTye1b3L+sX9ea1xU8RRhiM4hlPw4AoacAdNaAGDETzDK7w5qfPivDsf89aSU8wcwh84nz9Yc4+U</latexit>}Bounds on LFV decays:

Extra vector-like leptons seesaw masses for all SM leptons
are compatible with LFV decays.

[HML, J.-S. Song K. Yamashita, 2021]



SU(2) lepton portals
<latexit sha1_base64="vBkqG23n1tXEWDl5/r9sA/hcIx4=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXspuEfUkBT14rOjaQruUbJptQ5PskmSFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+waOOU0WoT2Ieq3aINeVMUt8ww2k7URSLkNNWOLqe+q0nqjSL5YMZJzQQeCBZxAg2Vmrd+9X6ae+mV664NXcGtEy8nFQgR7NX/ur2Y5IKKg3hWOuO5yYmyLAyjHA6KXVTTRNMRnhAO5ZKLKgOstm5E3RilT6KYmVLGjRTf09kWGg9FqHtFNgM9aI3Ff/zOqmJLoOMySQ1VJL5oijlyMRo+jvqM0WJ4WNLMFHM3orIECtMjE2oZEPwFl9eJo/1mndeq9+dVRpXeRxFOIJjqIIHF9CAW2iCDwRG8Ayv8OYkzovz7nzMWwtOPnMIf+B8/gDQzI6R</latexit>

SU(2)D
<latexit sha1_base64="lLif8DIn/kdyWUhg1m3XPciFYp4=">AAACHnicbVDLSgMxFM34tr6qLt0Ei6ibMiO+NooggssKVoWmlEx6pw3NZIbkjlCGfokbf8WNC0UEV/o3pnUWvg5cOJxzb3LvCVMlLfr+hzc2PjE5NT0zW5qbX1hcKi+vXNkkMwLqIlGJuQm5BSU11FGigpvUAI9DBddh73ToX9+CsTLRl9hPoRnzjpaRFByd1CrvsZqVR0xBhFsshI7UOTeG9we5GNCzTcoYPWOg24XKjOx0cbtVrvhVfwT6lwQFqZACtVb5jbUTkcWgUShubSPwU2y6R1EKBYMSyyykXPR4BxqOah6Dbeaj8wZ0wyltGiXGlUY6Ur9P5Dy2th+HrjPm2LW/vaH4n9fIMDps5lKnGYIWXx9FmaKY0GFWtC0NCFR9R7gw0u1KRZcbLtAlWnIhBL9P/kuudqrBfnXnYrdyclzEMUPWyDrZIgE5ICfknNRInQhyRx7IE3n27r1H78V7/Wod84qZVfID3vsnVguinQ==</latexit>

 =

✓
E0

E

◆

<latexit sha1_base64="j7qHVjhaRAOHCB+Wk7pV5/ykZ4k=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXULlVSEDChSl0YGIogbVEbRY7rtFYdJ7IdpCrqzsKvsDCAECs/wMbf4LYZoOVIls49515d3+PHjEplWd9GbmV1bX0jv1nY2t7Z3TP3D1oySgQmDo5YJDo+koRRThxFFSOdWBAU+oy0/VFj6rcfiJA04ndqHBM3RANOA4qR0pJnFm+d8knFa/QUDYmEuqpVvOuscsp2xbv3zJJVtWaAy8TOSAlkaHrmV68f4SQkXGGGpOzaVqzcFAlFMSOTQi+RJEZ4hAakqylHepebzm6ZwGOt9GEQCf24gjP190SKQinHoa87Q6SGctGbiv953UQFF25KeZwowvF8UZAwqCI4DQb2qSBYsbEmCAuq/wrxEAmElY6voEOwF09eJq1a1T6r1m5OS/XLLI48OAJFUAY2OAd1cAWawAEYPIJn8ArejCfjxXg3PuatOSObOQR/YHz+AO7MmHE=</latexit>

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

<latexit sha1_base64="kM70EPYrRG8YOq1LcA0hmqM3WVc="></latexit>

l =

✓
⌫L
eL

◆
, eR

<latexit sha1_base64="o6QgPNbN0hXEGKoQBQA6UdNC5dE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8JJjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp/77SdUmsfywUwS9CM6lDzkjBorNWr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9flSuOqVL3L4sjDGZzDJXhwA1WoQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB56PjM8=</latexit>

H

<latexit sha1_base64="c+fhONMtL06iXhwWpadrckMwc+M=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxihVKSIOpGKbjJsoJ9QBPCZDpph04mYWYilNiFv+LGhSJu/Q13/o3Tx0JbD1w4nHMv994TpoxKZVnfxtLyyuraemGjuLm1vbNr7u03ZZIJTBo4YYloh0gSRjlpKKoYaaeCoDhkpBUObsd+64EISRN+r4Yp8WPU4zSiGCktBeahe3pdzr0+UtAdBU7Fq0A3cM4Cs2RVrQngIrFnpARmqAfml9dNcBYTrjBDUnZsK1V+joSimJFR0cskSREeoB7paMpRTKSfT+4fwROtdGGUCF1cwYn6eyJHsZTDONSdMVJ9Oe+Nxf+8TqaiKz+nPM0U4Xi6KMoYVAkchwG7VBCs2FAThAXVt0LcRwJhpSMr6hDs+ZcXSdOp2hdV5+68VLuZxVEAR+AYlIENLkENuKAOGgCDR/AMXsGb8WS8GO/Gx7R1yZjNHIA/MD5/AF5Jk74=</latexit>

H
0 = (Ĥ2, H2)

<latexit sha1_base64="IrOXPSFkBle/Gr1eKI13g5E4Cl4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kkCevAYwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHVSs1sfst5tr1T2K/4MaJkEOSlDjnqv9NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXZTQxNMRnhAO45KLKgJs9m1E3TqlD6KlXYlLZqpvycyLIwZi8h1CmyHZtGbiv95ndTGV2HGZJJaKsl8UZxyZBWavo76TFNi+dgRTDRztyIyxBoT6wIquhCCxZeXSbNaCS4q1fvzcu06j6MAx3ACZxDAJdTgDurQAAKP8Ayv8OYp78V79z7mrStePnMEf+B9/gAoKI7Z</latexit>

�D

U(1)’ extended to SU(2) + doublet Vector-like leptons.

bi-doublet

Vector-like leptons

<latexit sha1_base64="v6MGn7AbjYhXKiGTEeCthmX4kT4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBQylJEfUkBS8eK9hUaNKy2W7apbtJ3N0USujv8OJBEa/+GG/+G7dtDtr6YODx3gwz84KEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDI1fFqSS0RWIey8cAK8pZRFuaaU4fE0mxCDhtB6Pbmd8eU6lYHD3oSUJ9gQcRCxnB2ki+2/USUUVeFbldu1eu2DV7DrRKnJxUIEezV/7y+jFJBY004VipjmMn2s+w1IxwOi15qaIJJiM8oB1DIyyo8rP50VN0ZpQ+CmNpKtJorv6eyLBQaiIC0ymwHqplbyb+53VSHV77GYuSVNOILBaFKUc6RrMEUJ9JSjSfGIKJZOZWRIZYYqJNTiUTgrP88ipx6zXnsla/v6g0bvI4inACp3AODlxBA+6gCS0g8ATP8Apv1th6sd6tj0VrwcpnjuEPrM8fvHyQxA==</latexit>

V ±, V 0

Dark Higgs

<latexit sha1_base64="b+fHUCyEYqCFSL8ZQ6ye6KDTi1c=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE8lLJbRD1JwYvHCvYDd9eSTbNtaLJZklmhlP4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0oFN+C6387K6tr6xmZhq7i9s7u3Xzo4bBmVacqaVAmlOxExTPCENYGDYJ1UMyIjwdrR8Gbqt5+YNlwl9zBKWShJP+ExpwSs5Lcfg1RWcFDBD91S2a26M+Bl4uWkjHI0uqWvoKdoJlkCVBBjfM9NIRwTDZwKNikGmWEpoUPSZ76lCZHMhOPZyRN8apUejpW2lQCeqb8nxkQaM5KR7ZQEBmbRm4r/eX4G8VU45kmaAUvofFGcCQwKT//HPa4ZBTGyhFDN7a2YDogmFGxKRRuCt/jyMmnVqt5FtXZ3Xq5f53EU0DE6QWfIQ5eojm5RAzURRQo9o1f05oDz4rw7H/PWFSefOUJ/4Hz+AJwVkCc=</latexit>

W±, Z

Seesaw lepton masses via dark Higgs + bi-doublets
<latexit sha1_base64="b1gToFtPR4e+tOYgV+27z6OILb8=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuEuiFpJwMbCIoL5gNwR9jabZMne3rE7K8Qjv8TGQhFbf4qd/8ZNcoUmPhh4vDfDzLwoFVyD5307hbX1jc2t4nZpZ3dvv+weHLZ0YhRlTZqIRHUiopngkjWBg2CdVDESR4K1o/HNzG8/MqV5Ih9gkrIwJkPJB5wSsFLPLWcBJQLfTQNtUs2g51a8qjcHXiV+TiooR6PnfgX9hJqYSaCCaN31vRTCjCjgVLBpKTCapYSOyZB1LZUkZjrM5odP8alV+niQKFsS8Fz9PZGRWOtJHNnOmMBIL3sz8T+va2BwFWZcpgaYpItFAyMwJHiWAu5zxSiIiSWEKm5vxXREFKFgsyrZEPzll1dJq1b1L6q1+/NK/TqPo4iO0Qk6Qz66RHV0ixqoiSgy6Bm9ojfnyXlx3p2PRWvByWeO0B84nz/W5ZM0</latexit>

L �

Z2 parity:
<latexit sha1_base64="uZ/T7W9MuLZHUC/bpye1yJHSdAA=">AAACDHicbVDNSsNAGNz4W+tf1aOXxSJUCCUpouJBCh7qsYJpC00om82mXbqbxN2NUEIfwIuv4sWDIl59AG++jds2B20dWBhm5uPbb/yEUaks69tYWl5ZXVsvbBQ3t7Z3dkt7+y0ZpwITB8csFh0fScJoRBxFFSOdRBDEfUba/vB64rcfiJA0ju7UKCEeR/2IhhQjpaVeqWy69ykKYOMSuiZ0KvZJr+Garpm5gsM+i33ExjplVa0p4CKxc1IGOZq90pcbxDjlJFKYISm7tpUoL0NCUczIuOimkiQID1GfdDWNECfSy6bHjOGxVgIYxkK/SMGp+nsiQ1zKEfd1kiM1kPPeRPzP66YqvPAyGiWpIhGeLQpTBlUMJ83AgAqCFRtpgrCg+q8QD5BAWOn+iroEe/7kRdKqVe2zau32tFy/yusogENwBCrABuegDm5AEzgAg0fwDF7Bm/FkvBjvxscsumTkMwfgD4zPH9JkmPk=</latexit>

, G : U(1)G global
<latexit sha1_base64="TX91BqGptTJCPiRdBGvJKLk/K4I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePFYwbSFNpbNdtMu3d2E3Y1QQn+DFw+KePUHefPfuE1z0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCye3c7zxRpVksH8w0oYHAI8kiRrCxkt9+7CdiUK25dTcHWiVeQWpQoDWofvWHMUkFlYZwrHXPcxMTZFgZRjidVfqppgkmEzyiPUslFlQHWX7sDJ1ZZYiiWNmSBuXq74kMC62nIrSdApuxXvbm4n9eLzXRdZAxmaSGSrJYFKUcmRjNP0dDpigxfGoJJorZWxEZY4WJsflUbAje8surpN2oe5f1xv1FrXlTxFGGEziFc/DgCppwBy3wgQCDZ3iFN0c6L86787FoLTnFzDH8gfP5A7QGjpw=</latexit>

V ± Stability for vector dark matter

[S.-S. Kim, HML, A. Menkara, K. Yamashita, 2022]



Unification with dark matter
Muon g-2Seesaw leptons

W-boson mass

<latexit sha1_base64="pp32XpXu/XQOCdShzZLXzjPXlso="></latexit>

�aµ ' 3g2DMEmµ
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V 0

✓L✓R

<latexit sha1_base64="HzzJ3g/FFXvCjbHoeBmTUMrwctw=">AAACEnicbZDNSsNAFIUn9b/+RV26GSyCbkpSRF2JIIILhSpWC00Jk+mkHTqThJkboYQ8gxtfxY0LRdy6cufbOG2z0NYDAx/n3sude4JEcA2O822VZmbn5hcWl8rLK6tr6/bG5p2OU0VZg8YiVs2AaCZ4xBrAQbBmohiRgWD3Qf9sWL9/YErzOLqFQcLaknQjHnJKwFi+ve9BjwHxL3EBN57mEnuhIjSTfubJNM+zK/889+2KU3VGwtPgFlBBheq+/eV1YppKFgEVROuW6yTQzogCTgXLy16qWUJon3RZy2BEJNPtbHRSjneN08FhrMyLAI/c3xMZkVoPZGA6JYGenqwNzf9qrRTC43bGoyQFFtHxojAVGGI8zAd3uGIUxMAAoYqbv2LaIyYNMCmWTQju5MnTcFeruofV2vVB5fSkiGMRbaMdtIdcdIRO0QWqowai6BE9o1f0Zj1ZL9a79TFuLVnFzBb6I+vzB/Dqnkg=</latexit>

✓L✓R ⇠ mµ

ME

<latexit sha1_base64="Ni978HwXEtfxzb+39BNlG24u+0U="></latexit>
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<latexit sha1_base64="ErrTjMXGcBSdI/mu8eBHrKEy63M="></latexit>

mV 0 �mV ± ' 1

2

M2
Z

mV 0
�⇢H

quasi-degenerate 
DM masses

Vector-like leptons

Dark matter

XX
<latexit sha1_base64="4+GNwSxB3iXdBTrjXsuHlksByW0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxov2AdinZNNuGJtklyQpl6U/w4kERr/4ib/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rRztJWCDJUPGIU2Kd9NCTab9c8areHHiV+DmpQI5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2TzU6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8exvPOCaUSsmjhCqubsV0xHRhFqXTsmF4C+/vEpatap/Wa3dX1TqN3kcRTiBUzgHH66gDnfQgCZQGMIzvMIbEugFvaOPRWsB5TPH8Afo8wdedI3Z</latexit>µ

<latexit sha1_base64="4+GNwSxB3iXdBTrjXsuHlksByW0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxov2AdinZNNuGJtklyQpl6U/w4kERr/4ib/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rRztJWCDJUPGIU2Kd9NCTab9c8areHHiV+DmpQI5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2TzU6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8exvPOCaUSsmjhCqubsV0xHRhFqXTsmF4C+/vEpatap/Wa3dX1TqN3kcRTiBUzgHH66gDnfQgCZQGMIzvMIbEugFvaOPRWsB5TPH8Afo8wdedI3Z</latexit>µ<latexit sha1_base64="gqhdvIKLq/0Lk85a9yyJKYAd4HI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8SEMFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1e96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSbNS9i7LlfpFqXqTxZGHEziFc/DgCqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH5oDjMw=</latexit>

E
<latexit sha1_base64="mCJtCfAVn4SAS6U1bFQjC74MVNk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKewGUU8S8JJjFPOAZAmzk95kyOzsMjMrhJA/8OJBEa/+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5aMYJ+hEdSB5yRo2VHmrnvWLJLbtzkFXiZaQEGeq94le3H7M0QmmYoFp3PDcx/oQqw5nAaaGbakwoG9EBdiyVNELtT+aXTsmZVfokjJUtachc/T0xoZHW4yiwnRE1Q73szcT/vE5qwht/wmWSGpRssShMBTExmb1N+lwhM2JsCWWK21sJG1JFmbHhFGwI3vLLq6RZKXtX5cr9Zal6m8WRhxM4hQvw4BqqUIM6NIBBCM/wCm/OyHlx3p2PRWvOyWaO4Q+czx/+140A</latexit>

H
0 <latexit sha1_base64="IrOXPSFkBle/Gr1eKI13g5E4Cl4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kkCevAYwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHVSs1sfst5tr1T2K/4MaJkEOSlDjnqv9NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXZTQxNMRnhAO45KLKgJs9m1E3TqlD6KlXYlLZqpvycyLIwZi8h1CmyHZtGbiv95ndTGV2HGZJJaKsl8UZxyZBWavo76TFNi+dgRTDRztyIyxBoT6wIquhCCxZeXSbNaCS4q1fvzcu06j6MAx3ACZxDAJdTgDurQAAKP8Ayv8OYp78V79z7mrStePnMEf+B9/gAoKI7Z</latexit>

�D

<latexit sha1_base64="0lFFAVmen7DINxShts7OTcDY7Ww=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3iHqSghePFdy22K4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzdTv/VElWaxvDfjhAYCDySLGMHGSv7DWfPR7ZUrbtWdAS0TLycVyNHolb+6/ZikgkpDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lEguqg2x27ASdWKWPoljZkgbN1N8TGRZaj0VoOwU2Q73oTcX/vE5qoqsgYzJJDZVkvihKOTIxmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0mzVvUuqrW780r9Oo+jCEdwDKfgwSXU4RYa4AMBBs/wCm+OdF6cd+dj3lpw8plD+APn8wfuTo4a</latexit>

Z � V 0 mixing



Dark matter and W-boson mass

Forbidden annihilations for freeze-out

Indirect signal at CMB/galaxies suppressed

Higgs-singlet mixing:

Destructive interference for direct detection

Aligned limit for Higgs mixing, 

[S.-S. Kim, HML, A. Menkara, K. Yamashita, 2022]



Unification with dark matter
Muon g-2

W-boson mass

Dark matter
<latexit sha1_base64="ySkphgm7Xq5LrvHdo7JaL56NyEc=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16CRZBEEtSRD1JwYvHCjYttGnZbDft0s0m7G6UEvtTvHhQxKu/xJv/xk2bg7Y+GHi8N8PMPD9mVCrb/jYKK6tr6xvFzdLW9s7unlned2WUCEyaOGKRaPtIEkY5aSqqGGnHgqDQZ6Tlj28yv/VAhKQRv1eTmHghGnIaUIyUlvpm2e2dur2zroost2dn1TcrdtWewVomTk4qkKPRN7+6gwgnIeEKMyRlx7Fj5aVIKIoZmZa6iSQxwmM0JB1NOQqJ9NLZ6VPrWCsDK4iELq6smfp7IkWhlJPQ150hUiO56GXif14nUcGVl1IeJ4pwPF8UJMzSj2Y5WAMqCFZsognCgupbLTxCAmGl0yrpEJzFl5eJW6s6F9Xa3Xmlfp3HUYRDOIITcOAS6nALDWgChkd4hld4M56MF+Pd+Ji3Fox85gD+wPj8AcG9kl8=</latexit>

V +V � ! V 0V 0

Quasi-degenerate 
SU(2) DM

Higgs-singlet mixing:

Weak-scale SU(2) DM

[S.-S. Kim, HML, A. Menkara, 
K. Yamashita, 2022]

<latexit sha1_base64="THbm2uISuDmEOE+l3f3w19LtRYM=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSRF1JMUvHgRKtgPaELYbDbt0k027E6EUnrx4l/x4kERr/4Hb/4bt20O2vpg4PHeDDPzwkxwDY7zbS0tr6yurZc2yptb2zu79t5+S8tcUdakUkjVCYlmgqesCRwE62SKkSQUrB0Orid++4EpzWV6D8OM+QnppTzmlICRAvsIexETQHAStLxMyQxkIdwG7cCuOFVnCrxI3IJUUIFGYH95kaR5wlKggmjddZ0M/BFRwKlg47KXa5YROiA91jU0JQnT/mj6xRifGCXCsVSmUsBT9ffEiCRaD5PQdCYE+nrem4j/ed0c4kt/xNMsB5bS2aI4FxgknkSCI64YBTE0hFDFza2Y9okiFExwZROCO//yImnVqu55tXZ3VqlfFXGU0CE6RqfIRReojm5QAzURRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwC/ipgX</latexit>
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<latexit sha1_base64="hcZ5cwz4Q3OBafd3iLCKtNZaalc="></latexit>
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<latexit sha1_base64="SfVZBB34ER+ahgda/cdZoK1A6pY="></latexit>
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Conclusions
• Z4 discrete symmetry ensures small neutrino masses 

and dark matter stability in radiative seesaw models.

• After Z4 is broken down to Z2, dark scalar ϕ 
provides extra annihilation channels for inert 
doublet DM, opening up a window for heavy DM.

• SU(2) gauge bosons with nonzero dark isospin can 
be dark matter candidates as a bonus.

• Small charged lepton masses can be obtained by 
seesaw mechanism with vector-like leptons and extra 
U(1) or SU(2) gauge symmetries.


