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Outline

• Self-interacting dark matter

• Light dark matter & SIMP paradigm

• Non-abelian SIMP

• Conclusions



SM & Puzzles

But, Hierarchy problem

Electroweak symmetry breaking

 Dark matter, dark energy

Inflation, quantum gravity, 
unification, etc.

Flavor puzzles,  baryogenesis

• SM describes well fundamental 
interactions of elementary particles 
except gravity.

Vacuum instability



Dark matter from sky

CMB (+ flat universe) 
+ SN1a + BAO



What is dark matter?
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<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>

WIMP DMAxion DM

⇡<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>

Can be once 
in equilibrium

Out of equilibrium

Quantum gravity

Black holes

Fermion DMBoson DM

Out of equilibrium



WIMP dark matter

Dark matter abundance is 
determined by freeze-out:

[Lee,Weinberg(1977)]

weak interaction, 10GeV~1TeV mass.

DM

DM

SM

SM But, severe direct detection constraints!



Core-Cusp problem

• CDM N-body simulation predicts “cuspy” DM profile(NFW), 
rendering rotation velocities larger at small scales 
(→“cored”DM profile favored).

[Spergel, Steinhardt, 2000;  Tulin, Yu, 2017]
CDM at large-scales(>Mpc). Beyond CDM at small-scales(<kpc)?

cf. related: too-big-to-fail, missing satellite problems.



Self-Interacting dark matter

[Tulin, Yu, 2017][Weinberg et al, 2013]

�self

mDM
⇠ 0.1� 10cm2/g

<latexit sha1_base64="8XkjDvEdwN+Ub8cDwarOcgqKQUg="></latexit><latexit sha1_base64="8XkjDvEdwN+Ub8cDwarOcgqKQUg="></latexit><latexit sha1_base64="8XkjDvEdwN+Ub8cDwarOcgqKQUg="></latexit><latexit sha1_base64="8XkjDvEdwN+Ub8cDwarOcgqKQUg="></latexit>

Self-Interacting Dark Matter (SIDM):

Self-interactions transport heat and flatten the DM profile.

BUT, baryons(feedback from SN)
can also erase small structures.

e.g. Brooks & Zolotov, 2012



Velocity-dependent SIDM

• Bullet cluster shows no DM self-interactions.
[M. Kaplinghat et al, 2015]

• DM self-interaction should be velocity-dependent.

�/m . 0.7 cm2/g
<latexit sha1_base64="I2gBf91fEnuI6kzDDwvTt0cAjHU="></latexit><latexit sha1_base64="I2gBf91fEnuI6kzDDwvTt0cAjHU="></latexit><latexit sha1_base64="I2gBf91fEnuI6kzDDwvTt0cAjHU="></latexit><latexit sha1_base64="I2gBf91fEnuI6kzDDwvTt0cAjHU="></latexit>

Non-minimal dark matter: 
Sommerfeld enhancement or dark 

resonances might be needed. [X. Chu et al, 2018]



[S. Tulin and H. Yu, Phys. Rept. 730, 1(2018)]

SIDM constraints



Light dark matter & 
SIMP paradigm



Light dark matter
Below typical WIMP masses:

ER =
~q2

2mN
=

(mDMv)2

2mN
. keV

<latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit><latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit><latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit><latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit>

: Small recoil energy

1 keV . mDM . 10GeV
<latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit><latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit><latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit><latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit>

Challenging for lower detector threshold.

(Fermion DM)



SIMP paradigm

DM

XDM

X

↵2
X

<latexit sha1_base64="JUoc+Ved/KJsMEQ6aDEm7r7kvgA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRFUG9FLx4rGC00sUy223bpZrPsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvlpxp43nfTmlldW19o7xZ2dre2d2r7h/c6zRThAYk5alqx6gpZ4IGhhlO21JRTGJOH+LR9dR/eKJKs1TcmbGkUYIDwfqMoLFSGCKXQ3xsdPP2pFuteXVvBneZ+AWpQYFWt/oV9lKSJVQYwlHrju9JE+WoDCOcTiphpqlEMsIB7VgqMKE6ymc3T9wTq/TcfqpsCePO1N8TOSZaj5PYdiZohnrRm4r/eZ3M9C+inAmZGSrIfFE/465J3WkAbo8pSgwfW4JEMXurS4aokBgbU8WG4C++vEyCRv2y7t+e1ZpXRRplOIJjOAUfzqEJN9CCAAhIeIZXeHMy58V5dz7mrSWnmDmEP3A+fwBOcpFn</latexit><latexit sha1_base64="JUoc+Ved/KJsMEQ6aDEm7r7kvgA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRFUG9FLx4rGC00sUy223bpZrPsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvlpxp43nfTmlldW19o7xZ2dre2d2r7h/c6zRThAYk5alqx6gpZ4IGhhlO21JRTGJOH+LR9dR/eKJKs1TcmbGkUYIDwfqMoLFSGCKXQ3xsdPP2pFuteXVvBneZ+AWpQYFWt/oV9lKSJVQYwlHrju9JE+WoDCOcTiphpqlEMsIB7VgqMKE6ymc3T9wTq/TcfqpsCePO1N8TOSZaj5PYdiZohnrRm4r/eZ3M9C+inAmZGSrIfFE/465J3WkAbo8pSgwfW4JEMXurS4aokBgbU8WG4C++vEyCRv2y7t+e1ZpXRRplOIJjOAUfzqEJN9CCAAhIeIZXeHMy58V5dz7mrSWnmDmEP3A+fwBOcpFn</latexit><latexit sha1_base64="JUoc+Ved/KJsMEQ6aDEm7r7kvgA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRFUG9FLx4rGC00sUy223bpZrPsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvlpxp43nfTmlldW19o7xZ2dre2d2r7h/c6zRThAYk5alqx6gpZ4IGhhlO21JRTGJOH+LR9dR/eKJKs1TcmbGkUYIDwfqMoLFSGCKXQ3xsdPP2pFuteXVvBneZ+AWpQYFWt/oV9lKSJVQYwlHrju9JE+WoDCOcTiphpqlEMsIB7VgqMKE6ymc3T9wTq/TcfqpsCePO1N8TOSZaj5PYdiZohnrRm4r/eZ3M9C+inAmZGSrIfFE/465J3WkAbo8pSgwfW4JEMXurS4aokBgbU8WG4C++vEyCRv2y7t+e1ZpXRRplOIJjOAUfzqEJN9CCAAhIeIZXeHMy58V5dz7mrSWnmDmEP3A+fwBOcpFn</latexit><latexit sha1_base64="JUoc+Ved/KJsMEQ6aDEm7r7kvgA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRFUG9FLx4rGC00sUy223bpZrPsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvlpxp43nfTmlldW19o7xZ2dre2d2r7h/c6zRThAYk5alqx6gpZ4IGhhlO21JRTGJOH+LR9dR/eKJKs1TcmbGkUYIDwfqMoLFSGCKXQ3xsdPP2pFuteXVvBneZ+AWpQYFWt/oV9lKSJVQYwlHrju9JE+WoDCOcTiphpqlEMsIB7VgqMKE6ymc3T9wTq/TcfqpsCePO1N8TOSZaj5PYdiZohnrRm4r/eZ3M9C+inAmZGSrIfFE/465J3WkAbo8pSgwfW4JEMXurS4aokBgbU8WG4C++vEyCRv2y7t+e1ZpXRRplOIJjOAUfzqEJN9CCAAhIeIZXeHMy58V5dz7mrSWnmDmEP3A+fwBOcpFn</latexit>
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DM
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↵3
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Chemical equilibrium is realized by self-interactions!

Strongly Interacting Massive Particles (SIMPs):

[Carlson et al (1992); Hochberg et al (2014)]

dnDM

dt
+ 3HnDM = �h�vi2!2(n

2
DM � (neq

DM)2)
<latexit sha1_base64="YpHOO+5otRrSpbecc9xrMxDrXpk="></latexit><latexit sha1_base64="YpHOO+5otRrSpbecc9xrMxDrXpk="></latexit><latexit sha1_base64="YpHOO+5otRrSpbecc9xrMxDrXpk="></latexit><latexit sha1_base64="YpHOO+5otRrSpbecc9xrMxDrXpk="></latexit>

No need of new light particles and SM interactions!
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SIMP as SIDM

⌦DMh2 ' 0.1
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<latexit sha1_base64="BikNA0BQCK6Fl6lBc3FJPsJFEZQ=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiSlULuRghuXFYwtNDFMppN26MwkzEzEEvIrblyouPVL3Pk3Th8LbT1w4XDOvdx7T5QyqrTjfFuljc2t7Z3ybmVv/+DwyD6u3qskk5h4OGGJ7EdIEUYF8TTVjPRTSRCPGOlFk+uZ33skUtFE3OlpSgKORoLGFCNtpNCu+oilY/TQCHNfckjiuAjtmlN33Eaz1YaGzAHdVVIDS3RD+8sfJjjjRGjMkFID10l1kCOpKWakqPiZIinCEzQiA0MF4kQF+fz2Ap4bZQjjRJoSGs7V3xM54kpNeWQ6OdJjterNxP+8QabjyyCnIs00EXixKM4Y1AmcBQGHVBKs2dQQhCU1t0I8RhJhbeKqmBDWXl4nXqPerru3zVrnaplGGZyCM3ABXNACHXADusADGDyBZ/AK3qzCerHerY9Fa8lazpyAP7A+fwA7/JQc</latexit><latexit sha1_base64="BikNA0BQCK6Fl6lBc3FJPsJFEZQ=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiSlULuRghuXFYwtNDFMppN26MwkzEzEEvIrblyouPVL3Pk3Th8LbT1w4XDOvdx7T5QyqrTjfFuljc2t7Z3ybmVv/+DwyD6u3qskk5h4OGGJ7EdIEUYF8TTVjPRTSRCPGOlFk+uZ33skUtFE3OlpSgKORoLGFCNtpNCu+oilY/TQCHNfckjiuAjtmlN33Eaz1YaGzAHdVVIDS3RD+8sfJjjjRGjMkFID10l1kCOpKWakqPiZIinCEzQiA0MF4kQF+fz2Ap4bZQjjRJoSGs7V3xM54kpNeWQ6OdJjterNxP+8QabjyyCnIs00EXixKM4Y1AmcBQGHVBKs2dQQhCU1t0I8RhJhbeKqmBDWXl4nXqPerru3zVrnaplGGZyCM3ABXNACHXADusADGDyBZ/AK3qzCerHerY9Fa8lazpyAP7A+fwA7/JQc</latexit><latexit sha1_base64="BikNA0BQCK6Fl6lBc3FJPsJFEZQ=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiSlULuRghuXFYwtNDFMppN26MwkzEzEEvIrblyouPVL3Pk3Th8LbT1w4XDOvdx7T5QyqrTjfFuljc2t7Z3ybmVv/+DwyD6u3qskk5h4OGGJ7EdIEUYF8TTVjPRTSRCPGOlFk+uZ33skUtFE3OlpSgKORoLGFCNtpNCu+oilY/TQCHNfckjiuAjtmlN33Eaz1YaGzAHdVVIDS3RD+8sfJjjjRGjMkFID10l1kCOpKWakqPiZIinCEzQiA0MF4kQF+fz2Ap4bZQjjRJoSGs7V3xM54kpNeWQ6OdJjterNxP+8QabjyyCnIs00EXixKM4Y1AmcBQGHVBKs2dQQhCU1t0I8RhJhbeKqmBDWXl4nXqPerru3zVrnaplGGZyCM3ABXNACHXADusADGDyBZ/AK3qzCerHerY9Fa8lazpyAP7A+fwA7/JQc</latexit><latexit sha1_base64="BikNA0BQCK6Fl6lBc3FJPsJFEZQ=">AAAB+nicbVDLSsNAFJ3UV62vWJduBovgqiSlULuRghuXFYwtNDFMppN26MwkzEzEEvIrblyouPVL3Pk3Th8LbT1w4XDOvdx7T5QyqrTjfFuljc2t7Z3ybmVv/+DwyD6u3qskk5h4OGGJ7EdIEUYF8TTVjPRTSRCPGOlFk+uZ33skUtFE3OlpSgKORoLGFCNtpNCu+oilY/TQCHNfckjiuAjtmlN33Eaz1YaGzAHdVVIDS3RD+8sfJjjjRGjMkFID10l1kCOpKWakqPiZIinCEzQiA0MF4kQF+fz2Ap4bZQjjRJoSGs7V3xM54kpNeWQ6OdJjterNxP+8QabjyyCnIs00EXixKM4Y1AmcBQGHVBKs2dQQhCU1t0I8RhJhbeKqmBDWXl4nXqPerru3zVrnaplGGZyCM3ABXNACHXADusADGDyBZ/AK3qzCerHerY9Fa8lazpyAP7A+fwA7/JQc</latexit>

Naturally small annihilation: h�e↵vi = nDMh�v2i⌧ �self
<latexit sha1_base64="N0huFxqrCOI6+GN3Nn2Gt+7dU1U=">AAAB/XicbVBNSwMxEJ31s9avqnjyEiyCp7IrgnqRghePFVxb6C5LNs22oUl2SbJCWQr+FS8eVLz6P7z5b0zbPWjrg4HHezPJzIszzrRx3W9naXlldW29slHd3Nre2a3t7T/oNFeE+iTlqerEWFPOJPUNM5x2MkWxiDltx8Obid9+pEqzVN6bUUZDgfuSJYxgY6WodhhwjgLN+gJHRaAEsk8l46hWdxvuFGiReCWpQ4lWVPsKeinJBZWGcKx113MzExZYGUY4HVeDXNMMkyHu066lEguqw2K6/hidWKWHklTZkgZN1d8TBRZaj0RsOwU2Az3vTcT/vG5uksuwYDLLDZVk9lGSc2RSNMkC9ZiixPCRJZgoZndFZIAVJsYmVrUhePMnLxL/rHHV8O7O683rMo0KHMExnIIHF9CEW2iBDwQKeIZXeHOenBfn3fmYtS455cwB/IHz+QONWpVq</latexit><latexit sha1_base64="N0huFxqrCOI6+GN3Nn2Gt+7dU1U=">AAAB/XicbVBNSwMxEJ31s9avqnjyEiyCp7IrgnqRghePFVxb6C5LNs22oUl2SbJCWQr+FS8eVLz6P7z5b0zbPWjrg4HHezPJzIszzrRx3W9naXlldW29slHd3Nre2a3t7T/oNFeE+iTlqerEWFPOJPUNM5x2MkWxiDltx8Obid9+pEqzVN6bUUZDgfuSJYxgY6WodhhwjgLN+gJHRaAEsk8l46hWdxvuFGiReCWpQ4lWVPsKeinJBZWGcKx113MzExZYGUY4HVeDXNMMkyHu066lEguqw2K6/hidWKWHklTZkgZN1d8TBRZaj0RsOwU2Az3vTcT/vG5uksuwYDLLDZVk9lGSc2RSNMkC9ZiixPCRJZgoZndFZIAVJsYmVrUhePMnLxL/rHHV8O7O683rMo0KHMExnIIHF9CEW2iBDwQKeIZXeHOenBfn3fmYtS455cwB/IHz+QONWpVq</latexit><latexit sha1_base64="N0huFxqrCOI6+GN3Nn2Gt+7dU1U=">AAAB/XicbVBNSwMxEJ31s9avqnjyEiyCp7IrgnqRghePFVxb6C5LNs22oUl2SbJCWQr+FS8eVLz6P7z5b0zbPWjrg4HHezPJzIszzrRx3W9naXlldW29slHd3Nre2a3t7T/oNFeE+iTlqerEWFPOJPUNM5x2MkWxiDltx8Obid9+pEqzVN6bUUZDgfuSJYxgY6WodhhwjgLN+gJHRaAEsk8l46hWdxvuFGiReCWpQ4lWVPsKeinJBZWGcKx113MzExZYGUY4HVeDXNMMkyHu066lEguqw2K6/hidWKWHklTZkgZN1d8TBRZaj0RsOwU2Az3vTcT/vG5uksuwYDLLDZVk9lGSc2RSNMkC9ZiixPCRJZgoZndFZIAVJsYmVrUhePMnLxL/rHHV8O7O683rMo0KHMExnIIHF9CEW2iBDwQKeIZXeHOenBfn3fmYtS455cwB/IHz+QONWpVq</latexit><latexit sha1_base64="N0huFxqrCOI6+GN3Nn2Gt+7dU1U=">AAAB/XicbVBNSwMxEJ31s9avqnjyEiyCp7IrgnqRghePFVxb6C5LNs22oUl2SbJCWQr+FS8eVLz6P7z5b0zbPWjrg4HHezPJzIszzrRx3W9naXlldW29slHd3Nre2a3t7T/oNFeE+iTlqerEWFPOJPUNM5x2MkWxiDltx8Obid9+pEqzVN6bUUZDgfuSJYxgY6WodhhwjgLN+gJHRaAEsk8l46hWdxvuFGiReCWpQ4lWVPsKeinJBZWGcKx113MzExZYGUY4HVeDXNMMkyHu066lEguqw2K6/hidWKWHklTZkgZN1d8TBRZaj0RsOwU2Az3vTcT/vG5uksuwYDLLDZVk9lGSc2RSNMkC9ZiixPCRJZgoZndFZIAVJsYmVrUhePMnLxL/rHHV8O7O683rMo0KHMExnIIHF9CEW2iBDwQKeIZXeHOenBfn3fmYtS455cwB/IHz+QONWpVq</latexit>

Relic density:

Self-scattering:
�self

mDM
⇠

⇣ 5

↵e↵

⌘
1cm2/g

<latexit sha1_base64="12z+kKdL+XwRxFTSghzOlHihvhA="></latexit><latexit sha1_base64="12z+kKdL+XwRxFTSghzOlHihvhA="></latexit><latexit sha1_base64="12z+kKdL+XwRxFTSghzOlHihvhA="></latexit><latexit sha1_base64="12z+kKdL+XwRxFTSghzOlHihvhA="></latexit>

Thermal dark matter
at sub-GeV scale

Beyond Z2 parity.
e.g. Z3



SIMP in equilibrium

DM

SM

DM

SM

✏2

• SIMP must couple to thermal plasma to avoid the 
overheating problem for structure formation.

Kinetic equilibrium:

[de Laix et al, 1995; Murayama, HML et al, 2017]
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�(T ) > H

⇣
mDM

T

⌘2

, �(T ) ⇠
D
nY �elvY

T

mDM

E
.

✏ > 10�8↵1/2
e↵

h�elvi =
✏2

m2
DM

3→2 elastic scatt.

K̇ + 2HK = �m
2
DMHT

�1 + T�(T )

cf.  WIMP:

�Kann ⇠ mDM �Kscatt =
q2

2mDM

⇠ T 2

mDM

�(T ) > H

⇣
mDM

T

⌘

<latexit sha1_base64="dNs6h7iUg/GJP8z4o+sVCQ2qcY4=">AAACEXicbVA9SwNBEN2LXzF+nVraLAYhacKdCGojIVqkESIkJpALYW+zlyzZ3Tt294Rw3G+w8a/YWKjY2tn5b9xLUmjig4HHezPMzPMjRpV2nG8rt7K6tr6R3yxsbe/s7tn7B/cqjCUmLRyyUHZ8pAijgrQ01Yx0IkkQ9xlp++PrzG8/EKloKJp6EpEeR0NBA4qRNlLfLntDxDkqNctXda9GhyUvkAgnvJ94ksOb2zRNmmlmlPt20ak4U8Bl4s5JEczR6Ntf3iDEMSdCY4aU6rpOpHsJkppiRtKCFysSITxGQ9I1VCBOVC+ZvpTCE6MMYBBKU0LDqfp7IkFcqQn3TSdHeqQWvUz8z+vGOrjoJVREsSYCzxYFMYM6hFk+cEAlwZpNDEFYUnMrxCNkMtEmxYIJwV18eZm0TiuXFffurFitzdPIgyNwDErABeegCuqgAVoAg0fwDF7Bm/VkvVjv1sesNWfNZw7BH1ifPyTjnLw=</latexit><latexit sha1_base64="dNs6h7iUg/GJP8z4o+sVCQ2qcY4=">AAACEXicbVA9SwNBEN2LXzF+nVraLAYhacKdCGojIVqkESIkJpALYW+zlyzZ3Tt294Rw3G+w8a/YWKjY2tn5b9xLUmjig4HHezPMzPMjRpV2nG8rt7K6tr6R3yxsbe/s7tn7B/cqjCUmLRyyUHZ8pAijgrQ01Yx0IkkQ9xlp++PrzG8/EKloKJp6EpEeR0NBA4qRNlLfLntDxDkqNctXda9GhyUvkAgnvJ94ksOb2zRNmmlmlPt20ak4U8Bl4s5JEczR6Ntf3iDEMSdCY4aU6rpOpHsJkppiRtKCFysSITxGQ9I1VCBOVC+ZvpTCE6MMYBBKU0LDqfp7IkFcqQn3TSdHeqQWvUz8z+vGOrjoJVREsSYCzxYFMYM6hFk+cEAlwZpNDEFYUnMrxCNkMtEmxYIJwV18eZm0TiuXFffurFitzdPIgyNwDErABeegCuqgAVoAg0fwDF7Bm/VkvVjv1sesNWfNZw7BH1ifPyTjnLw=</latexit><latexit sha1_base64="dNs6h7iUg/GJP8z4o+sVCQ2qcY4=">AAACEXicbVA9SwNBEN2LXzF+nVraLAYhacKdCGojIVqkESIkJpALYW+zlyzZ3Tt294Rw3G+w8a/YWKjY2tn5b9xLUmjig4HHezPMzPMjRpV2nG8rt7K6tr6R3yxsbe/s7tn7B/cqjCUmLRyyUHZ8pAijgrQ01Yx0IkkQ9xlp++PrzG8/EKloKJp6EpEeR0NBA4qRNlLfLntDxDkqNctXda9GhyUvkAgnvJ94ksOb2zRNmmlmlPt20ak4U8Bl4s5JEczR6Ntf3iDEMSdCY4aU6rpOpHsJkppiRtKCFysSITxGQ9I1VCBOVC+ZvpTCE6MMYBBKU0LDqfp7IkFcqQn3TSdHeqQWvUz8z+vGOrjoJVREsSYCzxYFMYM6hFk+cEAlwZpNDEFYUnMrxCNkMtEmxYIJwV18eZm0TiuXFffurFitzdPIgyNwDErABeegCuqgAVoAg0fwDF7Bm/VkvVjv1sesNWfNZw7BH1ifPyTjnLw=</latexit><latexit sha1_base64="dNs6h7iUg/GJP8z4o+sVCQ2qcY4=">AAACEXicbVA9SwNBEN2LXzF+nVraLAYhacKdCGojIVqkESIkJpALYW+zlyzZ3Tt294Rw3G+w8a/YWKjY2tn5b9xLUmjig4HHezPMzPMjRpV2nG8rt7K6tr6R3yxsbe/s7tn7B/cqjCUmLRyyUHZ8pAijgrQ01Yx0IkkQ9xlp++PrzG8/EKloKJp6EpEeR0NBA4qRNlLfLntDxDkqNctXda9GhyUvkAgnvJ94ksOb2zRNmmlmlPt20ak4U8Bl4s5JEczR6Ntf3iDEMSdCY4aU6rpOpHsJkppiRtKCFysSITxGQ9I1VCBOVC+ZvpTCE6MMYBBKU0LDqfp7IkFcqQn3TSdHeqQWvUz8z+vGOrjoJVREsSYCzxYFMYM6hFk+cEAlwZpNDEFYUnMrxCNkMtEmxYIJwV18eZm0TiuXFffurFitzdPIgyNwDErABeegCuqgAVoAg0fwDF7Bm/VkvVjv1sesNWfNZw7BH1ifPyTjnLw=</latexit>

�Kann ⇠ T
<latexit sha1_base64="o3dgPzIoFEVbquGgKz5+HCGmX8Y=">AAACAHicbVA9SwNBEJ3zM8avqI1gsxgEq3AngtpIQAvBJkJiArkj7G32kiW7e8funhCO2PhXbCxUbP0Zdv4bN8kVmvhg4PHeDDPzwoQzbVz321lYXFpeWS2sFdc3Nre2Szu79zpOFaENEvNYtUKsKWeSNgwznLYSRbEIOW2Gg6ux33ygSrNY1s0woYHAPckiRrCxUqe0719TbjC67WS+EghLOfI1E6jeKZXdijsBmideTsqQo9YpffndmKSCSkM41rrtuYkJMqwMI5yOin6qaYLJAPdo21KJBdVBNvlghI6s0kVRrGxJgybq74kMC62HIrSdApu+nvXG4n9eOzXReZAxmaSGSjJdFKUcmRiN40BdpigxfGgJJorZWxHpY4WJsaEVbQje7MvzpHFSuah4d6fl6mWeRgEO4BCOwYMzqMIN1KABBB7hGV7hzXlyXpx352PauuDkM3vwB87nD/2RliQ=</latexit><latexit sha1_base64="o3dgPzIoFEVbquGgKz5+HCGmX8Y=">AAACAHicbVA9SwNBEJ3zM8avqI1gsxgEq3AngtpIQAvBJkJiArkj7G32kiW7e8funhCO2PhXbCxUbP0Zdv4bN8kVmvhg4PHeDDPzwoQzbVz321lYXFpeWS2sFdc3Nre2Szu79zpOFaENEvNYtUKsKWeSNgwznLYSRbEIOW2Gg6ux33ygSrNY1s0woYHAPckiRrCxUqe0719TbjC67WS+EghLOfI1E6jeKZXdijsBmideTsqQo9YpffndmKSCSkM41rrtuYkJMqwMI5yOin6qaYLJAPdo21KJBdVBNvlghI6s0kVRrGxJgybq74kMC62HIrSdApu+nvXG4n9eOzXReZAxmaSGSjJdFKUcmRiN40BdpigxfGgJJorZWxHpY4WJsaEVbQje7MvzpHFSuah4d6fl6mWeRgEO4BCOwYMzqMIN1KABBB7hGV7hzXlyXpx352PauuDkM3vwB87nD/2RliQ=</latexit><latexit sha1_base64="o3dgPzIoFEVbquGgKz5+HCGmX8Y=">AAACAHicbVA9SwNBEJ3zM8avqI1gsxgEq3AngtpIQAvBJkJiArkj7G32kiW7e8funhCO2PhXbCxUbP0Zdv4bN8kVmvhg4PHeDDPzwoQzbVz321lYXFpeWS2sFdc3Nre2Szu79zpOFaENEvNYtUKsKWeSNgwznLYSRbEIOW2Gg6ux33ygSrNY1s0woYHAPckiRrCxUqe0719TbjC67WS+EghLOfI1E6jeKZXdijsBmideTsqQo9YpffndmKSCSkM41rrtuYkJMqwMI5yOin6qaYLJAPdo21KJBdVBNvlghI6s0kVRrGxJgybq74kMC62HIrSdApu+nvXG4n9eOzXReZAxmaSGSjJdFKUcmRiN40BdpigxfGgJJorZWxHpY4WJsaEVbQje7MvzpHFSuah4d6fl6mWeRgEO4BCOwYMzqMIN1KABBB7hGV7hzXlyXpx352PauuDkM3vwB87nD/2RliQ=</latexit><latexit sha1_base64="o3dgPzIoFEVbquGgKz5+HCGmX8Y=">AAACAHicbVA9SwNBEJ3zM8avqI1gsxgEq3AngtpIQAvBJkJiArkj7G32kiW7e8funhCO2PhXbCxUbP0Zdv4bN8kVmvhg4PHeDDPzwoQzbVz321lYXFpeWS2sFdc3Nre2Szu79zpOFaENEvNYtUKsKWeSNgwznLYSRbEIOW2Gg6ux33ygSrNY1s0woYHAPckiRrCxUqe0719TbjC67WS+EghLOfI1E6jeKZXdijsBmideTsqQo9YpffndmKSCSkM41rrtuYkJMqwMI5yOin6qaYLJAPdo21KJBdVBNvlghI6s0kVRrGxJgybq74kMC62HIrSdApu+nvXG4n9eOzXReZAxmaSGSjJdFKUcmRiN40BdpigxfGgJJorZWxHpY4WJsaEVbQje7MvzpHFSuah4d6fl6mWeRgEO4BCOwYMzqMIN1KABBB7hGV7hzXlyXpx352PauuDkM3vwB87nD/2RliQ=</latexit>



New window from SIMPs

⇡<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>

⇡<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> ⇡<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>

(⇠ 10M�)
<latexit sha1_base64="Oantl4ooKdRyHyoi+VN0TuuUCdQ=">AAAB/HicdVDLSgMxFM34rPU1PnZugkWoICVTi7UbKbhxI1RwbKEzlEyatqGZyZBkhDoUf8WNCxW3fog7/8ZMW0FFD1w4nHMv994TxJwpjdCHNTe/sLi0nFvJr66tb2zaW9s3SiSSUJcILmQrwIpyFlFXM81pK5YUhwGnzWB4nvnNWyoVE9G1HsXUD3E/Yj1GsDZSx94teoqF0EHe0WUn9URX6PFhxy6gEkJOFdVgRsrHqJwRp+KcVKBjlAwFMEOjY797XUGSkEaacKxU20Gx9lMsNSOcjvNeomiMyRD3advQCIdU+enk+jE8MEoX9oQ0FWk4Ub9PpDhUahQGpjPEeqB+e5n4l9dOdO/UT1kUJ5pGZLqol3CoBcyigF0mKdF8ZAgmkplbIRlgiYk2geVNCF+fwv+JWy7VSs5VpVA/m6WRA3tgHxSBA6qgDi5AA7iAgDvwAJ7As3VvPVov1uu0dc6azeyAH7DePgFuKZQg</latexit><latexit sha1_base64="Oantl4ooKdRyHyoi+VN0TuuUCdQ=">AAAB/HicdVDLSgMxFM34rPU1PnZugkWoICVTi7UbKbhxI1RwbKEzlEyatqGZyZBkhDoUf8WNCxW3fog7/8ZMW0FFD1w4nHMv994TxJwpjdCHNTe/sLi0nFvJr66tb2zaW9s3SiSSUJcILmQrwIpyFlFXM81pK5YUhwGnzWB4nvnNWyoVE9G1HsXUD3E/Yj1GsDZSx94teoqF0EHe0WUn9URX6PFhxy6gEkJOFdVgRsrHqJwRp+KcVKBjlAwFMEOjY797XUGSkEaacKxU20Gx9lMsNSOcjvNeomiMyRD3advQCIdU+enk+jE8MEoX9oQ0FWk4Ub9PpDhUahQGpjPEeqB+e5n4l9dOdO/UT1kUJ5pGZLqol3CoBcyigF0mKdF8ZAgmkplbIRlgiYk2geVNCF+fwv+JWy7VSs5VpVA/m6WRA3tgHxSBA6qgDi5AA7iAgDvwAJ7As3VvPVov1uu0dc6azeyAH7DePgFuKZQg</latexit><latexit sha1_base64="Oantl4ooKdRyHyoi+VN0TuuUCdQ=">AAAB/HicdVDLSgMxFM34rPU1PnZugkWoICVTi7UbKbhxI1RwbKEzlEyatqGZyZBkhDoUf8WNCxW3fog7/8ZMW0FFD1w4nHMv994TxJwpjdCHNTe/sLi0nFvJr66tb2zaW9s3SiSSUJcILmQrwIpyFlFXM81pK5YUhwGnzWB4nvnNWyoVE9G1HsXUD3E/Yj1GsDZSx94teoqF0EHe0WUn9URX6PFhxy6gEkJOFdVgRsrHqJwRp+KcVKBjlAwFMEOjY797XUGSkEaacKxU20Gx9lMsNSOcjvNeomiMyRD3advQCIdU+enk+jE8MEoX9oQ0FWk4Ub9PpDhUahQGpjPEeqB+e5n4l9dOdO/UT1kUJ5pGZLqol3CoBcyigF0mKdF8ZAgmkplbIRlgiYk2geVNCF+fwv+JWy7VSs5VpVA/m6WRA3tgHxSBA6qgDi5AA7iAgDvwAJ7As3VvPVov1uu0dc6azeyAH7DePgFuKZQg</latexit><latexit sha1_base64="Oantl4ooKdRyHyoi+VN0TuuUCdQ=">AAAB/HicdVDLSgMxFM34rPU1PnZugkWoICVTi7UbKbhxI1RwbKEzlEyatqGZyZBkhDoUf8WNCxW3fog7/8ZMW0FFD1w4nHMv994TxJwpjdCHNTe/sLi0nFvJr66tb2zaW9s3SiSSUJcILmQrwIpyFlFXM81pK5YUhwGnzWB4nvnNWyoVE9G1HsXUD3E/Yj1GsDZSx94teoqF0EHe0WUn9URX6PFhxy6gEkJOFdVgRsrHqJwRp+KcVKBjlAwFMEOjY797XUGSkEaacKxU20Gx9lMsNSOcjvNeomiMyRD3advQCIdU+enk+jE8MEoX9oQ0FWk4Ub9PpDhUahQGpjPEeqB+e5n4l9dOdO/UT1kUJ5pGZLqol3CoBcyigF0mKdF8ZAgmkplbIRlgiYk2geVNCF+fwv+JWy7VSs5VpVA/m6WRA3tgHxSBA6qgDi5AA7iAgDvwAJ7As3VvPVov1uu0dc6azeyAH7DePgFuKZQg</latexit>

10GeV
<latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit><latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit><latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit><latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit>

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>

WIMP DMAxion DM

⇡<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>

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>

10GeV
<latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit><latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit><latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit><latexit sha1_base64="EX92ODxPji81hqIAyai6O19tuEg=">AAAB83icdVDLSgMxFM34rPVVdekmWAQXUjK1WLuRggtdVrAP6Awlk2ba0CQzJplCGfodblyouPVn3Pk3ZtoKKnrgwuGce7n3niDmTBuEPpyl5ZXVtfXcRn5za3tnt7C339JRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7GF1lfntMlWaRvDOTmPoCDyQLGcHGSr6LvNPUUwJe09a0VyiiEkJuFdVgRspnqJwRt+KeV6BrlQxFsECjV3j3+hFJBJWGcKx110Wx8VOsDCOcTvNeommMyQgPaNdSiQXVfjo7egqPrdKHYaRsSQNn6veJFAutJyKwnQKbof7tZeJfXjcx4YWfMhknhkoyXxQmHJoIZgnAPlOUGD6xBBPF7K2QDLHCxNic8jaEr0/h/6RZLtVK7m2lWL9cpJEDh+AInAAXVEEd3IAGaAIC7sEDeALPzth5dF6c13nrkrOYOQA/4Lx9AhQRkTI=</latexit>

1GeV
<latexit sha1_base64="/WM8JD+Khj9fa/hEZPFGnPrqx0E=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjQYwW3FrpLyabZNjTZXZKsUJb+DS8eVLz6a7z5b8y2FVT0wcDjvRlm5gWJ4Nog9OEUlpZXVteK66WNza3tnfLuXkfHqaLMpbGIVTcgmgkeMddwI1g3UYzIQLC7YHyZ+3f3TGkeR7dmkjBfkmHEQ06JsZKHvZPMUxJesc60X66gKkK4gZowJ7VTVMsJruOzOsRWyVEBC7T75XdvENNUsshQQbTuYZQYPyPKcCrYtOSlmiWEjsmQ9SyNiGTaz2Y3T+GRVQYwjJWtyMCZ+n0iI1LriQxspyRmpH97ufiX10tNeO5nPEpSwyI6XxSmApoY5gHAAVeMGjGxhFDF7a2Qjogi1NiYSjaEr0/h/8StVZtVfFOvtC4WaRTBATgExwCDBmiBa9AGLqAgAQ/gCTw7qfPovDiv89aCs5jZBz/gvH0CpDiQ+A==</latexit><latexit sha1_base64="/WM8JD+Khj9fa/hEZPFGnPrqx0E=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjQYwW3FrpLyabZNjTZXZKsUJb+DS8eVLz6a7z5b8y2FVT0wcDjvRlm5gWJ4Nog9OEUlpZXVteK66WNza3tnfLuXkfHqaLMpbGIVTcgmgkeMddwI1g3UYzIQLC7YHyZ+3f3TGkeR7dmkjBfkmHEQ06JsZKHvZPMUxJesc60X66gKkK4gZowJ7VTVMsJruOzOsRWyVEBC7T75XdvENNUsshQQbTuYZQYPyPKcCrYtOSlmiWEjsmQ9SyNiGTaz2Y3T+GRVQYwjJWtyMCZ+n0iI1LriQxspyRmpH97ufiX10tNeO5nPEpSwyI6XxSmApoY5gHAAVeMGjGxhFDF7a2Qjogi1NiYSjaEr0/h/8StVZtVfFOvtC4WaRTBATgExwCDBmiBa9AGLqAgAQ/gCTw7qfPovDiv89aCs5jZBz/gvH0CpDiQ+A==</latexit><latexit sha1_base64="/WM8JD+Khj9fa/hEZPFGnPrqx0E=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjQYwW3FrpLyabZNjTZXZKsUJb+DS8eVLz6a7z5b8y2FVT0wcDjvRlm5gWJ4Nog9OEUlpZXVteK66WNza3tnfLuXkfHqaLMpbGIVTcgmgkeMddwI1g3UYzIQLC7YHyZ+3f3TGkeR7dmkjBfkmHEQ06JsZKHvZPMUxJesc60X66gKkK4gZowJ7VTVMsJruOzOsRWyVEBC7T75XdvENNUsshQQbTuYZQYPyPKcCrYtOSlmiWEjsmQ9SyNiGTaz2Y3T+GRVQYwjJWtyMCZ+n0iI1LriQxspyRmpH97ufiX10tNeO5nPEpSwyI6XxSmApoY5gHAAVeMGjGxhFDF7a2Qjogi1NiYSjaEr0/h/8StVZtVfFOvtC4WaRTBATgExwCDBmiBa9AGLqAgAQ/gCTw7qfPovDiv89aCs5jZBz/gvH0CpDiQ+A==</latexit><latexit sha1_base64="/WM8JD+Khj9fa/hEZPFGnPrqx0E=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjQYwW3FrpLyabZNjTZXZKsUJb+DS8eVLz6a7z5b8y2FVT0wcDjvRlm5gWJ4Nog9OEUlpZXVteK66WNza3tnfLuXkfHqaLMpbGIVTcgmgkeMddwI1g3UYzIQLC7YHyZ+3f3TGkeR7dmkjBfkmHEQ06JsZKHvZPMUxJesc60X66gKkK4gZowJ7VTVMsJruOzOsRWyVEBC7T75XdvENNUsshQQbTuYZQYPyPKcCrYtOSlmiWEjsmQ9SyNiGTaz2Y3T+GRVQYwjJWtyMCZ+n0iI1LriQxspyRmpH97ufiX10tNeO5nPEpSwyI6XxSmApoY5gHAAVeMGjGxhFDF7a2Qjogi1NiYSjaEr0/h/8StVZtVfFOvtC4WaRTBATgExwCDBmiBa9AGLqAgAQ/gCTw7qfPovDiv89aCs5jZBz/gvH0CpDiQ+A==</latexit>

SIMP DM

1MeV
<latexit sha1_base64="mJtSyYilYYa/O/uDpFQKO2rYE1o=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjxIlRwa6G7lGyabUOT3SXJCmXp3/DiQcWrv8ab/8ZsW0FFHww83pthZl6QCK4NQh9OYWl5ZXWtuF7a2Nza3inv7nV0nCrKXBqLWHUDopngEXMNN4J1E8WIDAS7C8aXuX93z5TmcXRrJgnzJRlGPOSUGCt52DvJPCXhNetM++UKqiKEG6gJc1I7RbWc4Do+q0NslRwVsEC7X373BjFNJYsMFUTrHkaJ8TOiDKeCTUteqllC6JgMWc/SiEim/Wx28xQeWWUAw1jZigycqd8nMiK1nsjAdkpiRvq3l4t/eb3UhOd+xqMkNSyi80VhKqCJYR4AHHDFqBETSwhV3N4K6YgoQo2NqWRD+PoU/k/cWrVZxTf1SutikUYRHIBDcAwwaIAWuAJt4AIKEvAAnsCzkzqPzovzOm8tOIuZffADztsnrVyQ/g==</latexit><latexit sha1_base64="mJtSyYilYYa/O/uDpFQKO2rYE1o=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjxIlRwa6G7lGyabUOT3SXJCmXp3/DiQcWrv8ab/8ZsW0FFHww83pthZl6QCK4NQh9OYWl5ZXWtuF7a2Nza3inv7nV0nCrKXBqLWHUDopngEXMNN4J1E8WIDAS7C8aXuX93z5TmcXRrJgnzJRlGPOSUGCt52DvJPCXhNetM++UKqiKEG6gJc1I7RbWc4Do+q0NslRwVsEC7X373BjFNJYsMFUTrHkaJ8TOiDKeCTUteqllC6JgMWc/SiEim/Wx28xQeWWUAw1jZigycqd8nMiK1nsjAdkpiRvq3l4t/eb3UhOd+xqMkNSyi80VhKqCJYR4AHHDFqBETSwhV3N4K6YgoQo2NqWRD+PoU/k/cWrVZxTf1SutikUYRHIBDcAwwaIAWuAJt4AIKEvAAnsCzkzqPzovzOm8tOIuZffADztsnrVyQ/g==</latexit><latexit sha1_base64="mJtSyYilYYa/O/uDpFQKO2rYE1o=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjxIlRwa6G7lGyabUOT3SXJCmXp3/DiQcWrv8ab/8ZsW0FFHww83pthZl6QCK4NQh9OYWl5ZXWtuF7a2Nza3inv7nV0nCrKXBqLWHUDopngEXMNN4J1E8WIDAS7C8aXuX93z5TmcXRrJgnzJRlGPOSUGCt52DvJPCXhNetM++UKqiKEG6gJc1I7RbWc4Do+q0NslRwVsEC7X373BjFNJYsMFUTrHkaJ8TOiDKeCTUteqllC6JgMWc/SiEim/Wx28xQeWWUAw1jZigycqd8nMiK1nsjAdkpiRvq3l4t/eb3UhOd+xqMkNSyi80VhKqCJYR4AHHDFqBETSwhV3N4K6YgoQo2NqWRD+PoU/k/cWrVZxTf1SutikUYRHIBDcAwwaIAWuAJt4AIKEvAAnsCzkzqPzovzOm8tOIuZffADztsnrVyQ/g==</latexit><latexit sha1_base64="mJtSyYilYYa/O/uDpFQKO2rYE1o=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgQUpSi7UXKXjxIlRwa6G7lGyabUOT3SXJCmXp3/DiQcWrv8ab/8ZsW0FFHww83pthZl6QCK4NQh9OYWl5ZXWtuF7a2Nza3inv7nV0nCrKXBqLWHUDopngEXMNN4J1E8WIDAS7C8aXuX93z5TmcXRrJgnzJRlGPOSUGCt52DvJPCXhNetM++UKqiKEG6gJc1I7RbWc4Do+q0NslRwVsEC7X373BjFNJYsMFUTrHkaJ8TOiDKeCTUteqllC6JgMWc/SiEim/Wx28xQeWWUAw1jZigycqd8nMiK1nsjAdkpiRvq3l4t/eb3UhOd+xqMkNSyi80VhKqCJYR4AHHDFqBETSwhV3N4K6YgoQo2NqWRD+PoU/k/cWrVZxTf1SutikUYRHIBDcAwwaIAWuAJt4AIKEvAAnsCzkzqPzovzOm8tOIuZffADztsnrVyQ/g==</latexit>
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SIMP detection
• DM-electron scattering

• Gamma rays, CMB

[Essig et al, 2013]
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[Hochberg et al (2015)]

• Beam dump

• Lepton colliders

[US Cosmic Visions, 2017]

[Belle-II 2018]



Non-abelian SIMP



SU(2) SIMP
[N. Bernal et al, 2015; S.-M. Choi, Y. Hochberg, E. Kuflic, 

Y. Mambrini, H. Murayama, HML, M. Pierre, 2017]

SU(2) gauge interactions→ self-interacting dark matter, 
Accidental SO(3) custodial symmetry→ DM stability.
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Large self-scattering
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X l

Relic density
(s-wave 3→2)

VEV of Dark Higgs doublet Degenerate SIMP masses



VSIMP relic density

SU(2)X SSB by Higgs VEV Confinement by strong force
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Higgs phase pushed into non-perturbative regime. [’t Hooft, 1980]

dual

Strong coupling & Higgs/QCD:



Z’ vs Higgs portals
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Split  Vector SIMP
[S.-M. Choi, Y. Mambrini, HML, M. Pierre, 2019]

VEV of Higher dimensional 
dark Higgs with isospin I

Split SU(2)X gauge boson 
masses

X± : charged under U(1)Z’ Lighter, stable dark matter

X3 : neutral under U(1)Z’ Assist freeze-out & self-
scattering 

Dark custodial symmetry:
m2

X±

m2
X3

=
1

2I
< 1.
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3→2 Forbidden 2→2 Self-scattering



Gauge mediators
 Dark Weinberg angle for SU(2)X x U(1)Z’

Kinetic mixing with U(1)Z’

, Z̃ 0
<latexit sha1_base64="lqUtZPgwqKZv5P+zzM/+FBGAOUE=">AAAB+XicbVDLTsMwENzwLOWVwpGLRYXggKoEIQG3Ci4ci0RoRRNVjuO0Vh0nsh1QFfopXDgA4sqfcONvcB8HaJnVSqOZXXk9YcaZ0o7zbS0sLi2vrJbWyusbm1vbdmXnTqW5JNQjKU9lK8SKciaop5nmtJVJipOQ02bYvxr5zQcqFUvFrR5kNEhwV7CYEayN1LErx74pVPia8Yii++Fhx646NWcMNE/cKanCFI2O/eVHKckTKjThWKm262Q6KLDUjHA6LPu5ohkmfdylbUMFTqgKivHpQ3RglAjFqTQtNBqrvzcKnCg1SEIzmWDdU7PeSPzPa+c6Pg8KJrJcU0EmD8U5RzpFoxxQxCQlmg8MwUQycysiPSwx0SatsgnBnf3yPPFOahc19+a0Wr+cplGCPdiHI3DhDOpwDQ3wgMAjPMMrvFlP1ov1bn1MRhes6c4u/IH1+QO0PJKM</latexit><latexit sha1_base64="lqUtZPgwqKZv5P+zzM/+FBGAOUE=">AAAB+XicbVDLTsMwENzwLOWVwpGLRYXggKoEIQG3Ci4ci0RoRRNVjuO0Vh0nsh1QFfopXDgA4sqfcONvcB8HaJnVSqOZXXk9YcaZ0o7zbS0sLi2vrJbWyusbm1vbdmXnTqW5JNQjKU9lK8SKciaop5nmtJVJipOQ02bYvxr5zQcqFUvFrR5kNEhwV7CYEayN1LErx74pVPia8Yii++Fhx646NWcMNE/cKanCFI2O/eVHKckTKjThWKm262Q6KLDUjHA6LPu5ohkmfdylbUMFTqgKivHpQ3RglAjFqTQtNBqrvzcKnCg1SEIzmWDdU7PeSPzPa+c6Pg8KJrJcU0EmD8U5RzpFoxxQxCQlmg8MwUQycysiPSwx0SatsgnBnf3yPPFOahc19+a0Wr+cplGCPdiHI3DhDOpwDQ3wgMAjPMMrvFlP1ov1bn1MRhes6c4u/IH1+QO0PJKM</latexit><latexit sha1_base64="lqUtZPgwqKZv5P+zzM/+FBGAOUE=">AAAB+XicbVDLTsMwENzwLOWVwpGLRYXggKoEIQG3Ci4ci0RoRRNVjuO0Vh0nsh1QFfopXDgA4sqfcONvcB8HaJnVSqOZXXk9YcaZ0o7zbS0sLi2vrJbWyusbm1vbdmXnTqW5JNQjKU9lK8SKciaop5nmtJVJipOQ02bYvxr5zQcqFUvFrR5kNEhwV7CYEayN1LErx74pVPia8Yii++Fhx646NWcMNE/cKanCFI2O/eVHKckTKjThWKm262Q6KLDUjHA6LPu5ohkmfdylbUMFTqgKivHpQ3RglAjFqTQtNBqrvzcKnCg1SEIzmWDdU7PeSPzPa+c6Pg8KJrJcU0EmD8U5RzpFoxxQxCQlmg8MwUQycysiPSwx0SatsgnBnf3yPPFOahc19+a0Wr+cplGCPdiHI3DhDOpwDQ3wgMAjPMMrvFlP1ov1bn1MRhes6c4u/IH1+QO0PJKM</latexit><latexit sha1_base64="lqUtZPgwqKZv5P+zzM/+FBGAOUE=">AAAB+XicbVDLTsMwENzwLOWVwpGLRYXggKoEIQG3Ci4ci0RoRRNVjuO0Vh0nsh1QFfopXDgA4sqfcONvcB8HaJnVSqOZXXk9YcaZ0o7zbS0sLi2vrJbWyusbm1vbdmXnTqW5JNQjKU9lK8SKciaop5nmtJVJipOQ02bYvxr5zQcqFUvFrR5kNEhwV7CYEayN1LErx74pVPia8Yii++Fhx646NWcMNE/cKanCFI2O/eVHKckTKjThWKm262Q6KLDUjHA6LPu5ohkmfdylbUMFTqgKivHpQ3RglAjFqTQtNBqrvzcKnCg1SEIzmWDdU7PeSPzPa+c6Pg8KJrJcU0EmD8U5RzpFoxxQxCQlmg8MwUQycysiPSwx0SatsgnBnf3yPPFOahc19+a0Wr+cplGCPdiHI3DhDOpwDQ3wgMAjPMMrvFlP1ov1bn1MRhes6c4u/IH1+QO0PJKM</latexit>

e
<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit> e

<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit>

x
x

X3
<latexit sha1_base64="fdCGrIwJf/ZP4K+0rtqnX1D8xBM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWNFYwttKJvtpF262YTdjVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdZIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmiXwwoxSDmPYljzijxkr3re5Zt1J1a+4UZJF4BalCgUa38tXpJSyLURomqNZtz01NkFNlOBM4LncyjSllQ9rHtqWSxqiDfHrqmBxbpUeiRNmShkzV3xM5jbUexaHtjKkZ6HlvIv7ntTMTXQY5l2lmULLZoigTxCRk8jfpcYXMiJEllClubyVsQBVlxqZTtiF48y8vEv+0dlXz7s6r9esijRIcwhGcgAcXUIdbaIAPDPrwDK/w5gjnxXl3PmatS04xcwB/4Hz+AEvbjVY=</latexit><latexit sha1_base64="fdCGrIwJf/ZP4K+0rtqnX1D8xBM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWNFYwttKJvtpF262YTdjVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdZIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmiXwwoxSDmPYljzijxkr3re5Zt1J1a+4UZJF4BalCgUa38tXpJSyLURomqNZtz01NkFNlOBM4LncyjSllQ9rHtqWSxqiDfHrqmBxbpUeiRNmShkzV3xM5jbUexaHtjKkZ6HlvIv7ntTMTXQY5l2lmULLZoigTxCRk8jfpcYXMiJEllClubyVsQBVlxqZTtiF48y8vEv+0dlXz7s6r9esijRIcwhGcgAcXUIdbaIAPDPrwDK/w5gjnxXl3PmatS04xcwB/4Hz+AEvbjVY=</latexit><latexit sha1_base64="fdCGrIwJf/ZP4K+0rtqnX1D8xBM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWNFYwttKJvtpF262YTdjVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdZIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmiXwwoxSDmPYljzijxkr3re5Zt1J1a+4UZJF4BalCgUa38tXpJSyLURomqNZtz01NkFNlOBM4LncyjSllQ9rHtqWSxqiDfHrqmBxbpUeiRNmShkzV3xM5jbUexaHtjKkZ6HlvIv7ntTMTXQY5l2lmULLZoigTxCRk8jfpcYXMiJEllClubyVsQBVlxqZTtiF48y8vEv+0dlXz7s6r9esijRIcwhGcgAcXUIdbaIAPDPrwDK/w5gjnxXl3PmatS04xcwB/4Hz+AEvbjVY=</latexit><latexit sha1_base64="fdCGrIwJf/ZP4K+0rtqnX1D8xBM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWNFYwttKJvtpF262YTdjVBCf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdZIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmiXwwoxSDmPYljzijxkr3re5Zt1J1a+4UZJF4BalCgUa38tXpJSyLURomqNZtz01NkFNlOBM4LncyjSllQ9rHtqWSxqiDfHrqmBxbpUeiRNmShkzV3xM5jbUexaHtjKkZ6HlvIv7ntTMTXQY5l2lmULLZoigTxCRk8jfpcYXMiJEllClubyVsQBVlxqZTtiF48y8vEv+0dlXz7s6r9esijRIcwhGcgAcXUIdbaIAPDPrwDK/w5gjnxXl3PmatS04xcwB/4Hz+AEvbjVY=</latexit>

Z 0
<latexit sha1_base64="uIXTa+JibmGWf7JWSLPL/+WbZhs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEUG9FLx6rGFtsS9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGPosFrFqBlSj4BJ9w43AZqKQRoHARjC8nviNJ1Sax/LejBLsRLQvecgZNVa6ezzulitu1Z2CLBIvJxXIUe+Wv9q9mKURSsME1brluYnpZFQZzgSOS+1UY0LZkPaxZamkEepONr10TI6s0iNhrGxJQ6bq74mMRlqPosB2RtQM9Lw3Ef/zWqkJLzoZl0lqULLZojAVxMRk8jbpcYXMiJEllClubyVsQBVlxoZTsiF48y8vEv+0eln1bs8qtas8jSIcwCGcgAfnUIMbqIMPDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AId3jOM=</latexit><latexit sha1_base64="uIXTa+JibmGWf7JWSLPL/+WbZhs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEUG9FLx6rGFtsS9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGPosFrFqBlSj4BJ9w43AZqKQRoHARjC8nviNJ1Sax/LejBLsRLQvecgZNVa6ezzulitu1Z2CLBIvJxXIUe+Wv9q9mKURSsME1brluYnpZFQZzgSOS+1UY0LZkPaxZamkEepONr10TI6s0iNhrGxJQ6bq74mMRlqPosB2RtQM9Lw3Ef/zWqkJLzoZl0lqULLZojAVxMRk8jbpcYXMiJEllClubyVsQBVlxoZTsiF48y8vEv+0eln1bs8qtas8jSIcwCGcgAfnUIMbqIMPDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AId3jOM=</latexit><latexit sha1_base64="uIXTa+JibmGWf7JWSLPL/+WbZhs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEUG9FLx6rGFtsS9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGPosFrFqBlSj4BJ9w43AZqKQRoHARjC8nviNJ1Sax/LejBLsRLQvecgZNVa6ezzulitu1Z2CLBIvJxXIUe+Wv9q9mKURSsME1brluYnpZFQZzgSOS+1UY0LZkPaxZamkEepONr10TI6s0iNhrGxJQ6bq74mMRlqPosB2RtQM9Lw3Ef/zWqkJLzoZl0lqULLZojAVxMRk8jbpcYXMiJEllClubyVsQBVlxoZTsiF48y8vEv+0eln1bs8qtas8jSIcwCGcgAfnUIMbqIMPDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AId3jOM=</latexit><latexit sha1_base64="uIXTa+JibmGWf7JWSLPL/+WbZhs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lEUG9FLx6rGFtsS9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t170HGqGPosFrFqBlSj4BJ9w43AZqKQRoHARjC8nviNJ1Sax/LejBLsRLQvecgZNVa6ezzulitu1Z2CLBIvJxXIUe+Wv9q9mKURSsME1brluYnpZFQZzgSOS+1UY0LZkPaxZamkEepONr10TI6s0iNhrGxJQ6bq74mMRlqPosB2RtQM9Lw3Ef/zWqkJLzoZl0lqULLZojAVxMRk8jbpcYXMiJEllClubyVsQBVlxoZTsiF48y8vEv+0eln1bs8qtas8jSIcwCGcgAfnUIMbqIMPDEJ4hld4c4bOi/PufMxaC04+sw9/4Hz+AId3jOM=</latexit>

B
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Two neutral gauge mediators

Mediator masses for Large SU(2)X  ”singlet”  VEV:

Mediator interactions!
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Approximate  
custodial symmetry

Here, sin ✓ =
gZ0

p
g2X + g2Z0

.
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Split  VSIMP relic density
Quadruplet Higgs with 

isospin I=3/2
mX̃3

⇡
p
3mX
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Forbidden channels ignorable
[S.-M. Choi, Y. Mambrini, HML, M. Pierre, 2019]



Double Z’ portals

X3 -like visible, Z’-like invisible

DM-electron scattering:

DM scattering with X3 -like is efficient for K.E.

Mediator searches:

[S.-M. Choi, Y. Mambrini, HML, M. Pierre, 2019]



SIMP mesons
Dark light fermions
G=SU(Nf)LxSU(Nf)R

dark condensate

Dark mesons 
H=SU(Nf)V flavor sym.   

• Wess-Zumino-Witten term [Wess, Zumino,1971;Witten, 1983]

meson annihilation meson self-scattering

[Hochberg et al, 2014, 2018; Seo, HML, 2015]

π5(G/H)=Z



Higgs mass and dark QCD

[SU(3)A ⇥ SU(2)A]⇥ [SU(3)B ⇥ SU(2)B ]⇥ Z2

[Chacko,Goh,Harnik, 2005]

• Discrete symmetries for Twin Higgs 

Higgs = pseudo Nambu-Goldstone boson
Global SU(4) SU(3) “15 - 8 = 7 pNGBs”

Higgs mass due to gluons “dark QCD”

�m2
h =

3⇤2

4⇡2
(y2t � y2t̂ ) = 0
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Higgs mass due to top quark neutral top partner

�m2
h =

3y2t⇤
2

4⇡4
(g23 � ĝ23) = 0
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HA $ HBgA = gB ,

[See, Hochberg et al, 2018]



SIMP mesons w/o VMs
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Breit-Wigner SIMP resonance
• SIMP process can be enhanced at dark resonances.

χ

χ

χ

S
χ∗

χ∗

DM

DM

DM

DM

DM

mR ⇠ 3mDM

e.g.  Z5 SIMP,  [S.-M.Choi, HML, 2016; S.-M. Choi, HML, M.-S. Seo, 2017]
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<latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit>



 Dark vector resonances

Global SU(Nf)VxSU(Nf)/SU(Nf)V + Hlocal=SU(Nf)V

cf. QCD: a ' 2
<latexit sha1_base64="e9jMF2nnnBVdVVnkh37/3POrZvs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF6k4MVjBWMrbSib7bRdupvE3Y1QQn+FFw8qXv073vw3btsctPXBwOO9GWbmhYng2rjut1NYWV1b3yhulra2d3b3yvsH9zpOFUOfxSJWrZBqFDxC33AjsJUopDIU2AxH11O/+YRK8zi6M+MEA0kHEe9zRo2VHmhHc4mPpNYtV9yqOwNZJl5OKpCj0S1/dXoxSyVGhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtaUQl6iCbHTwhJ1bpkX6sbEWGzNTfExmVWo9laDslNUO96E3F/7x2avoXQcajJDUYsfmifiqIicn0e9LjCpkRY0soU9zeStiQKsqMzahkQ/AWX14mfq16WfVuzyr1qzyNIhzBMZyCB+dQhxtogA8MJDzDK7w5ynlx3p2PeWvByWcO4Q+czx+iWI/S</latexit><latexit sha1_base64="e9jMF2nnnBVdVVnkh37/3POrZvs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF6k4MVjBWMrbSib7bRdupvE3Y1QQn+FFw8qXv073vw3btsctPXBwOO9GWbmhYng2rjut1NYWV1b3yhulra2d3b3yvsH9zpOFUOfxSJWrZBqFDxC33AjsJUopDIU2AxH11O/+YRK8zi6M+MEA0kHEe9zRo2VHmhHc4mPpNYtV9yqOwNZJl5OKpCj0S1/dXoxSyVGhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtaUQl6iCbHTwhJ1bpkX6sbEWGzNTfExmVWo9laDslNUO96E3F/7x2avoXQcajJDUYsfmifiqIicn0e9LjCpkRY0soU9zeStiQKsqMzahkQ/AWX14mfq16WfVuzyr1qzyNIhzBMZyCB+dQhxtogA8MJDzDK7w5ynlx3p2PeWvByWcO4Q+czx+iWI/S</latexit><latexit sha1_base64="e9jMF2nnnBVdVVnkh37/3POrZvs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF6k4MVjBWMrbSib7bRdupvE3Y1QQn+FFw8qXv073vw3btsctPXBwOO9GWbmhYng2rjut1NYWV1b3yhulra2d3b3yvsH9zpOFUOfxSJWrZBqFDxC33AjsJUopDIU2AxH11O/+YRK8zi6M+MEA0kHEe9zRo2VHmhHc4mPpNYtV9yqOwNZJl5OKpCj0S1/dXoxSyVGhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtaUQl6iCbHTwhJ1bpkX6sbEWGzNTfExmVWo9laDslNUO96E3F/7x2avoXQcajJDUYsfmifiqIicn0e9LjCpkRY0soU9zeStiQKsqMzahkQ/AWX14mfq16WfVuzyr1qzyNIhzBMZyCB+dQhxtogA8MJDzDK7w5ynlx3p2PeWvByWcO4Q+czx+iWI/S</latexit><latexit sha1_base64="e9jMF2nnnBVdVVnkh37/3POrZvs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF6k4MVjBWMrbSib7bRdupvE3Y1QQn+FFw8qXv073vw3btsctPXBwOO9GWbmhYng2rjut1NYWV1b3yhulra2d3b3yvsH9zpOFUOfxSJWrZBqFDxC33AjsJUopDIU2AxH11O/+YRK8zi6M+MEA0kHEe9zRo2VHmhHc4mPpNYtV9yqOwNZJl5OKpCj0S1/dXoxSyVGhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtaUQl6iCbHTwhJ1bpkX6sbEWGzNTfExmVWo9laDslNUO96E3F/7x2avoXQcajJDUYsfmifiqIicn0e9LjCpkRY0soU9zeStiQKsqMzahkQ/AWX14mfq16WfVuzyr1qzyNIhzBMZyCB+dQhxtogA8MJDzDK7w5ynlx3p2PeWvByWcO4Q+czx+iWI/S</latexit>

VM-π-π couplings:
VM masses: degenerate

Generalized WZW terms with Hlocal=SU(Nf)V 

cf. QCD:  VM-photon mixing

! ! 3⇡
<latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit><latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit><latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit><latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit>

cf. QCD:
⇡0 ! 2�

<latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit><latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit><latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit><latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit>

Dark photon case:  
[Berlin et al, 2018]

[Bando et al, 1988; P. Ko, 1991]

Vector resonances in hidden gauge scheme:



Boosting SIMP annihilations

Enhanced near resonances at 2π or 3π.

[S.-Choi, A. Natale, HML, P. Ko, 2018]

VMs lead to velocity-dependent self-scattering.

2→2 self-scattering:

⇠ v2
<latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit><latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit><latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit><latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit>

⇠ v4
<latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit><latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit><latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit><latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit>

3→2 annihilation:



[S.-Choi, A. Natale, HML, P. Ko, 2018]

Smaller SIMP couplings are allowed.

mV = 3m⇡

p
1 + ✏V
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Z’ portal for SIMP mesons

SM SM

[HML, M. Seo, 2015; 
Kuflic et al, 2015]

�Lm⇡ = ↵D⇤4Tr[QDUQDU�1]

Dark mesons SM

U(1)Y , hSMU(1)’, h’
Z’-portal, Higgs-portal,

Axion-portal, etc

X

• Vectorial Z’ with no chiral anomalies

• Dark Higgs or sigma fields [A. Kamada et al, 2015; 
VSIMPers, 2017]

�m2
⇡ ⇠ ↵D⇤4/F 2 . 0.01m2

⇡
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cf.  Axion-portal:
Hochberg et al, 2018



Z’ portal for SIMP

SIMP 
conditions

,  Drell-Yan, dileptons, etc.

• SIMP parameter space can be probed by Z’ searches. 

[M.-S. Seo, HML, 2015]
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Conclusions
• Particle nature of dark matter has not been identified, so 

we need to consider new possibilities beyond horizon.

• SIMP dark matter is a plausible sub-GeV self-interacting 
dark matter (SIDM), without a need of large couplings to 
the SM for freeze-out process.

• Kinetic equilibrium of SIMP dark matter can be tested at 
intensity experiments such as Belle-II and LHCb.

• Dark resonances would be necessary for velocity-
dependent self-interaction and 3→2 processes, becoming 
multiple messengers for the SM.


