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Rapidly Oscillating Massive Particle

work in progress with:

David Dunsky and Saniya Heeba



How was dark matter produced?

How can we test it?

When was dark matter produced?
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<latexit sha1_base64="kwWmWlUaCtbDoRGORqBUkTYEPM0="></latexit>
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T
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<latexit sha1_base64="rIpF9zw7ahlsPfnQRnmJOjmN4I0=">AAACInicbVDLSsNAFJ34tr6qbgQ3g6XgqiRS1GXRjUsF64O2hMnkth06eTBzI5YQv6Zb/RB34krwL/wBp2kWtvXAhcO5r8PxYik02vaXtbC4tLyyurZe2tjc2t4p7+7d6ShRHJo8kpF68JgGKUJookAJD7ECFngS7r3B5bh//wRKiyi8xWEMnYD1QtEVnKGR3PJBG+EZ8zupAj9LH90274uMuuWKXbNz0HniFKRCCly75Z+2H/EkgBC5ZFq3HDvGTsoUCi4hK1XbiYaY8QHrQcvQkAWgO2n+OqNVo/i0GylTIdJcLf3ZSFmg9TDwzGTAsK9ne2Pxv14rwe55JxVhnCCEfPKom0iKER3nQX2hgKMcGsK4EsYs5X2mGEeT2tQl/0nEunD9PLFdMik5s5nMk7uTmnNaq9/UK42LIq81ckiOyDFxyBlpkCtyTZqEkxcyIq/kzRpZ79aH9TkZXbCKnX0yBev7F/+zpWI=</latexit>
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Freeze-Out vs. Freeze-In



Scattering on the Back of an EnvelopeY-x
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<latexit sha1_base64="3xaR5EVnRXC3WjpgrrpTscBn9RE=">AAACG3icbVDLSsNAFJ3UV62vVJduBkvBVUnE10YounFnBfuANJTJZNIOnUzCzKRaQj+lW/0Qd+LWhd/hDzhps7CtBwYO59x753C8mFGpLOvbKKytb2xuFbdLO7t7+wdm+bAlo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW94l/ntERGSRvxJjWPihqjPaUAxUlrqmWWnGyI1wIilDxMX3kC/Z1asmjUDXCV2TiogR6Nn/nT9CCch4QozJKVjW7FyUyQUxYxMStVuIkmM8BD1iaMpRyGRbjrLPoFVrfgwiIR+XMGZWvqzkaJQynHo6cksqFz2MvE/z0lUcO2mlMeJIhzPPwoSBlUEsyKgTwXBio01QVhQHRbiARIIK13XwiV/RGOZp36Zxy7pluzlTlZJ66xmX9YuHs8r9du8ryI4BifgFNjgCtTBPWiAJsDgGUzBK3gzpsa78WF8zkcLRr5zBBZgfP0ClHOhYA==</latexit>

[O] = d• operator dimension:

• thermally averaged cross-section:

• scattering rate:

<latexit sha1_base64="4/tB1YeeAGRl5bWvKyupYnHeXZ0="></latexit>
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• scattering per Hubble time:

<latexit sha1_base64="M5Pi01ZOPK5XtnlnTA+TnA2Vmow="></latexit>
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<latexit sha1_base64="m0SmWTTM/OXK2osjmDcdrH7uBzs="></latexit>
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<latexit sha1_base64="ZPg4HXg6lsPqlkurIQpboYSEIfY=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkmR6rLophuhQl/QxDKZTtqhM5MwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JYkaVdpxva2V1bX1js7BV3N7Z3du3Dw7bKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTjm6nfeSBS0Ug09SQmPkdDQUOKkTZS3z6GdegpyqEXSoTT5n0lS2/7acyyrG+XnLIzA1wmbk5KIEejb395gwgnnAiNGVKq5zqx9lMkNcWMZEUvUSRGeIyGpGeoQJwoP539kMEzowxgGElTQsOZ+nsiRVypCQ9MJ0d6pBa9qfif10t0eOWnVMSJJgLPF4UJgzqC00DggEqCNZsYgrCk5laIR8iEoU1sRROCu/jyMmlXym61XL27KNWu8zgK4AScgnPggktQA3XQAC2AwSN4Bq/gzXqyXqx362PeumLlM0fgD6zPH0MAl1M=</latexit>
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<latexit sha1_base64="8Te+h3k5cvqOkniyEu9bPACJjeo=">AAACD3icbVC7TgMxEPTxJrwClDQWEYgqugMUKCNoaJBAkBApFyKfswErtu9k7yGi0/0BDb9CQwFCtLR0/A1OSMFrpJVGM7v27kSJFBZ9/8MbG5+YnJqemS3MzS8sLhWXV+o2Tg2HGo9lbBoRsyCFhhoKlNBIDDAVSbiIeocD/+IGjBWxPsd+Ai3FrrToCs7QSe3iJg0RbnH4UBbJFPJMt7PQKHp2nOc0tELR88uddrHkl/0h6F8SjEiJjHDSLr6HnZinCjRyyaxtBn6CrYwZFFxCXghTCwnjPXYFTUc1U2Bb2XCNnG44pUO7sXGlkQ7V7xMZU9b2VeQ6FcNr+9sbiP95zRS7+61M6CRF0Pzro24qKcZ0EA7tCAMcZd8Rxo1wu1J+zQzj6CIsuBCC3yf/JfXtclApV053S9WDURwzZI2sky0SkD1SJUfkhNQIJ3fkgTyRZ+/ee/RevNev1jFvNLNKfsB7+wQfm5y0</latexit>
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UV vs. IR Production
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UV-dominated:

IR-dominated:
“freeze-in” 

<latexit sha1_base64="dt6s1+dgfHfOVVrSLTLcf4WUGJo=">AAACH3icbVDLSsNAFJ3UV42vqLhyEywFVyWR+lhJ0Y3LCvYBbSiTybQdOnkwc1NaQj6mW/0Qd+K23+EPOE2zsK0HLhzOfR2OG3EmwbLmWmFre2d3r7ivHxweHZ8Yp2dNGcaC0AYJeSjaLpaUs4A2gAGn7UhQ7LucttzR86LfGlMhWRi8wTSijo8HAeszgkFJPeOiC3QC2Z2kzmM/TbzHatozSlbFymBuEjsnJZSj3jN+ul5IYp8GQDiWsmNbETgJFsAIp6le7saSRpiM8IB2FA2wT6WTZH9Ts6wUz+yHQlUAZqbqfzYS7Es59V016WMYyvXeQvyv14mh/+AkLIhioAFZPurH3ITQXIRhekxQAnyqCCaCKbMmGWKBCajIVi55YxbJ3PVkaVtXKdnrmWyS5k3FvqvcvlZLtac8ryK6RFfoGtnoHtXQC6qjBiIoQTP0jj60mfapfWnfy9GClu+coxVo81+BT6QW</latexit>
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<latexit sha1_base64="dt6s1+dgfHfOVVrSLTLcf4WUGJo=">AAACH3icbVDLSsNAFJ3UV42vqLhyEywFVyWR+lhJ0Y3LCvYBbSiTybQdOnkwc1NaQj6mW/0Qd+K23+EPOE2zsK0HLhzOfR2OG3EmwbLmWmFre2d3r7ivHxweHZ8Yp2dNGcaC0AYJeSjaLpaUs4A2gAGn7UhQ7LucttzR86LfGlMhWRi8wTSijo8HAeszgkFJPeOiC3QC2Z2kzmM/TbzHatozSlbFymBuEjsnJZSj3jN+ul5IYp8GQDiWsmNbETgJFsAIp6le7saSRpiM8IB2FA2wT6WTZH9Ts6wUz+yHQlUAZqbqfzYS7Es59V016WMYyvXeQvyv14mh/+AkLIhioAFZPurH3ITQXIRhekxQAnyqCCaCKbMmGWKBCajIVi55YxbJ3PVkaVtXKdnrmWyS5k3FvqvcvlZLtac8ryK6RFfoGtnoHtXQC6qjBiIoQTP0jj60mfapfWnfy9GClu+coxVo81+BT6QW</latexit>
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<latexit sha1_base64="CEutNNONqTKsotV2eMEcQcnIbG0=">AAACInicbVBLSwJRGL3T0+xltQnaXBKhlcxEr6XUpqVBmqAid+586sU7D+79JpTBfo3b+iHtolXQv+gPdB1nkdqBDw7nex2OG0mh0ba/rJXVtfWNzdxWfntnd2+/cHBY12GsONR4KEPVcJkGKQKooUAJjUgB810JT+7gbtp/egalRRg84iiCts96gegKztBIncJxC2GI6Z3ElTGME68lgV6MO4WiXbZT0GXiZKRIMlQ7hZ+WF/LYhwC5ZFo3HTvCdsIUCi5hnC+1Yg0R4wPWg6ahAfNBt5P09ZiWjOLRbqhMBUhTNf9nI2G+1iPfNZM+w75e7E3F/3rNGLs37UQEUYwQ8NmjbiwphnSaB/WEAo5yZAjjShizlPeZYhxNanOXvGcR6cz1cGY7b1JyFjNZJvXzsnNVvny4KFZus7xy5ISckjPikGtSIfekSmqEkxcyIa/kzZpY79aH9TkbXbGynSMyB+v7F9uSpU0=</latexit>
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<latexit sha1_base64="CEutNNONqTKsotV2eMEcQcnIbG0=">AAACInicbVBLSwJRGL3T0+xltQnaXBKhlcxEr6XUpqVBmqAid+586sU7D+79JpTBfo3b+iHtolXQv+gPdB1nkdqBDw7nex2OG0mh0ba/rJXVtfWNzdxWfntnd2+/cHBY12GsONR4KEPVcJkGKQKooUAJjUgB810JT+7gbtp/egalRRg84iiCts96gegKztBIncJxC2GI6Z3ElTGME68lgV6MO4WiXbZT0GXiZKRIMlQ7hZ+WF/LYhwC5ZFo3HTvCdsIUCi5hnC+1Yg0R4wPWg6ahAfNBt5P09ZiWjOLRbqhMBUhTNf9nI2G+1iPfNZM+w75e7E3F/3rNGLs37UQEUYwQ8NmjbiwphnSaB/WEAo5yZAjjShizlPeZYhxNanOXvGcR6cz1cGY7b1JyFjNZJvXzsnNVvny4KFZus7xy5ISckjPikGtSIfekSmqEkxcyIa/kzZpY79aH9TkbXbGynSMyB+v7F9uSpU0=</latexit>
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<latexit sha1_base64="CEutNNONqTKsotV2eMEcQcnIbG0=">AAACInicbVBLSwJRGL3T0+xltQnaXBKhlcxEr6XUpqVBmqAid+586sU7D+79JpTBfo3b+iHtolXQv+gPdB1nkdqBDw7nex2OG0mh0ba/rJXVtfWNzdxWfntnd2+/cHBY12GsONR4KEPVcJkGKQKooUAJjUgB810JT+7gbtp/egalRRg84iiCts96gegKztBIncJxC2GI6Z3ElTGME68lgV6MO4WiXbZT0GXiZKRIMlQ7hZ+WF/LYhwC5ZFo3HTvCdsIUCi5hnC+1Yg0R4wPWg6ahAfNBt5P09ZiWjOLRbqhMBUhTNf9nI2G+1iPfNZM+w75e7E3F/3rNGLs37UQEUYwQ8NmjbiwphnSaB/WEAo5yZAjjShizlPeZYhxNanOXvGcR6cz1cGY7b1JyFjNZJvXzsnNVvny4KFZus7xy5ISckjPikGtSIfekSmqEkxcyIa/kzZpY79aH9TkbXbGynSMyB+v7F9uSpU0=</latexit>
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<latexit sha1_base64="dt6s1+dgfHfOVVrSLTLcf4WUGJo=">AAACH3icbVDLSsNAFJ3UV42vqLhyEywFVyWR+lhJ0Y3LCvYBbSiTybQdOnkwc1NaQj6mW/0Qd+K23+EPOE2zsK0HLhzOfR2OG3EmwbLmWmFre2d3r7ivHxweHZ8Yp2dNGcaC0AYJeSjaLpaUs4A2gAGn7UhQ7LucttzR86LfGlMhWRi8wTSijo8HAeszgkFJPeOiC3QC2Z2kzmM/TbzHatozSlbFymBuEjsnJZSj3jN+ul5IYp8GQDiWsmNbETgJFsAIp6le7saSRpiM8IB2FA2wT6WTZH9Ts6wUz+yHQlUAZqbqfzYS7Es59V016WMYyvXeQvyv14mh/+AkLIhioAFZPurH3ITQXIRhekxQAnyqCCaCKbMmGWKBCajIVi55YxbJ3PVkaVtXKdnrmWyS5k3FvqvcvlZLtac8ryK6RFfoGtnoHtXQC6qjBiIoQTP0jj60mfapfWnfy9GClu+coxVo81+BT6QW</latexit>
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<latexit sha1_base64="3xaR5EVnRXC3WjpgrrpTscBn9RE=">AAACG3icbVDLSsNAFJ3UV62vVJduBkvBVUnE10YounFnBfuANJTJZNIOnUzCzKRaQj+lW/0Qd+LWhd/hDzhps7CtBwYO59x753C8mFGpLOvbKKytb2xuFbdLO7t7+wdm+bAlo0Rg0sQRi0THQ5IwyklTUcVIJxYEhR4jbW94l/ntERGSRvxJjWPihqjPaUAxUlrqmWWnGyI1wIilDxMX3kC/Z1asmjUDXCV2TiogR6Nn/nT9CCch4QozJKVjW7FyUyQUxYxMStVuIkmM8BD1iaMpRyGRbjrLPoFVrfgwiIR+XMGZWvqzkaJQynHo6cksqFz2MvE/z0lUcO2mlMeJIhzPPwoSBlUEsyKgTwXBio01QVhQHRbiARIIK13XwiV/RGOZp36Zxy7pluzlTlZJ66xmX9YuHs8r9du8ryI4BifgFNjgCtTBPWiAJsDgGUzBK3gzpsa78WF8zkcLRr5zBBZgfP0ClHOhYA==</latexit>

[O] = d

Hall, Jedamzik, March-Russell, West, 0911.1120

ex) 4-Fermi

ex) Yukawa

reheating

https://arxiv.org/abs/0911.1120
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<latexit sha1_base64="uA1ts0mvkInnPcPnAcwxXDEuf4A=">AAACIXicbVDLTgIxFO3gC/GFunDhppGQuJHMGF9LohuXmPBKAEmnFGjodJr2DpFM+Bq2+iHujDvjZ/gDFpiFgCdpcnLuo+ceXwluwHW/nNTa+sbmVno7s7O7t3+QPTyqmjDSlFVoKEJd94lhgktWAQ6C1ZVmJPAFq/mDh2m9NmTa8FCWYaRYKyA9ybucErBSO3vShD4D0i7jptKhghCXn+MLOW5nc27BnQGvEi8hOZSg1M7+NDshjQImgQpiTMNzFbRiooFTwcaZfDMyTBE6ID3WsFSSgJlWPLtgjPNW6eBuqO2TgGdq5s9ETAJjRoFvOwMCfbNcm4r/1RoRdO9aMZcqAibp/KNuJLA9dBoH7nDNKIiRJYRqbs1i2ieaULChLWzqDLkyieuXue2MTclbzmSVVC8L3k3h+ukqV7xP8kqjU3SGzpGHblERPaISqiCKxmiCXtGbM3HenQ/nc96acpKZY7QA5/sX3VKkMA==</latexit>

✓T / T�n

ex) sterile neutrinos

<latexit sha1_base64="P5nQCNEYl+yOc4EDTg4Fz1SnmzM=">AAACLXicbVDLTgIxFO3gC/GFunTTSEhckRnja2NCdOMSE0EShpBOKdDQ6TTtHQKZ8AF+DVv9EBcmxq0f4A9YYBYCnqTJyTn33p6cQAluwHU/nMza+sbmVnY7t7O7t3+QPzyqmSjWlFVpJCJdD4hhgktWBQ6C1ZVmJAwEew7691P/ecC04ZF8gpFizZB0Je9wSsBKrXzBBzaE2Z2kIuJwnPjKcHyLfRm3fCJUj4ztlFtyZ8CrxEtJAaWotPI/fjuiccgkUEGMaXiugmZCNHAq2DhX9GPDFKF90mUNSyUJmWkmsxRjXLRKG3cibZ8EPFNzfzYSEhozCgM7GRLomWVvKv7nNWLo3DQTLlUMTNL5R51YYIjwtBrc5ppRECNLCNXchsW0RzShYAtcuNQecGXS1MN57JxtyVvuZJXUzkveVeny8aJQvkv7yqITdIrOkIeuURk9oAqqIope0AS9ojdn4rw7n87XfDTjpDvHaAHO9y/ht6nx</latexit>

 = ⌫↵

• UV production shuts off when:
<latexit sha1_base64="plM0VKanj611167CXGOTVCgFASk=">AAACE3icbVBLTsMwFHTKr4RfgSUbi6oSG6oElc+ygg3LItGPlEaV4zitVceObKeiinqMbuEg7BBbDsA5uABumwVtGcnSaOa959EECaNKO863VdjY3NreKe7ae/sHh0el45OWEqnEpIkFE7ITIEUY5aSpqWakk0iC4oCRdjB8mPntEZGKCv6sxwnxY9TnNKIYaSN5HHb7BIbwEtZ6pbJTdeaA68TNSRnkaPRKP91Q4DQmXGOGlPJcJ9F+hqSmmJGJXemmiiQID1GfeIZyFBPlZ/PME1gxSggjIc3jGs5V+89GhmKlxnFgJmOkB2rVm4n/eV6qozs/ozxJNeF48VGUMqgFnBUAQyoJ1mxsCMKSmrAQD5BEWJuali6FI5qoPPXLIrZtWnJXO1knrauqe1O9fqqV6/d5X0VwBs7BBXDBLaiDR9AATYCBAFPwCt6sqfVufVifi9GCle+cgiVYX7/FRp24</latexit>

n � d� 4

• at high temperatures:

<latexit sha1_base64="dmay9nseFQ1iNJcVyT0+r/xumX0=">AAACDXicbVDLTgIxFL2DLxxfqEs3jYTEFZkxim5MiG5cYuIACUxIp9OBhs4jbYdIJnwDW/0Qd8at3+B3+AMWmIWAJ2lycs697enxEs6ksqxvo7CxubW9U9w19/YPDo9KxydNGaeCUIfEPBZtD0vKWUQdxRSn7URQHHqctrzhw8xvjaiQLI6e1Tihboj7EQsYwUpLjo/uUK1XKltVaw60TuyclCFHo1f66foxSUMaKcKxlB3bSpSbYaEY4XRiVrqppAkmQ9ynHU0jHFLpZvO0E1TRio+CWOgTKTRXzT8bGQ6lHIeengyxGshVbyb+53VSFdy6GYuSVNGILB4KUo5UjGZfRz4TlCg+1gQTwXRYRAZYYKJ0QUs3+SOWyDz1yyK2qVuyVztZJ83Lql2rXj9dlev3eV9FOINzuAAbbqAOj9AABwgwmMIrvBlT4934MD4XowUj3zmFJRhfv/FPm7g=</latexit>

d = 6
<latexit sha1_base64="UYY2YjkC1NHow2UeWNOcFN5aNcU=">AAACDXicbVDLTgIxFL2DLxxfqEs3jYTEFZkxim5MiG5cYiKPBAjpdDrQ0OlM2g6RTPgGtvoh7oxbv8Hv8AcsMAsBT9Lk5Jx729PjxZwp7TjfVm5jc2t7J79r7+0fHB4Vjk8aKkokoXUS8Ui2PKwoZ4LWNdOctmJJcehx2vSGDzO/OaJSsUg863FMuyHuCxYwgrWR6gLdoUqvUHTKzhxonbgZKUKGWq/w0/EjkoRUaMKxUm3XiXU3xVIzwunELnUSRWNMhrhP24YKHFLVTedpJ6hkFB8FkTRHaDRX7T8bKQ6VGoeemQyxHqhVbyb+57UTHdx2UybiRFNBFg8FCUc6QrOvI59JSjQfG4KJZCYsIgMsMdGmoKWb/BGLVZb6ZRHbNi25q52sk8Zl2a2Ur5+uitX7rK88nME5XIALN1CFR6hBHQgwmMIrvFlT6936sD4Xozkr2zmFJVhfvwH4m8I=</latexit>

n = 6

<latexit sha1_base64="5Wegu4lhWN8W1JW8we2q7u2XA1w=">AAACKXicbVC7TsMwFHXKq4RXgZEBiwqJhSpBPLcKBjoWqS+pCZXjOtTCTizbQVRRRr6mK3wIG7DyCfwAbpuBAkeydHTuw+eeQDCqtOO8W4W5+YXFpeKyvbK6tr5R2txqqTiRmDRxzGLZCZAijEakqalmpCMkQTxgpB3cX43r7QciFY2jhh4K4nN0F9GQYqSN1CvteqFEOPWuEecoS2sZ9ISMhY5h4zY9vMh6pbJTcSaAf4mbkzLIUe+Vvrx+jBNOIo0ZUqrrOkL7KZKaYkYye99LFBEI36M70jU0QpwoP51cksF9o/RhGEvzIg0nqv1jIkVcqSEPTCdHeqB+18bif7VuosNzP6WRSDSJ8PSjMGHQHDqOBfapJFizoSEIS2rMQjxAJhptwpvZ1H+gQuWuH6e2bZOS+zuTv6R1VHFPKyc3x+XqZZ5XEeyAPXAAXHAGqqAG6qAJMHgCI/AMXqyR9Wq9WR/T1oKVz2yDGVif328op5U=</latexit>

�

H
/ T

�9

UV IR
oscillations

<latexit sha1_base64="zKq6RYyQW3x/CUDjh8S8fZldVy4=">AAACJ3icbVDLSsNAFJ34rPVVdSnCYCm4Kon42giiG5cVbC00pUwmt+3gZBJmbsQSuvJr3OqHuBNd+g3+gNM2C209cOFw7utwgkQKg6776czNLywuLRdWiqtr6xubpa3tholTzaHOYxnrZsAMSKGgjgIlNBMNLAok3AX3V6P+3QNoI2J1i4ME2hHrKdEVnKGVOqU9H+ERx3cyDeEw83lf0HPqq7Rjhp1S2a26Y9BZ4uWkTHLUOqVvP4x5GoFCLpkxLc9NsJ0xjYJLGBYrfmogYfye9aBlqWIRmHY2/j+kFauEtBtrWwrpWC3+2shYZMwgCuxkxLBvpnsj8b9eK8XuWTsTKkkRFJ886qaSYkxHodBQaOAoB5YwroU1S3mfacbRRvfnUvggEpO7fpzYLtqUvOlMZknjsOqdVI9vjsoXl3leBbJL9skB8cgpuSDXpEbqhJMn8kxeyKvz7Lw5787HZHTOyXd2yB84Xz+9LKdL</latexit>� = ⌫s

 (Dodelson & Widrow, hep-ph/9303287) 

Y-x

Su·
*⑧-

<latexit sha1_base64="Swfj2EynFSl2LK8Qudg1GVyg+P8=">AAACEHicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCDcsi9Se1UeU4TmvVcSL7paKKeolu4SDsEFtuwDm4AG6bBW0ZydJo5j17PH4iuAbH+bY2Nre2d3YLe/b+weHRcfHktKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLHz7O/NaIKc1jWYdxwryI9CUPOSVgpHYXBgxIr94rlpyKMwdeJ25OSihHrVf86QYxTSMmgQqidcd1EvAyooBTwSZ2uZtqlhA6JH3WMVSSiGkvmwee4LJRAhzGyhwJeK7afzYyEmk9jnwzGREY6FVvJv7ndVII772MyyQFJunioTAVGGI8+z0OuGIUxNgQQhU3YTEdEEUomI6WbgpGPNF56pdFbNu05K52sk6aVxX3tnLzfF2qPuR9FdA5ukCXyEV3qIqeUA01EEUCTdErerOm1rv1YX0uRjesfOcMLcH6+gXKiZ3k</latexit>

✓T

<latexit sha1_base64="CpZV9lfI8KhFF7xf9/iT+hqOAk8=">AAACK3icbVDLTgJBEJzFN75WPXoZJSReJLvG19HoxaMmoiSAZHa2gQmzj8z0Eshmz36NV/0QTxqvfoE/4AB7ULCSSSpV3T2V8mIpNDrOu1WYm19YXFpeKa6urW9s2lvb9zpKFIcqj2Skah7TIEUIVRQooRYrYIEn4cHrXY38hz4oLaLwDocxNAPWCUVbcIZGatl7DYQBju+kCvwsvWulDRXQSPPsMT10s6xll5yKMwadJW5OSiTHTcv+bvgRTwIIkUumdd11YmymTKHgErJiuZFoiBnvsQ7UDQ1ZALqZjjNktGwUn7YjZV6IdKwWf22kLNB6GHhmMmDY1dPeSPzPqyfYPm+mIowThJBPPmonkmJER8VQXyjgKIeGMK6ECUt5lynG0dT355LfF7HOUw8msYumJXe6k1lyf1RxTysnt8eli8u8r2WyS/bJAXHJGbkg1+SGVAknT+SZvJBX69l6sz6sz8lowcp3dsgfWF8/n5ipVA==</latexit>

T�1
osc

<latexit sha1_base64="CJBLNE+9xPkmY60sL625EIAPkdA="></latexit>

GF ⌫̄↵�
µ⌫↵ ēL�µeL

Y-x

SM

*
*⑧-

https://arxiv.org/abs/hep-ph/9303287
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I.  ROMP DM


II.  Sterile Neutrino DM


III. Oscillations from BSM 



cartoon credit: Saniya

work in progress w/ David Dunsky and Saniya Heeba
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ROMP Frameworkin
SM

I

saX
SM

<latexit sha1_base64="mmkZcApvHE6j6UoxRO0hcjuAGTQ="></latexit>

L �
O

⇤d�4

Y-x

SM

*
*⑧-

<latexit sha1_base64="dzYdw+UmDEHUzBcbCaahA4hy7Uc=">AAACEHicbVBLTsMwFHTKr4RfgSUbi6oSqypB/JYVbFgWiX6kNqoc56W16jiR7VRUUS/RLRyEHWLLDTgHF8Bts6AtI1kazbxnj8dPOFPacb6twsbm1vZOcdfe2z84PCodnzRVnEoKDRrzWLZ9ooAzAQ3NNId2IoFEPoeWP3yY+a0RSMVi8azHCXgR6QsWMkq0kdrdALgmOOqVyk7VmQOvEzcnZZSj3iv9dIOYphEITTlRquM6ifYyIjWjHCZ2pZsqSAgdkj50DBUkAuVl88ATXDFKgMNYmiM0nqv2n42MREqNI99MRkQP1Ko3E//zOqkO77yMiSTVIOjioTDlWMd49nscMAlU87EhhEpmwmI6IJJQbTpauikYsUTlqV8WsW3TkrvayTppXlbdm+r101W5dp/3VURn6BxdIBfdohp6RHXUQBRxNEWv6M2aWu/Wh/W5GC1Y+c4pWoL19Qt3vZ2y</latexit>

�m
<latexit sha1_base64="fKjeQEyFsPEqcFLd3Tas1yZzeLA="></latexit>

L � m  ̄ +m��̄�+ �m  ̄�+ h.c.

<latexit sha1_base64="og9znkW/a/3+mTW5nwI+jwX7jVI="></latexit>

tan 2✓ =
2�m2

m2
T +m2

 �m2
�

medium correction

<latexit sha1_base64="9KKvBVl5WzPKS5gWrtKcR6Ws6tY="></latexit>

M2
e↵ =

✓
m2
 +m2

T �m2

�m2 m2
�

◆

resonant condition:
<latexit sha1_base64="Tu9HiDLqOd6KWirwxp2Ju1NdE3U="></latexit>

m2
T ⇡ m2

� �m2
 



Mixing in Medium

in
SM

4

*
SM

effective mass generated by forward scattering:

<latexit sha1_base64="X9oOOR6Rz8ub+Zngt3noToh+hKo="></latexit>

m2
T =

⌧
M(0)nSM

2ESM

�

<latexit sha1_base64="vLQz8uorNzHDoL0GiyUp7ay9r/o="></latexit>

L �
O

⇤d�4
+

OF

⇤d+��4

total scattering

forward scattering
<latexit sha1_base64="ciGt1/9Elh5oKb8EaHBzexMFotE=">AAACFHicbVDLSsNAFJ34rPVVdelmsBRclUR8LYu6cFnBPqAJZTK5aYdOJmFmUiyhv9Gtfog7ceve7/AHnLZZ2NYDA4dz7r1zOH7CmdK2/W2trW9sbm0Xdoq7e/sHh6Wj46aKU0mhQWMey7ZPFHAmoKGZ5tBOJJDI59DyB/dTvzUEqVgsnvUoAS8iPcFCRok2kus+ANcEuz3AdrdUtqv2DHiVODkpoxz1bunHDWKaRiA05USpjmMn2suI1IxyGBcrbqogIXRAetAxVJAIlJfNQo9xxSgBDmNpntB4phb/bGQkUmoU+WYyIrqvlr2p+J/XSXV462VMJKkGQecfhSnHOsbTBnDAJFDNR4YQKpkJi2mfSEK16WnhUjBkicpTv8xjF01LznInq6R5UXWuq1dPl+XaXd5XAZ2iM3SOHHSDaugR1VEDUZSgCXpFb9bEerc+rM/56JqV75ygBVhfv5sRnsU=</latexit>

� � 0

<latexit sha1_base64="yO9dZrYcOADqRxaqeO6O5fZNb/Y="></latexit>

m2
T ⇠

m�
 

⇤d+��4
T (d+��4)��+2

(sign determines resonant vs. non-resonant oscillations)



Oscillations at High Temperatures

Y-x

SM

*
*⑧-

<latexit sha1_base64="0wBEgd1Vg11gSX7bstDmx1RxyqE="></latexit>

�

H
⇠ Mpl

⇤2(d�4)
✓
2
T T

2(d�4)�1

<latexit sha1_base64="Swfj2EynFSl2LK8Qudg1GVyg+P8=">AAACEHicbVBLTsMwFHT4lvArsGRjUVViVSWI37KCDcsi9Se1UeU4TmvVcSL7paKKeolu4SDsEFtuwDm4AG6bBW0ZydJo5j17PH4iuAbH+bY2Nre2d3YLe/b+weHRcfHktKnjVFHWoLGIVdsnmgkuWQM4CNZOFCORL1jLHz7O/NaIKc1jWYdxwryI9CUPOSVgpHYXBgxIr94rlpyKMwdeJ25OSihHrVf86QYxTSMmgQqidcd1EvAyooBTwSZ2uZtqlhA6JH3WMVSSiGkvmwee4LJRAhzGyhwJeK7afzYyEmk9jnwzGREY6FVvJv7ndVII772MyyQFJunioTAVGGI8+z0OuGIUxNgQQhU3YTEdEEUomI6WbgpGPNF56pdFbNu05K52sk6aVxX3tnLzfF2qPuR9FdA5ukCXyEV3qIqeUA01EEUCTdErerOm1rv1YX0uRjesfOcMLcH6+gXKiZ3k</latexit>

✓T

<latexit sha1_base64="ZqxNuaPs3iJ6Uj8apa8ZM0grl6w="></latexit>

✓T ⇠ �m2

m2
T

⇠ �m2⇤d+��4

m�
 

T�(d+��4)+��2

<latexit sha1_base64="GTn7RuyjxHvVGDsXAbmfHoqJzRE="></latexit>

�

H
⇠ Mpl⇤2�

m
2�
 

T
�5�2�+2� <latexit sha1_base64="zFpku0TiEXfDcESBT6xKH/4vCGo=">AAACH3icbVDLTgIxFO3gC8cXaly5aSQkbiQzxNeSqAuXmMgjYSak07lAQ+eRtkMkEz6GrX6IO+OW7/AHLDALAU/S5OSce29PjhdzJpVlTY3cxubW9k5+19zbPzg8KhyfNGSUCAp1GvFItDwigbMQ6oopDq1YAAk8Dk1v8Djzm0MQkkXhqxrF4AakF7Iuo0RpqVM4c3zgiuAr7DzNicMBVzqFolW25sDrxM5IEWWodQo/jh/RJIBQUU6kbNtWrNyUCMUoh7FZchIJMaED0oO2piEJQLrpPP8Yl7Ti424k9AsVnqvmn42UBFKOAk9PBkT15ao3E//z2onq3rspC+NEQUgXH3UTjlWEZ2Vgnwmgio80IVQwHRbTPhGEKl3Z0iV/yGKZpX5bxDZ1S/ZqJ+ukUSnbt+Wbl+ti9SHrK4/O0QW6RDa6Q1X0jGqojihK0QS9ow9jYnwaX8b3YjRnZDunaAnG9BdGDqIq</latexit>

� ��  2shuts off in UV if:



Oscillation Temperature

high temperature:

<latexit sha1_base64="E6+TETr873oPGyby81AQalOvyo4=">AAACDnicbVDLTgIxFL2DLxxfqEs3jYTEjWTG+FoS3bjEhFcCI+l0OlDpPNJ2iGTCP7DVD3Fn3PoLfoc/YIFZCHiSJifn3NueHjfmTCrL+jZya+sbm1v5bXNnd2//oHB41JBRIgitk4hHouViSTkLaV0xxWkrFhQHLqdNd3A/9ZtDKiSLwpoaxdQJcC9kPiNYaalRe0rP7XG3ULTK1gxoldgZKUKGarfw0/EikgQ0VIRjKdu2FSsnxUIxwunYLHUSSWNMBrhH25qGOKDSSWdxx6ikFQ/5kdAnVGimmn82UhxIOQpcPRlg1ZfL3lT8z2snyr91UhbGiaIhmT/kJxypCE3/jjwmKFF8pAkmgumwiPSxwETphhZu8oYsllnql3lsU7dkL3eyShoXZfu6fPV4WazcZX3l4QRO4QxsuIEKPEAV6kDgGSbwCm/GxHg3PozP+WjOyHaOYQHG1y+lXZyz</latexit>

T�1

<latexit sha1_base64="d9NVB3YcK94N0dGnDs8r42zkKkk=">AAACLHicbVDJTsMwFHTYKVuBIxeLColTlVRsRwQXjiB1k5pSOc5LamEnkf1SURXufA1X+BAuCHHlB/gB3DYHtpEsjWbes8cTZFIYdN1XZ2Z2bn5hcWm5tLK6tr5R3txqmjTXHBo8laluB8yAFAk0UKCEdqaBqUBCK7g5H/utAWgj0qSOwwy6isWJiARnaKVeedeXEOGd6tWva9TXIu7jHfXjmPooZAhUXdd65YpbdSegf4lXkA opcNkrf/phynMFCXLJjOl4bobdEdMouIT70p6fG8gYv2ExdCxNmALTHU0+c0/3rBLSKNX2JEgnaunbxogpY4YqsJOKYd/89sbif14nx+ikOxJJliMkfPpQlEuKKR03Q0OhgaMcWsK4FjYs5X2mGUfb34+bwoHITJH6dhq7ZFvyfnfylzRrVe+oenh1UDk9K/paIjtkl+wTjxyTU3JBLkmDcPJAHskTeXYenRfnzXmfjs44xc42+QHn4wvL1agy</latexit>��m2
T

�� � m̃2

low temperature:
<latexit sha1_base64="jcyVU+ugii2j7+V0tni0/zV4KHI=">AAACLHicbVC7TsMwFHV4U14FRharFRJTlVS8RgQLI0i0RWpK5Tg3rYWdRPZNRVW68zVd4UNYEGLlB/gB3DYDBY5k6eice+3jE6RSGHTdN2dufmFxaXlltbC2vrG5VdzeqZsk0xxqPJGJvg2YASliqKFACbepBqYCCY3g/mLsN3qgjUjiG+yn0FKsE4tIcIZWahdLvoQIH1X75q5KfS06XXykvpTURyFDoOqu2i6W3Yo7Af1LvJyUSY6rdvHLDxOeKYiRS2ZM03NTbA2YRsElDAv7fmYgZfyedaBpacwUmNZg8pkh3bdKSKNE2xMjnaiFHxsDpozpq8BOKoZd89sbi/95zQyj09ZAxGmGEPPpQ1EmKSZ03AwNhQaOsm8J41rYsJR3mWYcbX8zN4U9kZo89cM0dsG25P3u5C+pVyveceXo+rB8dp73tUL2SIkcEI+ckDNySa5IjXDyREbkmbw4I+fVeXc+pqNzTr6zS2bgfH4D3LqoPA==</latexit>��m2

T

�� ⌧ m̃2

<latexit sha1_base64="q6FSQHthdrrryeRzsKW/QfujukY="></latexit>

m̃2 ⌘ max(m2
 ,m

2
�)

<latexit sha1_base64="+XDA5CU0E586/ltcXE8WX8JkeF0="></latexit>

|m2
Tosc

| = m̃2

<latexit sha1_base64="HTfBQiIMz5bhAUkQeFCidNo569w=">AAACK3icbVDLTgIxFO34Fl+oSzdVQuKKzBhfS6Ibl5gAmjCE3CkFGjozTXuHQCas/Rq3+iGuNG79An/AArMQ9CRNTs65tz09gZLCoOu+O0vLK6tr6xubua3tnd29/P5B3cSJZrzGYhnrxwAMlyLiNRQo+aPSHMJA8oegfzvxHwZcGxFHVRwp3gyhG4mOYIBWauWPfexxhFaV+qCUjoc0E1Jfh3QAbNzKF9ySOwX9S7yMFEiGSiv/7bdjloQ8QibBmIbnKmymoFEwyce5op8YroD1ocsblkYQctNMp38Z06JV2rQTa3sipFM192sjhdCYURjYyRCwZxa9ifif10iwc91MRaQS5BGbPdRJJMWYToqhbaE5QzmyBJgWNixlPdDA0NY3d1N7IJTJUg9nsXO2JW+xk7+kflbyLksX9+eF8k3W1wY5IifklHjkipTJHamQGmHkiTyTF/LqPDtvzofzORtdcrKdQzIH5+sHaa2oow==</latexit>

✓T ⇡ ✓vac

<latexit sha1_base64="qIzPHf0iMM43qkRKmSn4eG6YELU="></latexit>

�

H
/ T

2(d�4)�1

<latexit sha1_base64="A9xIdUc6agqkpJgMdo0h8YEeJZ8="></latexit>

�

H
/ T

�5�2�+2�

<latexit sha1_base64="a9jvZ/7BocUrSudVjlLs5VbTfAA="></latexit>

✓T / T�(d+��4)+��2

<latexit sha1_base64="CpZV9lfI8KhFF7xf9/iT+hqOAk8=">AAACK3icbVDLTgJBEJzFN75WPXoZJSReJLvG19HoxaMmoiSAZHa2gQmzj8z0Eshmz36NV/0QTxqvfoE/4AB7ULCSSSpV3T2V8mIpNDrOu1WYm19YXFpeKa6urW9s2lvb9zpKFIcqj2Skah7TIEUIVRQooRYrYIEn4cHrXY38hz4oLaLwDocxNAPWCUVbcIZGatl7DYQBju+kCvwsvWulDRXQSPPsMT10s6xll5yKMwadJW5OSiTHTcv+bvgRTwIIkUumdd11YmymTKHgErJiuZFoiBnvsQ7UDQ1ZALqZjjNktGwUn7YjZV6IdKwWf22kLNB6GHhmMmDY1dPeSPzPqyfYPm+mIowThJBPPmonkmJER8VQXyjgKIeGMK6ECUt5lynG0dT355LfF7HOUw8msYumJXe6k1lyf1RxTysnt8eli8u8r2WyS/bJAXHJGbkg1+SGVAknT+SZvJBX69l6sz6sz8lowcp3dsgfWF8/n5ipVA==</latexit>

T�1
osc

<latexit sha1_base64="56Glvutjnxf73hq8PYDen8f+IpA="></latexit>

↵ ⌘ (d+�� 4)� � + 2where

<latexit sha1_base64="WBMzKfUqh6rpj5SjTeIDnNBfAK4="></latexit>

Tosc ⇠ m��/↵
 m̃2/↵ ⇤(↵+��2)/↵

·
-

-

<latexit sha1_base64="CpZV9lfI8KhFF7xf9/iT+hqOAk8=">AAACK3icbVDLTgJBEJzFN75WPXoZJSReJLvG19HoxaMmoiSAZHa2gQmzj8z0Eshmz36NV/0QTxqvfoE/4AB7ULCSSSpV3T2V8mIpNDrOu1WYm19YXFpeKa6urW9s2lvb9zpKFIcqj2Skah7TIEUIVRQooRYrYIEn4cHrXY38hz4oLaLwDocxNAPWCUVbcIZGatl7DYQBju+kCvwsvWulDRXQSPPsMT10s6xll5yKMwadJW5OSiTHTcv+bvgRTwIIkUumdd11YmymTKHgErJiuZFoiBnvsQ7UDQ1ZALqZjjNktGwUn7YjZV6IdKwWf22kLNB6GHhmMmDY1dPeSPzPqyfYPm+mIowThJBPPmonkmJER8VQXyjgKIeGMK6ECUt5lynG0dT355LfF7HOUw8msYumJXe6k1lyf1RxTysnt8eli8u8r2WyS/bJAXHJGbkg1+SGVAknT+SZvJBX69l6sz6sz8lowcp3dsgfWF8/n5ipVA==</latexit>

T�1
osc

UV IR
oscillations



x
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Dodelson-Widrow Mechanism

total scattering:

medium mass:

oscillation temperature:

UV behavior:
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Figure 5. Shown is the full parameter space for sterile neutrino dark matter, in the case of it comprising all of the dark matter,
independent of its model of production. Among the most stringent constraints at low energies and masses are constraints from
X-ray observations M31 Horiuchi et al. [282], stacked dwarfs [287], 99% upper limit from 51 Ms of blank sky data from Chandra

[288], and the claimed 95% limit from blank sky XMM-Newton data [289]. Also shown are constraints from the di↵use X-ray
background [283], and individual clusters “Coma+Virgo” [290]. At higher masses and energies, I show the limits from NuSTAR
[291], Fermi GBM [281] and INTEGRAL [292]. The signals near 3.55 keV from M31 and stacked clusters are also shown [293, 294].
The vertical mass constraint only directly applies to the Dodelson-Widrow model being all of the dark matter, labeled “DW,”
which is now excluded as all of the dark matter. The Dodelson-Widrow model could still produce sterile neutrinos as a fraction
of the dark matter. Also shown is the forecast sensitivity of the planned XRISM and Athena X-ray Telescope [295], and the
potential optimistic-case reach of the WFM instrument aboard the eXTP X-ray Telescope [296, 297].

Cosmological constraints on ⌫NSI — Cosmological observables are not only sensitive to the background evo-
lution of neutrinos but also to their perturbations, which are a↵ected by neutrino free-streaming, as explained in
Sections 3.3 and 3.4. At present, measurements are broadly in agreement with the SM value of Ne↵ = 3.044 and the
three SM neutrino species are constrained to be non-interacting. Nonetheless, a multitude of studies of non-standard
neutrino interactions have been performed in the context of cosmological data. These studies have addressed, for
example, models with neutrinos interacting with a majoron [313–315], neutrino self-interactions [316–319], and self-
interacting dark radiation [56, 92, 93, 320]. A major conceptual di↵erence between these works are the assumptions
about the temperature scaling of the interaction, the number of neutrinos undergoing interactions and the presence
or absence of additional radiation. In the following, we frame the discussion of these results around the mass of the
particle mediating these interactions.8 We refer the reader to the dedicated Snowmass white paper on non-standard
neutrino interactions [324] for further discussions.

The scattering reactions mediated by a particle with mass larger than about 1 keV can be described by a new
Fermi interaction with an e↵ective Fermi constant G = g2

�/m2
� for the purposes of CMB physics, as described in

8
While we focus on interactions among neutrinos, we note that additional free-streaming and non-free-streaming radiation that is relevant

for cosmological observables can easily arise independently of neutrinos (see e.g.. [321–323] for illustrative examples).
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Figure 8. Constraints from Ly-↵ forest in the RPSN (m⌫s , sin
2 2✓) parameter space. The iso-L contours are

displayed in black along with the corresponding value of L6. Gold squares indicate the set of parameters for
which we computed the P'(k) by solving the non-linear hydrodynamics. The black dot with error bar denotes
the right-handed interpretation of the 3.55 keV X-ray line in the stacked spectra of galaxy clusters, for which
we used m⌫s = 7.14± 0.07 keV and sin2 2✓ = 4.9+1.3

�1.6 ⇥ 10�11 as reported in [81]. The blue (resp. red) shade
encompasses models excluded by over 3� by the SDSS-only (resp. SDSS + XQ + HR) Ly-↵ forest power
spectrum. The absence of monochromatic X-ray lines (apart from the 3.55 keV signal) translate into upper
bounds in sin2 2✓(m⌫s): the green shade are models inconsistent beyond 3� with a compilation of X-ray data
from the Milky Way, Andromeda and other galaxies.

17

Figure 2. 3D linear transfer function for total matter at z = 0 computed by the CLASS software for
m⌫s = 5 eV in solid lines and m⌫s = 50 eV in dashed lines. Dark teal lines assume a pure WDM model, and
lighter tones of blue display a larger preponderance of the cold (heavier) component over the warm (lighter)
one.

3.3 Resonantly-produced Sterile Neutrinos (RPSN) as Cool DM

The presence of a net lepton asymmetry at temperatures T ⇠ 0.1 GeV can significantly enhance
the production of sterile neutrinos from active neutrinos through forward scattering in dense media
[5]. In a mechanism similar to the MSW9 e↵ect [77, 78] accounting for the solar neutrino deficit,
the excessive abundance of leptons and their conjugate neutrinos with respect to anti-leptons can
yield the correct DM density ⌦dm with weaker mixing angles ✓. The authors of [5] showed that this
resonant production (RP) yields sterile neutrinos with significantly cooler momenta than the NRP
ones. The resonant momenta depend on the sterile neutrino mass m

rp

⌫s
and net leptonic (assumed

electronic) asymmetry L = (n⌫e �n⌫̄e)/s in units of entropy density where s / g?T
3. If the resonance

occurs before the QCD phase transition, only the low momenta states are populated from the quasi
thermally-distributed active neutrinos (hq = p/T⌫i ' 3.15), resulting in cooler neutrino and anti-
neutrino distribution functions with hqi ' 1.6.

The right panel of Fig. 3 displays the value of hqi/m⌫s for RPSN distribution functions computed
in [9, 79]. The coolest distribution functions occur for given values of L and m

rp

⌫s
, which we denote

L?(m⌫s). For larger asymmetries than L? for a given mass, the resonantly boosted forward scattering
occurs later than the QCD phase transition, which yield quasi-Fermi populated momenta states (with
weaker mixing angles). The left panel of Fig. 3 features the distribution functions of several leptonic
asymmetries for a m

rp

⌫s
= 8 keV RPSN.

We run 8 hydrodynamics simulations for the following RPSN models: M3L16?, M4L12?, M6L6,
M6L9?, M7L8?, M8L4, M8L8? and M13L6?, where M is the RPSN mass in keV and L the asymmetry
parameter in units of 10�6. Their linear matter power spectra at z = 30, input to the non-linear code
Gadget, are computed from the distribution functions using the CLASS software.

9
Mikheyev-Smirnov-Wolfenstein

9

Baur et. al., 1706.03118 

Shi-Fuller Mechanism
large lepton asymmetry allows for dimension-6 operator to dominate forward scattering

• necessary lepton asymmetry:
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<latexit sha1_base64="JkB8bhH9YKFDA9PqRptU0UstBn8=">AAACIXicbVDLTgIxFO34xPGFunDhppGQuJHMGIIuiW5cYsIrASSdUqChM9O0d4hkMl/DVj/EnXFn/Ax/wAKzEPAkTU7OffTc40nBNTjOl7WxubW9s5vZs/cPDo+OsyendR1GirIaDUWomh7RTPCA1YCDYE2pGPE9wRre6GFWb4yZ0jwMqjCRrOOTQcD7nBIwUjd73oYhA9Kt4rZUoYQQV5/j62LSzeacgjMHXiduSnIoRaWb/Wn3Qhr5LAAqiNYt15HQiYkCTgVL7Hw70kwSOiID1jI0ID7TnXh+QYLzRunhfqjMCwDPVfvPREx8rSe+Zzp9AkO9WpuJ/9VaEfTvOjEPZAQsoIuP+pHA5tBZHLjHFaMgJoYQqrgxi+mQKELBhLa0qTfmUqeuXxa2bZOSu5rJOqnfFNxSofRUzJXv07wy6AJdoivkoltURo+ogmqIogRN0St6s6bWu/VhfS5aN6x05gwtwfr+BX4Io/c=</latexit>

✓T / T�4

Shi, Fuller, astro-ph/9810076

<latexit sha1_base64="D1Ss3zXM/JjebsnNzN0tmNv1ZOQ="></latexit>

m2
T = GFT (ne � nē) ⇠ GF (�L)T 4

https://arxiv.org/abs/1706.03118
https://arxiv.org/abs/astro-ph/9810076


III. Oscillations from BSM

Y-x

Su·
*⑧-



iSM
X

-SM
<latexit sha1_base64="28XfuIegNTUBE9cwn6eREuSnJjI=">AAACDnicbVDNTgIxGOziH65/qEcvjYTEE9k1Bj0SvXjERMAENqTb7UKl29203xLJhnfgqg/izXj1FXwOX8ACexBwkiaTme9rp+MngmtwnG+rsLG5tb1T3LX39g8Oj0rHJy0dp4qyJo1FrJ58opngkjWBg2BPiWIk8gVr+8O7md8eMaV5LB9hnDAvIn3JQ04JGKnVhQED0iuVnaozB14nbk7KKEejV/rpBjFNIyaBCqJ1x3US8DKigFPBJnalm2qWEDokfdYxVJKIaS+bx53gilECHMbKHAl4rtp/NjISaT2OfDMZERjoVW8m/ud1UghvvIzLJAUm6eKhMBUYYjz7Ow64YhTE2BBCFTdhMR0QRSiYhpZuCkY80Xnql0Vs27TkrnayTlqXVbdWrT1cleu3eV9FdIbO0QVy0TWqo3vUQE1E0TOaolf0Zk2td+vD+lyMFqx85xQtwfr6BVUKnR4=</latexit>

✓

ROMP Recipe
1) select one or more operators that couple ψ to the thermal bath

<latexit sha1_base64="CLCzD30jbwRY+NgeCDoNVLjg1bY="></latexit>

L �
O

⇤d�4
+ cF

OF

⇤d+��4
+ . . .

2) choose vacuum spectrum

Y-x

SM

*
*⑧-

<latexit sha1_base64="fKjeQEyFsPEqcFLd3Tas1yZzeLA="></latexit>

L � m  ̄ +m��̄�+ �m  ̄�+ h.c.

<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�
<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

heavier DM

ex) sterile neutrino

• dark matter is unstable


• ψ contributes to DM or dark radiation

lighter DM

<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m iSM
X

-SM

<latexit sha1_base64="28XfuIegNTUBE9cwn6eREuSnJjI=">AAACDnicbVDNTgIxGOziH65/qEcvjYTEE9k1Bj0SvXjERMAENqTb7UKl29203xLJhnfgqg/izXj1FXwOX8ACexBwkiaTme9rp+MngmtwnG+rsLG5tb1T3LX39g8Oj0rHJy0dp4qyJo1FrJ58opngkjWBg2BPiWIk8gVr+8O7md8eMaV5LB9hnDAvIn3JQ04JGKnVhQED0iuVnaozB14nbk7KKEejV/rpBjFNIyaBCqJ1x3US8DKigFPBJnalm2qWEDokfdYxVJKIaS+bx53gilECHMbKHAl4rtp/NjISaT2OfDMZERjoVW8m/ud1UghvvIzLJAUm6eKhMBUYYjz7Ow64YhTE2BBCFTdhMR0QRSiYhpZuCkY80Xnql0Vs27TkrnayTlqXVbdWrT1cleu3eV9FdIbO0QVy0TWqo3vUQE1E0TOaolf0Zk2td+vD+lyMFqx85xQtwfr6BVUKnR4=</latexit>

✓

• dark matter can be stable


• ψ decays (after decoupling) contribute to 
DM abundance

Feng, Rajaraman, Takayama, hep-ph/0302215

https://arxiv.org/abs/hep-ph/0302215


ex 1) vector 4-Fermi

·
<latexit sha1_base64="i69iQ8ivDn77QXzTcOmRApDIVAs="></latexit>

L � ēL�µeL  ̄L�µ L

⇤2
+ c8

ēL�µeL@⌫@⌫ ̄L�µ L

⇤4

• medium ψ mass: • UV production:
<latexit sha1_base64="6a1kEBdC++JG3udXZhY1+2QeIgw="></latexit>

�

H
⇠ Mpl(�m)4⇤4

c
2
8

T
�9

• oscillation temperature:

<latexit sha1_base64="n5ObDb5QnaL6Sp5US/xw3nhY5go="></latexit>

Tosc ⇡ 5GeV

✓
max{m ,m�}

1MeV

◆1/3 ✓ ⇤

1TeV

◆2/3

• spectrum:
<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

non-resonant 
<latexit sha1_base64="msYXcBggK/jHvv7f+JVJhGMvmRc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKxJwk6MVjBPOAZAmzk04yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3WUKIYNFolItQOqUXCJDcONwHaskIaBwFYwvpv5rSdUmkfy0Uxi9EM6lHzAGTVWapVYr3rjXvQKRbfszkFWiZeRImSo9wpf3X7EkhClYYJq3fHc2PgpVYYzgdN8N9EYUzamQ+xYKmmI2k/n507JuVX6ZBApW9KQufp7IqWh1pMwsJ0hNSO97M3E/7xOYgZVP+UyTgxKtlg0SAQxEZn9TvpcITNiYgllittbCRtRRZmxCeVtCN7yy6ukeVn2KuXKw1WxdpvFkYNTOIMSeHANNbiHOjSAwRie4RXenNh5cd6dj0XrmpPNnMAfOJ8/s6GOhA==</latexit>

(c8 > 0)

-or-
<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

resonant!
<latexit sha1_base64="msYXcBggK/jHvv7f+JVJhGMvmRc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKxJwk6MVjBPOAZAmzk04yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3WUKIYNFolItQOqUXCJDcONwHaskIaBwFYwvpv5rSdUmkfy0Uxi9EM6lHzAGTVWapVYr3rjXvQKRbfszkFWiZeRImSo9wpf3X7EkhClYYJq3fHc2PgpVYYzgdN8N9EYUzamQ+xYKmmI2k/n507JuVX6ZBApW9KQufp7IqWh1pMwsJ0hNSO97M3E/7xOYgZVP+UyTgxKtlg0SAQxEZn9TvpcITNiYgllittbCRtRRZmxCeVtCN7yy6ukeVn2KuXKw1WxdpvFkYNTOIMSeHANNbiHOjSAwRie4RXenNh5cd6dj0XrmpPNnMAfOJ8/s6GOhA==</latexit>

(c8 > 0)

(assuming small asymmetries)

<latexit sha1_base64="toX7UmNVOzGBiUWpDkbEJhBqjbY="></latexit>

m2
T ⇠ � c8

⇤4
T 6



ex 1) vector 4-Fermi

• spectrum:
<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

non-resonant 
<latexit sha1_base64="msYXcBggK/jHvv7f+JVJhGMvmRc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKxJwk6MVjBPOAZAmzk04yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3WUKIYNFolItQOqUXCJDcONwHaskIaBwFYwvpv5rSdUmkfy0Uxi9EM6lHzAGTVWapVYr3rjXvQKRbfszkFWiZeRImSo9wpf3X7EkhClYYJq3fHc2PgpVYYzgdN8N9EYUzamQ+xYKmmI2k/n507JuVX6ZBApW9KQufp7IqWh1pMwsJ0hNSO97M3E/7xOYgZVP+UyTgxKtlg0SAQxEZn9TvpcITNiYgllittbCRtRRZmxCeVtCN7yy6ukeVn2KuXKw1WxdpvFkYNTOIMSeHANNbiHOjSAwRie4RXenNh5cd6dj0XrmpPNnMAfOJ8/s6GOhA==</latexit>

(c8 > 0)

-or-
<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

resonant!
<latexit sha1_base64="msYXcBggK/jHvv7f+JVJhGMvmRc=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKxJwk6MVjBPOAZAmzk04yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3WUKIYNFolItQOqUXCJDcONwHaskIaBwFYwvpv5rSdUmkfy0Uxi9EM6lHzAGTVWapVYr3rjXvQKRbfszkFWiZeRImSo9wpf3X7EkhClYYJq3fHc2PgpVYYzgdN8N9EYUzamQ+xYKmmI2k/n507JuVX6ZBApW9KQufp7IqWh1pMwsJ0hNSO97M3E/7xOYgZVP+UyTgxKtlg0SAQxEZn9TvpcITNiYgllittbCRtRRZmxCeVtCN7yy6ukeVn2KuXKw1WxdpvFkYNTOIMSeHANNbiHOjSAwRie4RXenNh5cd6dj0XrmpPNnMAfOJ8/s6GOhA==</latexit>

(c8 > 0)



ex 1) vector 4-Fermi

preliminary

non-resonant production: <latexit sha1_base64="Jc1CgtEKHqC9Gay1bWbGUg5dt0A="></latexit>

m� > m 

production rate per Hubble dark matter yield: 
<latexit sha1_base64="xX0B22XlYaYNSdpWOY4/NHVC+j0="></latexit>

Y� = n�/s

preliminary

<latexit sha1_base64="WSxUcYqGfZWTAdBz//PdHVeT5QI="></latexit>

⇤ = 10TeV
<latexit sha1_base64="WSxUcYqGfZWTAdBz//PdHVeT5QI="></latexit>

⇤ = 10TeV

<latexit sha1_base64="5ffWIXO5ItR6FctIECykEtxoi3s=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjWl0WXeiyQl/QGUomzbShyWRIMmIZ5gPc+CtuXCji1g9w59+YTmehrQcCh3PO5eYeP2JUadv+tgpLyyura8X10sbm1vZOeXevrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPr6d+555IRUXY1JOIeBwNQxpQjLSR+uVKs5+4kkOhcAqhi6JIigd4Dt0TmOk3pJ2alF21M8BF4uSkAnI0+uUvdyBwzEmoMUNK9Rw70l6CpKaYkbTkxopECI/RkPQMDREnykuyY1J4ZJQBDIQ0L9QwU39PJIgrNeG+SXKkR2rem4r/eb1YB5deQsMo1iTEs0VBzKAWcNoMHFBJsGYTQxCW1PwV4hGSCGvTX8mU4MyfvEjap1WnVq3dnVXqV3kdRXAADsExcMAFqINb0AAtgMEjeAav4M16sl6sd+tjFi1Y+cw++APr8weHJZoH</latexit>

Tosc ⇡ 5GeV
<latexit sha1_base64="5ffWIXO5ItR6FctIECykEtxoi3s=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjWl0WXeiyQl/QGUomzbShyWRIMmIZ5gPc+CtuXCji1g9w59+YTmehrQcCh3PO5eYeP2JUadv+tgpLyyura8X10sbm1vZOeXevrUQsMWlhwYTs+kgRRkPS0lQz0o0kQdxnpOOPr6d+555IRUXY1JOIeBwNQxpQjLSR+uVKs5+4kkOhcAqhi6JIigd4Dt0TmOk3pJ2alF21M8BF4uSkAnI0+uUvdyBwzEmoMUNK9Rw70l6CpKaYkbTkxopECI/RkPQMDREnykuyY1J4ZJQBDIQ0L9QwU39PJIgrNeG+SXKkR2rem4r/eb1YB5deQsMo1iTEs0VBzKAWcNoMHFBJsGYTQxCW1PwV4hGSCGvTX8mU4MyfvEjap1WnVq3dnVXqV3kdRXAADsExcMAFqINb0AAtgMEjeAav4M16sl6sd+tjFi1Y+cw++APr8weHJZoH</latexit>

Tosc ⇡ 5GeV



ex 1) vector 4-Fermi

colliders

<latexit sha1_base64="tQHKXsMRhCgYAuNwlGe1N97Qbdk="></latexit>

⌧� < 1028 s

non-resonant production

preliminary



ex 2) scalar 4-Fermi

·
<latexit sha1_base64="0YJfmzSIx2e65FEs0JMmrWCbaTk="></latexit>

L � ēe  ̄ 

⇤2

• medium ψ mass: • UV production:

• oscillation temperature:

<latexit sha1_base64="e9M+n1Og6szmwseCIIr2Wr9j68Q="></latexit>

m2
T ⇠ m 

⇤2
T 3

<latexit sha1_base64="2RkXkrBfPc3PF/47pOlkop64n/Y="></latexit>

�

H
⇠ Mpl(�m)4

m
2
 

T
�3

<latexit sha1_base64="8F1PyLx6pp5l3ly55TYeXbZkLb4="></latexit>

Tosc ⇡ 5GeV

✓
max{m ,m�}

1MeV

◆2/3 ⇣ m 

1MeV

⌘�1/3
✓

⇤

1TeV

◆2/3

• spectrum:
<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

non-resonant 

-or-
<latexit sha1_base64="rxdq/DAtbrN4z2P/rnSmmEjHJJk=">AAACIXicbVDLTsJAFJ3iC/GFunDhppGQuCKtMeiS6MYlJvJIgJDp9AITpo/M3BJI069hqx/izrgzfoY/4FC6EPAkNzk593VynFBwhZb1ZeS2tnd29/L7hYPDo+OT4ulZUwWRZNBggQhk26EKBPehgRwFtEMJ1HMEtJzx46LfmoBUPPBfcBZCz6NDnw84o6ilfvGiizDF9E4swU1ir99lI570iyWrYqUwN4mdkRLJUO8Xf7puwCIPfGSCKtWxrRB7MZXImYCkUO5GCkLKxnQIHU196oHqxennxCxrxTUHgdTlo5mqhT8bMfWUmnmOnvQojtR6byH+1+tEOLjvxdwPIwSfLR8NImFiYC7iMF0ugaGYaUKZ5NqsyUZUUoY6tJVL7oSHKnM9Xdou6JTs9Uw2SfOmYlcr1efbUu0hyytPLskVuSY2uSM18kTqpEEYScicvJI3Y268Gx/G53I0Z2Q752QFxvcvvhClTg==</latexit>m�

<latexit sha1_base64="t9jOlLI0Hd2GfFWF4vwOCzGTMGU=">AAACInicbVDLSsNAFJ34rPUVdSO4CZaCq5KIVJdFNy4r2Ae0IUwm03boTBJmbkpLiF/TrX6IO3El+Bf+gNM2C9t64MLh3Nfh+DFnCmz7y9jY3Nre2S3sFfcPDo+OzZPTpooSSWiDRDySbR8ryllIG8CA03YsKRY+py1/+DDrt0ZUKhaFzzCJqStwP2Q9RjBoyTPPu0DHML+T1nkislR43VixzDNLdsWew1onTk5KKEfdM3+6QUQSQUMgHCvVcewY3BRLYITTrFjuJorGmAxxn3Y0DbGgyk3nrzOrrJXA6kVSVwjWXC3+2UixUGoifD0pMAzUam8m/tfrJNC7c1MWxgnQkCwe9RJuQWTN8rACJikBPtEEE8m0WYsMsMQEdGpLl4IRi1XuerywXdQpOauZrJPmdcWpVqpPN6XafZ5XAV2gS3SFHHSLaugR1VEDEfSCpugVvRlT4934MD4XoxtGvnOGlmB8/wK3HaXT</latexit>m 

resonant!



Take Away
• Dark Matter could be a ROMP (= Rapidly Oscillating Massive Particle)

• ROMPs allow for DM produced by a higher dim. operator, 
insensitive to reheating dynamics

Y-x

SM

*
*⑧-

• many possible realizations, that differ vastly from sterile neutrinos

• ROMPs pick a new cosmic epoch:
<latexit sha1_base64="n5ObDb5QnaL6Sp5US/xw3nhY5go="></latexit>

Tosc ⇡ 5GeV

✓
max{m ,m�}

1MeV

◆1/3 ✓ ⇤

1TeV

◆2/3

Y-x

Su·
*⑧-

·
-

-

<latexit sha1_base64="CpZV9lfI8KhFF7xf9/iT+hqOAk8=">AAACK3icbVDLTgJBEJzFN75WPXoZJSReJLvG19HoxaMmoiSAZHa2gQmzj8z0Eshmz36NV/0QTxqvfoE/4AB7ULCSSSpV3T2V8mIpNDrOu1WYm19YXFpeKa6urW9s2lvb9zpKFIcqj2Skah7TIEUIVRQooRYrYIEn4cHrXY38hz4oLaLwDocxNAPWCUVbcIZGatl7DYQBju+kCvwsvWulDRXQSPPsMT10s6xll5yKMwadJW5OSiTHTcv+bvgRTwIIkUumdd11YmymTKHgErJiuZFoiBnvsQ7UDQ1ZALqZjjNktGwUn7YjZV6IdKwWf22kLNB6GHhmMmDY1dPeSPzPqyfYPm+mIowThJBPPmonkmJER8VQXyjgKIeGMK6ECUt5lynG0dT355LfF7HOUw8msYumJXe6k1lyf1RxTysnt8eli8u8r2WyS/bJAXHJGbkg1+SGVAknT+SZvJBX69l6sz6sz8lowcp3dsgfWF8/n5ipVA==</latexit>

T�1
osc

UV IR
oscillations


