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Why is dark matter here?







Freeze-In
<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>
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Freeze-In
<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>
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<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="aEPZ13Kx6kog+IPf0bAISEUkVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU7gVUZeG0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCL3o+5</latexit>
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<latexit sha1_base64="x29VsCNfOUbraRlW42GqC8iCkUg=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4ijPidgx68RjBLGQh1HQ6SZPunqG7RwhD/sKLB0W8+jfe/Bs7y0ETHxQ83quiql4YC26s7397mZXVtfWN7GZua3tndy+/f1A1UaIpq9BIRLoeomGCK1ax3ApWjzVDGQpWC4d3E7/2xLThkXq0o5i1JfYV73GK1kmNVh+lRHJGGp18wS/6U5BlEsxJAeYod/JfrW5EE8mUpQKNaQZ+bNspasupYONcKzEsRjrEPms6qlAy006nF4/JiVO6pBdpV8qSqfp7IkVpzEiGrlOiHZhFbyL+5zUT27tpp1zFiWWKzhb1EkFsRCbvky7XjFoxcgSp5u5WQgeokVoXUs6FECy+vEyq58Xgqnj5cFEo3c7jyMIRHMMpBHANJbiHMlSAgoJneIU3z3gv3rv3MWvNePOZQ/gD7/MHWQuQEA==</latexit>

�/Z

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="RYr/E8If5vdZkuatA/XE2YV2Z5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz+kOvPZUEy65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks4sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/HWRCJSlyxeaL+qkkGJPp+6QnNGcox5ZQpoW9lbAh1ZShDalkQ/AWX14mzbOqd1m9uD+v1G7yOIpwBMdwCh5cQQ3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AMgKkQE=</latexit>
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<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="aEPZ13Kx6kog+IPf0bAISEUkVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU7gVUZeG0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCL3o+5</latexit>

f̄

<latexit sha1_base64="x29VsCNfOUbraRlW42GqC8iCkUg=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4ijPidgx68RjBLGQh1HQ6SZPunqG7RwhD/sKLB0W8+jfe/Bs7y0ETHxQ83quiql4YC26s7397mZXVtfWN7GZua3tndy+/f1A1UaIpq9BIRLoeomGCK1ax3ApWjzVDGQpWC4d3E7/2xLThkXq0o5i1JfYV73GK1kmNVh+lRHJGGp18wS/6U5BlEsxJAeYod/JfrW5EE8mUpQKNaQZ+bNspasupYONcKzEsRjrEPms6qlAy006nF4/JiVO6pBdpV8qSqfp7IkVpzEiGrlOiHZhFbyL+5zUT27tpp1zFiWWKzhb1EkFsRCbvky7XjFoxcgSp5u5WQgeokVoXUs6FECy+vEyq58Xgqnj5cFEo3c7jyMIRHMMpBHANJbiHMlSAgoJneIU3z3gv3rv3MWvNePOZQ/gD7/MHWQuQEA==</latexit>
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<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="RYr/E8If5vdZkuatA/XE2YV2Z5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz+kOvPZUEy65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks4sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/HWRCJSlyxeaL+qkkGJPp+6QnNGcox5ZQpoW9lbAh1ZShDalkQ/AWX14mzbOqd1m9uD+v1G7yOIpwBMdwCh5cQQ3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AMgKkQE=</latexit>
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<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>
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<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f

<latexit sha1_base64="aEPZ13Kx6kog+IPf0bAISEUkVns=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzU7gVUZeG0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1Vaw+XlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gCL3o+5</latexit>
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<latexit sha1_base64="x29VsCNfOUbraRlW42GqC8iCkUg=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4ijPidgx68RjBLGQh1HQ6SZPunqG7RwhD/sKLB0W8+jfe/Bs7y0ETHxQ83quiql4YC26s7397mZXVtfWN7GZua3tndy+/f1A1UaIpq9BIRLoeomGCK1ax3ApWjzVDGQpWC4d3E7/2xLThkXq0o5i1JfYV73GK1kmNVh+lRHJGGp18wS/6U5BlEsxJAeYod/JfrW5EE8mUpQKNaQZ+bNspasupYONcKzEsRjrEPms6qlAy006nF4/JiVO6pBdpV8qSqfp7IkVpzEiGrlOiHZhFbyL+5zUT27tpp1zFiWWKzhb1EkFsRCbvky7XjFoxcgSp5u5WQgeokVoXUs6FECy+vEyq58Xgqnj5cFEo3c7jyMIRHMMpBHANJbiHMlSAgoJneIU3z3gv3rv3MWvNePOZQ/gD7/MHWQuQEA==</latexit>
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<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhhFOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

<latexit sha1_base64="RYr/E8If5vdZkuatA/XE2YV2Z5E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5oHZJcxOJsmQ2dllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Wj26nfeuLaiFg94DjhQUQHSvQFo2ilRz+kOvPZUEy65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks4sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/HWRCJSlyxeaL+qkkGJPp+6QnNGcox5ZQpoW9lbAh1ZShDalkQ/AWX14mzbOqd1m9uD+v1G7yOIpwBMdwCh5cQQ3uoA4NYKDgGV7hzTHOi/PufMxbC04+cwh/4Hz+AMgKkQE=</latexit>
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Model-building Challenge: BBN



G. Krnjaic and S. McDermott [1908.00007]

Model-building Challenge: BBN
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Is this the one benchmark?

What are we probing right now?
nothing.

yes.



The Power of the Dark Sink
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Freeze-In Dark Sink
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Freeze-In Dark Sink

+ Light fermion 

<latexit sha1_base64="TCHXfjRGhqyl81MhzsFeDjVdi7w=">AAACEXicbZA7T8MwEMed8irlFWBksaiQOlUJ4jVWsLAgFUEfUlNVjuu0Vh0nsi+IKupXYOGrsDCAECsbG98Gt8kAhZNs/fy/O53v78eCa3CcL6uwsLi0vFJcLa2tb2xu2ds7TR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6GKab90xpXkkb2Ecs25IBpIHnBIwUs+ueMDuIb25muCMcIYR9nyiUo8OuXmau2eXnaozC/wX3BzKKI96z/70+hFNQiaBCqJ1x3Vi6KZEAaeCTUpeollM6IgMWMegJCHT3XS20QQfGKWPg0iZIwHP1J8dKQm1Hoe+qQwJDPV8bir+l+skEJx1Uy7jBJik2aAgEdgsPLUH97liFMTYAKGKm79iOiSKUDAmlowJ7vzKf6F5WHVPqsfXR+XaeW5HEe2hfVRBLjpFNXSJ6qiBKHpAT+gFvVqP1rP1Zr1npQUr79lFv8L6+AYu+50/</latexit>
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+ Light fermion 

Freeze-In Dark Sink

Larger cross sections @ current direct detection exps

<latexit sha1_base64="TCHXfjRGhqyl81MhzsFeDjVdi7w=">AAACEXicbZA7T8MwEMed8irlFWBksaiQOlUJ4jVWsLAgFUEfUlNVjuu0Vh0nsi+IKupXYOGrsDCAECsbG98Gt8kAhZNs/fy/O53v78eCa3CcL6uwsLi0vFJcLa2tb2xu2ds7TR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6GKab90xpXkkb2Ecs25IBpIHnBIwUs+ueMDuIb25muCMcIYR9nyiUo8OuXmau2eXnaozC/wX3BzKKI96z/70+hFNQiaBCqJ1x3Vi6KZEAaeCTUpeollM6IgMWMegJCHT3XS20QQfGKWPg0iZIwHP1J8dKQm1Hoe+qQwJDPV8bir+l+skEJx1Uy7jBJik2aAgEdgsPLUH97liFMTYAKGKm79iOiSKUDAmlowJ7vzKf6F5WHVPqsfXR+XaeW5HEe2hfVRBLjpFNXSJ6qiBKHpAT+gFvVqP1rP1Zr1npQUr79lFv8L6+AYu+50/</latexit>
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<latexit sha1_base64="1pPEAcAGtF8yfiJ0OGdMm6mJ4LI="></latexit>
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<latexit sha1_base64="/dwtRIc2ZY5gnsQltu1Hli9P3nY="></latexit>

L � � ✏

2
F 0
µ⌫F

µ⌫



Te
m

pe
ra

tu
re

The Story

• SM produces dark matter



Te
m

pe
ra

tu
re

The Story

• SM produces dark matter

• Dark matter thermalizes with Dark Sink



Te
m

pe
ra

tu
re

The Story

• SM produces dark matter

• Dark matter thermalizes with Dark Sink

• Dark Matter Annihilates away; SM continues to produce it



Te
m

pe
ra

tu
re

The Story

• SM produces dark matter

• Dark matter thermalizes with Dark Sink

• Dark Matter Annihilates away; SM continues to produce it

• Annihilations and SM freeze-in both lose to Hubble
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The Dark Sink
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