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THE QUEST FOR DARK MATTER

2
1050

<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>

1010

<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

microlensing 
searches of 

PBHs

[Niikura et al., Nat. Astr. 3 (2019) 6]

m . 1046 GeV

<latexit sha1_base64="3a5VmfZD/dLh7+okbHetXOjnx1o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREio9d0YUuK9gHNLVMprft0JkkzEyEErJ046+4caGIWz/BnX/jpO1CWw9cOJxzL/fe40ecKe0431ZuYXFpeSW/Wlhb39jcsrd36iqMJYUaDXkomz5RwFkANc00h2YkgQifQ8MfXmV+4wGkYmFwp0cRtAXpB6zHKNFG6tj7wuOglGICu859Uj5NvWNPED2QIrmGetqxi07JGQPPE3dKimiKasf+8rohjQUEmnKiVMt1It1OiNSMckgLXqwgInRI+tAyNCACVDsZP5LiQ6N0cS+UpgKNx+rviYQIpUbCN53ZjWrWy8T/vFase+fthAVRrCGgk0W9mGMd4iwV3GUSqOYjQwiVzNyK6YBIQrXJrmBCcGdfnif1k5JbLl3clouVy2kcebSHDtARctEZqqAbVEU1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx8GTJle</latexit>

Galaxy formation

[Hlozek et al., PRD 91 (2015)]

m & 10�24 eV

<latexit sha1_base64="qHR9aLEIch7rDE9aDuLCxrg7oG4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQktSCuqu6MZlBfuAJpbJdNoOnZmEmYlQQnZu/BU3LhRx6y+482+ctFlo64ELh3Pu5d57gohRpR3n2yosLa+srhXXSxubW9s79u5eS4WxxKSJQxbKToAUYVSQpqaakU4kCeIBI+1gfJ357QciFQ3FnZ5ExOdoKOiAYqSN1LMPuTfUxubQde6Ts2ot9U49jvRI8oS00p5ddirOFHCRuDkpgxyNnv3l9UMccyI0ZkiprutE2k+Q1BQzkpa8WJEI4TEakq6hAnGi/GT6RwqPjdKHg1CaEhpO1d8TCeJKTXhgOrMT1byXif953VgPLvyEiijWRODZokHMoA5hFgrsU0mwZhNDEJbU3ArxCEmEtYmuZEJw519eJK1qxa1VLm9r5fpVHkcRHIAjcAJccA7q4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5AwNwmMw=</latexit>

�dB =
2⇡

mv
. 100 kpc

<latexit sha1_base64="A49QQRSOgshunKhZMwdIuXdnhG4=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwVZJSqC6EUjcuK9gHNKFMJpN26EwSZiaFEvIpbvwVNy4U0Z1+jZM2C209MHA451zm3uPFjEplWV9GaWNza3unvFvZ2z84PDKPT3oySgQmXRyxSAw8JAmjIekqqhgZxIIg7jHS96a3ud+fESFpFD6oeUxcjsYhDShGSksjs+kwHfbRKPXb2Y0TCITTuhPTLOVwljmMSCkph7ZlOdDhSE0ET6cxzkZm1apZC8B1YhekCgp0Ruan40c44SRUmCEph7YVKzdFQlHMSFZxEklihKdoTIaahogT6aaLAzN4oRUfBpHQL1Rwof6eSBGXcs49ncx3lKteLv7nDRMVXLkpDeNEkRAvPwoSBlUE87agTwXBis01QVhQvSvEE6RLUrrTii7BXj15nfTqNbtRu75vVFvtoo4yOAPn4BLYoAla4A50QBdg8AiewSt4M56MF+Pd+FhGS0Yxcwr+wPj+AXQZo8o=</latexit>

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>
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<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>

1010

<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

microlensing 
searches of 

PBHs

[Niikura et al., Nat. Astr. 3 (2019) 6]

m . 1046 GeV

<latexit sha1_base64="3a5VmfZD/dLh7+okbHetXOjnx1o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREio9d0YUuK9gHNLVMprft0JkkzEyEErJ046+4caGIWz/BnX/jpO1CWw9cOJxzL/fe40ecKe0431ZuYXFpeSW/Wlhb39jcsrd36iqMJYUaDXkomz5RwFkANc00h2YkgQifQ8MfXmV+4wGkYmFwp0cRtAXpB6zHKNFG6tj7wuOglGICu859Uj5NvWNPED2QIrmGetqxi07JGQPPE3dKimiKasf+8rohjQUEmnKiVMt1It1OiNSMckgLXqwgInRI+tAyNCACVDsZP5LiQ6N0cS+UpgKNx+rviYQIpUbCN53ZjWrWy8T/vFase+fthAVRrCGgk0W9mGMd4iwV3GUSqOYjQwiVzNyK6YBIQrXJrmBCcGdfnif1k5JbLl3clouVy2kcebSHDtARctEZqqAbVEU1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx8GTJle</latexit>

Galaxy formation

[Hlozek et al., PRD 91 (2015)]

m & 10�24 eV

<latexit sha1_base64="qHR9aLEIch7rDE9aDuLCxrg7oG4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQktSCuqu6MZlBfuAJpbJdNoOnZmEmYlQQnZu/BU3LhRx6y+482+ctFlo64ELh3Pu5d57gohRpR3n2yosLa+srhXXSxubW9s79u5eS4WxxKSJQxbKToAUYVSQpqaakU4kCeIBI+1gfJ357QciFQ3FnZ5ExOdoKOiAYqSN1LMPuTfUxubQde6Ts2ot9U49jvRI8oS00p5ddirOFHCRuDkpgxyNnv3l9UMccyI0ZkiprutE2k+Q1BQzkpa8WJEI4TEakq6hAnGi/GT6RwqPjdKHg1CaEhpO1d8TCeJKTXhgOrMT1byXif953VgPLvyEiijWRODZokHMoA5hFgrsU0mwZhNDEJbU3ArxCEmEtYmuZEJw519eJK1qxa1VLm9r5fpVHkcRHIAjcAJccA7q4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5AwNwmMw=</latexit>

�dB =
2⇡

mv
. 100 kpc

<latexit sha1_base64="A49QQRSOgshunKhZMwdIuXdnhG4=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwVZJSqC6EUjcuK9gHNKFMJpN26EwSZiaFEvIpbvwVNy4U0Z1+jZM2C209MHA451zm3uPFjEplWV9GaWNza3unvFvZ2z84PDKPT3oySgQmXRyxSAw8JAmjIekqqhgZxIIg7jHS96a3ud+fESFpFD6oeUxcjsYhDShGSksjs+kwHfbRKPXb2Y0TCITTuhPTLOVwljmMSCkph7ZlOdDhSE0ET6cxzkZm1apZC8B1YhekCgp0Ruan40c44SRUmCEph7YVKzdFQlHMSFZxEklihKdoTIaahogT6aaLAzN4oRUfBpHQL1Rwof6eSBGXcs49ncx3lKteLv7nDRMVXLkpDeNEkRAvPwoSBlUE87agTwXBis01QVhQvSvEE6RLUrrTii7BXj15nfTqNbtRu75vVFvtoo4yOAPn4BLYoAla4A50QBdg8AiewSt4M56MF+Pd+FhGS0Yxcwr+wPj+AXQZo8o=</latexit>

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>

See excellent overview 

by Kai!
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relevant SM coupling
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Lee-Weinberg 
<latexit sha1_base64="c+A0cyO9Tabxo0EzI2WLgU0BdHM="></latexit>

h�vi /
m2

�

m4
Z

<latexit sha1_base64="+7Dh2GqEw+6KUsAiCdteh7ULkyQ=">AAACG3icbVDLSgMxFM34rPVVdSlCsAiuyoxodVl0ocsK9gGdUjLpbRuazAzJHbEMXfkdfoBb/QR34taFX+BvmD4W2nogcDjnXG7uCWIpDLrul7OwuLS8sppZy65vbG5t53Z2qyZKNIcKj2Sk6wEzIEUIFRQooR5rYCqQUAv6VyO/dg/aiCi8w0EMTcW6oegIztBKrdyBavm8J6jfRRtS9Iz61Ed4wPQaqsNWLu8W3DHoPPGmJE+mKLdy33474omCELlkxjQ8N8ZmyjQKLmGY9RMDMeN91oWGpSFTYJrp+IwhPbJKm3YibV+IdKz+nkiZMmagAptUDHtm1huJ/3rGfqUH7Zn12LlopiKME4SQT7Z3EkkxoqOiaFto4CgHljCuhT2A8h7TjKOtM2ub8WZ7mCfVk4JXLBRvT/Oly2lHGbJPDskx8cg5KZEbUiYVwskjeSYv5NV5ct6cd+djEl1wpjN75A+czx/sT6Er</latexit>

m� & 5 GeV

[Lin, 1904.07915]

BBN and CMB
<latexit sha1_base64="pvpXpZ8IDCUojqKJS4HjiLz+ucQ=">AAACHHicbVDLSgMxFM3UV62vqktBgkVwVWZEqsuiGzdCBfuATimZ9LYNTWaG5I5Yhu78Dj/ArX6CO3Er+AX+huljoa0HAodzzuXmniCWwqDrfjmZpeWV1bXsem5jc2t7J7+7VzNRojlUeSQj3QiYASlCqKJACY1YA1OBhHowuBr79XvQRkThHQ5jaCnWC0VXcIZWaucPVdvnfUH9HtqQop5LfeojPGB6A7VRO19wi+4EdJF4M1IgM1Ta+W+/E/FEQYhcMmOanhtjK2UaBZcwyvmJgZjxAetB09KQKTCtdHLHiB5bpUO7kbYvRDpRf0+kTBkzVIFNKoZ9M++NxX89Y7/Sh87ceuxetFIRxglCyKfbu4mkGNFxU7QjNHCUQ0sY18IeQHmfacbR9pmzzXjzPSyS2mnRKxVLt2eF8uWsoyw5IEfkhHjknJTJNamQKuHkkTyTF/LqPDlvzrvzMY1mnNnMPvkD5/MHaZ2hZw==</latexit>

m� & 10 MeV

New 

mediators!

• resonance 
• p-wave or asymmetric DM 
• forbidden or inelastic annihilation 
• secluded annihilation 
• freeze-in or modified reheating

Ingredients



WHAT MAKES UP A LDM MODEL?

4

Particle content + mediator + thermal history  observation⇒

• DM spin and stability 
• mediator spin and mass 
• dark-sector spectrum

Particle content Production history Observations
• freeze-out, freeze-in, 

coannihilation, … 
• one bath or separate dark 

temperature T′ 
• reheating and entropy 

injection

• accelerator production 
• electron and nuclear recoils 
• annihilation and decay 
• self-interactions and structure

SM DM
Direct Detection Accelerators

Astrophysics and Cosmo Indirect detection

?
?
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PORTAL INTERACTIONS

• Can build three renormalisable dim 4 portal interactions from the 
SM singlets          ,        and          by combining them with 
Dark Sector singlets 
 
Higgs Portal 
 
Neutrino Portal 
 
Vector Portal 

• Plus dim 5 axion portal

L̄H̃
<latexit sha1_base64="CzUujN1RhMSnxIuhzUIw0YEielU=">AAACI3icbVC7SgNBFJ2NrxhfMZY2g0GwCrtR0DJok8IignlAdgmzs3eTIbOzy8ysJCz5FTvRf7ETGwt/xMrJozCJBwYO59zLPXP8hDOlbfvLym1sbm3v5HcLe/sHh0fF41JLxamk0KQxj2XHJwo4E9DUTHPoJBJI5HNo+8O7qd9+AqlYLB71OAEvIn3BQkaJNlKvWMKuTyS+x9jVjAeA67hXLNsVewa8TpwFKaMFGr3ijxvENI1AaMqJUl3HTrSXEakZ5TApuKmChNAh6UPXUEEiUF42yz7B50YJcBhL84TGM/XvRkYipcaRbyYjogdq1ZuK/3qUCAp86Xo2mh9dTqTDGy9jIkk1CDoPFKYc6xhPC8MBk0A1HxtCqGTmT5gOiCRUm1oLpixntZp10qpWnMtK9eGqXLtd1JZHp+gMXSAHXaMaqqMGaiKKRugZvaI368V6tz6sz/lozlrsnKAlWN+/JbqjkQ==</latexit>

Bµ⌫
<latexit sha1_base64="VUhTwMtBfScY7cIgcdD1GE/DdIw=">AAACGXicbVDLTgIxFL2DL8QX6tJNIzFxRWbQRJcENy4xkUdkJqRTCjS0nUnbMZIJf+HO6L+4M25d+SuuLDALAU/S5OSce3NPTxhzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1iTTmTtGGY4bQdK4pFyGkrHN1M/dYjVZpF8t6MYxoIPJCszwg2VnqodVNfJL5MJt1iyS27M6BV4mWkBBnq3eKP34tIIqg0hGOtO54bmyDFyjDC6aTgJ5rGmIzwgHYslVhQHaSzxBN0ZpUe6kfKPmnQTP27kWKh9ViEdlJgM9TL3lT81yNYEsoXrqdP86OLiUz/OkiZjBNDJZkH6iccmQhNa0I9pigxfGwJJorZPyEyxAoTY8ss2LK85WpWSbNS9i7KlbvLUrWW1ZaHEziFc/DgCqpwC3VoAAEJz/AKb86L8+58OJ/z0ZyT7RzDApyvX1DaodM=</latexit>

H
†
H

<latexit sha1_base64="OkWN/JpInlW+r21YEXQ/nrfOJZ4=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVZIq6LLopssK9gFtLJPJTTp0MgkzE7GEfoY70X9xJ27d+CuunLZZ2NYDA4dz7uWeOV7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqaTQojGPZdcjCjgT0NJMc+gmEkjkceh4o9up33kEqVgs7vU4ATcioWABo0Qbqdd46PskDEHixqBcsav2DHiVODmpoBzNQfmn78c0jUBoyolSPcdOtJsRqRnlMCn1UwUJoSMSQs9QQSJQbjaLPMFnRvFxEEvzhMYz9e9GRiKlxpFnJiOih2rZm4r/epQICnzhevY0P7qYSAfXbsZEkmoQdB4oSDnWMZ72hH0mgWo+NoRQycyfMB0SSag2bZZMWc5yNaukXas6F9Xa3WWlfpPXVkQn6BSdIwddoTpqoCZqIYpi9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y8KSaGb</latexit>

�HS S
†
S H

†
H

<latexit sha1_base64="K3hGojf3BC6v6Oe0lVFypzy8LVU=">AAACOnicbVA9SwNBEN3zM8avqKXNYhAUJNxFQcugTUolRgUvhrm9SbK4t3fs7onhyG/w19iJ/g5bO7G1snLzgRjjg4E3b2aYmRckgmvjuq/O1PTM7Nx8biG/uLS8slpYW7/QcaoY1lksYnUVgEbBJdYNNwKvEoUQBQIvg9uTfv3yDpXmsTw33QQbEbQlb3EGxkrNwi71he0OoZlVaz1/j9Zu/BDabVS0ZrPqT1ZtFopuyR2AThJvRIpkhNNm4csPY5ZGKA0ToPW15yamkYEynAns5f1UYwLsFtp4bamECHUjG7zUo9tWCWkrVjakoQP190QGkdbdKLCdEZiO/lvri//WGEiGYmx7dj9cOn6RaR01Mi6T1KBkw4NaqaAmpn0facgVMiO6lgBT3P5EWQcUMGPdzluzvL/WTJKLcsnbL5XPDoqV45FtObJJtsgO8cghqZAqOSV1wsgDeSTP5MV5ct6cd+dj2DrljGY2yBicz2+1yK0B</latexit>

�Y
N
L̄H̃ N

<latexit sha1_base64="1x2KjOJ3zIdT5LSvnQy4mc+rI9o=">AAACL3icbVDLSgNBEJyNrxhfUY+CDAbBg4bdKOgx6CUHCRHMQ7IxzE46yZDZ2WVmVgxLbn6NN9F/ES/i1V/w5ORxMIkFDUVVN91dXsiZ0rb9YSUWFpeWV5KrqbX1jc2t9PZORQWRpFCmAQ9kzSMKOBNQ1kxzqIUSiO9xqHq9q6FffQCpWCBudT+Ehk86grUZJdpIzfQ+PsF390X3GLsekfgaY1cz3gJcwEYrNtMZO2uPgOeJMyEZNEGpmf5xWwGNfBCacqJU3bFD3YiJ1IxyGKTcSEFIaI90oG6oID6oRjz6Y4APjdLC7UCaEhqP1L8TMfGV6vue6fSJ7qpZbyj+61EiKPCp7fHjeOn0Rbp90YiZCCMNgo4Pakcc6wAPw8MtJoFq3jeEUMnMT5h2iSRUm4hTJixnNpp5UsllndNs7uYsk7+cxJZEe+gAHSEHnaM8KqASKiOKntAzekVv1ov1bn1aX+PWhDWZ2UVTsL5/ARfbpvk=</latexit>

�✏Y
2
Bµ⌫X

µ⌫

<latexit sha1_base64="fSqvELOSgmHdaRfEV8kpX5fu3no="></latexit>

SM DM

5

Gagg

4
aTr[Gµ⌫G̃

µ⌫ ]
<latexit sha1_base64="bvg2rCpMJ6fybLEDNAu0YlP/MnA="></latexit>



PORTAL DOES NOT DEFINE RELIC DENSITY MECHANISM

6

Ωh2 ∝ ⟨σv⟩−1

⟨σv⟩χχ→ff ∝ αvis αD

• One thermal bath 
• Abundance set via 

freeze-out

Direct annihilation

neq
χ (Tf ) ⟨σv⟩ ≈ H(Tf )

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

[D’Agnolo, Ruderman; 1505.07107][Pospelov, Ritz, Voloshin; 0711.4866] [ Berlin, Hooper, Krnjaic; 1609.02555]
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χ
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<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

• Abundance set via
neq

χ (T′￼f ) ⟨σv⟩ ≈ H(Tf )

mDM > mX

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>� X

X

• One thermal bath 
• Abundance set via 

freeze-out

Direct annihilation

neq
χ (Tf ) ⟨σv⟩ ≈ H(Tf )

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

[D’Agnolo, Ruderman; 1505.07107][Pospelov, Ritz, Voloshin; 0711.4866] [ Berlin, Hooper, Krnjaic; 1609.02555]

Production scaling:



PORTAL DOES NOT DEFINE RELIC DENSITY MECHANISM

6

Ωh2 ∝ ⟨σv⟩−1

⟨σv⟩χχ→ff ∝ αvis αD ⟨σv⟩χχ→XX ∝
πα2
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<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

• Abundance set via
neq

χ (T′￼f ) ⟨σv⟩ ≈ H(Tf )

mDM > mX

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>� X

X

• One thermal bath 
• Abundance set via 

freeze-out

Direct annihilation

neq
χ (Tf ) ⟨σv⟩ ≈ H(Tf )

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

[D’Agnolo, Ruderman; 1505.07107][Pospelov, Ritz, Voloshin; 0711.4866] [ Berlin, Hooper, Krnjaic; 1609.02555]

Inelastic/coannihilation

X

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

• Abundance set via

neq(Tf ) ⟨σv⟩coann ≈ H(Tf )

Γχ1↔χ2
(Tconv) ≈ H(Tconv)

or

neq
χ2

neq
χ1

≃
g2

g1 (1 +
Δ

mχ1
)

3/2

e−Δ/T

⟨σv⟩coann = ∑
i, j

⟨σijv⟩
neq

i neq
j

(neq)2

Production scaling:
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Ωh2 ∝ ⟨σv⟩−1

⟨σv⟩χχ→ff ∝ αvis αD ⟨σv⟩χχ→XX ∝
πα2

D

m2
χ

Ωh2 ∝ α−2
D

Secluded annihilation

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

• Abundance set via
neq

χ (T′￼f ) ⟨σv⟩ ≈ H(Tf )

mDM > mX

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>� X

X

• One thermal bath 
• Abundance set via 

freeze-out

Direct annihilation

neq
χ (Tf ) ⟨σv⟩ ≈ H(Tf )

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

Portal production
<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM X(*)

Γprod(T ) < H(T )

• Never in equilibrium 
• Requires throughout

Y∞
χ = ∫

Tmax

T0

γprod(T )
s(T )H(T )T

dT

Y∞
χ ∝ αvisαD

[D’Agnolo, Ruderman; 1505.07107][Pospelov, Ritz, Voloshin; 0711.4866] [ Berlin, Hooper, Krnjaic; 1609.02555]

Inelastic/coannihilation

X

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

• Abundance set via

neq(Tf ) ⟨σv⟩coann ≈ H(Tf )

Γχ1↔χ2
(Tconv) ≈ H(Tconv)

or

neq
χ2

neq
χ1

≃
g2

g1 (1 +
Δ

mχ1
)

3/2

e−Δ/T

⟨σv⟩coann = ∑
i, j

⟨σijv⟩
neq

i neq
j

(neq)2

Production scaling:
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• If  broken by new scalar, mass is proportional to coupling U(1)X

DARK PHOTONS

8

<latexit sha1_base64="73hFIxocfEgpn247Kc7/FsZo6yA=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnFPiANZTK5aYZOZsLMRCmhH+AHuNVPcCdu/Qy/wN9w2mZhWw9cOJxzL/feE6SMKu0431ZpZXVtfaO8Wdna3tndq+4ftJXIJIEWEUzIboAVMMqhpalm0E0l4CRg0AmGNxO/8whSUcEf9CgFP8EDTiNKsDaS17ung1hjKcVTv1pz6s4U9jJxC1JDBZr96k8vFCRLgGvCsFKe66Taz7HUlDAYV3qZghSTIR6AZyjHCSg/n548tk+MEtqRkKa4tqfq34kcJ0qNksB0JljHatGbiP95XqajKz+nPM00cDJbFGXM1sKe/G+HVALRbGQIJpKaW20SY4mJNinNbVHmqRjCccUk4y7msEzaZ3X3ou7cndca10VGZXSEjtEpctElaqBb1EQtRJBAL+gVvVnP1rv1YX3OWktWMXOI5mB9/QK665pK</latexit>)
smaller couplings 
  smaller mass!⇒

• Four-parameter theory  with two distinct regimes:{mχ, mA′￼, ϵ, gD}

<latexit sha1_base64="WqmZcThqzeBIjEdDc/bqdOJzP+M="></latexit>

L � �1

4
F 0
µ⌫F

0µ⌫ � ✏

2
Bµ⌫F

0µ⌫ +
1

2
m2

A0A0
µA

0µ + gDA0
µ�̄�

µ�

<latexit sha1_base64="GZHosOVSQ/5T4vCyV1e+tdud4s8="></latexit>

L � (DµS)
†DµS ! g2Dv2DA0

µA
0µ

<latexit sha1_base64="ZKD3ukai0IsICxLANSD+jYoZkls=">AAACDnicbVDLSsNAFJ3UV62vqEs3g0V0VRKR6kao2oXLCvYBbQiTyaQdOjMJM5NCCf0HP8CtfoI7cesv+AX+htM2C209cOFwzr3ce0+QMKq043xZhZXVtfWN4mZpa3tnd8/eP2ipOJWYNHHMYtkJkCKMCtLUVDPSSSRBPGCkHQzvpn57RKSisXjU44R4HPUFjShG2ki+bXM/uzmdwGvY9+tw5Nd9u+xUnBngMnFzUgY5Gr793QtjnHIiNGZIqa7rJNrLkNQUMzIp9VJFEoSHqE+6hgrEifKy2eUTeGKUEEaxNCU0nKm/JzLElRrzwHRypAdq0ZuK/3rKnDIg4cJ6HV15GRVJqonA8+1RyqCO4TQbGFJJsGZjQxCW1DwA8QBJhLVJsGSScRdzWCat84pbrVQfLsq12zyjIjgCx+AMuOAS1MA9aIAmwGAEnsELeLWerDfr3fqYtxasfOYQ/IH1+QO8X5sb</latexit>mA0 = gDvD

<latexit sha1_base64="xL32lMNE1WyTPEX7MNvstDxyb7k=">AAACA3icbVDLSgNBEJyNrxhfUY9eBoPoKeyKRI9RLx4jmAckS5id7U2GzMwuM7NCWHL0A7zqJ3gTr36IX+BvOEn2oIkFDUVVN91dQcKZNq775RRWVtfWN4qbpa3tnd298v5BS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPR7dRvP4LSLJYPZpyAL8hAsohRYqzUFv3s+nSC++WKW3VnwMvEy0kF5Wj0y9+9MKapAGkoJ1p3PTcxfkaUYZTDpNRLNSSEjsgAupZKIkD72ezcCT6xSoijWNmSBs/U3xMZEVqPRWA7BTFDvehNxX89bU8ZQriw3kRXfsZkkhqQdL49Sjk2MZ4GgkOmgBo+toRQxewDmA6JItTY2Eo2GW8xh2XSOq96tWrt/qJSv8kzKqIjdIzOkIcuUR3doQZqIopG6Bm9oFfnyXlz3p2PeWvByWcO0R84nz+kHZfw</latexit>mA0

<latexit sha1_base64="ihTwz84s4K0dTpf9PLIKgoITh1U=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRKR6rKoC5cV7QPaUCaTm3ToZBJmJkIpXfgBbvUT3IlbP8Uv8Dectllo64ELh3Pu5d57/JQzpR3nyyqsrK6tbxQ3S1vbO7t75f2DlkoySbFJE57Ijk8UciawqZnm2Eklktjn2PaH11O//YhSsUQ86FGKXkwiwUJGiTbSfdS/6ZcrTtWZwV4mbk4qkKPRL3/3goRmMQpNOVGq6zqp9sZEakY5Tkq9TGFK6JBE2DVUkBiVN56dOrFPjBLYYSJNCW3P1N8TYxIrNYp90xkTPVCL3lT811PmlAEGC+t1eOmNmUgzjYLOt4cZt3ViT8OwAyaRaj4yhFDJzAM2HRBJqDaRlUwy7mIOy6R1VnVr1drdeaV+lWdUhCM4hlNw4QLqcAsNaAKFCJ7hBV6tJ+vNerc+5q0FK585hD+wPn8ABteWhg==</latexit>gD

SM
A0

<latexit sha1_base64="K0ENav28P7qhSxRRforzg9BQGts=">AAACEXicbVDLSsNAFL3xWeur6tJNsIiuSlIFXVbduKxiH9CGMpnetEMnkzAzEUvoH7gT/Rd34tYv8FdcOW2zsK0HBg7n3Ms9c/yYM6Ud59taWl5ZXVvPbeQ3t7Z3dgt7+3UVJZJijUY8kk2fKORMYE0zzbEZSyShz7HhD27GfuMRpWKReNDDGL2Q9AQLGCXaSPdXJ51C0Sk5E9iLxM1IETJUO4WfdjeiSYhCU06UarlOrL2USM0ox1G+nSiMCR2QHrYMFSRE5aWTpCP72ChdO4ikeULbE/XvRkpCpYahbyZDovtq3huL/3qUCIp85nr6ND06m0gHl17KRJxoFHQaKEi4rSN7XI/dZRKp5kNDCJXM/MmmfSIJ1abEvCnLna9mkdTLJfesVL47L1aus9pycAhHcAouXEAFbqEKNaAQwDO8wpv1Yr1bH9bndHTJynYOYAbW1y/v6p3V</latexit>

DM



DARK PHOTONS

9

• There are two vastly different phenomenological regimes 
 
visible:                                                         invisbile:                       A′￼→ χχ<latexit sha1_base64="c0Oho6XiFmQMEXESoSbJlxw92TE=">AAACD3icbVBLTsMwEHXKr5RfCks2FhWCVZVUqLBgUWDDskj0I7VR5DhOa9V2ItsBVVEPwQHYwhHYIbYcgRNwDdw2C2h50khP781oZl6QMKq043xZhZXVtfWN4mZpa3tnd88u77dVnEpMWjhmsewGSBFGBWlpqhnpJpIgHjDSCUY3U7/zQKSisbjX44R4HA0EjShG2ki+XeZ+dnUygZewBrnfx0Pq2xWn6swAl4mbkwrI0fTt734Y45QToTFDSvVcJ9FehqSmmJFJqZ8qkiA8QgPSM1QgTpSXzU6fwGOjhDCKpSmh4Uz9PZEhrtSYB6aTIz1Ui95U/NdT5pQhCRfW6+jCy6hIUk0Enm+PUgZ1DKfhwJBKgjUbG4KwpOYBiIdIIqxNhCWTjLuYwzJp16puvVq/O6s0rvOMiuAQHIFT4IJz0AC3oAlaAINH8AxewKv1ZL1Z79bHvLVg5TMH4A+szx+Om5uP</latexit>

mA0 < 2m�

[Caputo, Essig; 2603.08430]

<latexit sha1_base64="2dZPW7Xe10ShUY7l/N9jojHNeLc=">AAACD3icbVBLTsMwEHXKr5RfCks2FhWCVZVUqLBCBTYsi0Q/UhtFjuO0Vm0nsh1QFfUQHIAtHIEdYssROAHXwG2zgJYnjfT03oxm5gUJo0o7zpdVWFldW98obpa2tnd29+zyflvFqcSkhWMWy26AFGFUkJammpFuIgniASOdYHQz9TsPRCoai3s9TojH0UDQiGKkjeTbZe5nVycTeAlrkPt9PKS+XXGqzgxwmbg5qYAcTd/+7ocxTjkRGjOkVM91Eu1lSGqKGZmU+qkiCcIjNCA9QwXiRHnZ7PQJPDZKCKNYmhIaztTfExniSo15YDo50kO16E3Ffz1lThmScGG9ji68jIok1UTg+fYoZVDHcBoODKkkWLOxIQhLah6AeIgkwtpEWDLJuIs5LJN2rerWq/W7s0rjOs+oCA7BETgFLjgHDXALmqAFMHgEz+AFvFpP1pv1bn3MWwtWPnMA/sD6/AGR35uR</latexit>

mA0 > 2m�

<latexit sha1_base64="WqmZcThqzeBIjEdDc/bqdOJzP+M="></latexit>

L � �1

4
F 0
µ⌫F

0µ⌫ � ✏

2
Bµ⌫F

0µ⌫ +
1

2
m2

A0A0
µA

0µ + gDA0
µ�̄�

µ�

[Gori et al., 2209.04671]



DM PHASE DIAGRAM
• Minimal dark photon portal 

has rich DM phenomenology 
“Mesa” diagram 

• DM production governed by 
  
 
	 

• Continous deformation of the 
couplings connects: 
I. Freeze-in 
II. Reannihilation 
III. Dark Freeze-out 
IV. Freeze-out 

10 [Chu, Hambye, Tytgat; 1112.0493]
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<latexit sha1_base64="U9u1XpdtYGWujL7JPbM6JVkw6yQ=">AAACF3icbVDLSgNBEJz1GeNr1ZN4GQyCp7ArEj0GvXjwEME8ILuE2UknGTI7s8zMCmEJfocf4FU/wZt49egX+BtOkj1oYkFDUdVNd1eUcKaN5305S8srq2vrhY3i5tb2zq67t9/QMlUU6lRyqVoR0cCZgLphhkMrUUDiiEMzGl5P/OYDKM2kuDejBMKY9AXrMUqMlTruYRaoGN/K/riT+d64jQNINONShB235JW9KfAi8XNSQjlqHfc76EqaxiAM5UTrtu8lJsyIMoxyGBeDVENC6JD0oW2pIDHoMJu+MMYnVuninlS2hMFT9fdERmKtR3FkO2NiBnrem4j/etqeMoDu3HrTuwwzJpLUgKCz7b2UYyPxJCTcZQqo4SNLCFXMPoDpgChCjY2yaJPx53NYJI2zsl8pV+7OS9WrPKMCOkLH6BT56AJV0Q2qoTqi6BE9oxf06jw5b8678zFrXXLymQP0B87nD2oBn+Q=</latexit>

Log10[✏]

Portal coupling
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<latexit sha1_base64="cu6oPmAMF+M1zBEK1Y4Pg34Y8Y4="></latexit>

xH

s

dY�

dx
=h�portalvi

⇥
Y

2
eq(T )� Y

2
�

⇤

+ h�DSvi
⇥
Y

2
eq(T

0)� Y
2
�

⇤

(Massless mediator!)
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<latexit sha1_base64="U9u1XpdtYGWujL7JPbM6JVkw6yQ=">AAACF3icbVDLSgNBEJz1GeNr1ZN4GQyCp7ArEj0GvXjwEME8ILuE2UknGTI7s8zMCmEJfocf4FU/wZt49egX+BtOkj1oYkFDUdVNd1eUcKaN5305S8srq2vrhY3i5tb2zq67t9/QMlUU6lRyqVoR0cCZgLphhkMrUUDiiEMzGl5P/OYDKM2kuDejBMKY9AXrMUqMlTruYRaoGN/K/riT+d64jQNINONShB235JW9KfAi8XNSQjlqHfc76EqaxiAM5UTrtu8lJsyIMoxyGBeDVENC6JD0oW2pIDHoMJu+MMYnVuninlS2hMFT9fdERmKtR3FkO2NiBnrem4j/etqeMoDu3HrTuwwzJpLUgKCz7b2UYyPxJCTcZQqo4SNLCFXMPoDpgChCjY2yaJPx53NYJI2zsl8pV+7OS9WrPKMCOkLH6BT56AJV0Q2qoTqi6BE9oxf06jw5b8678zFrXXLymQP0B87nD2oBn+Q=</latexit>
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<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM A′￼

I: Freeze-in

Slow production of χ

<latexit sha1_base64="cu6oPmAMF+M1zBEK1Y4Pg34Y8Y4="></latexit>
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DM PHASE DIAGRAM
• Minimal dark photon portal 

has rich DM phenomenology 
“Mesa” diagram 

• DM production governed by 
  
 
	 

• Continous deformation of the 
couplings connects: 
I. Freeze-in 
II. Reannihilation 
III. Dark Freeze-out 
IV. Freeze-out 

10 [Chu, Hambye, Tytgat; 1112.0493]
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<latexit sha1_base64="U9u1XpdtYGWujL7JPbM6JVkw6yQ=">AAACF3icbVDLSgNBEJz1GeNr1ZN4GQyCp7ArEj0GvXjwEME8ILuE2UknGTI7s8zMCmEJfocf4FU/wZt49egX+BtOkj1oYkFDUdVNd1eUcKaN5305S8srq2vrhY3i5tb2zq67t9/QMlUU6lRyqVoR0cCZgLphhkMrUUDiiEMzGl5P/OYDKM2kuDejBMKY9AXrMUqMlTruYRaoGN/K/riT+d64jQNINONShB235JW9KfAi8XNSQjlqHfc76EqaxiAM5UTrtu8lJsyIMoxyGBeDVENC6JD0oW2pIDHoMJu+MMYnVuninlS2hMFT9fdERmKtR3FkO2NiBnrem4j/etqeMoDu3HrTuwwzJpLUgKCz7b2UYyPxJCTcZQqo4SNLCFXMPoDpgChCjY2yaJPx53NYJI2zsl8pV+7OS9WrPKMCOkLH6BT56AJV0Q2qoTqi6BE9oxf06jw5b8678zFrXXLymQP0B87nD2oBn+Q=</latexit>

Log10[✏]

Portal coupling

D
ar

k 
se

ct
or

 c
ou

pl
in

g

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM A′￼

I: Freeze-in

Slow production of χ

II: Reannihilation
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
A′￼

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

Injection + dark annihilation

<latexit sha1_base64="cu6oPmAMF+M1zBEK1Y4Pg34Y8Y4="></latexit>

xH

s

dY�

dx
=h�portalvi

⇥
Y

2
eq(T )� Y

2
�

⇤

+ h�DSvi
⇥
Y

2
eq(T

0)� Y
2
�

⇤

(Massless mediator!)



DM PHASE DIAGRAM
• Minimal dark photon portal 

has rich DM phenomenology 
“Mesa” diagram 

• DM production governed by 
  
 
	 

• Continous deformation of the 
couplings connects: 
I. Freeze-in 
II. Reannihilation 
III. Dark Freeze-out 
IV. Freeze-out 

10 [Chu, Hambye, Tytgat; 1112.0493]
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<latexit sha1_base64="U9u1XpdtYGWujL7JPbM6JVkw6yQ=">AAACF3icbVDLSgNBEJz1GeNr1ZN4GQyCp7ArEj0GvXjwEME8ILuE2UknGTI7s8zMCmEJfocf4FU/wZt49egX+BtOkj1oYkFDUdVNd1eUcKaN5305S8srq2vrhY3i5tb2zq67t9/QMlUU6lRyqVoR0cCZgLphhkMrUUDiiEMzGl5P/OYDKM2kuDejBMKY9AXrMUqMlTruYRaoGN/K/riT+d64jQNINONShB235JW9KfAi8XNSQjlqHfc76EqaxiAM5UTrtu8lJsyIMoxyGBeDVENC6JD0oW2pIDHoMJu+MMYnVuninlS2hMFT9fdERmKtR3FkO2NiBnrem4j/etqeMoDu3HrTuwwzJpLUgKCz7b2UYyPxJCTcZQqo4SNLCFXMPoDpgChCjY2yaJPx53NYJI2zsl8pV+7OS9WrPKMCOkLH6BT56AJV0Q2qoTqi6BE9oxf06jw5b8678zFrXXLymQP0B87nD2oBn+Q=</latexit>
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<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM A′￼

I: Freeze-in

Slow production of χ

II: Reannihilation
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
A′￼

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

Injection + dark annihilation

III: Dark freeze-out

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

A′￼

Internal dark equilibrium 
+ thermalized with SM

<latexit sha1_base64="cu6oPmAMF+M1zBEK1Y4Pg34Y8Y4="></latexit>
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(Massless mediator!)



DM PHASE DIAGRAM
• Minimal dark photon portal 

has rich DM phenomenology 
“Mesa” diagram 

• DM production governed by 
  
 
	 

• Continous deformation of the 
couplings connects: 
I. Freeze-in 
II. Reannihilation 
III. Dark Freeze-out 
IV. Freeze-out 

10 [Chu, Hambye, Tytgat; 1112.0493]
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<latexit sha1_base64="U9u1XpdtYGWujL7JPbM6JVkw6yQ=">AAACF3icbVDLSgNBEJz1GeNr1ZN4GQyCp7ArEj0GvXjwEME8ILuE2UknGTI7s8zMCmEJfocf4FU/wZt49egX+BtOkj1oYkFDUdVNd1eUcKaN5305S8srq2vrhY3i5tb2zq67t9/QMlUU6lRyqVoR0cCZgLphhkMrUUDiiEMzGl5P/OYDKM2kuDejBMKY9AXrMUqMlTruYRaoGN/K/riT+d64jQNINONShB235JW9KfAi8XNSQjlqHfc76EqaxiAM5UTrtu8lJsyIMoxyGBeDVENC6JD0oW2pIDHoMJu+MMYnVuninlS2hMFT9fdERmKtR3FkO2NiBnrem4j/etqeMoDu3HrTuwwzJpLUgKCz7b2UYyPxJCTcZQqo4SNLCFXMPoDpgChCjY2yaJPx53NYJI2zsl8pV+7OS9WrPKMCOkLH6BT56AJV0Q2qoTqi6BE9oxf06jw5b8678zFrXXLymQP0B87nD2oBn+Q=</latexit>
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<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM A′￼

I: Freeze-in

Slow production of χ

II: Reannihilation
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
A′￼

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

Injection + dark annihilation

III: Dark freeze-out

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

A′￼

Internal dark equilibrium 
+ thermalized with SM

IV: Freeze-out
<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

A′￼

Full SM-DS 
equilibrium

<latexit sha1_base64="cu6oPmAMF+M1zBEK1Y4Pg34Y8Y4="></latexit>
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(Massless mediator!)



DM PHASE DIAGRAM
• Minimal dark photon portal 

has rich DM phenomenology 
“Mesa” diagram 

• DM production governed by 
  
 
	 

• Continous deformation of the 
couplings connects: 
I. Freeze-in 
II. Reannihilation 
III. Dark Freeze-out 
IV. Freeze-out 

10 [Chu, Hambye, Tytgat; 1112.0493]
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<latexit sha1_base64="U9u1XpdtYGWujL7JPbM6JVkw6yQ=">AAACF3icbVDLSgNBEJz1GeNr1ZN4GQyCp7ArEj0GvXjwEME8ILuE2UknGTI7s8zMCmEJfocf4FU/wZt49egX+BtOkj1oYkFDUdVNd1eUcKaN5305S8srq2vrhY3i5tb2zq67t9/QMlUU6lRyqVoR0cCZgLphhkMrUUDiiEMzGl5P/OYDKM2kuDejBMKY9AXrMUqMlTruYRaoGN/K/riT+d64jQNINONShB235JW9KfAi8XNSQjlqHfc76EqaxiAM5UTrtu8lJsyIMoxyGBeDVENC6JD0oW2pIDHoMJu+MMYnVuninlS2hMFT9fdERmKtR3FkO2NiBnrem4j/etqeMoDu3HrTuwwzJpLUgKCz7b2UYyPxJCTcZQqo4SNLCFXMPoDpgChCjY2yaJPx53NYJI2zsl8pV+7OS9WrPKMCOkLH6BT56AJV0Q2qoTqi6BE9oxf06jw5b8678zFrXXLymQP0B87nD2oBn+Q=</latexit>
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<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM A′￼

I: Freeze-in

Slow production of χ

II: Reannihilation
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
A′￼

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

Injection + dark annihilation

III: Dark freeze-out

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

A′￼

A′￼

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

A′￼

Internal dark equilibrium 
+ thermalized with SM

IV: Freeze-out
<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

A′￼

Full SM-DS 
equilibrium

<latexit sha1_base64="cu6oPmAMF+M1zBEK1Y4Pg34Y8Y4="></latexit>
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(Massless mediator!)

<latexit sha1_base64="dopc0XhERp2Pm56zxdUCXngyYDU=">AAACG3icbZDLSgMxFIYzXmu9VV2KECyCqzJTpLosCqK7CvYiTi2Z9LQNzSQhyQhl6Mrn8AHc6iO4E7cufAJfw/Sy0OoPgZ//nMPJ+SLFmbG+/+nNzS8sLi1nVrKra+sbm7mt7ZqRiaZQpZJL3YiIAc4EVC2zHBpKA4kjDvWofzaq1+9BGybFtR0oaMakK1iHUWJd1Mrt3bTSUMf4/HKIQ6WlshKHoAzjUtwVW7m8X/DHwn9NMDV5NFWllfsK25ImMQhLOTHmNvCVbaZEW0Y5DLNhYkAR2idduHVWkBhMMx2fMcQHLmnjjtTuCYvH6c+JlMTGDOLIdcbE9sxsbRT+WzPuKz1oz6y3nZNmyoRKLAg62d5JOHYARqBwm2mglg+cIVQzdwCmPaIJtQ5n1pEJZjn8NbViISgVSldH+fLplFEG7aJ9dIgCdIzK6AJVUBVR9ICe0DN68R69V+/Ne5+0znnTmR30S97HN1+koXE=</latexit>

YFI / ✏2
<latexit sha1_base64="y5woDpGpPKsKZ2sfmX4DyHv3TN4=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyyCG8uMiLoUBXFnBeuFTh0y6akNzSQhyQhlmK3P4QO41UdwJ271CXwN09qFtv4Q+PnPOZycL1GcGRsEn97E5NT0zGxprjy/sLi07K+sXhqZaQp1KrnU1wkxwJmAumWWw7XSQNKEw1XSPe7Xr+5BGybFhe0paKbkTrA2o8S6KPbxTZxHOsUnZwWOlJbKShyBMoxLcZtv7xSxXwmqwUB43IRDU0FD1WL/K2pJmqUgLOXEmEYYKNvMibaMcijKUWZAEdold9BwVpAUTDMfXFLgTZe0cFtq94TFg/T3RE5SY3pp4jpTYjtmtNYP/60Z95UOtEbW2/ZBM2dCZRYE/dnezjh2DPqscItpoJb3nCFUM3cAph2iCbWOaNmRCUc5jJvLnWq4V907360cHg0ZldA62kBbKET76BCdohqqI4oe0BN6Ri/eo/fqvXnvP60T3nBmDf2R9/ENz5yiug==</latexit>

YFO / ✏�2



TODAY: THREE EXAMPLES

11

• One thermal bath 
• Abundance set via 

freeze-out

Direct annihilation Inelastic/coannihilationSecluded annihilation Portal production
<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM X(*)

X
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

neq
χ (Tf ) ⟨σv⟩ ≈ H(Tf )

• Abundance set via
neq

χ (T′￼f ) ⟨σv⟩ ≈ H(Tf )

mDM > mX

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>� X

X

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

• Abundance set via

neq(Tf ) ⟨σv⟩coann ≈ H(Tf )

Γχ1↔χ2
(Tconv) ≈ H(Tconv)

or
Γprod(T ) < H(T )

• Never in equilibrium 
• Requires throughout

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X
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Inelastic/coannihilation
• Low -enhanced scattering  

• Sensitive to reheating  
• Tiny interactions make it hard to test
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RESONANT FREEZE-OUT
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THERMAL BENCHMARKS
• Off-resonance direct-annihilation benchmarks are already strongly 

constrained 
 
 

• But the map from relic abundance to detection rate is model dependent.13

[Krnjaic, 2505.04626]

What happens here?



• If DM was in thermal equilibrium with SM bath, 
can be produced via freeze out described by  
simple Boltzman equation 
 

• Freeze-out abundance scales inversely with 
 thermal cross section

DM PRODUCTION

14

• For , simple s-wave annihilation 
 

• Larger couplings  and  yield smaller abundances! 

• Resonance enhancement  can shift abundance to much smaller 
couplings

MZD
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DIRECT DETECTION
• GeV-scale “WIMPs” strongly constrained by direct detection! 

 
 
 
 
 
with 
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BUT: No resonance enhancement in scattering!

• Scaling of the DM signal rate
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In the resonance can suppress DD independently of !ϵ



DIRECT DETECTION
• GeV DM can avoid direct detection close to resonance for small 

couplings !αD

16

[Alonso-González, Cerdeño, PF, No; 2507.11376]



“MODEL-INDEPDENT” BOUNDS

• The common lore is that GeV-scale WIMPS are ruled out by 
indirect detection 
 
 
 
 
 
 
 
 
 

• Is this really model independent?  Review simple benchmark→

17

[McDaniel+; PRD 109, 063024] [Leane+; PRD 98, 023016]



• Rate of energy released into heating and ionisation  
 
 
 
with annihilation parameter                                                               

• Planck: 

CONSISTENT CMB BOUND
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   αD = 10−1    αD = 10−3

[Alonso-González, Cerdeño, PF, No; 2507.11376]

ξ =
ρχ

ρDM

Dilution factor

[Padmanabahn, Finkbeiner;  
astro-ph/0503486]



• FermiLAT legacy analysis provides single-source, binned likelihood profiles  
on gamma ray flux 
 
 
 

• Gamma ray flux sensitiviely depends on  

• As for CMB, we get a lower bound on !

ℒ(dϕ/dE, E)

ϵ

CONSISTENT FERMI BOUND

19

[McDaniel+, PRD 109 063024]

   αD = 10−1
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COLLIDER CONSTRAINTS - I
• Invisible regime ( ):  mono-X signatures mχ < mZD

/2
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• In this mass range leading 
bound given by BaBar  
mono , EWPO 

• HL-LHC could give competitive 
constraints 

• Mono-Higgs no competitive 
bounds

γ



COLLIDER CONSTRAINTS - II

21

• Already get significant visible decays  
for small gauge couplings  

• We have to rescale the dilepton 
limit with the relevant branching  
ratio: 
 

  

αD ≲ ϵ2

ϵℓℓ
90 ×

ΓZD→SM + ΓZD→χχ

ΓZD→SM

• Visible regime ( ):  dilepton signatures mχ > mZD
/2

ZD

q

q̄

ℓ

ℓ̄



THE GEV WINDOW
• GeV DM only viable in the resonance regime 

• Complementary constraints for direct detection and colliders!

22

[Alonso-González, Cerdeño, PF, No; 2507.11376]



SUCCESSFULL LDM REALIZATION

23

• resonance affects freeze-
out and late annihilation 
differently 

• scattering probes 
spacelike momentum 
transfer  no resonance!→

Kinematics Abundance Tests
• subcomponent fraction ξ 

rescales DD by ξ 
• annihilation signals scale as 

ξ²

• DD continues to narrow down  
resonance parameter space 

• accelerators test the portal 
without assuming the 
cosmological abundance

• What are the ingredients to realize LDM with resonant production?



SUCCESSFULL LDM REALIZATION

23

• resonance affects freeze-
out and late annihilation 
differently 

• scattering probes 
spacelike momentum 
transfer  no resonance!→

Kinematics Abundance Tests
• subcomponent fraction ξ 

rescales DD by ξ 
• annihilation signals scale as 

ξ²

• DD continues to narrow down  
resonance parameter space 

• accelerators test the portal 
without assuming the 
cosmological abundance

• What if portal to feeble to ever establish equilibrium?

• What are the ingredients to realize LDM with resonant production?



FREEZE-IN

24



• Very feebly coupled DM is never 
thermalized with SM bath 

• PROBLEM: Tiny interactions typically hard 
to probe!

25

dn
dt

+ 3Hn = ⟨σv⟩(n2
eq − n2)

[Hall+; JHEP 1003:080,2010]

freeze-in

Increasing  
coupling

FREEZE-IN PRODUCTION



• Very feebly coupled DM is never 
thermalized with SM bath 

• PROBLEM: Tiny interactions typically hard 
to probe!

25

dn
dt

+ 3Hn = ⟨σv⟩(n2
eq − n2)

[Hall+; JHEP 1003:080,2010]

freeze-in

Increasing  
coupling

• BUT: New (ultra-)light mediators can 
significantly enhance cross section! 

• Direct detection is already testing  
freeze-in with a light mediator! 
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FREEZE-IN PRODUCTION
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A SUBTLETY — LOW REHEATING
• At the end of inflation, decay of the inflaton  

sources thermal population SM bath 
(reheating) 
 

 Entropy injection into SM bath 

• End of reheating reached at onset of SM 
radiation domination for 

ϕ

⇒

ρϕ(Trh) = ρR(Trh)

26

[Bélanger, Bernal, Pukhov; JHEP 03 (2025) 079]



A SUBTLETY — LOW REHEATING
• At the end of inflation, decay of the inflaton  

sources thermal population SM bath 
(reheating) 
 

 Entropy injection into SM bath 

• End of reheating reached at onset of SM 
radiation domination for 

ϕ

⇒

ρϕ(Trh) = ρR(Trh)

26

[Bélanger, Bernal, Pukhov; JHEP 03 (2025) 079]

• Typical freeze-in production ceases at 
 

• If the reheating temperature is lower than the 
DM/mediator mass, further entropy injection 
dilutes produced freeze-in abundance! 

• Exponential suppression of  since only 
kinematic tail of particles have enough energy 
to produce DM

T ∼ max(mA′￼, mχ)

⟨σv⟩



TESTS OF DP FREEZE IN
• Direct detection with electron scattering 

has potential to test smaller couplings 

• Recently, DAMIC-M and PandaX-4T 
published first results excluding freeze-in 
cross section

27

[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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• Large parts of massless mediator scenario 
for [3, 400] MeV excluded 

• Low reheating temperature scenarios 
excluded 

• Future searches test underabundance 
down to 

mχ ∼

ξ = 0.001

Ultralight mediator
[PandaX; PRL 135 211001]
[DAMIC-M; PRL 135 071002]
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• Consider massive vector mediator scenario with 
comparable masses  

• MeV dark photons severely constrained from 
beam dump searches, astrophysics, and cosmology 
(gray) 

• High reheating freeze-in lines completely buried in 
the neutrino floor 

• Low reheating scenarios with 100 MeV - 1 
GeV in reach of future direct detection 
experiments! 

• Consistent dark photon signal in fixed target 
experiments like SHiP

Trh ∼

REALISTIC SCENARIO

28
[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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MODIFIED NEUTRINO FLOOR
• Leptophilic mediators lead to simultaneous DM 

and neutrino signal 

• DM discovery limit (neutrino floor) depends on 
experimental threshold   

• Signal discrimination via spectral information  
 need statistics (exposure, background)

Eth

⇒

[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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FREEZE IN - Lμ − Lτ
• Dominant production via (thermalized)  and  

annihilation 

• Freeze-in @ low reheating in reach of future 
experiments for 10 - (few) 100 MeV 

• Predicts consistent signature in nuclear recoils 
and future fixed target experiments

A′￼ νμ,τ

Trh ∼ 𝒪
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FREEZE IN - B − L
• Due to direct gauge coupling with nucleons, nuclear recoils 

more sensitive  sensitive to larger region of parameter space 

• Significant sensitivity to BSM neutrino signal alone!

→
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[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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INELASTIC DARK MATTER
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INELASTIC VECTOR PORTAL
• Two oppositely charged Weyl components of Dirac fermion  

• Small Majorana masses  split the states into two Majorana particles 

ψT = (η, ξ)

mη, mξ
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SPLITTING SUPPRESSES SIGNALS
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requires up-scattering
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Leading annihilation off-diagonal
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At late times,  depleted through 
decays ( ),  energy injection 
strongly suppressed
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χ2
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If Δ exceeds the available halo kinetic energy, the 
event is forbidden. Splittings of order 10–100 keV 
can strongly suppress nuclear recoils.

TFO ≳ Δ ≳ Ekin halo

χ₂ populated at freeze-out, 
but depleted and 
kinematically inaccessible 
today.

Thermal abundance 
without the usual 
present-day s-wave and 
elastic-scattering signals

χ1



RELIC DENSITY SET BY COANNIHILATION
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χ2

χ1

A′￼*

f

f

• Coannihilation  typically dominates 
effective rate (for compressed spectra ) 

• Light inelastic DM in minimal dark photon 
model strongly constrained  by searches for 
meadiator

χ2 χ1

[Foguel, Reimitz, Funchal; JHEP 2025, 1]

Freeze-out condition

neq(Tf ) ⟨σv⟩coann ≈ H(Tf )

Credit: A.L. Foguel



INELASTIC DM BEYOND MINIMAL
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• Going beyond minimal kinetic mixing, including direct SM charges  
 

• Charge assignment changes production, visible branching ratios 
and accelerator constraints. 

• Opens up thermal relic parameter space; sensitivity of future 
experiments like FASER, LDMX, etc.

[Foguel, Reimitz, Funchal; JHEP 2025, 1]
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CONCLUSIONS
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• What can we extract from a potential DM signal?

• mediator mass from a visible 
resonance 

• recoil-spectrum momentum 
dependence 

• visible branching ratios and 
decay channels

Relatively robustly Cosmology dependent Model dependent
• mapping couplings to the 

relic abundance 
• reheating temperature 
• excited-state abundance and 

lifetime

• dark charge assignment 
• mass splitting Δ and dark-state 

spectrum 
• stability symmetry and 

additional dark states



CONCLUSIONS
• GeV thermal DM still viable in resonance 

• Direct detection experiments and colliders are most 
promising to further close the GeV resonance window 

• Freeze-in option is still viable in large class of vector 
mediator models 

• Upcoming direct detection experiments can test low 
reheating regime 

• Leptophilic vector mediators can induce 
simultaneous DM and neutrino signal at direct 
detection 

• Minimal inelastic DM strongly constrained!  

• General anomaly-free iDM models open up thermal 
relic space; testable at future experiments
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DM PHASE DIAGRAM: MOORING BOLLARD
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Full SM-DS 
equilibrium



MODIFIED NEUTRINO FLOOR
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<latexit sha1_base64="KKJhId+4G1O43fFJwcCXqxpdV04="></latexit>
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<latexit sha1_base64="5byZIog9DuhU5HjFzMQhQiiWdVU="></latexit>
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SOLAR NEUTRINO SCATTERING
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• Can compute solar neutrino scattering rate including NSI in propagation and scattering:

να νβ

A
ZX

ξe εη,ϕαβ

e−

να νβ

A
ZX

∗

(ξpZ + ξnN)εη,ϕαβ

[Amaral, Cerdeno, Cheek, Costa, PF; 2607.22817]

https://arxiv.org/abs/2607.22817


• Implemented the full chain of propagation, scattering plus detector effects for NSI 
in solar  in open-source Python package: https://github.com/SNuDD/SNuDD.gitν

SNuDD

43

https://github.com/SNuDD/SNuDD.git


MASS GENERATION
• The Dark Photon mass can be dynamically generated by a new complex scalar  

• Once the scalars acquire a VEV they will break the symmetries  

• This leads to a mixed scalar mass matrix and scalar mixing 
 
 

• Kinetic term of  generates DP mass and scalar-vector couplings if charged under 

S

S U(1)X

44

<latexit sha1_base64="ytIthjRfXw9N67C+jRiAiz56UyI="></latexit>

V (H,S) = �µ
2
H

†
H + �(H†

H)2 � µ
2
s S

⇤
S + �s(S

⇤
S)2 + �m S

⇤
S H

†
H

<latexit sha1_base64="SReMZmAT6gw6HGLFbGwyfeS8hrY="></latexit>

H =
1p
2
(v + h) , S =

1p
2
(w + s)

<latexit sha1_base64="bERtMQgHDinuArH0tivkWL8C0JU="></latexit>
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✓
2�v2 �mvw
�mvw 2�sw2

◆ <latexit sha1_base64="ZpFj7+KB5hQQuT1ZRm+ostMUHRE="></latexit>✓
h125

hD

◆
=

✓
c✓ �s✓
s✓ c✓

◆ ✓
h
s

◆
<latexit sha1_base64="73hFIxocfEgpn247Kc7/FsZo6yA=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnFPiANZTK5aYZOZsLMRCmhH+AHuNVPcCdu/Qy/wN9w2mZhWw9cOJxzL/feE6SMKu0431ZpZXVtfaO8Wdna3tndq+4ftJXIJIEWEUzIboAVMMqhpalm0E0l4CRg0AmGNxO/8whSUcEf9CgFP8EDTiNKsDaS17ung1hjKcVTv1pz6s4U9jJxC1JDBZr96k8vFCRLgGvCsFKe66Taz7HUlDAYV3qZghSTIR6AZyjHCSg/n548tk+MEtqRkKa4tqfq34kcJ0qNksB0JljHatGbiP95XqajKz+nPM00cDJbFGXM1sKe/G+HVALRbGQIJpKaW20SY4mJNinNbVHmqRjCccUk4y7msEzaZ3X3ou7cndca10VGZXSEjtEpctElaqBb1EQtRJBAL+gVvVnP1rv1YX3OWktWMXOI5mB9/QK665pK</latexit>)

<latexit sha1_base64="LI8DjOxnA+5BtRPIPpA4iTussYw=">AAACE3icbVBLSgNBEO2Jvxh/o+LKTWMQXEiYEYluhKAbN0IE84FkGHo6NUmTno/dPZow5BgewK0ewZ249QCewGvYSWahiQ+afrxXRVU9L+ZMKsv6MnILi0vLK/nVwtr6xuaWub1Tl1EiKNRoxCPR9IgEzkKoKaY4NGMBJPA4NLz+1dhvPICQLArv1DAGJyDdkPmMEqUl19y7cZv4Aqddd9A+xvfuYKS/R9csWiVrAjxP7IwUUYaqa363OxFNAggV5UTKlm3FykmJUIxyGBXaiYSY0D7pQkvTkAQgnXSy/ggfaqWD/UjoFyo8UX93pCSQchh4ujIgqidnvbH4ryf1Kj3ozIxX/rmTsjBOFIR0Ot1POFYRHgeEO0wAVXyoCaGC6QMw7RFBqNIxFnQy9mwO86R+UrLLpfLtabFymWWUR/voAB0hG52hCrpGVVRDFKXoGb2gV+PJeDPejY9pac7IenbRHxifP4efnSc=</latexit>

MX = gx qx w

<latexit sha1_base64="Gkx8zEqiYcocgWJokupZqw78CDc="></latexit>

(DµS)
⇤ (DµS) � g2x q

2
x

2
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2
x w sXµX

µ +
g2x q

2
x

2
s2 XµX

µ



PORTAL VS. PRODUCTION MECHANISM
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• One thermal bath 
• Abundance set via 

freeze-out

Direct annihilation Reannihilation

Ωh2 ∝ ⟨σv⟩−1

⟨σv⟩χχ→ff ∝ αvis αD

neq
χ (Tf ) ⟨σv⟩ ≈ H(Tf )

• Abundance set via

• Same portal operator can lead to different relic-density mechanisms

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>� X

X

Inelastic/coannihilation

X

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM
<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="S4mHpSmnWxvwttw9DO5qsnki0hY=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGMA9IljA725uMmX0wMyuEJTc/wKt+gjfx6o/4Bf6Gk2QPmljQUFR1093lJYIrbdtfVmFtfWNzq7hd2tnd2z8oHx61VZxKhi0Wi1h2PapQ8AhbmmuB3UQiDT2BHW98M/M7jygVj6N7PUnQDekw4gFnVBup3WcjPqgNyhW7as9BVomTkwrkaA7K330/ZmmIkWaCKtVz7ES7GZWaM4HTUj9VmFA2pkPsGRrREJWbza+dkjOj+CSIpalIk7n6eyKjoVKT0DOdIdUjtezNxH89ZU4Zob+0XgdXbsajJNUYscX2IBVEx2SWB/G5RKbFxBDKJDcPEDaikjJtUiuZZJzlHFZJu1Z16tX63UWlcZ1nVIQTOIVzcOASGnALTWgBgwd4hhd4tZ6sN+vd+li0Fqx85hj+wPr8AThFl7s=</latexit>�2
<latexit sha1_base64="xnbAw4Y2bgeviwM9txdOtxDfoAM=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOzvdkxsw9mZoWw5OYHeNVP8CZe/RG/wN9wkuxBEwsaiqpuuru8VHClbfvLWlldW9/YLG2Vt3d29/YrB4dtlWSSYYslIpFdjyoUPMaW5lpgN5VII09gxxvdTP3OI0rFk/hej1N0IzqMecAZ1UZq91nIB86gUrVr9gxkmTgFqUKB5qDy3fcTlkUYayaoUj3HTrWbU6k5Ezgp9zOFKWUjOsSeoTGNULn57NoJOTWKT4JEmoo1mam/J3IaKTWOPNMZUR2qRW8q/uspc0qI/sJ6HVy5OY/TTGPM5tuDTBCdkGkexOcSmRZjQyiT3DxAWEglZdqkVjbJOIs5LJP2ec2p1+p3F9XGdZFRCY7hBM7AgUtowC00oQUMHuAZXuDVerLerHfrY966YhUzR/AH1ucPNqyXug==</latexit>�1

• Abundance set via

neq(Tf ) ⟨σv⟩coann ≈ H(Tf )

Γχ1↔χ2
(Tconv) ≈ H(Tconv)

or

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

X

Portal production
<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM

<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>

SM X(*)

Γprod(T ) < H(T )

• Never in equilibrium 
• Requires throughout

Y∞
χ = ∫

Tmax

T0

γprod(T )
s(T )H(T )T

dT

Y∞
χ ∝ αvisαD

[D’Agnolo, Ruderman; 1505.07107][Pospelov, Ritz, Voloshin; 0711.4866] [ Berlin, Hooper, Krnjaic; 1609.02555]
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Exchange for reannihilation?

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�

<latexit sha1_base64="CUBzDguu4kXGf9B7SFAUyurTCno=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUF+4A2lMnkphk6mYSZiVBKN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufceP+VMacf5skpr6xubW+Xtys7u3v5B9fCoo5JMUmzThCey5xOFnAlsa6Y59lKJJPY5dv3xbe53H1EqlogHPUnRi8lIsJBRonNpQCM2rNacujOHvUrcgtSgQGtY/R4ECc1iFJpyolTfdVLtTYnUjHKcVQaZwpTQMRlh31BBYlTedH7rzD4zSmCHiTQltD1Xf09MSazUJPZNZ0x0pJa9XPzXU+aUCIOl9Tq89qZMpJlGQRfbw4zbOrHzNOyASaSaTwwhVDLzgE0jIgnVJrOKScZdzmGVdC7qbqPeuL+sNW+KjMpwAqdwDi5cQRPuoAVtoBDBM7zAq/VkvVnv1seitWQVM8fwB9bnDwMOlxY=</latexit>�<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>
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<latexit sha1_base64="ZHiDh/uh0Ddat3ltZdRTkR6Usuo=">AAACBXicbVDLSgNBEJyNrxhfUY9eFoPgKeyKRI9BL16EiOYhyRJmZ3uTITO7y0yvGJac/QCv+gnexKvf4Rf4G04eB00saCiquunu8hPBNTrOl5VbWl5ZXcuvFzY2t7Z3irt7DR2nikGdxSJWLZ9qEDyCOnIU0EoUUOkLaPqDy7HffACleRzd4TABT9JexEPOKBrpvoPwiNnt9ahbLDllZwJ7kbgzUiIz1LrF704Qs1RChExQrduuk6CXUYWcCRgVOqmGhLIB7UHb0IhK0F42OXhkHxklsMNYmYrQnqi/JzIqtR5K33RKin09743Ffz1tTulDMLcew3Mv41GSIkRsuj1MhY2xPY7EDrgChmJoCGWKmwds1qeKMjTBFUwy7nwOi6RxUnYr5crNaal6McsoTw7IITkmLjkjVXJFaqROGJHkmbyQV+vJerPerY9pa86azeyTP7A+fwA8jplx</latexit>
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<latexit sha1_base64="B/9dKat0xb95J49vBwjwjOOetNs="></latexit>
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<latexit sha1_base64="K7zWcDh+Vssbw1E77aKseq2pawk="></latexit>
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