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<latexit sha1_base64="QzID6XILJKGxl+Cn+DwJvcZTGSU=">AAAB+XicbVDLSgMxFL1TX7W+Rl0qEiyCqzIjgrorunHZgn1AZyiZNG1DM5MhyRTK0KV/4caFIm7d9Dvc+Q3+hJm2C209EDiccw/35gQxZ0o7zpeVW1ldW9/Ibxa2tnd29+z9g7oSiSS0RgQXshlgRTmLaE0zzWkzlhSHAaeNYHCX+Y0hlYqJ6EGPYuqHuBexLiNYG6lt26knjJ/FkUf6bNy2i07JmQItE3dOiuXjSfX78WRSadufXkeQJKSRJhwr1XKdWPsplpoRTscFL1E0xmSAe7RlaIRDqvx0evkYnRmlg7pCmhdpNFV/J1IcKjUKAzMZYt1Xi14m/ue1Et299lMWxYmmEZkt6iYcaYGyGlCHSUo0HxmCiWTmVkT6WGKiTVkFU4K7+OVlUr8ouZelm6pp4xZmyMMRnMI5uHAFZbiHCtSAwBCe4AVerdR6tt6s99lozppnDuEPrI8fqqeXZg==</latexit>

Akhmedov, Rubakov, Smirnov, hep-ph/9803255  
Asaka, Shaposhnikov, hep-ph/0505013 
Shuve, DTS, arXiv:2004.00636 

�1,2

<latexit sha1_base64="t0+nEBt+bihvlN6fpvrurEamAl8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBKUkpaDuim5cVrAPaEKYTCft0EkmzEyEEgPqp7hxoYg7cesnuPNvnLRdaPXAwOGce7h3jh8zKpVlfRmFufmFxaXicmlldW19w9zcakmeCEyamDMuOj6ShNGINBVVjHRiQVDoM9L2h+e5374mQlIeXalRTNwQ9SMaUIyUljxzJ3W49vM4dPCAZl5qH1UzzyxbFWsM+JfYU1KuH37c199uaw3P/HR6HCchiRRmSMqubcXKTZFQFDOSlZxEkhjhIeqTrqYRCol00/H9GdzXSg8GXOgXKThWfyZSFEo5Cn09GSI1kLNeLv7ndRMVnLgpjeJEkQhPFgUJg4rDvAzYo4JgxUaaICyovhXiARIIK11ZSZdgz375L2lVK3atcnqp2zgDExTBLtgDB8AGx6AOLkADNAEGN+ABPIFn4854NF6M18lowZhmtsEvGO/fKeOZNw==</latexit>

�2

<latexit sha1_base64="ei+WfaiDWslE2TEtC9PNSjjNo4I=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMJuENQuxMYyAfOAZAmzk9lkzOzMMjMrhCX/YGOhiK2Vf+EX2Nn4LU4ehSYeuHA4517uvSeIOdPGdb+czMrq2vpGdjO3tb2zu5ffP2homShC60RyqVoB1pQzQeuGGU5bsaI4CjhtBsPrid+8p0ozKW7NKKZ+hPuChYxgY6VGpzpg3VI3X3CL7hRomXhzUigf1b7Ze+Wj2s1/dnqSJBEVhnCsddtzY+OnWBlGOB3nOommMSZD3KdtSwWOqPbT6bVjdGqVHgqlsiUMmqq/J1IcaT2KAtsZYTPQi95E/M9rJya89FMm4sRQQWaLwoQjI9HkddRjihLDR5Zgopi9FZEBVpgYG1DOhuAtvrxMGqWid168qtk0KjBDFo7hBM7Agwsoww1UoQ4E7uABnuDZkc6j8+K8zlozznzmEP7AefsB7kOSbQ==</latexit>

�1

<latexit sha1_base64="aiPP1Q07z6ZaK8YAuGHliJ+XKg4=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuBNQuxMYyAfOAZAmzk9lkzOzMMjMrhCX/YGOhiK2Vf+EX2Nn4LU4ehSYeuHA4517uvSeIOdPGdb+czMrq2vpGdjO3tb2zu5ffP2homShC60RyqVoB1pQzQeuGGU5bsaI4CjhtBsPrid+8p0ozKW7NKKZ+hPuChYxgY6VGpzpgXa+bL7hFdwq0TLw5KZSPat/svfJR7eY/Oz1JkogKQzjWuu25sfFTrAwjnI5znUTTGJMh7tO2pQJHVPvp9NoxOrVKD4VS2RIGTdXfEymOtB5Fge2MsBnoRW8i/ue1ExNe+ikTcWKoILNFYcKRkWjyOuoxRYnhI0swUczeisgAK0yMDShnQ/AWX14mjfOiVype1WwaFZghC8dwAmfgwQWU4QaqUAcCd/AAT/DsSOfReXFeZ60ZZz5zCH/gvP0A7L+SbA==</latexit>

�⇤
2

<latexit sha1_base64="pqwE/JiHaBa7d1SlcV0sD9Vw7q0=">AAAB73icbVDLSgNBEOyNrxhfUY9ehgQheAi7IRC9Bb14jGAekKxhdjKbDJmdXWdmhbDkJ7x4iIhXP8WrN9GPcfI4aGJBQ1HVTXeXF3GmtG1/Wqm19Y3NrfR2Zmd3b/8ge3jUUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3vJr6zQcqFQvFrR5F1A1wXzCfEayN1OrUBqxbujvrZvN20Z4BrRJnQfLVXOH7q/I+qXWzH51eSOKACk04Vqrt2JF2Eyw1I5yOM51Y0QiTIe7TtqECB1S5yezeMTo1Sg/5oTQlNJqpvycSHCg1CjzTGWA9UMveVPzPa8faP3cTJqJYU0Hmi/yYIx2i6fOoxyQlmo8MwUQycysiAywx0SaijAnBWX55lTRKRadcvLgxaVzCHGk4gRwUwIEKVOEaalAHAhweYQLP1r31ZL1Yr/PWlLWYOYY/sN5+AFnUk0Q=</latexit>

�1,2

<latexit sha1_base64="cuLbxO4HmCMYNlaC9ZYubLCffok=">AAAB8XicbVC7SgNBFL0bXzHxEbW0GYyChYTdIKhd0MYygnlgsoTZyWwyZHZ2mZkNhCV/YWOhiK29P+Af2PkhWjubpNDEAxcO59zLvfd4EWdK2/anlVlaXlldy67n8hubW9uFnd26CmNJaI2EPJRNDyvKmaA1zTSnzUhSHHicNrzBVeo3hlQqFopbPYqoG+CeYD4jWBvprk36rJM4J+Vxp1C0S/YEaJE4M1KsHH69vQ/z39VO4aPdDUkcUKEJx0q1HDvSboKlZoTTca4dKxphMsA92jJU4IAqN5lcPEZHRukiP5SmhEYT9fdEggOlRoFnOgOs+2reS8X/vFas/XM3YSKKNRVkusiPOdIhSt9HXSYp0XxkCCaSmVsR6WOJiTYh5UwIzvzLi6ReLjmnpYsbk8YlTJGFfTiAY3DgDCpwDVWoAQEB9/AIT5ayHqxn62XamrFmM3vwB9brD5INlKU=</latexit>

�⇤
1

<latexit sha1_base64="Mz28bmxMmPCXSRjOIpPC+byt2CQ=">AAAB73icbVA9SwNBEJ2LXzF+RS1tlgQhWIQ7EaJd0MYygvmA5Ax7m71kyd7eubsnhCN/wsYiIrb+FFs70R/j5pJCEx8MPN6bYWaeF3GmtG1/WpmV1bX1jexmbmt7Z3cvv3/QUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3vJr6zQcqFQvFrR5F1A1wXzCfEayN1OrUBqzr3J1080W7bKdAy8SZk2K1UPr+qrxPat38R6cXkjigQhOOlWo7dqTdBEvNCKfjXCdWNMJkiPu0bajAAVVukt47RsdG6SE/lKaERqn6eyLBgVKjwDOdAdYDtehNxf+8dqz9czdhIoo1FWS2yI850iGaPo96TFKi+cgQTCQztyIywBITbSLKmRCcxZeXSeO07JyVL25MGpcwQxaOoAAlcKACVbiGGtSBAIdHmMCzdW89WS/W66w1Y81nDuEPrLcfWE6TQw==</latexit>

Rates can  
differ

Asymmetry 
generation

<latexit sha1_base64="5OJjPu5RYWuaKb3t28zHhS8xoYQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FL3qrYD+gXUo2zbahSTYkWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8SHFmrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbnO/80S1YYl8tFNFQ4FHksWMYJtLfWXYoFrz6/4caJUEBalBgeag+tUfJiQVVFrCsTG9wFc2zLC2jHA6q/RTQxUmEzyiPUclFtSE2fzWGTpzyhDFiXYlLZqrvycyLIyZish1CmzHZtnLxf+8XmrjmzBjUqWWSrJYFKcc2QTlj6Mh05RYPnUEE83crYiMscbEungqLoRg+eVV0r6oB1f14OGy1rgv4ijDCZzCOQRwDQ24gya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyhSjlc=</latexit>

 

<latexit sha1_base64="5OJjPu5RYWuaKb3t28zHhS8xoYQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FL3qrYD+gXUo2zbahSTYkWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8SHFmrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbnO/80S1YYl8tFNFQ4FHksWMYJtLfWXYoFrz6/4caJUEBalBgeag+tUfJiQVVFrCsTG9wFc2zLC2jHA6q/RTQxUmEzyiPUclFtSE2fzWGTpzyhDFiXYlLZqrvycyLIyZish1CmzHZtnLxf+8XmrjmzBjUqWWSrJYFKcc2QTlj6Mh05RYPnUEE83crYiMscbEungqLoRg+eVV0r6oB1f14OGy1rgv4ijDCZzCOQRwDQ24gya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyhSjlc=</latexit>

 

<latexit sha1_base64="5OJjPu5RYWuaKb3t28zHhS8xoYQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FL3qrYD+gXUo2zbahSTYkWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8SHFmrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbnO/80S1YYl8tFNFQ4FHksWMYJtLfWXYoFrz6/4caJUEBalBgeag+tUfJiQVVFrCsTG9wFc2zLC2jHA6q/RTQxUmEzyiPUclFtSE2fzWGTpzyhDFiXYlLZqrvycyLIyZish1CmzHZtnLxf+8XmrjmzBjUqWWSrJYFKcc2QTlj6Mh05RYPnUEE83crYiMscbEungqLoRg+eVV0r6oB1f14OGy1rgv4ijDCZzCOQRwDQ24gya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyhSjlc=</latexit>

 <latexit sha1_base64="mqgvo4EFsp/aIUpx4R9uuZarQi4=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN7qrYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8x085CqwcCh3Pu4d6cKOVMG8/7cipr6xubW9Xt2s7u3v6Be3jU0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o0mt4XfnVKlmRSPZpbSMMEjwWJGsLHSwHXzQFq/iKMg1Ww+cOtew1sA/SV+SepQojVwP4OhJFlChSEca933vdSEOVaGEU7ntSDTNMVkgke0b6nACdVhvrh8js6sMkSxVPYJgxbqz0SOE61nSWQnE2zGetUrxP+8fmbimzBnIs0MFWS5KM44MhIVNaAhU5QYPrMEE8XsrYiMscLE2LJqtgR/9ct/Seei4V81/IfLevO+rKMKJ3AK5+DDNTThDlrQBgJTeIIXeHVy59l5c96XoxWnzBzDLzgf3+J4k9g=</latexit>

 

<latexit sha1_base64="mqgvo4EFsp/aIUpx4R9uuZarQi4=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN7qrYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8x085CqwcCh3Pu4d6cKOVMG8/7cipr6xubW9Xt2s7u3v6Be3jU0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o0mt4XfnVKlmRSPZpbSMMEjwWJGsLHSwHXzQFq/iKMg1Ww+cOtew1sA/SV+SepQojVwP4OhJFlChSEca933vdSEOVaGEU7ntSDTNMVkgke0b6nACdVhvrh8js6sMkSxVPYJgxbqz0SOE61nSWQnE2zGetUrxP+8fmbimzBnIs0MFWS5KM44MhIVNaAhU5QYPrMEE8XsrYiMscLE2LJqtgR/9ct/Seei4V81/IfLevO+rKMKJ3AK5+DDNTThDlrQBgJTeIIXeHVy59l5c96XoxWnzBzDLzgf3+J4k9g=</latexit>

 

McDonald, hep-ph/0106249  
Hall et al., arXiv:0911.1920 
review by Bernal et al., arXiv:1706.07442



Toy example

�2

<latexit sha1_base64="ei+WfaiDWslE2TEtC9PNSjjNo4I=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMJuENQuxMYyAfOAZAmzk9lkzOzMMjMrhCX/YGOhiK2Vf+EX2Nn4LU4ehSYeuHA4517uvSeIOdPGdb+czMrq2vpGdjO3tb2zu5ffP2homShC60RyqVoB1pQzQeuGGU5bsaI4CjhtBsPrid+8p0ozKW7NKKZ+hPuChYxgY6VGpzpg3VI3X3CL7hRomXhzUigf1b7Ze+Wj2s1/dnqSJBEVhnCsddtzY+OnWBlGOB3nOommMSZD3KdtSwWOqPbT6bVjdGqVHgqlsiUMmqq/J1IcaT2KAtsZYTPQi95E/M9rJya89FMm4sRQQWaLwoQjI9HkddRjihLDR5Zgopi9FZEBVpgYG1DOhuAtvrxMGqWid168qtk0KjBDFo7hBM7Agwsoww1UoQ4E7uABnuDZkc6j8+K8zlozznzmEP7AefsB7kOSbQ==</latexit>

�⇤
2

<latexit sha1_base64="pqwE/JiHaBa7d1SlcV0sD9Vw7q0=">AAAB73icbVDLSgNBEOyNrxhfUY9ehgQheAi7IRC9Bb14jGAekKxhdjKbDJmdXWdmhbDkJ7x4iIhXP8WrN9GPcfI4aGJBQ1HVTXeXF3GmtG1/Wqm19Y3NrfR2Zmd3b/8ge3jUUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3vJr6zQcqFQvFrR5F1A1wXzCfEayN1OrUBqxbujvrZvN20Z4BrRJnQfLVXOH7q/I+qXWzH51eSOKACk04Vqrt2JF2Eyw1I5yOM51Y0QiTIe7TtqECB1S5yezeMTo1Sg/5oTQlNJqpvycSHCg1CjzTGWA9UMveVPzPa8faP3cTJqJYU0Hmi/yYIx2i6fOoxyQlmo8MwUQycysiAywx0SaijAnBWX55lTRKRadcvLgxaVzCHGk4gRwUwIEKVOEaalAHAhweYQLP1r31ZL1Yr/PWlLWYOYY/sN5+AFnUk0Q=</latexit>

�1 � i�2

<latexit sha1_base64="kZnmde0WkdTYiqQxAtnHrGy2/Cc=">AAACD3icbVDLSsNAFJ3UV62vqAiCm9GiuLEkRVB3RTcuK9gHNCFMppN26GQSZiZCCf0DN/6B39CNoCJu3brzQ9w7abvQ1gMDh3Pu4c49fsyoVJb1ZeTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/d5X5jTsiJI34rerHxA1Rh9OAYqS05JlHqRNpP4tDB3epZw9O6LRWHnhm0SpZI8BZYk9IsbL//Tzc3Xmseuan045wEhKuMENStmwrVm6KhKKYkUHBSSSJEe6hDmlpylFIpJuO7hnAQ620YRAJ/biCI/V3IkWhlP3Q15MhUl057WXif14rUcG5m1IeJ4pwPF4UJAyqCGblwDYVBCvW1wRhQfVfIe4igbDSFRZ0Cfb0ybOkXi7Zp6WLG93GJRgjD/bAATgGNjgDFXANqqAGMLgHQ/ACXo0H48l4M97HozljktkGf2B8/ADqDaBF</latexit>

�1 + i�2

<latexit sha1_base64="eQ3T4o8QvT0Vqe6mip/X6HF7jn8=">AAAB+3icbZDLSsNAFIZPvNZ6i3WpyGARBKEkRVB3RTcuW7AXaEOZTCft0MmFmYlYQpa+hhsXirgV+hzufAZfwmnThbb+MPDxn3M4Z3434kwqy/oylpZXVtfWcxv5za3tnV1zr9CQYSwIrZOQh6LlYkk5C2hdMcVpKxIU+y6nTXd4M6k376mQLAzu1Ciijo/7AfMYwUpbXbOQdMiAde30jGVUTrtm0SpZU6FFsGdQrByOa9+PR+Nq1/zs9EIS+zRQhGMp27YVKSfBQjHCaZrvxJJGmAxxn7Y1Btin0kmmt6foRDs95IVCv0Chqft7IsG+lCPf1Z0+VgM5X5uY/9XasfIunYQFUaxoQLJFXsyRCtEkCNRjghLFRxowEUzfisgAC0yUjiuvQ7Dnv7wIjXLJPi9d1XQa15ApBwdwDKdgwwVU4BaqUAcCD/AEL/BqpMaz8Wa8Z61LxmxmH/7I+PgBiw2X1w==</latexit>

<latexit sha1_base64="mqgvo4EFsp/aIUpx4R9uuZarQi4=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN7qrYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8x085CqwcCh3Pu4d6cKOVMG8/7cipr6xubW9Xt2s7u3v6Be3jU0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o0mt4XfnVKlmRSPZpbSMMEjwWJGsLHSwHXzQFq/iKMg1Ww+cOtew1sA/SV+SepQojVwP4OhJFlChSEca933vdSEOVaGEU7ntSDTNMVkgke0b6nACdVhvrh8js6sMkSxVPYJgxbqz0SOE61nSWQnE2zGetUrxP+8fmbimzBnIs0MFWS5KM44MhIVNaAhU5QYPrMEE8XsrYiMscLE2LJqtgR/9ct/Seei4V81/IfLevO+rKMKJ3AK5+DDNTThDlrQBgJTeIIXeHVy59l5c96XoxWnzBzDLzgf3+J4k9g=</latexit>

 

<latexit sha1_base64="5OJjPu5RYWuaKb3t28zHhS8xoYQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FL3qrYD+gXUo2zbahSTYkWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8SHFmrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbnO/80S1YYl8tFNFQ4FHksWMYJtLfWXYoFrz6/4caJUEBalBgeag+tUfJiQVVFrCsTG9wFc2zLC2jHA6q/RTQxUmEzyiPUclFtSE2fzWGTpzyhDFiXYlLZqrvycyLIyZish1CmzHZtnLxf+8XmrjmzBjUqWWSrJYFKcc2QTlj6Mh05RYPnUEE83crYiMscbEungqLoRg+eVV0r6oB1f14OGy1rgv4ijDCZzCOQRwDQ24gya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyhSjlc=</latexit>

 

L � ��1 (�1 + �2)�1 � �2 (�1 + i�2)�2 + h.c.

<latexit sha1_base64="XngRDcXd8/fpmGoUEkNsiHJXym4="></latexit>



Toy example

�2

<latexit sha1_base64="ei+WfaiDWslE2TEtC9PNSjjNo4I=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMJuENQuxMYyAfOAZAmzk9lkzOzMMjMrhCX/YGOhiK2Vf+EX2Nn4LU4ehSYeuHA4517uvSeIOdPGdb+czMrq2vpGdjO3tb2zu5ffP2homShC60RyqVoB1pQzQeuGGU5bsaI4CjhtBsPrid+8p0ozKW7NKKZ+hPuChYxgY6VGpzpg3VI3X3CL7hRomXhzUigf1b7Ze+Wj2s1/dnqSJBEVhnCsddtzY+OnWBlGOB3nOommMSZD3KdtSwWOqPbT6bVjdGqVHgqlsiUMmqq/J1IcaT2KAtsZYTPQi95E/M9rJya89FMm4sRQQWaLwoQjI9HkddRjihLDR5Zgopi9FZEBVpgYG1DOhuAtvrxMGqWid168qtk0KjBDFo7hBM7Agwsoww1UoQ4E7uABnuDZkc6j8+K8zlozznzmEP7AefsB7kOSbQ==</latexit>

�⇤
2

<latexit sha1_base64="pqwE/JiHaBa7d1SlcV0sD9Vw7q0=">AAAB73icbVDLSgNBEOyNrxhfUY9ehgQheAi7IRC9Bb14jGAekKxhdjKbDJmdXWdmhbDkJ7x4iIhXP8WrN9GPcfI4aGJBQ1HVTXeXF3GmtG1/Wqm19Y3NrfR2Zmd3b/8ge3jUUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3vJr6zQcqFQvFrR5F1A1wXzCfEayN1OrUBqxbujvrZvN20Z4BrRJnQfLVXOH7q/I+qXWzH51eSOKACk04Vqrt2JF2Eyw1I5yOM51Y0QiTIe7TtqECB1S5yezeMTo1Sg/5oTQlNJqpvycSHCg1CjzTGWA9UMveVPzPa8faP3cTJqJYU0Hmi/yYIx2i6fOoxyQlmo8MwUQycysiAywx0SaijAnBWX55lTRKRadcvLgxaVzCHGk4gRwUwIEKVOEaalAHAhweYQLP1r31ZL1Yr/PWlLWYOYY/sN5+AFnUk0Q=</latexit>

�1 � i�2

<latexit sha1_base64="kZnmde0WkdTYiqQxAtnHrGy2/Cc=">AAACD3icbVDLSsNAFJ3UV62vqAiCm9GiuLEkRVB3RTcuK9gHNCFMppN26GQSZiZCCf0DN/6B39CNoCJu3brzQ9w7abvQ1gMDh3Pu4c49fsyoVJb1ZeTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/d5X5jTsiJI34rerHxA1Rh9OAYqS05JlHqRNpP4tDB3epZw9O6LRWHnhm0SpZI8BZYk9IsbL//Tzc3Xmseuan045wEhKuMENStmwrVm6KhKKYkUHBSSSJEe6hDmlpylFIpJuO7hnAQ620YRAJ/biCI/V3IkWhlP3Q15MhUl057WXif14rUcG5m1IeJ4pwPF4UJAyqCGblwDYVBCvW1wRhQfVfIe4igbDSFRZ0Cfb0ybOkXi7Zp6WLG93GJRgjD/bAATgGNjgDFXANqqAGMLgHQ/ACXo0H48l4M97HozljktkGf2B8/ADqDaBF</latexit>

�1 + i�2

<latexit sha1_base64="eQ3T4o8QvT0Vqe6mip/X6HF7jn8=">AAAB+3icbZDLSsNAFIZPvNZ6i3WpyGARBKEkRVB3RTcuW7AXaEOZTCft0MmFmYlYQpa+hhsXirgV+hzufAZfwmnThbb+MPDxn3M4Z3434kwqy/oylpZXVtfWcxv5za3tnV1zr9CQYSwIrZOQh6LlYkk5C2hdMcVpKxIU+y6nTXd4M6k376mQLAzu1Ciijo/7AfMYwUpbXbOQdMiAde30jGVUTrtm0SpZU6FFsGdQrByOa9+PR+Nq1/zs9EIS+zRQhGMp27YVKSfBQjHCaZrvxJJGmAxxn7Y1Btin0kmmt6foRDs95IVCv0Chqft7IsG+lCPf1Z0+VgM5X5uY/9XasfIunYQFUaxoQLJFXsyRCtEkCNRjghLFRxowEUzfisgAC0yUjiuvQ7Dnv7wIjXLJPi9d1XQa15ApBwdwDKdgwwVU4BaqUAcCD/AEL/BqpMaz8Wa8Z61LxmxmH/7I+PgBiw2X1w==</latexit>

�1 + i e�i�(t) �2

<latexit sha1_base64="Rl4FQlNwOCEh89itZarujDeaAOA="></latexit>

�1 � i e�i�(t) �2

<latexit sha1_base64="qgeOnqMH6m2jgApp+s5pAe7wqnY="></latexit>

Time evolve…

Time evolve…

<latexit sha1_base64="5OJjPu5RYWuaKb3t28zHhS8xoYQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FL3qrYD+gXUo2zbahSTYkWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8SHFmrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbnO/80S1YYl8tFNFQ4FHksWMYJtLfWXYoFrz6/4caJUEBalBgeag+tUfJiQVVFrCsTG9wFc2zLC2jHA6q/RTQxUmEzyiPUclFtSE2fzWGTpzyhDFiXYlLZqrvycyLIyZish1CmzHZtnLxf+8XmrjmzBjUqWWSrJYFKcc2QTlj6Mh05RYPnUEE83crYiMscbEungqLoRg+eVV0r6oB1f14OGy1rgv4ijDCZzCOQRwDQ24gya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyhSjlc=</latexit>

 

<latexit sha1_base64="mqgvo4EFsp/aIUpx4R9uuZarQi4=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN7qrYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8x085CqwcCh3Pu4d6cKOVMG8/7cipr6xubW9Xt2s7u3v6Be3jU0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o0mt4XfnVKlmRSPZpbSMMEjwWJGsLHSwHXzQFq/iKMg1Ww+cOtew1sA/SV+SepQojVwP4OhJFlChSEca933vdSEOVaGEU7ntSDTNMVkgke0b6nACdVhvrh8js6sMkSxVPYJgxbqz0SOE61nSWQnE2zGetUrxP+8fmbimzBnIs0MFWS5KM44MhIVNaAhU5QYPrMEE8XsrYiMscLE2LJqtgR/9ct/Seei4V81/IfLevO+rKMKJ3AK5+DDNTThDlrQBgJTeIIXeHVy59l5c96XoxWnzBzDLzgf3+J4k9g=</latexit>

 

L � ��1 (�1 + �2)�1 � �2 (�1 + i�2)�2 + h.c.

<latexit sha1_base64="XngRDcXd8/fpmGoUEkNsiHJXym4="></latexit>



Toy example

�2

<latexit sha1_base64="ei+WfaiDWslE2TEtC9PNSjjNo4I=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMJuENQuxMYyAfOAZAmzk9lkzOzMMjMrhCX/YGOhiK2Vf+EX2Nn4LU4ehSYeuHA4517uvSeIOdPGdb+czMrq2vpGdjO3tb2zu5ffP2homShC60RyqVoB1pQzQeuGGU5bsaI4CjhtBsPrid+8p0ozKW7NKKZ+hPuChYxgY6VGpzpg3VI3X3CL7hRomXhzUigf1b7Ze+Wj2s1/dnqSJBEVhnCsddtzY+OnWBlGOB3nOommMSZD3KdtSwWOqPbT6bVjdGqVHgqlsiUMmqq/J1IcaT2KAtsZYTPQi95E/M9rJya89FMm4sRQQWaLwoQjI9HkddRjihLDR5Zgopi9FZEBVpgYG1DOhuAtvrxMGqWid168qtk0KjBDFo7hBM7Agwsoww1UoQ4E7uABnuDZkc6j8+K8zlozznzmEP7AefsB7kOSbQ==</latexit>

�⇤
2

<latexit sha1_base64="pqwE/JiHaBa7d1SlcV0sD9Vw7q0=">AAAB73icbVDLSgNBEOyNrxhfUY9ehgQheAi7IRC9Bb14jGAekKxhdjKbDJmdXWdmhbDkJ7x4iIhXP8WrN9GPcfI4aGJBQ1HVTXeXF3GmtG1/Wqm19Y3NrfR2Zmd3b/8ge3jUUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3vJr6zQcqFQvFrR5F1A1wXzCfEayN1OrUBqxbujvrZvN20Z4BrRJnQfLVXOH7q/I+qXWzH51eSOKACk04Vqrt2JF2Eyw1I5yOM51Y0QiTIe7TtqECB1S5yezeMTo1Sg/5oTQlNJqpvycSHCg1CjzTGWA9UMveVPzPa8faP3cTJqJYU0Hmi/yYIx2i6fOoxyQlmo8MwUQycysiAywx0SaijAnBWX55lTRKRadcvLgxaVzCHGk4gRwUwIEKVOEaalAHAhweYQLP1r31ZL1Yr/PWlLWYOYY/sN5+AFnUk0Q=</latexit>

�1 � i�2

<latexit sha1_base64="kZnmde0WkdTYiqQxAtnHrGy2/Cc=">AAACD3icbVDLSsNAFJ3UV62vqAiCm9GiuLEkRVB3RTcuK9gHNCFMppN26GQSZiZCCf0DN/6B39CNoCJu3brzQ9w7abvQ1gMDh3Pu4c49fsyoVJb1ZeTm5hcWl/LLhZXVtfUNc3OrLqNEYFLDEYtE00eSMMpJTVHFSDMWBIU+Iw2/d5X5jTsiJI34rerHxA1Rh9OAYqS05JlHqRNpP4tDB3epZw9O6LRWHnhm0SpZI8BZYk9IsbL//Tzc3Xmseuan045wEhKuMENStmwrVm6KhKKYkUHBSSSJEe6hDmlpylFIpJuO7hnAQ620YRAJ/biCI/V3IkWhlP3Q15MhUl057WXif14rUcG5m1IeJ4pwPF4UJAyqCGblwDYVBCvW1wRhQfVfIe4igbDSFRZ0Cfb0ybOkXi7Zp6WLG93GJRgjD/bAATgGNjgDFXANqqAGMLgHQ/ACXo0H48l4M97HozljktkGf2B8/ADqDaBF</latexit>

�1 + i�2

<latexit sha1_base64="eQ3T4o8QvT0Vqe6mip/X6HF7jn8=">AAAB+3icbZDLSsNAFIZPvNZ6i3WpyGARBKEkRVB3RTcuW7AXaEOZTCft0MmFmYlYQpa+hhsXirgV+hzufAZfwmnThbb+MPDxn3M4Z3434kwqy/oylpZXVtfWcxv5za3tnV1zr9CQYSwIrZOQh6LlYkk5C2hdMcVpKxIU+y6nTXd4M6k376mQLAzu1Ciijo/7AfMYwUpbXbOQdMiAde30jGVUTrtm0SpZU6FFsGdQrByOa9+PR+Nq1/zs9EIS+zRQhGMp27YVKSfBQjHCaZrvxJJGmAxxn7Y1Btin0kmmt6foRDs95IVCv0Chqft7IsG+lCPf1Z0+VgM5X5uY/9XasfIunYQFUaxoQLJFXsyRCtEkCNRjghLFRxowEUzfisgAC0yUjiuvQ7Dnv7wIjXLJPi9d1XQa15ApBwdwDKdgwwVU4BaqUAcCD/AEL/BqpMaz8Wa8Z61LxmxmH/7I+PgBiw2X1w==</latexit>

After 1/4 oscillation…

After 1/4 oscillation…

�1 � �2

<latexit sha1_base64="VRqdD41+QZELfW66dcwvK8CZaF8=">AAACDXicbVDLSsNAFJ3UV62vqAiCm9EquLEkRVB3RTcuK9gHNCFMppN26OTBzEQoIT/gxl/wE0RwYRG37t35Ie6dpAUf9cDA4Zx7uHOPGzEqpGF8aIWZ2bn5heJiaWl5ZXVNX99oijDmmDRwyELedpEgjAakIalkpB1xgnyXkZY7uMj81g3hgobBtRxGxPZRL6AexUgqydH3EytUfhaHFu5Tx0yPvqVcqaaOXjYqRg44TcwJKdd2P0eP21v3dUd/t7ohjn0SSMyQEB3TiKSdIC4pZiQtWbEgEcID1CMdRQPkE2En+TUpPFBKF3ohVy+QMFd/JhLkCzH0XTXpI9kXf71M/M/rxNI7tRMaRLEkAR4v8mIGZQizamCXcoIlGyqCMKfqrxD3EUdYqgJLqgTz78nTpFmtmMeVsyvVxjkYowh2wB44BCY4ATVwCeqgATC4BQ/gGYy0O+1Je9Fex6MFbZLZBL+gvX0BtP+fqA==</latexit>

�1 + �2

<latexit sha1_base64="GrkcQt3hcL6cyEmMEARxLajvkug=">AAAB+nicbZDLSsNAFIYn9VbrLdWlIoNFEISSFEHdFd24bMFeoA1hMp20QyeTMDNRSszSx3DjQhG3Lvoc7nwGX8Jp04W2/jDw8Z9zOGd+L2JUKsv6MnJLyyura/n1wsbm1vaOWdxtyjAWmDRwyELR9pAkjHLSUFQx0o4EQYHHSMsbXk/qrTsiJA35rRpFxAlQn1OfYqS05ZrFpIsH1LXT0wwqqWuWrLI1FVwEewal6sG4/v14OK655me3F+I4IFxhhqTs2FaknAQJRTEjaaEbSxIhPER90tHIUUCkk0xPT+GxdnrQD4V+XMGp+3siQYGUo8DTnQFSAzlfm5j/1Tqx8i+chPIoVoTjbJEfM6hCOMkB9qggWLGRBoQF1bdCPEACYaXTKugQ7PkvL0KzUrbPypd1ncYVyJQH++AInAAbnIMquAE10AAY3IMn8AJejQfj2Xgz3rPWnDGb2QN/ZHz8AMAsl2Q=</latexit>

�⇤
1

<latexit sha1_base64="Mz28bmxMmPCXSRjOIpPC+byt2CQ=">AAAB73icbVA9SwNBEJ2LXzF+RS1tlgQhWIQ7EaJd0MYygvmA5Ax7m71kyd7eubsnhCN/wsYiIrb+FFs70R/j5pJCEx8MPN6bYWaeF3GmtG1/WpmV1bX1jexmbmt7Z3cvv3/QUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3vJr6zQcqFQvFrR5F1A1wXzCfEayN1OrUBqzr3J1080W7bKdAy8SZk2K1UPr+qrxPat38R6cXkjigQhOOlWo7dqTdBEvNCKfjXCdWNMJkiPu0bajAAVVukt47RsdG6SE/lKaERqn6eyLBgVKjwDOdAdYDtehNxf+8dqz9czdhIoo1FWS2yI850iGaPo96TFKi+cgQTCQztyIywBITbSLKmRCcxZeXSeO07JyVL25MGpcwQxaOoAAlcKACVbiGGtSBAIdHmMCzdW89WS/W66w1Y81nDuEPrLcfWE6TQw==</latexit>

Can’t scatter to produce Φ1

<latexit sha1_base64="5OJjPu5RYWuaKb3t28zHhS8xoYQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FL3qrYD+gXUo2zbahSTYkWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8SHFmrO9/e6W19Y3NrfJ2ZWd3b/+genjUNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbnO/80S1YYl8tFNFQ4FHksWMYJtLfWXYoFrz6/4caJUEBalBgeag+tUfJiQVVFrCsTG9wFc2zLC2jHA6q/RTQxUmEzyiPUclFtSE2fzWGTpzyhDFiXYlLZqrvycyLIyZish1CmzHZtnLxf+8XmrjmzBjUqWWSrJYFKcc2QTlj6Mh05RYPnUEE83crYiMscbEungqLoRg+eVV0r6oB1f14OGy1rgv4ijDCZzCOQRwDQ24gya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyhSjlc=</latexit>

 

<latexit sha1_base64="mqgvo4EFsp/aIUpx4R9uuZarQi4=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN7qrYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8x085CqwcCh3Pu4d6cKOVMG8/7cipr6xubW9Xt2s7u3v6Be3jU0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o0mt4XfnVKlmRSPZpbSMMEjwWJGsLHSwHXzQFq/iKMg1Ww+cOtew1sA/SV+SepQojVwP4OhJFlChSEca933vdSEOVaGEU7ntSDTNMVkgke0b6nACdVhvrh8js6sMkSxVPYJgxbqz0SOE61nSWQnE2zGetUrxP+8fmbimzBnIs0MFWS5KM44MhIVNaAhU5QYPrMEE8XsrYiMscLE2LJqtgR/9ct/Seei4V81/IfLevO+rKMKJ3AK5+DDNTThDlrQBgJTeIIXeHVy59l5c96XoxWnzBzDLzgf3+J4k9g=</latexit>

 
<latexit sha1_base64="mqgvo4EFsp/aIUpx4R9uuZarQi4=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN7qrYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8x085CqwcCh3Pu4d6cKOVMG8/7cipr6xubW9Xt2s7u3v6Be3jU0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o0mt4XfnVKlmRSPZpbSMMEjwWJGsLHSwHXzQFq/iKMg1Ww+cOtew1sA/SV+SepQojVwP4OhJFlChSEca933vdSEOVaGEU7ntSDTNMVkgke0b6nACdVhvrh8js6sMkSxVPYJgxbqz0SOE61nSWQnE2zGetUrxP+8fmbimzBnIs0MFWS5KM44MhIVNaAhU5QYPrMEE8XsrYiMscLE2LJqtgR/9ct/Seei4V81/IfLevO+rKMKJ3AK5+DDNTThDlrQBgJTeIIXeHVy59l5c96XoxWnzBzDLzgf3+J4k9g=</latexit>

 

L � ��1 (�1 + �2)�1 � �2 (�1 + i�2)�2 + h.c.

<latexit sha1_base64="XngRDcXd8/fpmGoUEkNsiHJXym4="></latexit>
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0.1

1 MΦ = 200 GeV MΦ = 500 GeV MΦ = 1 TeV• Oscillation timescale is set 
by .  The asymmetry 
is maximized for  
oscillations by .   

• Together, DM and 
baryogenesis requirements 
prevent scaling the whole 
mechanism up to 
arbitrarily high mass 
scales.

ΔM2
χ

∼ &(1)
T ∼ MΦ1

<latexit sha1_base64="U6WmI7vviaUfgv+52rfJxvJ7xEs=">AAACEHicbVC7SgNBFJ31GeMramkzGESrsBtELSNaaCFEMA/IxjA7uZsMmX0wc1cMSz7Bxl+xsVDE1tLOv3HyKDTxwMDhnHOZe48XS6HRtr+tufmFxaXlzEp2dW19YzO3tV3VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3c+9Gv3oLSIwlvsx9AMWCcUvuAMjdTKHbgID5ie6X4QAKo+HYYTTQfuBUhk9Pqu2HJ5V7Ryebtgj0BniTMheTJBuZX7ctsRTwIIkUumdcOxY2ymTKHgEgZZN9EQM95jHWgYGrIAdDMdHTSg+0ZpUz9S5oVIR+rviZQF2mzsmWTAsKunvaH4n9dI0D9tpiKME4SQjz/yE0kxosN2aFso4Cj7hjCuhNmV8i5TjKOpJWtKcKZPniXVYsE5Ljg3R/nS1aSODNkle+SQOOSElMglKZMK4eSRPJNX8mY9WS/Wu/Uxjs5Zk5kd8gfW5w8Sj508</latexit>

Asymmetry versus �M2
�

<latexit sha1_base64="U7kqR9rTiMoYOKUl3xZ08n/B2V0=">AAACDXicbVDJSgNBEO2Je9xGPXppjEK8hBkRFbyIevAiKJgFMmPo6VSSJj2L3TViGPIDXvwVLx4U8erdm39jZzm4PSh4vFdFVb0gkUKj43xauYnJqemZ2bn8/MLi0rK9slrRcao4lHksY1ULmAYpIiijQAm1RAELAwnVoHsy8Ku3oLSIoyvsJeCHrB2JluAMjdSwNz19ozDzTkEio+cNj3fE9U7fOyx6CHeYdaHS327YBafkDEH/EndMCmSMi4b94TVjnoYQIZdM67rrJOhnTKHgEvp5L9WQMN5lbagbGrEQtJ8Nv+nTLaM0aStWpiKkQ/X7RMZCrXthYDpDhh392xuI/3n1FFsHfiaiJEWI+GhRK5UUYzqIhjaFAo6yZwjjSphbKe8wxTiaAPMmBPf3y39JZafk7pXcy93C0fE4jlmyTjZIkbhknxyRM3JByoSTe/JInsmL9WA9Wa/W26g1Z41n1sgPWO9fFYKbkA==</latexit>q
�M2

� (keV)

<latexit sha1_base64="PqRx/u5GSHEQ6+evJidzWRJXv4I=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgFe5ENGXAxjKC+YDkCHubuWTJ3ge7c8F4pLbxr9hYKGLrL7Dz37hJrtDEBwOP92aYmefFUmi07W8rt7K6tr6R3yxsbe/s7hX3Dxo6ShSHOo9kpFoe0yBFCHUUKKEVK2CBJ6HpDa+nfnMESosovMNxDG7A+qHwBWdopG7xuINwj6kCaYQRUC0egEY+ZXocBIBqPOkWS3bZnoEuEycjJZKh1i1+dXoRTwIIkUumdduxY3RTplBwCZNCJ9EQMz5kfWgbGrIAtJvOXpnQU6P0qB8pUyHSmfp7ImWBNqd5pjNgONCL3lT8z2sn6FfcVIRxghDy+SI/kRQjOs2F9oQCjnJsCONKmFspHzDFOJr0CiYEZ/HlZdI4LzuXZef2olStZHHkyRE5IWfEIVekSm5IjdQJJ4/kmbySN+vJerHerY95a87KZg7JH1ifP01wm0E=</latexit> re
la
ti
ve

si
ze

of
as
ym

m
et
ry

Fine print:  the figure shows the leading-order asymmetry in individual lepton flavors (rescaled to peak at 1)  in a model 
with a single BSM scalar.



Results for leptogenesis and DM

• We impose  to 
satisfy structure formation 
constraints (but see Zelko et 
al., arXiv:2205.09777) 

•  

• Blue contours show the 
maximum possible baryon 
asymmetry in units of the 
observed value.

Mχ2
≥ 15 keV

MΦ2
≫ MΦ1

c⌧
�

1
(c
m
)

<latexit sha1_base64="SECtzqyDDVwRdsnbLSjYCQoKKN4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQilJFXRZdOOygn1AE8JkOmmHziRhZiKUkKUbf8WNC0Xc+gnu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkorq2vrG+XNytb2zu6euX/QlVEiMOngiEWi7yNJGA1JR1HFSD8WBHGfkZ4/ucn93gMRkkbhvZrGxOVoFNKAYqS05JnH2FEo8VKnPaaenTl1p15zOFJjwVPMszPPrFoNawa4TOyCVEGBtmd+OcMIJ5yECjMk5cC2YuWmSCiKGckqTiJJjPAEjchA0xBxIt109kgGT7UyhEEkdIUKztTfEyniUk65rzvzG+Wil4v/eYNEBVduSsM4USTE80VBwqCKYJ4KHFJBsGJTTRAWVN8K8RgJhJXOrqJDsBdfXibdZsM+bzTvLqqt6yKOMjgCJ6AGbHAJWuAWtEEHYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QMWRZlg</latexit>

<latexit sha1_base64="jO9U32dqS/2z9HHc0fKTFm0XnQ0=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiJewK6Iegx70IkQwD0jCMjvpJENmH8z0imHdg7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lRYIrtO1vI7ewuLS8kl8trK1vbG6Z2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8IaXY79xD1LxMLjDUQQdn/YD3uOMopZcc+/GTdrVAXedtNRGeMDkCurpkWsW7bI9gTVPnIwUSYaqa361uyGLfQiQCapUy7Ej7CRUImcC0kI7VhBRNqR9aGkaUB9UJ5ncn1qHWulavVDqCtCaqL8nEuorNfI93elTHKhZbyz+57Vi7J13Eh5EMULApot6sbAwtMZhWF0ugaEYaUKZ5PpWiw2opAx1ZAUdgjP78jypH5ed07Jze1KsXGRx5Mk+OSAl4pAzUiHXpEpqhJFH8kxeyZvxZLwY78bHtDVnZDO75A+Mzx9VWpWq</latexit>
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�χ� = � ���
�χ� = �� ���
θ� = θ� = π/�

(a)

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>



c⌧
�

1
(c
m
)

<latexit sha1_base64="SECtzqyDDVwRdsnbLSjYCQoKKN4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQilJFXRZdOOygn1AE8JkOmmHziRhZiKUkKUbf8WNC0Xc+gnu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkorq2vrG+XNytb2zu6euX/QlVEiMOngiEWi7yNJGA1JR1HFSD8WBHGfkZ4/ucn93gMRkkbhvZrGxOVoFNKAYqS05JnH2FEo8VKnPaaenTl1p15zOFJjwVPMszPPrFoNawa4TOyCVEGBtmd+OcMIJ5yECjMk5cC2YuWmSCiKGckqTiJJjPAEjchA0xBxIt109kgGT7UyhEEkdIUKztTfEyniUk65rzvzG+Wil4v/eYNEBVduSsM4USTE80VBwqCKYJ4KHFJBsGJTTRAWVN8K8RgJhJXOrqJDsBdfXibdZsM+bzTvLqqt6yKOMjgCJ6AGbHAJWuAWtEEHYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QMWRZlg</latexit>

<latexit sha1_base64="jO9U32dqS/2z9HHc0fKTFm0XnQ0=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiJewK6Iegx70IkQwD0jCMjvpJENmH8z0imHdg7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lRYIrtO1vI7ewuLS8kl8trK1vbG6Z2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8IaXY79xD1LxMLjDUQQdn/YD3uOMopZcc+/GTdrVAXedtNRGeMDkCurpkWsW7bI9gTVPnIwUSYaqa361uyGLfQiQCapUy7Ej7CRUImcC0kI7VhBRNqR9aGkaUB9UJ5ncn1qHWulavVDqCtCaqL8nEuorNfI93elTHKhZbyz+57Vi7J13Eh5EMULApot6sbAwtMZhWF0ugaEYaUKZ5PpWiw2opAx1ZAUdgjP78jypH5ed07Jze1KsXGRx5Mk+OSAl4pAzUiHXpEpqhJFH8kxeyZvxZLwY78bHtDVnZDO75A+Mzx9VWpWq</latexit>

M�1(GeV)
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�Φ�(���)
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τ Φ

�]
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�
)

�χ� = � ���
�χ� = �� ���
θ� = θ� = �/��

(c)

• The asymmetry can be 
enhanced if the  particles 
decay predominantly to the 
lighter DM state. 

Φ

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>

Results for leptogenesis and DM
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<latexit sha1_base64="SECtzqyDDVwRdsnbLSjYCQoKKN4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQilJFXRZdOOygn1AE8JkOmmHziRhZiKUkKUbf8WNC0Xc+gnu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkorq2vrG+XNytb2zu6euX/QlVEiMOngiEWi7yNJGA1JR1HFSD8WBHGfkZ4/ucn93gMRkkbhvZrGxOVoFNKAYqS05JnH2FEo8VKnPaaenTl1p15zOFJjwVPMszPPrFoNawa4TOyCVEGBtmd+OcMIJ5yECjMk5cC2YuWmSCiKGckqTiJJjPAEjchA0xBxIt109kgGT7UyhEEkdIUKztTfEyniUk65rzvzG+Wil4v/eYNEBVduSsM4USTE80VBwqCKYJ4KHFJBsGJTTRAWVN8K8RgJhJXOrqJDsBdfXibdZsM+bzTvLqqt6yKOMjgCJ6AGbHAJWuAWtEEHYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QMWRZlg</latexit>

<latexit sha1_base64="jO9U32dqS/2z9HHc0fKTFm0XnQ0=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiJewK6Iegx70IkQwD0jCMjvpJENmH8z0imHdg7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lRYIrtO1vI7ewuLS8kl8trK1vbG6Z2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8IaXY79xD1LxMLjDUQQdn/YD3uOMopZcc+/GTdrVAXedtNRGeMDkCurpkWsW7bI9gTVPnIwUSYaqa361uyGLfQiQCapUy7Ej7CRUImcC0kI7VhBRNqR9aGkaUB9UJ5ncn1qHWulavVDqCtCaqL8nEuorNfI93elTHKhZbyz+57Vi7J13Eh5EMULApot6sbAwtMZhWF0ugaEYaUKZ5PpWiw2opAx1ZAUdgjP78jypH5ed07Jze1KsXGRx5Mk+OSAl4pAzUiHXpEpqhJFH8kxeyZvxZLwY78bHtDVnZDO75A+Mzx9VWpWq</latexit>

M�1(GeV)
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�Φ�(���)

[�
τ Φ

�]
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)

�χ� = �
θ� = θ� = π/��χ� = �� ���

�χ� = �� ���

�χ� = ��� ���

(a)
Results for leptogenesis and DM

• The observed baryon 
asymmetry can be realized 
within the contours.  

• DM masses above 100 keV 
are viable.

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>
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<latexit sha1_base64="SECtzqyDDVwRdsnbLSjYCQoKKN4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQilJFXRZdOOygn1AE8JkOmmHziRhZiKUkKUbf8WNC0Xc+gnu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkorq2vrG+XNytb2zu6euX/QlVEiMOngiEWi7yNJGA1JR1HFSD8WBHGfkZ4/ucn93gMRkkbhvZrGxOVoFNKAYqS05JnH2FEo8VKnPaaenTl1p15zOFJjwVPMszPPrFoNawa4TOyCVEGBtmd+OcMIJ5yECjMk5cC2YuWmSCiKGckqTiJJjPAEjchA0xBxIt109kgGT7UyhEEkdIUKztTfEyniUk65rzvzG+Wil4v/eYNEBVduSsM4USTE80VBwqCKYJ4KHFJBsGJTTRAWVN8K8RgJhJXOrqJDsBdfXibdZsM+bzTvLqqt6yKOMjgCJ6AGbHAJWuAWtEEHYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QMWRZlg</latexit>

<latexit sha1_base64="jO9U32dqS/2z9HHc0fKTFm0XnQ0=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiJewK6Iegx70IkQwD0jCMjvpJENmH8z0imHdg7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lRYIrtO1vI7ewuLS8kl8trK1vbG6Z2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8IaXY79xD1LxMLjDUQQdn/YD3uOMopZcc+/GTdrVAXedtNRGeMDkCurpkWsW7bI9gTVPnIwUSYaqa361uyGLfQiQCapUy7Ej7CRUImcC0kI7VhBRNqR9aGkaUB9UJ5ncn1qHWulavVDqCtCaqL8nEuorNfI93elTHKhZbyz+57Vi7J13Eh5EMULApot6sbAwtMZhWF0ugaEYaUKZ5PpWiw2opAx1ZAUdgjP78jypH5ed07Jze1KsXGRx5Mk+OSAl4pAzUiHXpEpqhJFH8kxeyZvxZLwY78bHtDVnZDO75A+Mzx9VWpWq</latexit>

M�1(GeV)
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�Φ�(���)
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τ Φ
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�χ� = �
θ� = θ� = �/��

�χ� = �� ���

�χ� = ��� ���

�χ� = ��� ���

�χ� = ��� ���

Results for leptogenesis and DM

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>

• The observed baryon 
asymmetry can be realized 
within the contours.  

• DM masses above 100 keV 
are viable.
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<latexit sha1_base64="SECtzqyDDVwRdsnbLSjYCQoKKN4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQilJFXRZdOOygn1AE8JkOmmHziRhZiKUkKUbf8WNC0Xc+gnu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkorq2vrG+XNytb2zu6euX/QlVEiMOngiEWi7yNJGA1JR1HFSD8WBHGfkZ4/ucn93gMRkkbhvZrGxOVoFNKAYqS05JnH2FEo8VKnPaaenTl1p15zOFJjwVPMszPPrFoNawa4TOyCVEGBtmd+OcMIJ5yECjMk5cC2YuWmSCiKGckqTiJJjPAEjchA0xBxIt109kgGT7UyhEEkdIUKztTfEyniUk65rzvzG+Wil4v/eYNEBVduSsM4USTE80VBwqCKYJ4KHFJBsGJTTRAWVN8K8RgJhJXOrqJDsBdfXibdZsM+bzTvLqqt6yKOMjgCJ6AGbHAJWuAWtEEHYPAInsEreDOejBfj3fiYt5aMYuYQ/IHx+QMWRZlg</latexit>

<latexit sha1_base64="jO9U32dqS/2z9HHc0fKTFm0XnQ0=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiJewK6Iegx70IkQwD0jCMjvpJENmH8z0imHdg7/ixYMiXv0Nb/6Nk2QPmljQUFR1093lRYIrtO1vI7ewuLS8kl8trK1vbG6Z2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8IaXY79xD1LxMLjDUQQdn/YD3uOMopZcc+/GTdrVAXedtNRGeMDkCurpkWsW7bI9gTVPnIwUSYaqa361uyGLfQiQCapUy7Ej7CRUImcC0kI7VhBRNqR9aGkaUB9UJ5ncn1qHWulavVDqCtCaqL8nEuorNfI93elTHKhZbyz+57Vi7J13Eh5EMULApot6sbAwtMZhWF0ugaEYaUKZ5PpWiw2opAx1ZAUdgjP78jypH5ed07Jze1KsXGRx5Mk+OSAl4pAzUiHXpEpqhJFH8kxeyZvxZLwY78bHtDVnZDO75A+Mzx9VWpWq</latexit>

M�1(GeV)
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�Φ�(���)

[�
τ Φ

�]
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�χ� = �χ�/�
θ� = θ� = π/�

�χ� = �� ���

�χ� = �� ���

�χ� = �� ���

�χ� = ��� ���

(c)

Results for leptogenesis and DM

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>

• Both  masses can be (well) 
above 15 keV.  

χ



Models
• UVDM: DM production at                  followed by asymmetry 

generation at                  .  Largest viable parameter space.                              

• Minimal: single scalar.  Fewest model inputs, most constrained. A 
baryon asymmetry arises at higher-order in F compared to UVDM 
(via standard ARS mechanism). 

• Z2V: single scalar with additional    interactions.  Enhanced 
asymmetry,  potential X-ray-line signals from DM decay.   

<latexit sha1_base64="YszvGM4S+Z/0ZAT8WAeCkLRknZI=">AAAB/HicbVDLSsNAFJ3UV42vaJduBovgqiRF1GXBjRuhQl/QhDCZTtuhM5MwMxFCqL/ixoUibv0Qd/6NkzYLbT1w4XDOvdx7T5QwqrTrfluVjc2t7Z3qrr23f3B45Byf9FScSky6OGaxHERIEUYF6WqqGRkkkiAeMdKPZreF338kUtFYdHSWkICjiaBjipE2UujU7A70FeXwPsz99pSGzbkdOnW34S4A14lXkjoo0Q6dL38U45QToTFDSg09N9FBjqSmmJG57aeKJAjP0IQMDRWIExXki+Pn8NwoIziOpSmh4UL9PZEjrlTGI9PJkZ6qVa8Q//OGqR7fBDkVSaqJwMtF45RBHcMiCTiikmDNMkMQltTcCvEUSYS1yasIwVt9eZ30mg3vquE9XNZbrTKOKjgFZ+ACeOAatMAdaIMuwCADz+AVvFlP1ov1bn0sWytWOVMDf2B9/gCOWJNs</latexit>

T ⇠ M�2
<latexit sha1_base64="EUDrE2Lk0C/EpQFilsph6bGulvE=">AAAB/HicbVBNS8NAEN3Urxq/oj16WSyCp5KIqMeCFy9ChbYWmhA22027dHcTdjdCCPWvePGgiFd/iDf/jZs2B219MPB4b4aZeVHKqNKu+23V1tY3Nrfq2/bO7t7+gXN41FdJJjHp4YQlchAhRRgVpKepZmSQSoJ4xMhDNL0p/YdHIhVNRFfnKQk4GgsaU4y0kUKnYXehryiHd2HhdyY09GZ26DTdljsHXCVeRZqgQid0vvxRgjNOhMYMKTX03FQHBZKaYkZmtp8pkiI8RWMyNFQgTlRQzI+fwVOjjGCcSFNCw7n6e6JAXKmcR6aTIz1Ry14p/ucNMx1fBwUVaaaJwItFccagTmCZBBxRSbBmuSEIS2puhXiCJMLa5FWG4C2/vEr65y3vsuXdXzTb7SqOOjgGJ+AMeOAKtMEt6IAewCAHz+AVvFlP1ov1bn0sWmtWNdMAf2B9/gCM0pNr</latexit>

T ⇠ M�1

<latexit sha1_base64="07JXHx5j6CCuf/2aS8sw56Unzhw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cKthbaUDbbTbN0P8LuRiihf8GLB0W8+oe8+W/ctDlo64OBx3szzMyLUs6M9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RmWa0A5RXOlehA3lTNKOZZbTXqopFhGnj9HktvAfn6g2TMkHO01pKPBYspgRbAtp0E7YsN7wm/4caJUEJWlAifaw/jUYKZIJKi3h2Jh+4Kc2zLG2jHA6qw0yQ1NMJnhM+45KLKgJ8/mtM3TmlBGKlXYlLZqrvydyLIyZish1CmwTs+wV4n9eP7PxTZgzmWaWSrJYFGccWYWKx9GIaUosnzqCiWbuVkQSrDGxLp6aCyFYfnmVdC+awVUzuL9stFplHFU4gVM4hwCuoQV30IYOEEjgGV7hzRPei/fufSxaK145cwx/4H3+AOQXjiM=</latexit>

�

<latexit sha1_base64="H6NG0BSTB4xpz9nVTtcL4A9/pJg="></latexit>

L � ��↵�

2
l↵l��

⇤ + h.c.
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(a)

Minimal-Model results for leptogenesis and DM

•  The viable parameter 
space has small  (more 
production of  than ) 
and shorter  lifetimes.

θ
χ1 χ2

Φ

<latexit sha1_base64="XF7xdd8loWW+O1ln/BApO4LRrHM=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2FGRD0GPehFiGAWSMLQ06lJmvQsdNeIcQj+ihcPinj1P7z5N3aWgyY+KHi8V0VVPS+WQqNtf1uZhcWl5ZXsam5tfWNzK7+9U9NRojhUeSQj1fCYBilCqKJACY1YAQs8CXWvfzny6/egtIjCOxzE0A5YNxS+4AyN5Ob3btxWpSdoC+EBU1q8gtrR0M0X7JI9Bp0nzpQUyBQVN//V6kQ8CSBELpnWTceOsZ0yhYJLGOZaiYaY8T7rQtPQkAWg2+n4+iE9NEqH+pEyFSIdq78nUhZoPQg80xkw7OlZbyT+5zUT9M/bqQjjBCHkk0V+IilGdBQF7QgFHOXAEMaVMLdS3mOKcTSB5UwIzuzL86R2XHJOS87tSaF8MY0jS/bJASkSh5yRMrkmFVIlnDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AEGm5RO</latexit>

M� (GeV)

<latexit sha1_base64="Rp7xdj8+gy9rI18Q2P6tVpThTD4=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFqJeSiKjHohePFewHNCFsttt26WYTdidiiT34V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzLwwEVyD43xbhaXlldW14nppY3Nre8fe3WvqOFWUNWgsYtUOiWaCS9YADoK1E8VIFArWCofXE791z5TmsbyDUcL8iPQl73FKwEiBfUA9IGng1QfcA/YAGa7Q6GQc2GWn6kyBF4mbkzLKUQ/sL68b0zRiEqggWndcJwE/Iwo4FWxc8lLNEkKHpM86hkoSMe1n0/vH+NgoXdyLlSkJeKr+nshIpPUoCk1nRGCg572J+J/XSaF36WdcJikwSWeLeqnAEONJGLjLFaMgRoYQqri5FdMBUYSCiaxkQnDnX14kzdOqe151b8/Ktas8jiI6REeoglx0gWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDjVCVzA==</latexit> c⌧
�
(c
m
)

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>
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Minimal-Model results for leptogenesis and DM

<latexit sha1_base64="XF7xdd8loWW+O1ln/BApO4LRrHM=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2FGRD0GPehFiGAWSMLQ06lJmvQsdNeIcQj+ihcPinj1P7z5N3aWgyY+KHi8V0VVPS+WQqNtf1uZhcWl5ZXsam5tfWNzK7+9U9NRojhUeSQj1fCYBilCqKJACY1YAQs8CXWvfzny6/egtIjCOxzE0A5YNxS+4AyN5Ob3btxWpSdoC+EBU1q8gtrR0M0X7JI9Bp0nzpQUyBQVN//V6kQ8CSBELpnWTceOsZ0yhYJLGOZaiYaY8T7rQtPQkAWg2+n4+iE9NEqH+pEyFSIdq78nUhZoPQg80xkw7OlZbyT+5zUT9M/bqQjjBCHkk0V+IilGdBQF7QgFHOXAEMaVMLdS3mOKcTSB5UwIzuzL86R2XHJOS87tSaF8MY0jS/bJASkSh5yRMrkmFVIlnDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AEGm5RO</latexit>

M� (GeV)

<latexit sha1_base64="Rp7xdj8+gy9rI18Q2P6tVpThTD4=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFqJeSiKjHohePFewHNCFsttt26WYTdidiiT34V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzLwwEVyD43xbhaXlldW14nppY3Nre8fe3WvqOFWUNWgsYtUOiWaCS9YADoK1E8VIFArWCofXE791z5TmsbyDUcL8iPQl73FKwEiBfUA9IGng1QfcA/YAGa7Q6GQc2GWn6kyBF4mbkzLKUQ/sL68b0zRiEqggWndcJwE/Iwo4FWxc8lLNEkKHpM86hkoSMe1n0/vH+NgoXdyLlSkJeKr+nshIpPUoCk1nRGCg572J+J/XSaF36WdcJikwSWeLeqnAEONJGLjLFaMgRoYQqri5FdMBUYSCiaxkQnDnX14kzdOqe151b8/Ktas8jiI6REeoglx0gWroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDjVCVzA==</latexit> c⌧
�
(c
m
)

⇢� = observed DM energy density

<latexit sha1_base64="X/0AvmR0AN3iwwPgmMTKug6piZs="></latexit>

•  The viable parameter 
space has small  (more 
production of  than ) 
and shorter  lifetimes.

θ
χ1 χ2

Φ
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Minimal-Model results for leptogenesis and DM

<latexit sha1_base64="XF7xdd8loWW+O1ln/BApO4LRrHM=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2FGRD0GPehFiGAWSMLQ06lJmvQsdNeIcQj+ihcPinj1P7z5N3aWgyY+KHi8V0VVPS+WQqNtf1uZhcWl5ZXsam5tfWNzK7+9U9NRojhUeSQj1fCYBilCqKJACY1YAQs8CXWvfzny6/egtIjCOxzE0A5YNxS+4AyN5Ob3btxWpSdoC+EBU1q8gtrR0M0X7JI9Bp0nzpQUyBQVN//V6kQ8CSBELpnWTceOsZ0yhYJLGOZaiYaY8T7rQtPQkAWg2+n4+iE9NEqH+pEyFSIdq78nUhZoPQg80xkw7OlZbyT+5zUT9M/bqQjjBCHkk0V+IilGdBQF7QgFHOXAEMaVMLdS3mOKcTSB5UwIzuzL86R2XHJOS87tSaF8MY0jS/bJASkSh5yRMrkmFVIlnDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AEGm5RO</latexit>

M� (GeV)
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Z2V results for leptogenesis and DM

• Blue contours show the 
baryon asymmetry in units of 
the observed value, for a 
near-optimal benchmark with 
a single  coupling in 
equilibrium.  

• Red contours show upper 
bounds on the Z2V coupling 
from NuSTAR and 
INTEGRAL X-ray 
observations.  

λ

Perez et al., PRD (2017); Neronov, Malyshev, and Eckert, 
PRD (2016); Ng et al., PRD (2019); Roach et al., PRD 
(2020); Laha, Muñoz, and Slatyer, PRD (2020). 

⇢� = observed DM energy density
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LHC constraints

•  or 
  leads to 

events with prompt or 
displaced leptons + 
MET 

• Or, HSCP signatures 
for longer lifetimes

Φ → l + DM
Φ → l + ν

ATLAS, arXiv:2011.07812; ATLAS, arXiv:1908.08215; ATLAS, arXiv:1403.5294; CMS-PAS-EXO-16-036; 
CMS, arXiv:2012.08600; CMS, arXiv:1806.05264 



Summary

• Models of freeze-in DM can be easily extended to incorporate 
baryogenesis. 

• The framework generally predicts new SM-charged particles 
with ~TeV-scale masses.   

• The viable parameter space has already been impacted by LHC 
searches and probes of structure formation.  Z2V couplings 
bring into play X-ray observations and low-energy terrestrial 
experiments.
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LHC constraints on the QCD-charged case

•  is pair-produced 
with a QCD-
strength cross 
section. 

• , 
leads to events 
with events with 
displaced/delayed 
jets + MET 

• Or, HSCP 
signatures for 
longer lifetimes

Φ

Φ → q + DM

ATLAS, arXiv:1710.04901; ATLAS, arXiv:1808.04095; CMS, arXiv:1811.07991; CMS, arXiv:1906.06441; 
CMS, arXiv:1908.04722 



From  asymmetry to baryon 
asymmetry

Φ

T > Tew
• Neither  nor  is separately conserved. 
•  is conserved.

B L
B − L

(B � L)�
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DM abundance and structure formation constraints                              
• Smaller DM masses means larger F to realize the observed DM density.  Goes in the 

direction of increasing asymmetry. 

• Require  to satisfy bounds from Lyman-  forest data.  See e.g. Palanque-
Delabrouille et al., JCAP (2016); Kamada and Yanagi JCAP (2019); Ballesteros, Garcia, and Pierre, JCAP 
(2021).  

• A stronger constraint, , has recently been reported based on strong lensing 
and satellite galaxy counts.  Nadler et al., ApJ (2021); Zelko et al., arXiv:2205.09777. 

•  can be arbitrarily light provided  (Baur et al., ApJ (2017)).  In the 
“massless-  limit,”  is satisfied even if  comes into equilibrium 
( ). 

•  parameterizes the relative coupling strengths of  and 

Mχ2
> 15 keV α

Mχ2
≳ 25 keV

χ1 ρχ1
/ρdm ≲ 0.1

χ1 ρχ1
≪ ρdm χ1

Mχ1
≪ 0.1 keV

θ χ1 χ2
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on  , the viable 
parameter space has 
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• Larger values of  are 
viable compared to the 
Minimal Model. 
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