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• In the SM, the proton is a composite particle, stabilised by the accidental symmetry (baryon 
number) of the renormalisable Lagrangian.    

Motivation
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<latexit sha1_base64="1nPbizPp9fAQdEDxex7Hy+flKvc="></latexit>

LDS = →1

4
GµωGµω + ω̄i( /D →m)ωi

confinement

<latexit sha1_base64="ACRC8xElNg6sOJn2Vrrw2n3gxS8=">AAACCHicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRjcsq9gFtKJPJTTt0kgkzE6GE/IC41e9wJ279Cz/DP3DSZmFbDwwczrl37r3HizlT2ra/rZXVtfWNzdJWeXtnd2+/cnDYViKRFFpUcCG7HlHAWQQtzTSHbiyBhB6Hjje+zf3OE0jFRPSoJzG4IRlGLGCUaCM99LNBpWrX7CnwMnEKUkUFmoPKT98XNAkh0pQTpXqOHWs3JVIzyiEr9xMFMaFjMoSeoREJQbnpdNMMnxrFx4GQ5kUaT9W/HSkJlZqEnqkMiR6pRS8X//N6iQ6u3ZRFcaIhorNBQcKxFjg/G/tMAtV8YgihkpldMR0RSag24cxNyf/WQnB1rsx5I/CzssnIWUxkmbQvak69Vr+/rDZuirRK6BidoDPkoCvUQHeoiVqIogC9oFf0Zj1b79aH9TkrXbGKniM0B+vrF9Zfmo4=</latexit>

} dark baryons, mesons

<latexit sha1_base64="ACRC8xElNg6sOJn2Vrrw2n3gxS8=">AAACCHicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRjcsq9gFtKJPJTTt0kgkzE6GE/IC41e9wJ279Cz/DP3DSZmFbDwwczrl37r3HizlT2ra/rZXVtfWNzdJWeXtnd2+/cnDYViKRFFpUcCG7HlHAWQQtzTSHbiyBhB6Hjje+zf3OE0jFRPSoJzG4IRlGLGCUaCM99LNBpWrX7CnwMnEKUkUFmoPKT98XNAkh0pQTpXqOHWs3JVIzyiEr9xMFMaFjMoSeoREJQbnpdNMMnxrFx4GQ5kUaT9W/HSkJlZqEnqkMiR6pRS8X//N6iQ6u3ZRFcaIhorNBQcKxFjg/G/tMAtV8YgihkpldMR0RSag24cxNyf/WQnB1rsx5I/CzssnIWUxkmbQvak69Vr+/rDZuirRK6BidoDPkoCvUQHeoiVqIogC9oFf0Zj1b79aH9TkrXbGKniM0B+vrF9Zfmo4=</latexit>

} dark pions

<latexit sha1_base64="ZTQhrVWn5WN2icjLCwGByeYMVxA=">AAACEHicdVDLTgIxFO3gC/GFunTTSExcGDIzIOCO4MYlJgJGIKTT6UBDp520HRMy4SeMW/0Od8atf+Bn+Ad2ABMxepImJ+fc23vv8SJGlbbtDyuzsrq2vpHdzG1t7+zu5fcP2krEEpMWFkzIWw8pwignLU01I7eRJCj0GOl448vU79wTqajgN3oSkX6IhpwGFCNtpLukhxGDjenAH+QLdvGiVnHPXWgXbbvqliopcatltwQdo6QogAWag/xnzxc4DgnXmCGluo4d6X6CpKaYkWmuFysSITxGQ9I1lKOQqH4y23gKT4ziw0BI87iGM/VnR4JCpSahZypDpEfqt5eKf3ndWAe1fkJ5FGvC8XxQEDOoBUzPhz6VBGs2MQRhSc2uEI+QRFibkJampH9rIZg6U+a8EfGnOZPRdxDwf9J2i06lWLkuF+qNRVpZcASOwSlwQBXUwRVoghbAgINH8ASerQfrxXq13ualGWvRcwiWYL1/ARVKnfI=</latexit>

Bd

<latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="ACRC8xElNg6sOJn2Vrrw2n3gxS8=">AAACCHicbVDLSsNAFJ34rPVVdelmsAgupCQi1WXRjcsq9gFtKJPJTTt0kgkzE6GE/IC41e9wJ279Cz/DP3DSZmFbDwwczrl37r3HizlT2ra/rZXVtfWNzdJWeXtnd2+/cnDYViKRFFpUcCG7HlHAWQQtzTSHbiyBhB6Hjje+zf3OE0jFRPSoJzG4IRlGLGCUaCM99LNBpWrX7CnwMnEKUkUFmoPKT98XNAkh0pQTpXqOHWs3JVIzyiEr9xMFMaFjMoSeoREJQbnpdNMMnxrFx4GQ5kUaT9W/HSkJlZqEnqkMiR6pRS8X//N6iQ6u3ZRFcaIhorNBQcKxFjg/G/tMAtV8YgihkpldMR0RSag24cxNyf/WQnB1rsx5I/CzssnIWUxkmbQvak69Vr+/rDZuirRK6BidoDPkoCvUQHeoiVqIogC9oFf0Zj1b79aH9TkrXbGKniM0B+vrF9Zfmo4=</latexit>

}

accidental sym. 

dark baryon number, G-parity, …

dark matter candidate

<latexit sha1_base64="+8R0Mb5UprVoJE7k5+OJ0kczJb4=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwISURqS6LdeHCRQX7gCaEyWTSDp1kwsykUEJ/RNzqd7gTt+78DP/ASZuFbT0wcDj33MccP2FUKsv6Nkpr6xubW+Xtys7u3v6BeXjUkTwVmLQxZ1z0fCQJozFpK6oY6SWCoMhnpOuPmnm9OyZCUh4/qUlC3AgNYhpSjJSWPNN0HrQ5QF7miAjeNaeeWbVq1gxwldgFqYICLc/8cQKO04jECjMkZd+2EuVmSCiKGZlWnFSSBOERGpC+pjGKiHSz2eVTeKaVAIZc6BcrOFP/dmQoknIS+doZITWUy7Vc/K/WT1V442Y0TlJFYjxfFKYMKg7zGGBABcGKTTRBWFB9K8RDJBBWOqyFLflsxTmTF1J/b0iCaUVnZC8nsko6lzW7Xqs/XlUbt0VaZXACTsE5sME1aIB70AJtgMEYvIBX8GY8G+/Gh/E5t5aMoucYLMD4+gWwAqBI</latexit>

!DC

Confining gauge theory; SU(NDC), SO(NDC)
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<latexit sha1_base64="ZTQhrVWn5WN2icjLCwGByeYMVxA=">AAACEHicdVDLTgIxFO3gC/GFunTTSExcGDIzIOCO4MYlJgJGIKTT6UBDp520HRMy4SeMW/0Od8atf+Bn+Ad2ABMxepImJ+fc23vv8SJGlbbtDyuzsrq2vpHdzG1t7+zu5fcP2krEEpMWFkzIWw8pwignLU01I7eRJCj0GOl448vU79wTqajgN3oSkX6IhpwGFCNtpLukhxGDjenAH+QLdvGiVnHPXWgXbbvqliopcatltwQdo6QogAWag/xnzxc4DgnXmCGluo4d6X6CpKaYkWmuFysSITxGQ9I1lKOQqH4y23gKT4ziw0BI87iGM/VnR4JCpSahZypDpEfqt5eKf3ndWAe1fkJ5FGvC8XxQEDOoBUzPhz6VBGs2MQRhSc2uEI+QRFibkJampH9rIZg6U+a8EfGnOZPRdxDwf9J2i06lWLkuF+qNRVpZcASOwSlwQBXUwRVoghbAgINH8ASerQfrxXq13ualGWvRcwiWYL1/ARVKnfI=</latexit>

Bd

<latexit sha1_base64="ZTQhrVWn5WN2icjLCwGByeYMVxA=">AAACEHicdVDLTgIxFO3gC/GFunTTSExcGDIzIOCO4MYlJgJGIKTT6UBDp520HRMy4SeMW/0Od8atf+Bn+Ad2ABMxepImJ+fc23vv8SJGlbbtDyuzsrq2vpHdzG1t7+zu5fcP2krEEpMWFkzIWw8pwignLU01I7eRJCj0GOl448vU79wTqajgN3oSkX6IhpwGFCNtpLukhxGDjenAH+QLdvGiVnHPXWgXbbvqliopcatltwQdo6QogAWag/xnzxc4DgnXmCGluo4d6X6CpKaYkWmuFysSITxGQ9I1lKOQqH4y23gKT4ziw0BI87iGM/VnR4JCpSahZypDpEfqt5eKf3ndWAe1fkJ5FGvC8XxQEDOoBUzPhz6VBGs2MQRhSc2uEI+QRFibkJampH9rIZg6U+a8EfGnOZPRdxDwf9J2i06lWLkuF+qNRVpZcASOwSlwQBXUwRVoghbAgINH8ASerQfrxXq13ualGWvRcwiWYL1/ARVKnfI=</latexit>

Bd

<latexit sha1_base64="7fK8W9bcVRVvGBwcmBVcCuqD8Fs=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZEqsuiG5cV7APaoWQyaRubSYbkjlCG/oK41e9wJ279Bz/DPzDTzsK2Hggczrk3994TxIIbcN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo0ZQ2qhNLtgBgmuGQN4CBYO9aMRIFgrWB0m/mtJ6YNV/IBxjHzIzKQvM8pASs1uzRUYHqlsltxp8DLxMtJGeWo90o/3VDRJGISqCDGdDw3Bj8lGjgVbFLsJobFhI7IgHUslSRixk+n207wqVVC3FfaPgl4qv7tSElkzDgKbGVEYGgWvUz8z+sk0L/2Uy7jBJiks0H9RGBQODsdh1wzCmJsCaGa210xHRJNKNiA5qZkf4NSwpwbe96QhZOizchbTGSZNC8qXrVSvb8s127ytAroGJ2gM+ShK1RDd6iOGoiiR/SCXtGb8+y8Ox/O56x0xcl7jtAcnK9fGRWcVg==</latexit>

··· <latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="eJg1ASMJSbge6upNusuPBcLuNX4="></latexit>

ω(BdBd → dark pions ) ↑ 1

!2
DC

↑ N2
DC

m2
B

<latexit sha1_base64="ku5vNT9g8Iutwj/sl3Tp5WHgGYw=">AAACJ3icbVDLSgMxFM34rPVVdenCYBFcSJkpUl2WunFnBfuATi2Z9LYNTSZjkhHK0KUfI271O9yJLv0E/8D0sbCtBwKHc+4j9wQRZ9q47peztLyyurae2khvbm3v7Gb29qtaxopChUouVT0gGjgLoWKY4VCPFBARcKgF/auRX3sEpZkM78wggqYg3ZB1GCXGSq3MkX8joEtaiU8Jx6Vh7z6Pfc0EPGA35+VxK5N1c+4YeJF4U5JFU5RbmR+/LWksIDSUE60bnhuZZkKUYZTDMO3HGiJC+6QLDUtDIkA3k/EhQ3xilTbuSGVfaPBY/duREKH1QAS2UhDT0/PeSPzPa8Smc9lMWBjFBkI6WdSJOTYSj1LBbaaAGj6whFDF7F8x7RFFqLHZzWwZzTZScn2m7Xk9aA/TNiNvPpFFUs3nvEKucHueLZamaaXQITpGp8hDF6iIrlEZVRBFT+gFvaI359l5dz6cz0npkjPtOUAzcL5/AVxLpSY=</latexit>

!Bh
2 → 0.12

<latexit sha1_base64="QQbE2f8l8UXLQuP5qVxlDSwW3Zc=">AAACF3icbVDLSsNAFJ34rPXRqks3wSK4kJKIVJdFNy5cVLAPaEOZTG/aoZNMmLlRSuiHiFv9Dnfi1qWf4R84abuwrQcGDufc1xw/Flyj43xbK6tr6xubua389s7uXqG4f9DQMlEM6kwKqVo+1SB4BHXkKKAVK6ChL6DpD28yv/kISnMZPeAoBi+k/YgHnFE0UrdY6NxBgIr3B0iVkk/dYskpOxPYy8SdkRKZodYt/nR6kiUhRMgE1brtOjF6KVXImYBxvpNoiCkb0j60DY1oCNpLJ4eP7ROj9OxAKvMitCfq346UhlqPQt9UhhQHetHLxP+8doLBlZfyKE4QIjZdFCTCRmlnKdg9roChGBlCmeLmVpsNqKIMTVZzW7LZKKXQZ9p8bwC9cd5k5C4mskwa52W3Uq7cX5Sq17O0cuSIHJNT4pJLUiW3pEbqhJGEvJBX8mY9W+/Wh/U5LV2xZj2HZA7W1y8a9aCY</latexit> →

<latexit sha1_base64="ptNNRpDfLIe3/0KCkNFx1HJvsWg=">AAACJnicbVDLSgMxFM3UV62vqktBgkVwUcqMSHVZ6sZlhbYWOqVk0ts2NJkMSUYow+z8GHGr3+FOxJ2/4B+YPha29UDgcM595J4g4kwb1/1yMmvrG5tb2e3czu7e/kH+8KipZawoNKjkUrUCooGzEBqGGQ6tSAERAYeHYHQ78R8eQWkmw7oZR9ARZBCyPqPEWKmbPxXdxKeE42qKfc0E9lzXLya+ErgOzbSbL7gldwq8Srw5KaA5at38j9+TNBYQGsqJ1m3PjUwnIcowyiHN+bGGiNARGUDb0pAI0J1kekeKz63Sw32p7AsNnqp/OxIitB6LwFYKYoZ62ZuI/3nt2PRvOgkLo9hASGeL+jHHRuJJKLjHFFDDx5YQqpj9K6ZDogg1NrqFLZPZRkqui9qeN4RemrMZecuJrJLmZckrl8r3V4VKdZ5WFp2gM3SBPHSNKugO1VADUfSEXtArenOenXfnw/mclWacec8xWoDz/QsQp6UQ</latexit>

mB → 100TeV

• If dark baryons are thermally produced with the geometric annihilation cross-section, the 
dark baryon mass, , is expected to be ~ 100 TeV. mB ∼ NDCΛDC

Griest, Kamionkowski (1990), Antipin, Redi, 
Strumia (+Vigiani) [1410.1817, 1503.08749], 

Smirnov, Beacom [1904.11503]
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• The dark pions can also be the dark matter.

Hochberg, Kuflik, Murayama, Volansky, Wacker [1411.3727], 
Hochberg, Kuflik, Murayama [1512.07917] 

<latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

In the SIMPlest model, the flavour symmetry breaking pattern is
<latexit sha1_base64="Po0zZJwfKcn3CxMBFQfo7MzIYZc=">AAACGnicbVDLTgIxFO3gC/GFuHTTSEwwMTBjCLoxIbqQJQZ5JDAhnU6Bhk47aTtGQvgT41a/w51x68bP8A/sAAsBT9Lm5Jx7e2+PFzKqtG1/W4m19Y3NreR2amd3b/8gfZhpKBFJTOpYMCFbHlKEUU7qmmpGWqEkKPAYaXrD29hvPhKpqOAPehQSN0B9TnsUI22kbjpzV6jAa1ir54pnhVpobthNZ+28PQVcJc6cZMEc1W76p+MLHAWEa8yQUm3HDrU7RlJTzMgk1YkUCREeoj5pG8pRQJQ7nu4+gadG8WFPSHO4hlP1b8cYBUqNAs9UBkgP1LIXi/957Uj3rtwx5WGkCcezQb2IQS1gHAT0qSRYs5EhCEtqdoV4gCTC2sS1MCV+WwvB1Lky3xsQf5IyGTnLiaySxkXeKeVL98Vs+WaeVhIcgxOQAw64BGVQAVVQBxg8gRfwCt6sZ+vd+rA+Z6UJa95zBBZgff0C7YSehQ==</latexit>

G/H = SU(4)/Sp(4)

2

to chiral symmetry breaking with the order parameter

hqiqji = µ
3
Jij , (2)

where µ is of mass dimension one and J = i�2 ⌦ Nf

is a 2Nf ⇥ 2Nf anti-symmetric matrix that preserves an
Sp(2Nf ) subgroup of the SU(2Nf ) flavor symmetry [5–8].
For Nf � 2, the topological condition is met,

⇡5(SU(2Nf )/Sp(2Nf )) = Z , Nf � 2 , (3)

and the WZW term is non-vanishing. The coset space
SU(2Nf )/Sp(2Nf ) is a symmetric space and is parame-
terized by N⇡ = 2N2

f �Nf�1 pion fields, ⇡a, correspond-
ing to the broken generators T a, with a = 1, . . . N⇡. The
pions furnish a rank-two anti-symmetric tensor represen-
tation of the unbroken Sp(2Nf ), and are stable. Assum-
ing the pions are the lightest states in the theory, dark
matter is comprised of these N⇡ pions.

A simple parametrization is found by performing a
transformation on the vacuum and promoting the trans-
formation parameters to fields,

hqqi = µ
3
J ! µ

3
V JV

T
⌘ µ

3⌃ , (4)

where V = exp(i⇡/f⇡) and f⇡ is the decay constant.
Since the broken generators obey ⇡J � J⇡

T = 0 with
⇡ = ⇡

a
T

a and Tr(T a
T

b) = 2�ab, we have

⌃ = exp(2i⇡/f⇡)J . (5)

A minimal realization of the 3 ! 2 mechanism is an
Sp(2) ' SU(2) gauge theory with Nf = 2 flavors. Dark
matter is comprised of 5 pions that transform as a 5-plet
under the preserved Sp(4) flavor symmetry. The coset
space of SU(4)/Sp(4) = SO(6)/SO(5) is then topolog-
ically an S

5. (See e.g. Refs. [9–20] for lattice work on
low-lying spectra in the minimal Sp(2) with quarks in the
fundamental representation, and Refs. [21–24] for dark-
matter examples.)

The relevant pion Lagrangian receives contributions
from several terms. The canonically normalized kinetic
term yields kinetic and 4-point interactions for the pions,

Lkin =
f
2
⇡

16
Tr @µ⌃ @

µ⌃† (6)

=
1

4
Tr @µ⇡@

µ
⇡

�
1

6f2
⇡

Tr
�
⇡
2
@
µ
⇡@µ⇡ � ⇡@

µ
⇡⇡@µ⇡

�
+O(⇡6

/f
4
⇡) ,

where in our normalization, Tr(⇡2) = 2⇡a
⇡
a. The Wess-

Zumino-Witten term [3, 4] yields 5-point pion interac-
tions. It can be written as an integral on the bound-
ary of a five-dimensional disk, identified with our four-
dimensional spacetime,

SWZW =
�iNc

240⇡2

Z
Tr (⌃†

d⌃)5 . (7)

To leading order in pion fields,

LWZW =
2Nc

15⇡2f5
⇡

✏
µ⌫⇢�Tr [⇡@µ⇡@⌫⇡@⇢⇡@�⇡] , (8)

which is responsible for the required 3 ! 2 annihilation
process. Finally, an Sp(2Nf )-preserving mass term can
be written for the quarks:

Lmass = �
1

2
M

ij
qiqj + c.c., M

ij = mQ J
ij
. (9)

The pions are then pseudo-Goldstone bosons of the bro-
ken symmetry and acquire a mass, as well as contact
interactions:

�Le↵ = �
1

2
mQµ

3TrJ⌃+ c.c. (10)

= �
m

2
⇡

4
Tr⇡2 +

m
2
⇡

12f2
⇡

Tr⇡4 +O(⇡6
/f

4
⇡) ,

where

m
2
⇡ = 8

mQµ
3

f2
⇡

. (11)

Combining all the above we arrive at the relevant pion
Lagrangian,

L⇡ = Lkin +�Le↵ + LWZW (12)

=
1

4
Tr @µ⇡@

µ
⇡ �

m
2
⇡

4
Tr⇡2 +

m
2
⇡

12f2
⇡

Tr⇡4

�
1

6f2
⇡

Tr
�
⇡
2
@
µ
⇡@µ⇡ � ⇡@

µ
⇡⇡@µ⇡

�

+
2Nc

15⇡2f5
⇡

✏
µ⌫⇢�Tr [⇡@µ⇡@⌫⇡@⇢⇡@�⇡] +O(⇡6) .

There can also be O(⇡4) terms with four derivatives
and higher. These contribute to four-pion self-scattering
with a naive-dimensional-analysis [25] suppression of at
least O(m2

⇡/⇤
2), where ⇤ = 2⇡f⇡, compared to those we

keep. The O(⇡5) terms with four derivatives that we use
are the leading 5-point pion interactions of the theory.
The same principle presented above to construct

strongly coupled models, that admit 3 ! 2 interac-
tions and realize the SIMP mechanism, is generalizable to
other gauge and flavor symmetries. For instance, one can
consider a generalized QCD-like theory with an SU(Nc)
gauge group and Nf Dirac-fermions in the fundamental
representation. The global flavor symmetry of the theory
is SU(Nf )⇥SU(Nf ), which upon chiral symmetry break-
ing preserves an SU(Nf ) subgroup. Similarly, an O(Nc)
gauge group with Nf fermions in the vector representa-
tion exhibits an SU(Nf ) flavor symmetry, which breaks
to SO(Nf ) once chiral symmetry breaking occurs. The
topological condition on the coset space in each of these
cases,

⇡5(SU(Nf )) = Z , Nf � 3 ,

⇡5(SU(Nf )/SO(Nf )) = Z , Nf � 3 , (13)

There are 5 pNGBs and the Wess-Zumino-Witten (WZW) term is generated: 

• The freeze-out mechanism from the 3 → 2 annihilation via the WZW term gives the correct 
relic abundance for 

<latexit sha1_base64="67E0qipt/9X9HUPXJmstCbwvkaQ=">AAACIXicbVDLSgMxFM3UV62vqitxEyyCi1JmVKrLohs3QgXbCp1SMultG5pMhiQjlKH4MeJWv8OduBO/wj8w03ZhWw8EDufcR+4JIs60cd0vJ7O0vLK6ll3PbWxube/kd/fqWsaKQo1KLtVDQDRwFkLNMMPhIVJARMChEQyuU7/xCEozGd6bYQQtQXoh6zJKjJXa+QPR9iOGfc0EPnNdv5j4SuBbqI/a+YJbcsfAi8SbkgKaotrO//gdSWMBoaGcaN303Mi0EqIMoxxGOT/WEBE6ID1oWhoSAbqVjE8Y4WOrdHBXKvtCg8fq346ECK2HIrCVgpi+nvdS8T+vGZvuZSthYRQbCOlkUTfm2Eic5oE7TAE1fGgJoYrZv2LaJ4pQY1Ob2ZLONlJyXdT2vD50RjmbkTefyCKpn5a8cql8d16oXE3TyqJDdIROkIcuUAXdoCqqIYqe0At6RW/Os/PufDifk9KMM+3ZRzNwvn8BWXqjKA==</latexit>

mω → 300MeV
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• Phenomenologically more interesting scenarios are those in which the dark-visible interaction 
directly determines the final dark matter abundance.  

• One realisation of such scenarios is Conformal Freeze-In (COFI) : 

Conformal Freeze-In of Dark Matter

Sungwoo Hong,1, ⇤ Gowri Kurup,1, † and Maxim Perelstein1, ‡

1Laboratory for Elementary Particle Physics, Cornell University, Ithaca, NY 14850, USA
(Dated: April 28, 2020)

We present the conformal freeze-in (COFI) scenario for dark matter production. At high energies,
the dark sector is described by a gauge theory flowing towards a Banks-Zaks fixed point, coupled
to the standard model via a non-renormalizable portal interaction. In the early universe, a non-
thermal freeze-in process transfers energy from the standard model plasma to the dark sector.
During the freeze-in, the dark sector is described by a strongly coupled conformal field theory. As
the universe cools, cosmological phase transitions in the standard model sector, either electroweak
or QCD, induce conformal symmetry breaking and confinement in the dark sector. One of the
resulting dark bound states is stable on the cosmological time scales and plays the role of dark
matter. With the Higgs portal, the COFI scenario provides a viable dark matter candidate with
mass in a phenomenologically interesting sub-MeV range. With the quark portal, a dark matter
candidate with mass around 1 keV is consistent with observations. Conformal bootstrap may put a
non-trivial constraint on model building in this case.

INTRODUCTION

Microscopic nature of dark matter is one of the central
open questions in fundamental physics which cannot be
addressed within the Standard Model (SM). Many the-
oretical ideas have been suggested, and an extensive ex-
perimental e↵ort is under way to test some of the propos-
als [1]. While the precise nature of the dark matter sec-
tor varies greatly among the proposed models, all of them
postulate that dark matter consists of point-like particles
(e.g. WIMPs or axions), their bound states (e.g. dark
atoms), or particle-like extended objects (monopoles, Q-
balls, etc.), both today and throughout its cosmological
history. However, viable extensions of the SM exist in
which new physics sectors do not contain spatially lo-
calized particle-like excitations at all [2]. A well-known
example is a conformal field theory (CFT) [3–5], where
scale invariance precludes the existence of stable finite-
size states. In this letter, we show how dark matter can
arise from a new physics sector which is described by a
CFT throughout most of its cosmological history.

An immediate objection to the idea of dark matter
made out of CFT “stu↵” is that conformal invariance dic-
tates that the energy density of such stu↵ redshifts like
radiation (⇢ / a

�4), rather than non-relativistic matter
(⇢ / a

�3), as the universe expands. However, in any
phenomenologically viable model, conformal invariance
is at most approximate and must be broken to some de-
gree. In particular, any interactions of the CFT sector
with the non-conformally-invariant SM inevitably break
the symmetry. Generically, such e↵ects induce a “gap”
mass scale, below which the sector is no longer confor-
mal and its spectrum consists of spatially localized par-
ticle degrees of freedom. Below, we will discuss a sce-
nario in which dark matter production in the early uni-
verse occurs at temperatures above the gap scale, so that
throughout the production process the dark sector can be
well approximated by a CFT. At the same time, the gap

scale, which is induced by cosmological phase transitions
in SM, is su�ciently large so that the dark sector behaves
as non-relativistic matter during CMB decoupling, struc-
ture formation, and today, as required by observations.

PARTICLE PHYSICS FRAMEWORK

We extend the SM by postulating a dark sector, whose
fields do not carry SM gauge charges. The dark sector is
assumed to be invariant under the conformal group. It
is coupled to the SM via

Lint =
�CFT

⇤D
CFT

OSMOCFT , (1)

where OSM is a gauge-invariant operator consisting only
of SM fields, OCFT is an operator within the dark-sector
CFT, and ⇤CFT is the energy scale where the CFT is re-
placed by its ultraviolet (UV) completion. We will con-
sider the regime of small Wilson coe�cient �CFT ⌧ 1,
where the conformal symmetry breaking introduced by
Eq. (1) can be treated as a (technically natural) small
perturbation. A UV completion of the CFT that natu-
rally generates �CFT ⌧ 1 is discussed below. If OSM and
OCFT have scaling dimensions dSM and d, respectively,
then

D = dSM + d� 4. (2)

The dark-sector CFT may be strongly coupled, result-
ing in large anomalous dimensions and non-integer d. A
simple and predictive scenario for CFT breaking in the
infrared (IR) is to consider SM operators with hOSMi 6= 0,
which automatically triggers such breaking through the
interaction term in Eq. (1) if OCFT is relevant, d < 4. In
this scenario OCFT must be a scalar operator, and CFT
unitarity then requires d � 1. Two obvious choices for
OSM , which will be our focus in this work, are:
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···
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CFT stu! (unparticles)

• Assuming the dark sector is in the CFT phase at the freeze-in period, the correct abundance 
is reached with the dark matter mass around keV—MeV

Hong, Kurup, Perelstein 
[1910.10160] [2207.10093]

<latexit sha1_base64="JNzxGmAYa46m+a28IrS8KZX0Ujg="></latexit>

mDM → keV–MeV

<latexit sha1_base64="RG2Fm9vguxth8508kLgDGWmKYGM="></latexit>

OSM = {H
†
H, HQ

†
q}

• The dimension of the CFT operator is highly constrained;  (Higgs portal).                
The UV completion is rather nontrivial. 

dCFT ≲ 2

<latexit sha1_base64="T5MorlDv6RRFxxhzC+FJRdxMOa0="></latexit>

D = dSM + dCFT → 4
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• We work on a similar model: Composite DM    Freeze-In via Higgs portal×

• The model has a concrete UV completion and no strongly couled CFT phase.
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• We work on a similar model: Composite DM    Freeze-In via Higgs portal×

Plan
◉  UV Lagrangian, EFT below ΛDC

◉  Dark Pion DM

◉  Dark Baryon DM

(incompatible with self-interaction bound)

• The model has a concrete UV completion and no strongly couled CFT phase.
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The L → N model UV field content

Field Spin SO(NDC) SU(2)L U(1)Y SU(2)fl Zd
2

Gµ 1 adj. 1 0 1 +

L 1
2 fund. 2 → 1

2 1 →
L̄ 1

2 fund. 2 + 1
2 1 →

Ni, i = 1, 2 1
2 fund. 1 0 2 →

LUV ↑ ↓
1
2mij

0 NiNj ↓ mL L̄ωL

↓ yi

L
HωL Ni ↓ yi

R
H†L̄ Ni + h.c.

All dark fermions are Weyl, in the fundamental of a

confining SO(NDC); NDC = 3 throughout.

Two organising symmetries

Exact, accidental dark parity
(L, L̄, N) ↔ ↓(L, L̄, N): a baryon of

NDC constituents has parity (↓1)NDC

↗ for odd NDC the lightest baryon is

absolutely stable.

Approximate SU(2) flavour on N1,2

(exact for m0, yL,R ↔ 0): its breaking
by the condensate gives the dark pions.

Hierarchy of scales

v ↘ !DC ↘ TR < mL

freeze-in in the deconfined phase, inside

the EFT below mL.

K. Sakurai — Dark hadrons from UV freeze-in 3 / 17
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• At the cut-off , the model is  with a confining  gauge theory ( ) :  ΛU L ⊗ N SO(NDC) NDC = 3

• The same model has been proposed and studied (Mitridate, Redi, Smirnov, Strumia [1707.05380], 
Contino, Max, Mishra [2012.08537]), while the freeze-in DM region hasn’t been explored. 

•Accidental exact dark parity  ℤd
2

•Approximate  , SU(2)f Ni → UijNj
<latexit sha1_base64="VutY+SXbZH6GJ2ASHXV73phU+B8=">AAACG3icbVC7TsMwFHXKq5RXoCOLRYXEUFUJQoWxgoWBoSD6kNoochynterEke0gRVE/BbHCd7AhVgY+gz/AaTPQlivZOjrnPo8XMyqVZX0bpbX1jc2t8nZlZ3dv/8A8POpKnghMOpgzLvoekoTRiHQUVYz0Y0FQ6DHS8yY3ud57IkJSHj2qNCZOiEYRDShGSlOuWQ1dqw5T9y7/HuBQcWi5Zs1qWLOAq8AuQA0U0XbNn6HPcRKSSGGGpBzYVqycDAlFMSPTyjCRJEZ4gkZkoGGEQiKdbLb8FJ5qxocBF/pFCs7YvxUZCqVMQ09nhkiN5bKWk/9pg0QFV05GozhRJMLzQUHCoD4xdwL6VBCsWKoBwoLqXSEeI4Gw0n4tTMl7K86ZrEt93pj404r2yF52ZBV0zxt2s9G8v6i1rgu3yuAYnIAzYINL0AK3oA06AIMUvIBX8GY8G+/Gh/E5Ty0ZRU0VLITx9Qu04KAh</latexit>

m0, yL, yR → 0Exact when
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E!ective theory below mL: the Higgs portal

Integrating out the doublet at tree level:

Le! →

[ cij

5

2mL

H†H NiNj + h.c.
]

+
cij

6

2m2
L

[
H†iDµH + h.c.

](
N†

i
ω̄µNj
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5 = 2
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yi

L
yj
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yj
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6 = y→i
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yj
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↑ y→i

R
yj

R

Log-enhanced one-loop Majorana mass:

m̃ij

N
= m̄ij

0 + cij

5 mL x, x ↓
1

16ε2
ln

!2
UV

m2
L

↔ 0.09

↭ Rates depend on ϑ ↓ |c6|/|c5|; D = 6 matters when

ϑ ↭ mL/TR.

↭ Small c5 is technically natural: c5 ↗ yLyR, protected by

a vector-like U(1) on L.

v
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and ω

!DC
confinement: pions +

baryons

TR freeze-in production

mL integrate out L: c5 and c6
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The L → N model UV field content

Field Spin SO(NDC) SU(2)L U(1)Y SU(2)fl Zd
2

Gµ 1 adj. 1 0 1 +

L 1
2 fund. 2 → 1

2 1 →
L̄ 1

2 fund. 2 + 1
2 1 →

Ni, i = 1, 2 1
2 fund. 1 0 2 →

LUV ↑ ↓
1
2mij

0 NiNj ↓ mL L̄ωL

↓ yi

L
HωL Ni ↓ yi

R
H†L̄ Ni + h.c.

All dark fermions are Weyl, in the fundamental of a

confining SO(NDC); NDC = 3 throughout.

Two organising symmetries

Exact, accidental dark parity
(L, L̄, N) ↔ ↓(L, L̄, N): a baryon of

NDC constituents has parity (↓1)NDC

↗ for odd NDC the lightest baryon is

absolutely stable.

Approximate SU(2) flavour on N1,2

(exact for m0, yL,R ↔ 0): its breaking
by the condensate gives the dark pions.

Hierarchy of scales

v ↘ !DC ↘ TR < mL

freeze-in in the deconfined phase, inside

the EFT below mL.
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(L, L̄, N) ↔ ↓(L, L̄, N): a baryon of

NDC constituents has parity (↓1)NDC

↗ for odd NDC the lightest baryon is
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Approximate SU(2) flavour on N1,2
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where Gµω is the dark gauge field strength, gDC the dark gauge coupling and ω the antisym-

metric SU(2)L tensor.

Two symmetries of Eq. (2.2) organise the analysis. The first is an exact, accidental dark

parity (L, L̄, N) → ↑(L, L̄, N), under which every dark constituent is odd. A dark baryon

built from NDC constituents carries parity (↑1)NDC ; for odd NDC the lightest baryon is a

parity-odd fermion that cannot decay into the parity-even SM spectrum and is absolutely

stable. We take NDC = 3 throughout. The second symmetry is approximate: in the limit

m0, yL, yR → 0 the Lagrangian has an SU(2) flavour symmetry Ni → UijNj with U ↓ SU(2).

Its spontaneous breaking below the confinement scale produces the dark pions.

2.2 E!ective theory below mL: the Higgs portal

Lowering the cut-o! to mL removes the heavy doublet from the dynamical spectrum. Inte-

grating it out, the one-loop e!ective theory is

Le! = LSM ↑
1

4g2
DC

G
µω

Gµω + N †
i
i /DNi ↑

[
1
2(m̃N )ijNiNj + h.c.

]

+
[ cij

5

2mL

H†H NiNj + h.c.
]

+
cij

6

2m2
L

[
H†iDµH + h.c.

](
N †

i
ε̄µNj

)
, (2.3)

where the dimension-five and -six Higgs-portal operators are generated at tree level, with

Wilson coe”cients

cij

5 = 2
(
yi

Lyj

R
+ yi

Ryj

L

)
, cij

6 = y→iL yj

L
↑ y→iR yj

R
, (2.4)

so that cT

5 = c5 and c†6 = c6. For a single singlet flavour these reduce to the dimension-

five and dimension-six portals of Ref. [40], the dimension-six current being purely axial as

a consequence of N being Majorana. The Majorana mass receives a log-enhanced one-loop

correction from the doublet,

m̃ij

N
= m̄ij

0 + cij

5
mL

16ϑ2
ln
(#2

UV

m2
L

)
, (2.5)

where m̄ij

0 di!ers from the bare mass only by a small multiplicative dark-gluon correction. The

dimension-five operator also mediates the invisible decay h → NN ; for the feeble couplings

of interest its rate lies far below the invisible-width bound.

2.3 Confinement and the dark chiral Lagrangian

We assume that SO(NDC) confines at the scale #DC and that the Majorana fermions condense,

↔NiNj↗ = V 3 ϖij . (2.6)

The condensate breaks the flavour symmetry SU(2) → SO(2): the antisymmetric generator

T 2 is preserved, while T 1 and T 3 are broken, giving two pseudo-Nambu–Goldstone bosons

– 5 –

• Below , dark QCD  confines and the Majorana condensate breaks the flavour symmetry.ΛDC SO(NDC)
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N †
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ε̄µNj
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, (2.3)

where the dimension-five and -six Higgs-portal operators are generated at tree level, with

Wilson coe”cients

cij

5 = 2
(
yi

Lyj

R
+ yi

Ryj

L

)
, cij

6 = y→iL yj

L
↑ y→iR yj

R
, (2.4)

so that cT

5 = c5 and c†6 = c6. For a single singlet flavour these reduce to the dimension-

five and dimension-six portals of Ref. [40], the dimension-six current being purely axial as

a consequence of N being Majorana. The Majorana mass receives a log-enhanced one-loop

correction from the doublet,

m̃ij

N
= m̄ij

0 + cij

5
mL

16ϑ2
ln
(#2

UV

m2
L

)
, (2.5)

where m̄ij

0 di!ers from the bare mass only by a small multiplicative dark-gluon correction. The

dimension-five operator also mediates the invisible decay h → NN ; for the feeble couplings

of interest its rate lies far below the invisible-width bound.

2.3 Confinement and the dark chiral Lagrangian

We assume that SO(NDC) confines at the scale #DC and that the Majorana fermions condense,

↔NiNj↗ = V 3 ϖij . (2.6)

The condensate breaks the flavour symmetry SU(2) → SO(2): the antisymmetric generator

T 2 is preserved, while T 1 and T 3 are broken, giving two pseudo-Nambu–Goldstone bosons

– 5 –

• Below , dark QCD  confines and the Majorana condensate breaks the flavour symmetry.ΛDC SO(NDC)
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where Gµω is the dark gauge field strength, gDC the dark gauge coupling and ω the antisym-
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(pNGBs). The coset SU(2)/SO(2) →= S2 is two-dimensional, so the chiral Lagrangian admits

no WZW term: the WZW action is the integral of a five-form ↑ Tr[(!†d!)5], which vanishes

identically when only two generators are broken. The number-changing 3 ↓ 2 reactions

that fix the relic abundance in WZW-based dark-pion models are therefore absent, and the

dark-pion abundance is set by freeze-in and subsequent redshifting.

Below ”DC the dark sector consists of dark baryons of typical mass mB → NDC”DC, the

lightest of which is stable by the dark parity of Sec. 2.1; dark mesons of mass → ”DC; and the

dark pions ω1, ω3, with masses below ”DC. The pions are described by the non-linear field

! ↔ exp
(
i
ωâT â

fω

)
, â ↗ {1, 3}, ! ↓ U!UT , (2.7)

where the transpose reflects that ! lives in the symmetric representation, the condensate

being symmetric in flavour. The leading chiral Lagrangian is

L ↘ f2
ω Tr

[
(εµ!)†(εµ!)

]
+
[V 3

2
Tr[M̃ !] + h.c.

]
≃

1

m2
L

[
H†iDµH + h.c.

][
câ

6J
µ,â

B
+ cUB

6 Jµ

UB

]
,

(2.8)

with the spurion M̃ ij = m̃ij

N
≃ (cij

5 /mL) H†H, câ

6 ↔ Tr[c6T â] and cUB

6 ↔ Tr[c6T 2]. Here

Jµ,â

B
= fωεµωâ + · · · and Jµ

UB
= ω3εµω1

≃ ω1εµω3 + · · · are the broken and unbroken flavour

currents expressed in terms of !. The second term follows from a spurion analysis and from

matching the vacuum energy of the condensate between the UV and IR theories; the last is

obtained by identifying the flavour current with ≃fωεµωâ in the dimension-six operator. In the

electroweak-symmetric phase relevant for production, the dimension-five and -six operators

give HH ↓ ω and HH ↓ ωω vertices, collected with their matrix elements in Appendix A.

2.4 Below the electroweak scale: mixings and couplings

Below the electroweak scale we expand the Higgs around its vev, v/
⇐

2 = ⇒H⇑. The spurion

splits into a constant and a field-dependent part,

M̃ ij = M ij
≃

cij

5

2mL

(2vh+h2), M ij = mij

0 + cij

5

(
x mL ≃

v2

mL

)
, x ↔

1

16ω2
ln
(”2

UV

m2
L

)
. (2.9)

The matrix M ij can be made real, diagonal and positive by redefining the Ni; in this basis

the pion tadpole vanishes. Expanding Tr[M̃!], the term linear in the pions is

L ↘
câ

5I
V 3

fω mL

ωâ (2vh + h2), câ

5I ↔ Im Tr(c5T
â), (2.10)

while at quadratic order the pions acquire a common mass and a contact interaction with the

Higgs,

m2
ω =

V 3

f2
ω

Re Tr[M ], L ↘
c5RV 3

2mLf2
ω

|ω|
2 (2vh + h2), c5R ↔ Re Tr(c5), (2.11)
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mB → NDC!DC

For odd , dark baryons are  oddNDC ℤd
2

  the lightest dark baryon is stable⇒
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(pNGBs). The coset SU(2)/SO(2) →= S2 is two-dimensional, so the chiral Lagrangian admits

no WZW term: the WZW action is the integral of a five-form ↑ Tr[(!†d!)5], which vanishes

identically when only two generators are broken. The number-changing 3 ↓ 2 reactions

that fix the relic abundance in WZW-based dark-pion models are therefore absent, and the

dark-pion abundance is set by freeze-in and subsequent redshifting.

Below ”DC the dark sector consists of dark baryons of typical mass mB → NDC”DC, the

lightest of which is stable by the dark parity of Sec. 2.1; dark mesons of mass → ”DC; and the

dark pions ω1, ω3, with masses below ”DC. The pions are described by the non-linear field

! ↔ exp
(
i
ωâT â

fω

)
, â ↗ {1, 3}, ! ↓ U!UT , (2.7)

where the transpose reflects that ! lives in the symmetric representation, the condensate

being symmetric in flavour. The leading chiral Lagrangian is

L ↘ f2
ω Tr

[
(εµ!)†(εµ!)

]
+
[V 3

2
Tr[M̃ !] + h.c.

]
≃

1

m2
L

[
H†iDµH + h.c.

][
câ

6J
µ,â

B
+ cUB

6 Jµ

UB

]
,

(2.8)

with the spurion M̃ ij = m̃ij

N
≃ (cij

5 /mL) H†H, câ

6 ↔ Tr[c6T â] and cUB

6 ↔ Tr[c6T 2]. Here

Jµ,â

B
= fωεµωâ + · · · and Jµ

UB
= ω3εµω1

≃ ω1εµω3 + · · · are the broken and unbroken flavour

currents expressed in terms of !. The second term follows from a spurion analysis and from

matching the vacuum energy of the condensate between the UV and IR theories; the last is

obtained by identifying the flavour current with ≃fωεµωâ in the dimension-six operator. In the

electroweak-symmetric phase relevant for production, the dimension-five and -six operators

give HH ↓ ω and HH ↓ ωω vertices, collected with their matrix elements in Appendix A.

2.4 Below the electroweak scale: mixings and couplings

Below the electroweak scale we expand the Higgs around its vev, v/
⇐

2 = ⇒H⇑. The spurion

splits into a constant and a field-dependent part,

M̃ ij = M ij
≃

cij

5

2mL

(2vh+h2), M ij = mij

0 + cij

5

(
x mL ≃

v2

mL

)
, x ↔

1

16ω2
ln
(”2

UV

m2
L

)
. (2.9)

The matrix M ij can be made real, diagonal and positive by redefining the Ni; in this basis

the pion tadpole vanishes. Expanding Tr[M̃!], the term linear in the pions is

L ↘
câ

5I
V 3

fω mL

ωâ (2vh + h2), câ

5I ↔ Im Tr(c5T
â), (2.10)

while at quadratic order the pions acquire a common mass and a contact interaction with the

Higgs,

m2
ω =

V 3

f2
ω

Re Tr[M ], L ↘
c5RV 3

2mLf2
ω

|ω|
2 (2vh + h2), c5R ↔ Re Tr(c5), (2.11)
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B
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• The leading chiral Lagrangian is
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câ

5I
V 3

fω mL
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6 ↔ Tr[c6T 2]. Here

Jµ,â
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B
+ cUB

6 Jµ

UB

]
,

(2.8)

with the spurion M̃ ij = m̃ij

N
≃ (cij

5 /mL) H†H, câ

6 ↔ Tr[c6T â] and cUB
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6 ↔ Tr[c6T â] and cUB
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2.4 Interactions in the symmetric phase

Above the electroweak scale—in particular at the high temperatures T → v relevant for the

freeze-in production (Sec. 4)—we need the portal interactions in the unbroken phase. Writing

the Higgs doublet as H = (H+, !)T with H+, ! ↑ C the charged and neutral components,

the dimension-six current becomes

H†iDµH + h.c. = i
[
H→ωµH+

↓ H+ωµH→] + i
[
!↑ωµ! ↓ !ωµ!↑]. (2.12)

Together with the dimension-five operator of Eq. (2.4), this gives the HH ↔ ε and HH ↔ εε

vertices that drive dark-sector production; they are collected, with the corresponding matrix

elements, in Sec. 4 and Appendix A.

2.5 Below the electroweak scale: mixings and couplings

Below the electroweak scale we expand the Higgs around its vev, v/
↗

2 = ↘H≃. The spurion

M̃ of Eq. (2.9) then splits into a constant and a field-dependent part,

M̃ ij = M ij
↓

cij

5

2mL
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(
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)
, x ⇐

1

16ε2
ln
(”2

UV

m2
L

)
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The matrix M ij can always be brought to a real, diagonal and positive form by redefining

the Ni; we work in this basis, in which the pion tadpole ⇒ Im Tr(MT â) vanishes. Expanding

Tr[M̃#], the term linear in the pions is

L ⇑
câ

5I
V 3

fω mL

εâ (2vh + h2), câ

5I ⇐ Im Tr(c5T
â), (2.14)

while at quadratic order the pions acquire a common mass and a D = 5 contact interaction

with the Higgs,
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ω =
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ω

Re Tr[M ], L ⇑
c5RV 3

2mLf2
ω

|ε|
2 (2vh + h2), c5R ⇐ Re Tr(c5), (2.15)

with |ε|
2 = (ε1)2 + (ε3)2. The first term of Eq. (2.14) induces a Higgs–pion mass mixing;

diagonalising the mass matrix yields the mixing angles

tan 2ϑâ =
ϖâv2

m2
h

↓ m2
ω

, ϖâ
⇐ câ

5I

2V 3

vfω mL

, (2.16)

and, to linear order in sâ
⇐ sin ϑâ, the physical fields

h̃ = h + s1ε1 + s3ε3, ε̃1 = ε1
↓ s1h, ε̃3 = ε3

↓ s3h. (2.17)

The physical masses are shifted only at O
(
(sâ)2

)
, which is negligible for the tiny mixings of

interest.
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• We absorb this term by redefining the would-be NGB field as 

with |ω|
2 = (ω1)2 + (ω3)2. The term linear in h in Eq. (2.10) induces a Higgs–pion mass

mixing with angle

tan 2εâ =
ϑâv2

m2
h

→ m2
ω

, ϑâ
↑ câ

5I

2V 3

vfω mL

; (2.12)

to linear order in sâ
↑ sin εâ the physical Higgs is h + sâωâ and the physical pions ωâ

→ sâh,

with mass shifts of order (sâ)2 that are negligible.

The dimension-six operator, through H†iDµH + h.c. = →
gz
2 (v + h)2Zµ + · · · , generates

a Z–ω two-point vertex proportional to v2. We remove it by redefining the neutral Nambu–

Goldstone boson, ϖ3 ↓ ϖ3 → ϱâωâ, with

ϱâ
↑ câ

6
fωv

m2
L

. (2.13)

Through the SM Yukawa interactions this redefinition induces a pseudoscalar coupling of the

pions to fermions,

L ↔
mf

v
ϱâ ωâ ς̄f iφ5 ςf . (2.14)

The scalar mixing sâ
↗ Im Tr(c5T â) thus originates from the dimension-five operator and the

pseudoscalar coupling ϱâ
↗ Tr(c6T â) from the dimension-six one. Together they control the

dark-pion decays of Sec. 5.3.

3 Parametrisation

We collect the relations among parameters that organise the analysis and fix the notation for

the portal couplings. Using the naive-dimensional-analysis estimate V 3
↘ NDC!3

DC/(4ω)2 ↘

f2
ω!DC, we impose the relations

mB = NDC!DC, fω =
mB

4ω
≃

NDC
, V =

mB

(4ωNDC)2/3
, (3.1)

trading !DC, V and fω for the typical baryon mass mB.

For mL ⇐ O(1) TeV one has x mL ⇐ v2/mL, and in the regime m0 ⇒ c5xmL the mass

matrix of Eq. (2.9) reduces to M ⇑ c5 x mL, so that m2
ω ⇑ c5R mB mL x/NDC. This motivates

the reference coupling

c5→ ↑
NDC m2

ω

x mL mB

, (3.2)

in terms of which we write

c5R = ↼R c5→, câ

5I = ↼â

I c5→, câ

6 = φâ
|↼R| c5→, cUB

6 = φUB
|↼R| c5→. (3.3)

The parameter |↼R| ranges between 0 and ↘ 1 and |↼â

I
| between 0 and ↘ |↼R|, depending on

the relative size of the bare mass m0 and the loop-induced c5xmL: ↼R ↘ 1 with |↼I | ⇒ 1 for

m0 ⇒ c5xmL, both of order one for m0 ↘ c5xmL, and both small for m0 ⇐ c5xmL. From

Eq. (2.4), |φâ
| ↘ |φUB

| is of order one for |yL| ↘ |yR| and can be as large as ↘ 1/(|↼R|c5→)
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to linear order in sâ
↑ sin εâ the physical Higgs is h + sâωâ and the physical pions ωâ

→ sâh,

with mass shifts of order (sâ)2 that are negligible.

The dimension-six operator, through H†iDµH + h.c. = →
gz
2 (v + h)2Zµ + · · · , generates

a Z–ω two-point vertex proportional to v2. We remove it by redefining the neutral Nambu–

Goldstone boson, ϖ3 ↓ ϖ3 → ϱâωâ, with

ϱâ
↑ câ

6
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m2
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. (2.13)

Through the SM Yukawa interactions this redefinition induces a pseudoscalar coupling of the

pions to fermions,

L ↔
mf

v
ϱâ ωâ ς̄f iφ5 ςf . (2.14)

The scalar mixing sâ
↗ Im Tr(c5T â) thus originates from the dimension-five operator and the

pseudoscalar coupling ϱâ
↗ Tr(c6T â) from the dimension-six one. Together they control the

dark-pion decays of Sec. 5.3.

3 Parametrisation

We collect the relations among parameters that organise the analysis and fix the notation for

the portal couplings. Using the naive-dimensional-analysis estimate V 3
↘ NDC!3

DC/(4ω)2 ↘

f2
ω!DC, we impose the relations

mB = NDC!DC, fω =
mB

4ω
≃

NDC
, V =
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(4ωNDC)2/3
, (3.1)

trading !DC, V and fω for the typical baryon mass mB.

For mL ⇐ O(1) TeV one has x mL ⇐ v2/mL, and in the regime m0 ⇒ c5xmL the mass
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ω ⇑ c5R mB mL x/NDC. This motivates

the reference coupling
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, (3.2)

in terms of which we write
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| between 0 and ↘ |↼R|, depending on

the relative size of the bare mass m0 and the loop-induced c5xmL: ↼R ↘ 1 with |↼I | ⇒ 1 for

m0 ⇒ c5xmL, both of order one for m0 ↘ c5xmL, and both small for m0 ⇐ c5xmL. From

Eq. (2.4), |φâ
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| is of order one for |yL| ↘ |yR| and can be as large as ↘ 1/(|↼R|c5→)
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6 = φâ
|↼R| c5→, cUB

6 = φUB
|↼R| c5→. (3.3)

The parameter |↼R| ranges between 0 and ↘ 1 and |↼â
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pseudoscalar coupling ϱâ
↗ Tr(c6T â) from the dimension-six one. Together they control the

dark-pion decays of Sec. 5.3.

3 Parametrisation

We collect the relations among parameters that organise the analysis and fix the notation for

the portal couplings. Using the naive-dimensional-analysis estimate V 3
↘ NDC!3

DC/(4ω)2 ↘

f2
ω!DC, we impose the relations

mB = NDC!DC, fω =
mB

4ω
≃

NDC
, V =
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, (3.1)

trading !DC, V and fω for the typical baryon mass mB.

For mL ⇐ O(1) TeV one has x mL ⇐ v2/mL, and in the regime m0 ⇒ c5xmL the mass

matrix of Eq. (2.9) reduces to M ⇑ c5 x mL, so that m2
ω ⇑ c5R mB mL x/NDC. This motivates

the reference coupling

c5→ ↑
NDC m2

ω

x mL mB

, (3.2)

in terms of which we write

c5R = ↼R c5→, câ

5I = ↼â

I c5→, câ

6 = φâ
|↼R| c5→, cUB

6 = φUB
|↼R| c5→. (3.3)

The parameter |↼R| ranges between 0 and ↘ 1 and |↼â

I
| between 0 and ↘ |↼R|, depending on

the relative size of the bare mass m0 and the loop-induced c5xmL: ↼R ↘ 1 with |↼I | ⇒ 1 for

m0 ⇒ c5xmL, both of order one for m0 ↘ c5xmL, and both small for m0 ⇐ c5xmL. From

Eq. (2.4), |φâ
| ↘ |φUB

| is of order one for |yL| ↘ |yR| and can be as large as ↘ 1/(|↼R|c5→)
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5I

2V 3

vfω mL

; (2.12)

to linear order in sâ
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ϑâv2

m2
h

→ m2
ω

, ϑâ
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|↼R| c5→, cUB

6 = φUB
|↼R| c5→. (3.3)

The parameter |↼R| ranges between 0 and ↘ 1 and |↼â
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relic is the dark-pion gas. Its energy density redshifts until the dark temperature reaches the

pion mass, TD → mω, which occurs at an SM temperature of about 10 MeV at the benchmark;

below this the pions are non-relativistic and their number density redshifts as T 3. Carrying

this to the present gives

!ωh2
→ 0.1 ω3/4

R

(εR

1

)3/2(NDC

3

)9/4( mω

100 keV

)4(1 MeV

mB

)3/2( TR

1 TeV

)3/4(5 TeV

mL

)3
, (5.3)

which reproduces the observed density at the benchmark; the power ω3/4
R

follows from ϑDS ↑

|c5|
2ωR.

5.3 Decays and lifetime

For pion masses below that of the QCD pion the decay channels are ϖ ↓ e+e→ and ϖ ↓ ϱϱ,

proceeding through the scalar and pseudoscalar couplings

ϖâf̄f : i sâ
mf

v
, ϖâf̄ iϱ5f : ςâ

mf

v
. (5.4)

The fermionic width is the standard one for a scalar and a pseudoscalar coupling [41], and

the loop-induced diphoton width is [41, 42]

”ω
â

εε =
Gµω2(m̃â

ω)3

128
↔

2 ϖ3

{
(sâ)2

∣∣∣
∑

f

Nf

c Q2
f
AH

1/2(φf ) + A1(φW )
∣∣∣
2
+ (ςâ)2

∣∣∣
∑

f

Nf

c Q2
f
AA

1/2(φf )
∣∣∣
2
}

,

(5.5)

with φi = (m̃â
ω)2/(4m2

i
) and the loop functions of Appendix B; the first term is the dimension-

five contribution and the second the dimension-six one. At the benchmark the pion lies below

the e+e→ threshold and decays only into two photons, with lifetime

φω↑εε ↗ 2.1 · 1031 s, (5.6)

dominated by the dimension-six operator; the dimension-five contribution is nine orders of

magnitude smaller. The lifetime exceeds the age of the Universe by far, but it is bounded

from below by indirect searches (Fig. 1).

5.4 Constraints

The ϱϱ and e+e→ final states are constrained by X-ray and ϱ-ray observations of decaying

dark matter, notably by XMM-Newton [34] and INTEGRAL/SPI [35], which impose a lower

bound on the lifetime and hence an upper bound on sâ and ςâ. Combining them with the

relic-abundance condition of Eq. (5.3) delimits the region shown in Fig. 2. On their own these

constraints leave a region around mω → O(100 keV) with a multi-TeV mediator in which the

dark pion reproduces the observed abundance while evading the indirect-detection limits. The

same decays inject energy into the photon–baryon plasma and are independently constrained

by the CMB [36, 43]. Warm-dark-matter bounds are not an obstacle: although the pion is

produced relativistically, its free-streaming is governed by the suppressed dark temperature
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in the hierarchical case |yL| → |yR|. In the production rates the ratio ω ↑ |c6|/|c5| appears

repeatedly; the dimension-six operator matters when ω ↭ mL/TR.

The small value of c5 needed for a light pion, corresponding to portal Yukawas yL,R ↓ 10→4

for a sub-MeV pion, is technically natural. The operator H†H NN carries two units of N -

number, so c5 can only be generated by spurions of the same charge, namely yLyR or m0

[Eqs. (2.4) and (2.5)]. Setting yR ↔ 0 restores the chiral U(1) under which N ↔ eiωN ,

L̄ ↔ eiωL̄, L ↔ e→iωL, which is broken only by yR and m0 and forbids c5 outright; the mirror

rotation does the same for yL ↔ 0. A small c5 is therefore protected whenever either Yukawa

is small. No such protection applies to c6: the axial current N †ε̄µN is invariant under any

rephasing of N , so c6 ↗ |yL|
2

↘ |yR|
2 is generated by neutral spurions and is not suppressed

by the same symmetry. In the hierarchical regime |yL| → |yR| that naturally suppresses

c5 ↗ yLyR, one has c6 ↓ |yL|
2

→ c5, i.e. ω → 1, while generic |yL| ↓ |yR| gives ω ↓ 1

without any tuning. A value ω ≃ 1 would instead require a near-cancellation |yL| ⇐ |yR|,

i.e. an approximate L ⇒ L̄ parity under which the axial current is odd; this is a separate

assumption, broken in the full theory by the chiral Yukawa couplings of the SM, and we do

not rely on it.

The Wilson coe!cients cij

5,6 are 2 ⇑ 2 matrices in the flavour of the Ni. In a rate that

sums over the NiNj final states the relevant quantity is the flavour norm ⇓c⇓2
↑

∑
ij

|cij
|
2;

the single coe!cient |c| used in order-of-magnitude estimates is a representative entry, and

the two agree up to an O(1) factor.

The low-energy phenomenology is governed by the mixings sâ and ϑâ. For mε ≃ mh,

Eqs. (2.12), (2.13) and (3.1) give

sâ
⇐ ϖâ

I

1

4ϱ
⇔

NDC

v m2
ε mB

x m2
L

m2
h

, ϑâ = ωâ
|ϖR|

⇔
NDC

4ϱ

m2
ε v

x m3
L

, (3.4)

whose ratio
sâ

ϑâ
↓

ϖâ

I

ωâ|ϖR| NDC

mB mL

m2
h

(3.5)

grows with mBmL. The pseudoscalar coupling therefore dominates for a light spectrum and

the scalar mixing for a heavy one.

The dark pion is the relic in the light regime, mε ↓ O(100 keV) with mB not far above

it; the dark baryon in the heavy regime, mB ↭ O(10) TeV. A representative benchmark for

each is introduced where it is used.

4 Freeze-in production of the dark sector

Both candidates are produced by the same mechanism: the freeze-in of dark quarks through

the Higgs portal, HH ↔ NN , followed by hadronisation into dark hadrons. This section

establishes the production rate, the fragmentation into dark jets, and the conditions for

internal thermalisation.
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f̄

Figure 1: Example of a leading-order Feynman diagram of the dominant Higgs-boson production process via
gluon–gluon fusion through a fermion loop and its decay process into two leptonically decaying 𝐿 bosons,
𝑀𝑀 → 𝑁 → 𝐿𝐿↑ → 𝑂+𝑂↓𝑂+𝑂↓ . The superscript (*) refers to a particle that is o! its mass shell.

smaller contributions from top quarks (or anti-quarks) produced in association with 𝐿 bosons (𝑃𝑃𝑄 + 𝑃𝑄𝑄)
and tri-boson production (𝑄𝑄𝑄) where 𝑄 is a 𝑅± or 𝐿 boson. A subdominant ‘reducible’ background
arises from 𝐿+jets events and 𝑃𝑃 when events with fewer than four leptons from the interaction point enter
the analysis. Details of the signal and background event simulation may be found in End Matter A.

The analysis is based on the correlations in angular distributions of charged leptons originating from pairs
of 𝐿 (↑) bosons produced in the decays of Higgs bosons. Selection criteria are employed following an
established ATLAS 𝑁 → 𝐿𝐿↑ → 4𝑂 event selection strategy [36]. Events are selected using single- and
dilepton triggers [37, 38] for electrons and muons, which together have an e"ciency of about 98% for
selecting signal events in the 𝑁 → 𝐿𝐿↑ → 4𝑂 final state. Events are required to contain at least four
isolated charged leptons (𝑆 or 𝑇). Electrons are reconstructed from electromagnetic clusters matched to
particle tracks within the ID [39] and must have transverse momentum 𝑀T > 7 GeV and pseudorapidity
|𝑈 | < 2.47 (with the region 1.37 < |𝑈 | < 1.52 excluded). Muon candidates are reconstructed using tracks in
the MS which within |𝑈 | < 2.5 are matched to ID tracks, and with additional recovery in |𝑈 | < 0.1 using ID
tracks matched to MS segments or energy deposits in the calorimeters compatible with a minimum-ionizing
particle [40]. Muons are required to have transverse momentum 𝑀T > 5 GeV and |𝑈 | < 2.7 (2.5) for
Run 2 (Run 3) data. Isolation criteria are imposed on the leptons and they are required to originate from a
common vertex point. The three highest-𝑀T leptons must have transverse momenta exceeding 20, 15, and
10 GeV, respectively.

The analysis is performed for the 4𝑆, 4𝑇, and 2𝑆2𝑇 channels. The candidate Higgs boson in each event
is reconstructed from two pairs of same-flavor opposite-charge leptons (𝑆+𝑆↓ or 𝑇+𝑇↓). From all valid
pairings of the candidate leptons, the lepton pair with the invariant mass closest to the nominal value of
the 𝐿 boson mass [41] is denoted 𝐿1, while the second closest is denoted 𝐿2. Any additional leptons not
entering those pairings play no role in the analysis. The invariant mass of these two candidates must satisfy
50 GeV < 𝑉𝐿1 < 106 GeV and 12 GeV < 𝑉𝐿2 < 115 GeV, and the invariant mass of four leptons must
be close to the Higgs boson mass [41, 42]: 115 GeV < 𝑉4𝑀 < 130 GeV. The observed and expected 𝑉4𝑀
distributions from combined Run 2 and Run 3 data samples are shown in Figure 2.

For each selected event, the lepton emission directions are defined relative to separate coordinate systems
constructed in the rest frame of each parent 𝐿 boson [43] as illustrated in Figure 3. The 𝑊-axis in both is
aligned with the momentum direction of the 𝐿1 boson in the Higgs-boson rest frame. The spin analyzers are
given by the polar and azimuthal angles (𝑋, 𝑌) of each negatively charged lepton in its respective parent’s
rest frame. The relevant o!-diagonal entanglement-sensitive parameters of the SDM are then obtained
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V →(k2)

 H ⇒ V V*

The continuum QED process e+e→ → ω↑ → ε+ε→ gives an angle-dependent mixed state:

C[ϑ] = (s↑ 4m2
ω ) sin

2 ϖ

4m2
ω sin

2 ϖ+ s(1 + cos2 ϖ)
, (100)

maximal at ϖ = ϱ/2, vanishing at threshold. Belle II already has ↓ 109 ε pairs; MC studies
(with realistic smearing) suggest entanglement at O(100ς) and CHSH violation at O(10ς) —
the question is not statistics but whether the analysis is run. Near threshold (BES-III), the

state is C(ϑ) = φ =
↼2 sin2 ↽

2↑ ↼2 sin2 ↽
— “entanglement is bought with velocity and transversity” —

and here the kinematic method (reconstruct ϑ(↼, ↽) from production kinematics, assuming the
SM) beats the decay method by an order of magnitude in precision.

Key point. ε pairs bracket the extremes: the most entangled states the SM makes (H → εε ,
C = 1) and the most abundant (Belle II, 109 on tape). The bottleneck is always the neutrino,
and every cure is a vertexing/tracking story. A recurring subtlety (return to it in Session 2):
the helicity-basis “state” is the event-averaged fictitious state — in the fixed beam basis the
angle-averaged state can be separable.

3.4 H → V V
↑: qutrit pairs and the CGLMP test

This is the qutrit channel — the richest quantum system at the LHC, and the one where the
CGLMP inequality of Section 2.1 does real work.

3.4.1 Entanglement you can dial with the o!-shell mass

Slide:
|ωV V → =

1↑
2+ω2

(|+↓→↓

ε|00→+ |↓+→);
ε set by the
o!-shell mass.

Because H is a scalar (JPC = 0++), the V V ↑ pair has Jz = 0 along the decay axis and parity
fixes the relative phases. At fixed boson masses the spin state is pure,

|⇀V V ↔ =
1√

2 + ↼2

(
|+↑↔ ↑ ↼|00↔+ |↑+↔

)
, ↼ = 1 +

m2
H
↑ (m1 +m2)2

2m1m2
(↗ 1). (101)

What ↼ actually is. That expression simplifies — exactly, not approximately. Using m2
H

=
(p1 + p2)2 = m2

1 +m2
2 + 2 p1 ·p2,

↼ = 1 +
m2

H
↑ (m1 +m2)2

2m1m2
=

m2
H
↑m2

1 ↑m2
2

2m1m2
=

p1 ·p2
m1m2

= ωrel = cosh
(
!y

)
. (102)

So ↼ is not an ad hoc parametrization at all: it is the relative Lorentz factor of the two bosons
— the ω of one as seen from the rest frame of the other, equivalently the hyperbolic cosine of
their rapidity di”erence. Both limits then become frame-independent statements about motion
rather than about masses:

↼ = 1 ↘≃ the two bosons are mutually at rest ↘≃ maximal entanglement. With no
relative motion there is no preferred axis left, the state must be rotationally invariant, and
the unique rotational invariant in 3 ⇐ 3 is the singlet. Maximal entanglement here is a
symmetry statement, not a coincidence of numbers.
↼ → ⇒ ↘≃ ultrarelativistic relative motion ↘≃ the separable |00↔: the boost singles out
the longitudinal polarization and the coherent superposition is gone.

This is the tt̄ logic run in reverse. There, entanglement was maximal at threshold because the
constrained initial state left an unbroken SO(3); here it is maximal when the final state has
no relative motion, for exactly the same reason. Section 2.1’s rule keeps paying: whenever the
surviving kinematics leaves the rotation group unbroken, the state is forced into an invariant,
and in these small Hilbert spaces the invariant states are the maximally entangled ones.
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pure 2-qutrit
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

1 (ω1ω2) = (+→,→+)

→ε ↑ → k1·k2
m1m2

(ω1ω2) = (0, 0)

0 otherwise
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determine its (meta)stability and provide the observational handle, then its relic abundance

and the resulting constraints.

5.1 Dark pion decay and lifetime

For pion masses below that of the QCD pion, the dominant decay channels are ω → e+e→

and ω → εε. They proceed through the scalar coupling induced by the Higgs mixing sâ and

the pseudoscalar coupling induced by the Nambu–Goldstone mixing ϑâ of Eq. (2.20),

ωâf̄f : i sâ
mf

v
, ωâf̄ iε5f : ϑâ

mf

v
. (5.1)

The partial width into a fermion pair is [19]

!ω
â

ff̄
= Nf

c

Gµ m2
f
m̃â

ω

4
↑

2 ω
ϖf

[
(ϑâ)2 + (sâ)2ϖ2

f

]
, ϖf =

√
1 ↓ 4m2

f
/(m̃â

ω)2, (5.2)

while the loop-induced diphoton width is [19, 20]

!ω
â

εε =
Gµϱ2(m̃â

ω)3

128
↑

2 ω3

{
(sâ)2

∣∣∣
∑

f

Nf

c Q2
f
AH

1/2(ςf ) + A1(ςW )
∣∣∣
2
+ (ϑâ)2

∣∣∣
∑

f

Nf

c Q2
f
AA

1/2(ςf )
∣∣∣
2
}

,

(5.3)

with ςi = (m̃â
ω)2/(4m2

i
) and the scalar and pseudoscalar loop functions AH

1/2, A
H

1 , AA

1/2 of

Appendix B. Recall that the scalar mixing sâ
↔ Im Tr(c5T â) originates from the D = 5

operator, while the pseudoscalar mixing ϑâ
↔ Tr(c6T â) originates from the D = 6 operator.

At the benchmark point of Eq. (3.8), the dark pion lies below the e+e→ threshold and

can decay only into two photons, with lifetime

ςω↑εε ↗ 2.1 · 1031 s, (5.4)

dominated by the D = 6 operator; the D = 5 contribution is nine orders of magnitude smaller.

This lifetime far exceeds the age of the Universe—the dark pion is cosmologically metastable—

but it is bounded from below by indirect searches (Fig. 4), as discussed in Sec. 5.3.

5.2 Relic abundance from freeze-in

In this regime the dark sector thermalises (Sec. 4.3) and, as it cools, the heavier dark baryons

annihilate into dark pions and freeze out with a negligible abundance (Sec. 5.4); the relic is

the dark-pion gas. Its energy density redshifts until the dark temperature reaches the pion

mass, TD ↘ mω, at an SM temperature

Tω ↘ 10 MeV ϱ→1/4
R

( 3

NDC

)1/4( mω

100 keV

)(5 · 10→8

|c5|

)1/2(1 TeV

TR

)1/4( mL

5 TeV

)1/2
, (5.5)

below which the pions are non-relativistic and their number density redshifts as T 3. Carrying

this through to today yields the relic abundance

”ωh2
↘ 0.1 ϱ3/4

R

(ϖR

1

)3/2(NDC

3

)9/4( mω

100 keV

)4(1 MeV

mB

)3/2( TR

1 TeV

)3/4(5 TeV

mL

)3
, (5.6)

which reproduces the observed dark matter density for mω ↘ O(100 keV) at the benchmark

point.
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Freeze-In

E!ective theory below mL: the Higgs portal

Integrating out the doublet at tree level:

Le! →

[ cij

5

2mL

H†H NiNj + h.c.
]

+
cij

6

2m2
L

[
H†iDµH + h.c.

](
N†

i
ω̄µNj

)

cij

5 = 2
(
yi

L
yj

R
+ yi

R
yj

L

)
, cij

6 = y→i

L
yj

L
↑ y→i

R
yj

R

Log-enhanced one-loop Majorana mass:

m̃ij

N
= m̄ij

0 + cij

5 mL x, x ↓
1

16ε2
ln

!2
UV

m2
L

↔ 0.09

↭ Rates depend on ϑ ↓ |c6|/|c5|; D = 6 matters when

ϑ ↭ mL/TR.

↭ Small c5 is technically natural: c5 ↗ yLyR, protected by

a vector-like U(1) on L.

v
EW vacuum: mixings s
and ω

!DC
confinement: pions +

baryons

TR freeze-in production

mL integrate out L: c5 and c6

”UV

K. Sakurai — Dark hadrons from UV freeze-in 4 / 17
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4.1 Energy injection

The energy-weighted cross section of the portal process receives contributions from both

operators of Eq. (2.3),

ω(HH → NN) E ↑
NDC

8ε

E

m2
L

(
|c5|

2 +
|c6|

2E2

6m2
L

)
, (4.1)

with E =
↓

s. In the radiation-dominated era, energy conservation between the dark and SM

sectors gives the energy-balance equation for the dark-sector energy density,

dϑDS

dt
+ 4HϑDS = !E(SM → DS), (4.2)

with energy-injection rate

!E(SM → DS) = n2
H ↔ω(HH → NN) E↗ ↑

NDC |c5|
2

8ε m2
L

T 7 ϖT , ϖT ↘ 1+
35

6
ϱ2 T 2

m2
L

. (4.3)

The factor ϖT contains the dimension-six contribution; its coe”cient follows from the thermal

average of Eq. (4.1) (Appendix C). It reduces to unity for ϱ ↭ mL/TR. We neglect the back-

reaction !E(DS → SM), which is justified in Sec. 4.3. Trading time for temperature through

SM entropy conservation and integrating from TR down to T gives

ϑDS(T ) ↑
NDC

1.66 [g→(TR)]3/2

|c5|
2

8ε

MPl TR

m2
L

(
1 ≃

[g→(TR)

g→(T )

]3/2 T

TR

)
g→(T ) T 4 ϖR, (4.4)

where the temperature-dependent ϖT has become the constant

ϖR ↘ 1 +
35

18
ϱ2 T 2

R

m2
L

, (4.5)

the factor 1/3 arising from
∫

TR T 2 dT . Since !E ⇐ T 7, the dark sector is populated predomi-

nantly at T ↑ TR; the relic abundance is correspondingly sensitive to the reheating tempera-

ture, as is characteristic of energy transfer into a confining sector through non-renormalisable

connectors [11–13]. Every quantity built on ϑDS inherits the dimension-six enhancement

through |c5|
2

→ |c5|
2ϖR.

4.2 Dark hadronisation

Dark quarks are injected in pairs and hadronise on a time scale ↑ 1/#DC, far shorter than

the time over which the temperature changes appreciably, so that each event produces two

back-to-back jets of dark hadrons. The mean hadron multiplicity per event, as a function of

the partonic energy ↔E↗ =
↓

s relative to the hadronisation scale #̄ = 0.1 #DC, is [40]

↔n̄↗ = A
[
ln(↔E↗

2/#̄2)
]↑B

exp
(
C
√

ln(↔E↗2/#̄2)
)
, A = 0.06, B = 0.5, C = 1.8. (4.6)

It grows slowly with energy and is evaluated at ↔E↗ ↑ TR. The dark hadrons comprise both

pions and baryons; we denote the baryonic fraction by rB ↘ nB/n and treat it as an O(0.1–1)

parameter.
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8εm2
L

(
|c5|2 +

|c6|2E2

6m2
L

)
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ω̇DS + 4HωDS = n
2
H
→ε(HH ↑ NN)E↓

• Energy balance equation (  neglected):NN → HH
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4.1 Energy injection

The energy-weighted cross section of the portal process receives contributions from both

operators of Eq. (2.3),

ω(HH → NN) E ↑
NDC

8ε

E

m2
L

(
|c5|

2 +
|c6|

2E2

6m2
L

)
, (4.1)

with E =
↓

s. In the radiation-dominated era, energy conservation between the dark and SM

sectors gives the energy-balance equation for the dark-sector energy density,

dϑDS

dt
+ 4HϑDS = !E(SM → DS), (4.2)

with energy-injection rate

!E(SM → DS) = n2
H ↔ω(HH → NN) E↗ ↑

NDC |c5|
2

8ε m2
L

T 7 ϖT , ϖT ↘ 1+
35

6
ϱ2 T 2

m2
L

. (4.3)

The factor ϖT contains the dimension-six contribution; its coe”cient follows from the thermal

average of Eq. (4.1) (Appendix C). It reduces to unity for ϱ ↭ mL/TR. We neglect the back-

reaction !E(DS → SM), which is justified in Sec. 4.3. Trading time for temperature through

SM entropy conservation and integrating from TR down to T gives

ϑDS(T ) ↑
NDC

1.66 [g→(TR)]3/2

|c5|
2

8ε

MPl TR

m2
L

(
1 ≃

[g→(TR)

g→(T )

]3/2 T

TR

)
g→(T ) T 4 ϖR, (4.4)

where the temperature-dependent ϖT has become the constant

ϖR ↘ 1 +
35

18
ϱ2 T 2

R

m2
L

, (4.5)

the factor 1/3 arising from
∫

TR T 2 dT . Since !E ⇐ T 7, the dark sector is populated predomi-

nantly at T ↑ TR; the relic abundance is correspondingly sensitive to the reheating tempera-

ture, as is characteristic of energy transfer into a confining sector through non-renormalisable

connectors [11–13]. Every quantity built on ϑDS inherits the dimension-six enhancement

through |c5|
2

→ |c5|
2ϖR.

4.2 Dark hadronisation

Dark quarks are injected in pairs and hadronise on a time scale ↑ 1/#DC, far shorter than

the time over which the temperature changes appreciably, so that each event produces two

back-to-back jets of dark hadrons. The mean hadron multiplicity per event, as a function of

the partonic energy ↔E↗ =
↓

s relative to the hadronisation scale #̄ = 0.1 #DC, is [40]

↔n̄↗ = A
[
ln(↔E↗

2/#̄2)
]↑B

exp
(
C
√

ln(↔E↗2/#̄2)
)
, A = 0.06, B = 0.5, C = 1.8. (4.6)

It grows slowly with energy and is evaluated at ↔E↗ ↑ TR. The dark hadrons comprise both

pions and baryons; we denote the baryonic fraction by rB ↘ nB/n and treat it as an O(0.1–1)

parameter.
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where gH = 4 is the d.o.f. of the Higgs doublet. The result is plotted in Fig. 2. We see that NN ↔ NN
scattering is active, while NN ↔ HH is inactive throughout the production temperature between TR

and mh.

***

The energy density (4.60) will redshift until the dark sector temperature TD reaches the dark
baryon mass scale mB. It is easy to check that the BB ↔ ϑϑ annihilation rate is much larger than
the Hubble expansion rate at this time. Therefore, for mω ≃ mB, the dark baryons annihilate into
dark pions around this period and freeze-out within the dark sector. This part of the DS energy
density (the freeze-out dark baryon abundance) must be estimated separately. However, for now, we
focus on the DS energy density carried by the dark pions.

Let us denote the SM temperature by Tω at which the DS temperature reaches the dark pion mass
TD ↘ mω. The dark pion energy density will redshift until this temperature:

ϖω(Tω) = ϖDS(mh)
g↓(Tω)T 4

ω

g↓(mh)m4
h
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NDCg↓(Tω)

1.66[g↓(mh)]3/2
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L

T 4
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At this temperature, we can also write ϖω(Tω) ↘ c · m4
ω

with some order one constant c. This allows
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Figure 2: The e!ective interaction rate ”NN→NN/H (red) and ”NN→HH/H (blue) as functions of TR/T .
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where gH = 4 is the d.o.f. of the Higgs doublet. The result is plotted in Fig. 2. We see that NN ↔ NN
scattering is active, while NN ↔ HH is inactive throughout the production temperature between TR

and mh.

***

The energy density (4.60) will redshift until the dark sector temperature TD reaches the dark
baryon mass scale mB. It is easy to check that the BB ↔ ϑϑ annihilation rate is much larger than
the Hubble expansion rate at this time. Therefore, for mω ≃ mB, the dark baryons annihilate into
dark pions around this period and freeze-out within the dark sector. This part of the DS energy
density (the freeze-out dark baryon abundance) must be estimated separately. However, for now, we
focus on the DS energy density carried by the dark pions.

Let us denote the SM temperature by Tω at which the DS temperature reaches the dark pion mass
TD ↘ mω. The dark pion energy density will redshift until this temperature:
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At this temperature, we can also write ϖω(Tω) ↘ c · m4
ω

with some order one constant c. This allows

10

• ΓNN→NN /H ≫ 1

•  The dark sector has its own temperature ⇒ TD

• ΓNN→HH /H ≪ 1

•  backreaction is negligible⇒
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Figure 2: The e!ective interaction rate ”NN→NN/H (red) and ”NN→HH/H (blue) as functions of TR/T .
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<latexit sha1_base64="0MsGWdikgENEW/DVp/eeH1/OdZQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFNy6r2AekoUwmk2boJBNmbpQS+hXiVr/Dnbj1C/wM/8BJm4VtPTBwOOfeufceL+FMgWV9G6WV1bX1jfJmZWt7Z3evun/QUSKVhLaJ4EL2PKwoZzFtAwNOe4mkOPI47Xqjm9zvPlKpmIgfYJxQN8LDmAWMYNCS079nwxCwlOJpUK1ZdWsKc5nYBamhAq1B9afvC5JGNAbCsVKObSXgZlgCI5xOKv1U0QSTER5SR9MYR1S52XTliXmiFd8MhNQvBnOq/u3IcKTUOPJ0ZYQhVIteLv7nOSkEV27G4iQFGpPZoCDlJggzv9/0maQE+FgTTCTTu5okxBIT0CnNTcn/BiG4OlP6vJD6k4rOyF5MZJl0zut2o964u6g1r4u0yugIHaNTZKNL1ES3qIXaiCCBXtArejOejXfjw/iclZaMoucQzcH4+gU76J6U</latexit>→

• ΓNN→HH /H ≪ 1

•  backreaction is negligible⇒

<latexit sha1_base64="SQiP7klOAW5l9Thsv3jXvZnc1Tw="></latexit>

→
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4

<latexit sha1_base64="B5PQ9JQ+VmY5ZN3KsDgdwCXmxbk=">AAACG3icbVDLSsNAFJ3UV62vaJduBovgopREpLoU3bisYlVoQplMbu3QSSbO3Aih9FPErX6HO3Hrws/wD5w+Fr4ODBzOua85USaFQc/7cEpz8wuLS+Xlysrq2vqGu7l1ZVSuObS5kkrfRMyAFCm0UaCEm0wDSyIJ19HgdOxf34M2QqWXWGQQJuw2FT3BGVqp61aDegB3ubgP6pUAhYyBXnTdmtfwJqB/iT8jNTJDq+t+BrHieQIpcsmM6fhehuGQaRRcwqgS5AYyxgfsFjqWpiwBEw4nx4/orlVi2lPavhTpRP3eMWSJMUUS2cqEYd/89sbif14nx95ROBRpliOkfLqol0uKio6ToLHQwFEWljCuhb2V8j7TjKPN68eW8WxUSpq6sd/rQzyq2Iz834n8JVf7Db/ZaJ4f1I5PZmmVyTbZIXvEJ4fkmJyRFmkTTgrySJ7Is/PgvDivztu0tOTMeqrkB5z3L0UhoRA=</latexit>

→ R̃
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Dark Pion DM
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• Dark sector energy density by Freeze-In:

• It dilutes as , until  ∼ T4 TD(Tπ) ∼ mπ

<latexit sha1_base64="DytKrgw7KsRY9xWfAt2kC4u2YBw="></latexit>

ωDS(T ) →
NDC

1.66[g→(TR)]3/2
|c5|2εR

8ϑ

MPlTR

m2
L

g→(T )T
4

<latexit sha1_base64="dbudxOlZS3RbLddw4oDWGmUifB4=">AAACJnicbVDLSgMxFM34rPVVdSlIsAgutMyIqEvRjcsqVoVOLZnMrQ1NJkNyRyhDd36MuNXvcCfizl/wD8zULnwdCBzOuY/cE6VSWPT9N29sfGJyaro0U56dm19YrCwtX1idGQ4NrqU2VxGzIEUCDRQo4So1wFQk4TLqHRf+5S0YK3Ryjv0UWordJKIjOEMntStr5+0wFTS0QtEQhYyBnl3n28GAqsJoV6p+zR+C/iXBiFTJCPV25SOMNc8UJMgls7YZ+Cm2cmZQcAmDcphZSBnvsRtoOpowBbaVD+8Y0A2nxLSjjXsJ0qH6vSNnytq+ilylYti1v71C/M9rZtg5aOUiSTOEhH8t6mSSoqZFKDQWBjjKviOMG+H+SnmXGcbRRfdjSzEbtZZ2y7rzuhAPyi6j4Hcif8nFTi3Yq+2d7lYPj0ZplcgqWSebJCD75JCckDppEE7uyAN5JE/evffsvXivX6Vj3qhnhfyA9/4JzHilgA==</latexit>

Tω → R̃→1mω
<latexit sha1_base64="0MsGWdikgENEW/DVp/eeH1/OdZQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFNy6r2AekoUwmk2boJBNmbpQS+hXiVr/Dnbj1C/wM/8BJm4VtPTBwOOfeufceL+FMgWV9G6WV1bX1jfJmZWt7Z3evun/QUSKVhLaJ4EL2PKwoZzFtAwNOe4mkOPI47Xqjm9zvPlKpmIgfYJxQN8LDmAWMYNCS079nwxCwlOJpUK1ZdWsKc5nYBamhAq1B9afvC5JGNAbCsVKObSXgZlgCI5xOKv1U0QSTER5SR9MYR1S52XTliXmiFd8MhNQvBnOq/u3IcKTUOPJ0ZYQhVIteLv7nOSkEV27G4iQFGpPZoCDlJggzv9/0maQE+FgTTCTTu5okxBIT0CnNTcn/BiG4OlP6vJD6k4rOyF5MZJl0zut2o964u6g1r4u0yugIHaNTZKNL1ES3qIXaiCCBXtArejOejXfjw/iclZaMoucQzcH4+gU76J6U</latexit>→

<latexit sha1_base64="eEbNqB7mEL7WYyJ5Usu1yJxreCQ="></latexit>

R̃ →
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4
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• Dark sector energy density by Freeze-In:

• It dilutes as , until  ∼ T4 TD(Tπ) ∼ mπ

<latexit sha1_base64="DytKrgw7KsRY9xWfAt2kC4u2YBw="></latexit>

ωDS(T ) →
NDC

1.66[g→(TR)]3/2
|c5|2εR

8ϑ

MPlTR

m2
L

g→(T )T
4

<latexit sha1_base64="dbudxOlZS3RbLddw4oDWGmUifB4=">AAACJnicbVDLSgMxFM34rPVVdSlIsAgutMyIqEvRjcsqVoVOLZnMrQ1NJkNyRyhDd36MuNXvcCfizl/wD8zULnwdCBzOuY/cE6VSWPT9N29sfGJyaro0U56dm19YrCwtX1idGQ4NrqU2VxGzIEUCDRQo4So1wFQk4TLqHRf+5S0YK3Ryjv0UWordJKIjOEMntStr5+0wFTS0QtEQhYyBnl3n28GAqsJoV6p+zR+C/iXBiFTJCPV25SOMNc8UJMgls7YZ+Cm2cmZQcAmDcphZSBnvsRtoOpowBbaVD+8Y0A2nxLSjjXsJ0qH6vSNnytq+ilylYti1v71C/M9rZtg5aOUiSTOEhH8t6mSSoqZFKDQWBjjKviOMG+H+SnmXGcbRRfdjSzEbtZZ2y7rzuhAPyi6j4Hcif8nFTi3Yq+2d7lYPj0ZplcgqWSebJCD75JCckDppEE7uyAN5JE/evffsvXivX6Vj3qhnhfyA9/4JzHilgA==</latexit>

Tω → R̃→1mω
<latexit sha1_base64="0MsGWdikgENEW/DVp/eeH1/OdZQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFNy6r2AekoUwmk2boJBNmbpQS+hXiVr/Dnbj1C/wM/8BJm4VtPTBwOOfeufceL+FMgWV9G6WV1bX1jfJmZWt7Z3evun/QUSKVhLaJ4EL2PKwoZzFtAwNOe4mkOPI47Xqjm9zvPlKpmIgfYJxQN8LDmAWMYNCS079nwxCwlOJpUK1ZdWsKc5nYBamhAq1B9afvC5JGNAbCsVKObSXgZlgCI5xOKv1U0QSTER5SR9MYR1S52XTliXmiFd8MhNQvBnOq/u3IcKTUOPJ0ZYQhVIteLv7nOSkEV27G4iQFGpPZoCDlJggzv9/0maQE+FgTTCTTu5okxBIT0CnNTcn/BiG4OlP6vJD6k4rOyF5MZJl0zut2o964u6g1r4u0yugIHaNTZKNL1ES3qIXaiCCBXtArejOejXfjw/iclZaMoucQzcH4+gU76J6U</latexit>→

<latexit sha1_base64="eEbNqB7mEL7WYyJ5Usu1yJxreCQ="></latexit>

R̃ →
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4

• Below  the dark pions are non-relativistic and dilute as Tπ, ∼ T3

<latexit sha1_base64="PAAZzVgpb/wtTGKpUMpGYdQAMgI="></latexit>

ωω(T0) → ωDS(Tω)
g→(T0)T 3

0

g→(Tω)T 3
ω
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• Dark sector energy density by Freeze-In:

• It dilutes as , until  ∼ T4 TD(Tπ) ∼ mπ

<latexit sha1_base64="DytKrgw7KsRY9xWfAt2kC4u2YBw="></latexit>

ωDS(T ) →
NDC

1.66[g→(TR)]3/2
|c5|2εR

8ϑ

MPlTR

m2
L

g→(T )T
4

<latexit sha1_base64="dbudxOlZS3RbLddw4oDWGmUifB4=">AAACJnicbVDLSgMxFM34rPVVdSlIsAgutMyIqEvRjcsqVoVOLZnMrQ1NJkNyRyhDd36MuNXvcCfizl/wD8zULnwdCBzOuY/cE6VSWPT9N29sfGJyaro0U56dm19YrCwtX1idGQ4NrqU2VxGzIEUCDRQo4So1wFQk4TLqHRf+5S0YK3Ryjv0UWordJKIjOEMntStr5+0wFTS0QtEQhYyBnl3n28GAqsJoV6p+zR+C/iXBiFTJCPV25SOMNc8UJMgls7YZ+Cm2cmZQcAmDcphZSBnvsRtoOpowBbaVD+8Y0A2nxLSjjXsJ0qH6vSNnytq+ilylYti1v71C/M9rZtg5aOUiSTOEhH8t6mSSoqZFKDQWBjjKviOMG+H+SnmXGcbRRfdjSzEbtZZ2y7rzuhAPyi6j4Hcif8nFTi3Yq+2d7lYPj0ZplcgqWSebJCD75JCckDppEE7uyAN5JE/evffsvXivX6Vj3qhnhfyA9/4JzHilgA==</latexit>

Tω → R̃→1mω
<latexit sha1_base64="0MsGWdikgENEW/DVp/eeH1/OdZQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFNy6r2AekoUwmk2boJBNmbpQS+hXiVr/Dnbj1C/wM/8BJm4VtPTBwOOfeufceL+FMgWV9G6WV1bX1jfJmZWt7Z3evun/QUSKVhLaJ4EL2PKwoZzFtAwNOe4mkOPI47Xqjm9zvPlKpmIgfYJxQN8LDmAWMYNCS079nwxCwlOJpUK1ZdWsKc5nYBamhAq1B9afvC5JGNAbCsVKObSXgZlgCI5xOKv1U0QSTER5SR9MYR1S52XTliXmiFd8MhNQvBnOq/u3IcKTUOPJ0ZYQhVIteLv7nOSkEV27G4iQFGpPZoCDlJggzv9/0maQE+FgTTCTTu5okxBIT0CnNTcn/BiG4OlP6vJD6k4rOyF5MZJl0zut2o964u6g1r4u0yugIHaNTZKNL1ES3qIXaiCCBXtArejOejXfjw/iclZaMoucQzcH4+gU76J6U</latexit>→

<latexit sha1_base64="eEbNqB7mEL7WYyJ5Usu1yJxreCQ="></latexit>

R̃ →
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4

• Below  the dark pions are non-relativistic and dilute as Tπ, ∼ T3

<latexit sha1_base64="PAAZzVgpb/wtTGKpUMpGYdQAMgI="></latexit>

ωω(T0) → ωDS(Tω)
g→(T0)T 3

0

g→(Tω)T 3
ω

<latexit sha1_base64="b00ssmfLeIkMRZQKAYWA60YGBjw="></latexit>

!ωh
2 =

ωω(T0)

ωc
h2

<latexit sha1_base64="dFy+eodwU6kMitWZ4Zm7DOd9/yA="></latexit>

→ 0.1 ·
(ωR

1

) 3
4

(
NDC

3

) 3
4 ( mω

100 keV

)( c5
5 · 10→8

) 3
2

(
TR

1TeV

) 3
4
(
5TeV

mL

) 3
2

<latexit sha1_base64="x648vFdqsuWYcVaBOZkMKHgezKc="></latexit>

→ 0.1 ·
(ωR

1

) 3
4

(
εR

1

) 3
2
(
NDC

3

) 9
4 ( mω

100 keV

)4
(
1MeV

mB

) 3
2
(

TR

1TeV

) 3
4
(
5TeV

mL

)3

• The present-day relic abundance is estimated as
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• Dark sector energy density by Freeze-In:

• It dilutes as , until  ∼ T4 TD(Tπ) ∼ mπ

<latexit sha1_base64="DytKrgw7KsRY9xWfAt2kC4u2YBw="></latexit>

ωDS(T ) →
NDC

1.66[g→(TR)]3/2
|c5|2εR

8ϑ

MPlTR

m2
L

g→(T )T
4

<latexit sha1_base64="dbudxOlZS3RbLddw4oDWGmUifB4=">AAACJnicbVDLSgMxFM34rPVVdSlIsAgutMyIqEvRjcsqVoVOLZnMrQ1NJkNyRyhDd36MuNXvcCfizl/wD8zULnwdCBzOuY/cE6VSWPT9N29sfGJyaro0U56dm19YrCwtX1idGQ4NrqU2VxGzIEUCDRQo4So1wFQk4TLqHRf+5S0YK3Ryjv0UWordJKIjOEMntStr5+0wFTS0QtEQhYyBnl3n28GAqsJoV6p+zR+C/iXBiFTJCPV25SOMNc8UJMgls7YZ+Cm2cmZQcAmDcphZSBnvsRtoOpowBbaVD+8Y0A2nxLSjjXsJ0qH6vSNnytq+ilylYti1v71C/M9rZtg5aOUiSTOEhH8t6mSSoqZFKDQWBjjKviOMG+H+SnmXGcbRRfdjSzEbtZZ2y7rzuhAPyi6j4Hcif8nFTi3Yq+2d7lYPj0ZplcgqWSebJCD75JCckDppEE7uyAN5JE/evffsvXivX6Vj3qhnhfyA9/4JzHilgA==</latexit>

Tω → R̃→1mω
<latexit sha1_base64="0MsGWdikgENEW/DVp/eeH1/OdZQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFNy6r2AekoUwmk2boJBNmbpQS+hXiVr/Dnbj1C/wM/8BJm4VtPTBwOOfeufceL+FMgWV9G6WV1bX1jfJmZWt7Z3evun/QUSKVhLaJ4EL2PKwoZzFtAwNOe4mkOPI47Xqjm9zvPlKpmIgfYJxQN8LDmAWMYNCS079nwxCwlOJpUK1ZdWsKc5nYBamhAq1B9afvC5JGNAbCsVKObSXgZlgCI5xOKv1U0QSTER5SR9MYR1S52XTliXmiFd8MhNQvBnOq/u3IcKTUOPJ0ZYQhVIteLv7nOSkEV27G4iQFGpPZoCDlJggzv9/0maQE+FgTTCTTu5okxBIT0CnNTcn/BiG4OlP6vJD6k4rOyF5MZJl0zut2o964u6g1r4u0yugIHaNTZKNL1ES3qIXaiCCBXtArejOejXfjw/iclZaMoucQzcH4+gU76J6U</latexit>→

<latexit sha1_base64="eEbNqB7mEL7WYyJ5Usu1yJxreCQ="></latexit>

R̃ →
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4

• Below  the dark pions are non-relativistic and dilute as Tπ, ∼ T3

<latexit sha1_base64="PAAZzVgpb/wtTGKpUMpGYdQAMgI="></latexit>

ωω(T0) → ωDS(Tω)
g→(T0)T 3

0

g→(Tω)T 3
ω

<latexit sha1_base64="b00ssmfLeIkMRZQKAYWA60YGBjw="></latexit>

!ωh
2 =

ωω(T0)

ωc
h2

<latexit sha1_base64="dFy+eodwU6kMitWZ4Zm7DOd9/yA="></latexit>

→ 0.1 ·
(ωR

1

) 3
4

(
NDC

3

) 3
4 ( mω

100 keV

)( c5
5 · 10→8

) 3
2

(
TR

1TeV

) 3
4
(
5TeV

mL

) 3
2

<latexit sha1_base64="x648vFdqsuWYcVaBOZkMKHgezKc="></latexit>

→ 0.1 ·
(ωR

1

) 3
4

(
εR

1

) 3
2
(
NDC

3

) 9
4 ( mω

100 keV

)4
(
1MeV

mB

) 3
2
(

TR

1TeV

) 3
4
(
5TeV

mL

)3

<latexit sha1_base64="JDai3dKqsTN4ZS/zG9UACWxuJ4Q="></latexit>

!Bh
2 ↭ 10→20

dark baryons annihilate away 

• The present-day relic abundance is estimated as
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. . . killed by self-interactions

Leading chiral Lagrangian: M(ωω → ωω) ↑ m2
ω
/f2

ω
, so

Elastic self-scattering per unit mass

ωωω

mω

→
mω

128εf4
ω

→ 107 cm2
/g

(
mω

100 keV

)(
NDC

3

)2(MeV
mB

)4

vs. the cluster / halo-shape bound ε/m ↭ 1 cm2/g:
seven orders of magnitude too large.

↭ At fixed spectrum ε/m ↓ 1/m3
ω
: light + strongly

coupled = strongly self-interacting (the QCD

pion’s mω/fω would give 10→3 cm2/g).

↭ A cure needs mB larger by ↑ 102
, which

!ω ↓ m→3/2
B

cannot absorb without violating the

other bounds.

↭ Independent of the portal couplings c5, c6.

mDM

ω/m

excluded: ε/m > 1 cm2
/g

ε/m ↑ m
→3
DM

100 keV dark pion

↫ 10 TeV

dark baryon

(schematic, log–log)

Conclusion: the dark pion can reproduce

the relic abundance and evade indirect

detection, but dark-pion DM is excluded

by self-interactions.

K. Sakurai — Dark hadrons from UV freeze-in 12 / 17

• The self-scattering cross-section of the dark pions is 

. . . killed by self-interactions

Leading chiral Lagrangian: M(ωω → ωω) ↑ m2
ω
/f2

ω
, so

Elastic self-scattering per unit mass

ωωω

mω

→
mω

128εf4
ω

→ 107 cm2
/g

(
mω

100 keV

)(
NDC

3

)2(MeV
mB

)4

vs. the cluster / halo-shape bound ε/m ↭ 1 cm2/g:
seven orders of magnitude too large.

↭ At fixed spectrum ε/m ↓ 1/m3
ω
: light + strongly

coupled = strongly self-interacting (the QCD

pion’s mω/fω would give 10→3 cm2/g).

↭ A cure needs mB larger by ↑ 102
, which

!ω ↓ m→3/2
B

cannot absorb without violating the

other bounds.

↭ Independent of the portal couplings c5, c6.

mDM

ω/m

excluded: ε/m > 1 cm2
/g

ε/m ↑ m
→3
DM

100 keV dark pion

↫ 10 TeV

dark baryon

(schematic, log–log)

Conclusion: the dark pion can reproduce

the relic abundance and evade indirect

detection, but dark-pion DM is excluded

by self-interactions.

K. Sakurai — Dark hadrons from UV freeze-in 12 / 17

• This is 7 orders of magnitude larger than the cluster / halo-shape bound 
<latexit sha1_base64="aGbScr5tc0gb/tuQZim4kElZXvE="></latexit> ωω

mω
↭ 1 cm2/g

• Smaller  or larger  make the abundance too small mπ mB

•  is incompatible with the self-interaction boundΩπh2 ∼ 0.1
<latexit sha1_base64="0MsGWdikgENEW/DVp/eeH1/OdZQ=">AAACEXicbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFNy6r2AekoUwmk2boJBNmbpQS+hXiVr/Dnbj1C/wM/8BJm4VtPTBwOOfeufceL+FMgWV9G6WV1bX1jfJmZWt7Z3evun/QUSKVhLaJ4EL2PKwoZzFtAwNOe4mkOPI47Xqjm9zvPlKpmIgfYJxQN8LDmAWMYNCS079nwxCwlOJpUK1ZdWsKc5nYBamhAq1B9afvC5JGNAbCsVKObSXgZlgCI5xOKv1U0QSTER5SR9MYR1S52XTliXmiFd8MhNQvBnOq/u3IcKTUOPJ0ZYQhVIteLv7nOSkEV27G4iQFGpPZoCDlJggzv9/0maQE+FgTTCTTu5okxBIT0CnNTcn/BiG4OlP6vJD6k4rOyF5MZJl0zut2o964u6g1r4u0yugIHaNTZKNL1ES3qIXaiCCBXtArejOejXfjw/iclZaMoucQzcH4+gU76J6U</latexit>→
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Dark Baryon DM
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<latexit sha1_base64="I3brE+RQEDzfhuEekr/CMWnkZlk="></latexit>

!BdBd→DS < H

<latexit sha1_base64="gfCvKkxKiYFEfjymN/aHm3iCZ0Q="></latexit>

!BdBd→DS > H

:   dark non-thermal 

:   dark thermal 

:   thermal 

strong

weak

• The lightest dark baryon is stable thanks to the accidental dark parity. 

• The lightest dark baryon mass  is independent of the portal coupling .mB ∼ NDCΛDC c5

• A larger parameter space is available than for dark-pion DM.

<latexit sha1_base64="ptNNRpDfLIe3/0KCkNFx1HJvsWg=">AAACJnicbVDLSgMxFM3UV62vqktBgkVwUcqMSHVZ6sZlhbYWOqVk0ts2NJkMSUYow+z8GHGr3+FOxJ2/4B+YPha29UDgcM595J4g4kwb1/1yMmvrG5tb2e3czu7e/kH+8KipZawoNKjkUrUCooGzEBqGGQ6tSAERAYeHYHQ78R8eQWkmw7oZR9ARZBCyPqPEWKmbPxXdxKeE42qKfc0E9lzXLya+ErgOzbSbL7gldwq8Srw5KaA5at38j9+TNBYQGsqJ1m3PjUwnIcowyiHN+bGGiNARGUDb0pAI0J1kekeKz63Sw32p7AsNnqp/OxIitB6LwFYKYoZ62ZuI/3nt2PRvOgkLo9hASGeL+jHHRuJJKLjHFFDDx5YQqpj9K6ZDogg1NrqFLZPZRkqui9qeN4RemrMZecuJrJLmZckrl8r3V4VKdZ5WFp2gM3SBPHSNKugO1VADUfSEXtArenOenXfnw/mclWacec8xWoDz/QsQp6UQ</latexit>

mB → 100TeV

Antipin, Redi, Strumia (+Vigiani) 
[1410.1817, 1503.08749]

<latexit sha1_base64="i/gUN2PkroZjwa2rm/aj+WgyBm8=">AAACInicbVDLSgMxFM3UV62vqjvdBIvgopQZkepKii6cValgH9AZSiZN29BkMiQZoQwFP0bc6ne4E1eCP+EfmLazsK0HAodz7iP3BBGjStv2l5VZWV1b38hu5ra2d3b38vsHDSViiUkdCyZkK0CKMBqSuqaakVYkCeIBI81geDvxm49EKirCBz2KiM9RP6Q9ipE2Uid/5N0hzlEnqVahpwV03XHOK157Reh28gW7ZE8Bl4mTkgJIUevkf7yuwDEnocYMKdV27Ej7CZKaYkbM3FiRCOEh6pO2oSHiRPnJ9IYxPDVKF/aENC/UcKr+7UgQV2rEA1PJkR6oRW8i/ue1Y9278hMaRrEmIZ4t6sUMmmMngcAulQRrNjIEYUnNXyEeIImwNrHNbZnM1kIwVVTmvAHpjnMmI2cxkWXSOC855VL5/qJQuUnTyoJjcALOgAMuQQW4oAbqAIMn8AJewZv1bL1bH9bnrDRjpT2HYA7W9y/zQ6LX</latexit>

!NN→HH > H

<latexit sha1_base64="rs0C7j/Gi0eFh5VV1S96klvrNMw="></latexit>

!NN→HH → nN |c5|2

16ωm2
L

<latexit sha1_base64="DYRN8TuFk+g9szlcsmv0H5WSYbM="></latexit>

!BB→ωs →
nB
”2
DC

Dark Baryon DM



35

<latexit sha1_base64="DytKrgw7KsRY9xWfAt2kC4u2YBw="></latexit>

ωDS(T ) →
NDC

1.66[g→(TR)]3/2
|c5|2εR

8ϑ

MPlTR

m2
L

g→(T )T
4

<latexit sha1_base64="eEbNqB7mEL7WYyJ5Usu1yJxreCQ="></latexit>

R̃ →
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4

<latexit sha1_base64="W022y5BqPlaRbGjNd/YU/OKgv4w=">AAACHXicbVDLSsNAFJ3UV62vqrhyM1gEF1ISkeqyqAuXVVoVmlAmk1s7dJIJMzdCCf0Wcavf4U7cip/hHzitWfg6MHA4577mhKkUBl333SnNzM7NL5QXK0vLK6tr1fWNK6MyzaHDlVT6JmQGpEiggwIl3KQaWBxKuA6HpxP/+g60ESpp4yiFIGa3iegLztBKvepWu3dGfSNi6qOQEdBLf5+2e9WaW3enoH+JV5AaKdDqVT/8SPEshgS5ZMZ0PTfFIGcaBZcwrviZgZTxIbuFrqUJi8EE+fT8Md21SkT7StuXIJ2q3ztyFhszikNbGTMcmN/eRPzP62bYPw5ykaQZQsK/FvUzSVHRSRY0Eho4ypEljGthb6V8wDTjaBP7sWUyG5WSZt/Y7w0gGldsRt7vRP6Sq4O616g3Lg5rzZMirTLZJjtkj3jkiDTJOWmRDuEkJw/kkTw5986z8+K8fpWWnKJnk/yA8/YJ9YyhXA==</latexit>

TD → R̃ T

Dark density:

Dark temperature:

Dark thermal region <latexit sha1_base64="gfCvKkxKiYFEfjymN/aHm3iCZ0Q="></latexit>

!BdBd→DS > H
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<latexit sha1_base64="DytKrgw7KsRY9xWfAt2kC4u2YBw="></latexit>

ωDS(T ) →
NDC

1.66[g→(TR)]3/2
|c5|2εR

8ϑ

MPlTR

m2
L

g→(T )T
4

<latexit sha1_base64="eEbNqB7mEL7WYyJ5Usu1yJxreCQ="></latexit>

R̃ →
[

30NDC

1.66ω2[g→(TR)]3/2
|c5|2εR

8ω

MPlTR

m2
L

] 1
4

<latexit sha1_base64="W022y5BqPlaRbGjNd/YU/OKgv4w=">AAACHXicbVDLSsNAFJ3UV62vqrhyM1gEF1ISkeqyqAuXVVoVmlAmk1s7dJIJMzdCCf0Wcavf4U7cip/hHzitWfg6MHA4577mhKkUBl333SnNzM7NL5QXK0vLK6tr1fWNK6MyzaHDlVT6JmQGpEiggwIl3KQaWBxKuA6HpxP/+g60ESpp4yiFIGa3iegLztBKvepWu3dGfSNi6qOQEdBLf5+2e9WaW3enoH+JV5AaKdDqVT/8SPEshgS5ZMZ0PTfFIGcaBZcwrviZgZTxIbuFrqUJi8EE+fT8Md21SkT7StuXIJ2q3ztyFhszikNbGTMcmN/eRPzP62bYPw5ykaQZQsK/FvUzSVHRSRY0Eho4ypEljGthb6V8wDTjaBP7sWUyG5WSZt/Y7w0gGldsRt7vRP6Sq4O616g3Lg5rzZMirTLZJjtkj3jkiDTJOWmRDuEkJw/kkTw5986z8+K8fpWWnKJnk/yA8/YJ9YyhXA==</latexit>

TD → R̃ T

Dark density:

Dark temperature:

◉  Around , the dark baryon freeze-out:xDf =
mB

TD
∼ 20

Dark thermal region <latexit sha1_base64="gfCvKkxKiYFEfjymN/aHm3iCZ0Q="></latexit>

!BdBd→DS > H

<latexit sha1_base64="ZTQhrVWn5WN2icjLCwGByeYMVxA=">AAACEHicdVDLTgIxFO3gC/GFunTTSExcGDIzIOCO4MYlJgJGIKTT6UBDp520HRMy4SeMW/0Od8atf+Bn+Ad2ABMxepImJ+fc23vv8SJGlbbtDyuzsrq2vpHdzG1t7+zu5fcP2krEEpMWFkzIWw8pwignLU01I7eRJCj0GOl448vU79wTqajgN3oSkX6IhpwGFCNtpLukhxGDjenAH+QLdvGiVnHPXWgXbbvqliopcatltwQdo6QogAWag/xnzxc4DgnXmCGluo4d6X6CpKaYkWmuFysSITxGQ9I1lKOQqH4y23gKT4ziw0BI87iGM/VnR4JCpSahZypDpEfqt5eKf3ndWAe1fkJ5FGvC8XxQEDOoBUzPhz6VBGs2MQRhSc2uEI+QRFibkJampH9rIZg6U+a8EfGnOZPRdxDwf9J2i06lWLkuF+qNRVpZcASOwSlwQBXUwRVoghbAgINH8ASerQfrxXq13ualGWvRcwiWYL1/ARVKnfI=</latexit>

Bd

<latexit sha1_base64="ZTQhrVWn5WN2icjLCwGByeYMVxA=">AAACEHicdVDLTgIxFO3gC/GFunTTSExcGDIzIOCO4MYlJgJGIKTT6UBDp520HRMy4SeMW/0Od8atf+Bn+Ad2ABMxepImJ+fc23vv8SJGlbbtDyuzsrq2vpHdzG1t7+zu5fcP2krEEpMWFkzIWw8pwignLU01I7eRJCj0GOl448vU79wTqajgN3oSkX6IhpwGFCNtpLukhxGDjenAH+QLdvGiVnHPXWgXbbvqliopcatltwQdo6QogAWag/xnzxc4DgnXmCGluo4d6X6CpKaYkWmuFysSITxGQ9I1lKOQqH4y23gKT4ziw0BI87iGM/VnR4JCpSahZypDpEfqt5eKf3ndWAe1fkJ5FGvC8XxQEDOoBUzPhz6VBGs2MQRhSc2uEI+QRFibkJampH9rIZg6U+a8EfGnOZPRdxDwf9J2i06lWLkuF+qNRVpZcASOwSlwQBXUwRVoghbAgINH8ASerQfrxXq13ualGWvRcwiWYL1/ARVKnfI=</latexit>

Bd

<latexit sha1_base64="7fK8W9bcVRVvGBwcmBVcCuqD8Fs=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmZEqsuiG5cV7APaoWQyaRubSYbkjlCG/oK41e9wJ279Bz/DPzDTzsK2Hggczrk3994TxIIbcN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo0ZQ2qhNLtgBgmuGQN4CBYO9aMRIFgrWB0m/mtJ6YNV/IBxjHzIzKQvM8pASs1uzRUYHqlsltxp8DLxMtJGeWo90o/3VDRJGISqCDGdDw3Bj8lGjgVbFLsJobFhI7IgHUslSRixk+n207wqVVC3FfaPgl4qv7tSElkzDgKbGVEYGgWvUz8z+sk0L/2Uy7jBJiks0H9RGBQODsdh1wzCmJsCaGa210xHRJNKNiA5qZkf4NSwpwbe96QhZOizchbTGSZNC8qXrVSvb8s127ytAroGJ2gM+ShK1RDd6iOGoiiR/SCXtGb8+y8Ox/O56x0xcl7jtAcnK9fGRWcVg==</latexit>

··· <latexit sha1_base64="QX/KFopNbRVTGHuM80l/N/nAeaM=">AAACC3icdVDLSgMxFM3UV62vqks3wSK4kJIpMra7ohuXFWwttEPJZDJtaCYZkoxQhn6CuNXvcCdu/Qg/wz8w01awogcCh3Puzb33BAln2iD04RRWVtfWN4qbpa3tnd298v5BR8tUEdomkkvVDbCmnAnaNsxw2k0UxXHA6V0wvsr9u3uqNJPi1kwS6sd4KFjECDZWavcTNggH5QqqIgvPgzlx68i1pNGo12oN6M4shCpggdag/NkPJUljKgzhWOueixLjZ1gZRjidlvqppgkmYzykPUsFjqn2s9myU3hilRBGUtknDJypPzsyHGs9iQNbGWMz0r+9XPzL66UmqvsZE0lqqCDzQVHKoZEwvxyGTFFi+MQSTBSzu0IywgoTY/NZmpL/baTk+kzb80Y0nJZsRt9BwP9Jp1Z1vap3c15pXi7SKoIjcAxOgQsuQBNcgxZoAwIYeARP4Nl5cF6cV+dtXlpwFj2HYAnO+xd9m5wI</latexit>ωd

<latexit sha1_base64="DYRN8TuFk+g9szlcsmv0H5WSYbM="></latexit>

!BB→ωs →
nB
”2
DC



37

Dark non-thermal region
<latexit sha1_base64="I3brE+RQEDzfhuEekr/CMWnkZlk="></latexit>

!BdBd→DS < H
dark hadron jet

<latexit sha1_base64="88ocyIjHZQ7gegPeFRKquwPXaVs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEEpcyIVJdVN11WsA9opyWTZtrQTGZMMoUy9DvcuFDErR/jzr8x085CWw/cy+Gce8nN8SLOlLbtb2tldW19YzO3ld/e2d3bLxwcNlQYS0LrJOShbHlYUc4ErWumOW1FkuLA47Tpje5TvzmmUrFQPOpJRN0ADwTzGcHaSG61a1+g27RVu+e9QtEu2TOgZeJkpAgZar3CV6cfkjigQhOOlWo7dqTdBEvNCKfTfCdWNMJkhAe0bajAAVVuMjt6ik6N0kd+KE0JjWbq740EB0pNAs9MBlgP1aKXiv957Vj7N27CRBRrKsj8IT/mSIcoTQD1maRE84khmEhmbkVkiCUm2uSUNyE4i19eJo3LklMulR+uipW7LI4cHMMJnIED11CBKtSgDgSe4Ble4c0aWy/Wu/UxH12xsp0j+APr8wejcJAV</latexit>

H0, A0, H+

<latexit sha1_base64="aYRlTsb9La4hquCT3HYjsPrJ2Cw=">AAAB9HicbVDLTgIxFL3jE/GFunTTSExcKJkxBl2iblhiIo8EBtIpHWjodMa2Q0ImfIcbFxrj1o9x59/YgVkoeJJ7c3LOvent8SLOlLbtb2tldW19YzO3ld/e2d3bLxwcNlQYS0LrJOShbHlYUc4ErWumOW1FkuLA47Tpje5TvzmmUrFQPOpJRN0ADwTzGcHaSG61a5+j27RVuxe9QtEu2TOgZeJkpAgZar3CV6cfkjigQhOOlWo7dqTdBEvNCKfTfCdWNMJkhAe0bajAAVVuMjt6ik6N0kd+KE0JjWbq740EB0pNAs9MBlgP1aKXiv957Vj7N27CRBRrKsj8IT/mSIcoTQD1maRE84khmEhmbkVkiCUm2uSUNyE4i19eJo3LklMulR+uipW7LI4cHMMJnIED11CBKtSgDgSe4Ble4c0aWy/Wu/UxH12xsp0j+APr8wemeJAX</latexit>

H0, A0, H�

<latexit sha1_base64="yCzHYqu7kxyJhNF0dMOHGdV1m0c=">AAAB9HicbZBNSwMxEIZn/az1q+rRS7AIHqTsilSPRS+epIL9gHYps2nahmaza5ItlKW/w4sHRbz6Y7z5b0zbPWjrC4GHd2aYyRvEgmvjut/Oyura+sZmbiu/vbO7t184OKzrKFGU1WgkItUMUDPBJasZbgRrxophGAjWCIa303pjxJTmkXw045j5IfYl73GKxlr+fYefk3aAiljqFIpuyZ2JLIOXQREyVTuFr3Y3oknIpKECtW55bmz8FJXhVLBJvp1oFiMdYp+1LEoMmfbT2dETcmqdLulFyj5pyMz9PZFiqPU4DGxniGagF2tT879aKzG9az/lMk4Mk3S+qJcIYiIyTYB0uWLUiLEFpIrbWwkdoEJqbE55G4K3+OVlqF+UvHKp/HBZrNxkceTgGE7gDDy4ggrcQRVqQOEJnuEV3pyR8+K8Ox/z1hUnmzmCP3I+fwBV9pEw</latexit>

Ni, N̄i

<latexit sha1_base64="vFCSHHFkzxQezMJYXHgHT0dsSG0=">AAAB9HicbZDLSgMxFIZP6q3WW9Wlm2ARXEiZEakui25cSQV7gXYomTTTxmYyY5IplKHP4caFIm59GHe+jWk7C239IfDxn3M4J78fC66N43yj3Mrq2vpGfrOwtb2zu1fcP2joKFGU1WkkItXyiWaCS1Y33AjWihUjoS9Y0x/eTOvNEVOaR/LBjGPmhaQvecApMdby7rqPZ7jjE4UtdYslp+zMhJfBzaAEmWrd4lenF9EkZNJQQbRuu05svJQow6lgk0In0SwmdEj6rG1RkpBpL50dPcEn1unhIFL2SYNn7u+JlIRaj0PfdobEDPRibWr+V2snJrjyUi7jxDBJ54uCRGAT4WkCuMcVo0aMLRCquL0V0wFRhBqbU8GG4C5+eRka52W3Uq7cX5Sq11kceTiCYzgFFy6hCrdQgzpQeIJneIU3NEIv6B19zFtzKJs5hD9Cnz9ZCJEy</latexit>

Nj , N̄j

dark hadron jet

time

Figure 1: Schematic of the freeze-in production: a Higgs pair scatters into a pair of dark quarks
through the heavy-mediator portal, which then fragment into jets of dark hadrons.

with E =
→

s the centre-of-mass energy. In the radiation-dominated era, energy conservation

between the two sectors yields the energy-balance equation for the dark-sector energy density,

dωDS

dt
+ 4HωDS = !E(SM ↑ DS), (4.2)

where the energy-injection rate is

!E(SM ↑ DS) = n2
H ↓ε(HH ↑ NN) E↔ ↗

NDC |c5|
2

8ϑ m2
L

T 7 ϖT , ϖT ↘ 1+
35

6
ϱ2 T 2

m2
L

, (4.3)

with nH ↗ T 3 and ϱ ↘ |c6|/|c5|. Rather than retaining only the leading D = 5 term, we have

kept both portal operators: ϖT collects the dimension-six contribution to the energy-weighted

thermal average of Eq. (4.1), the coe”cient 35/6 following from the relativistic moments∫→
0 x7K1 dx/

∫→
0 x5K1 dx = 35 together with the 1/6 of Eq. (4.1). The factor reduces to

unity for ϱ ↭ mL/TR but takes over in the hierarchical-Yukawa regime |yL| ≃ |yR|, where

ϱ ≃ 1; it is the energy-injection counterpart of the ϖ that enters the number yield in Eq. (6.3).

We neglect the back-reaction !E(DS ↑ SM), an approximation justified in Sec. 4.3. Trading

time for temperature through SM entropy conservation and integrating Eq. (4.2) from the

reheating temperature TR down to T gives

ωDS(T ) ↗
NDC

1.66 [g↑(TR)]3/2

|c5|
2

8ϑ

MPl TR

m2
L

(
1 ⇐

[g↑(TR)

g↑(T )

]3/2 T

TR

)
g↑(T ) T 4 ϖR. (4.4)

The temperature-dependent factor ϖT has here collapsed into the constant

ϖR ↘ 1 +
35

18
ϱ2 T 2

R

m2
L

, (4.5)

the coe”cient 35/18 = 1
3 ·

35
6 arising because the extra T 2 of the D = 6 term contributes∫

TR T 2 dT ⇒ T 3
R

to the UV-dominated integral. Since !E ⇒ T 7 rises steeply with temperature,

the dark sector is populated predominantly at the highest temperatures, T ↗ TR: this is UV

– 10 –

<latexit sha1_base64="tdOxddS+PxYGDs7Tyvr4extnrX4=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFN122YB/QhjKZ3LRDJzNhZiKU0A8Qt/od7sStn+Fn+AdO2ixs64GBwzn3zr33+DGjSjvOt1XY2Nza3inulvb2Dw6PyscnHSUSSaBNBBOy52MFjHJoa6oZ9GIJOPIZdP3JQ+Z3n0AqKvijnsbgRXjEaUgJ1kZqNYblilN15rDXiZuTCsrRHJZ/BoEgSQRcE4aV6rtOrL0US00Jg1lpkCiIMZngEfQN5TgC5aXzRWf2hVECOxTSPK7tufq3I8WRUtPIN5UR1mO16mXif14/0eGdl1IeJxo4WQwKE2ZrYWdX2wGVQDSbGoKJpGZXm4yxxESbbJamZH9rIZi6Uua8MQSzksnIXU1knXSuq26tWmvdVOr3eVpFdIbO0SVy0S2qowZqojYiCNALekVv1rP1bn1Yn4vSgpX3nKIlWF+/w56Z8w==</latexit>

H

<latexit sha1_base64="tdOxddS+PxYGDs7Tyvr4extnrX4=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4kJKIVJdFN122YB/QhjKZ3LRDJzNhZiKU0A8Qt/od7sStn+Fn+AdO2ixs64GBwzn3zr33+DGjSjvOt1XY2Nza3inulvb2Dw6PyscnHSUSSaBNBBOy52MFjHJoa6oZ9GIJOPIZdP3JQ+Z3n0AqKvijnsbgRXjEaUgJ1kZqNYblilN15rDXiZuTCsrRHJZ/BoEgSQRcE4aV6rtOrL0US00Jg1lpkCiIMZngEfQN5TgC5aXzRWf2hVECOxTSPK7tufq3I8WRUtPIN5UR1mO16mXif14/0eGdl1IeJxo4WQwKE2ZrYWdX2wGVQDSbGoKJpGZXm4yxxESbbJamZH9rIZi6Uua8MQSzksnIXU1knXSuq26tWmvdVOr3eVpFdIbO0SVy0S2qowZqojYiCNALekVv1rP1bn1Yn4vSgpX3nKIlWF+/w56Z8w==</latexit>

H

<latexit sha1_base64="m3IYM5HWP3RatP0QGqKjZqmFVuU="></latexit>

ṅ+ 3Hn →
∫

d!↑n̄↓ |MHH→NN |2 f2
H

<latexit sha1_base64="jiYhA7crFauecvU6eur0ZpJtuS0="></latexit>

→ ↑n̄↓TR NDC

16ω5m2
L

(
|c5|2 + 24|c6|2

T 2

m2
L

)
T 6

• Boltzmann equation:

Freeze-in yield of dark baryons

The relic is now heavy and stable: track its number,
weighting each HH → NN event by the shower

multiplicity ↑n̄↓:

ṅ + 3Hn ↔
↑n̄↓TRNDC

16ω5m2
L

T 6
[
↗c5↗

2 + 24 ↗c6↗
2 T 2

m2
L

]

The RHS saturates near TR (freeze ↑n̄↓, g→ there):

YD =
n

S
↘

180 N3
DCεnϑ2

R

1.66 (2ω)7g→S

≃
g→ x2

TRMPl m4
ω

m2
B

m4
L

↑n̄↓TR

↭ D = 6 enters via εn ⇐ 1 + 8ϖ2T 2
R
/m2

L
( ⇒= εR: a

di!erent moment of the operator).

↭ Dark pions here: subdominant, unstable, mω ↘

MeV–!DC; scalar mixing dominates.

Parameter region scanned

mB ↘ 10 TeV–108 GeV,

TR/mB ↘ 10–102
,

mL/TR ↘ 10–102
, rB ↘ 0.3,

NDC = 3

1 2 5 10 20 50 100

hEi [TeV]
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h
n̄
i

�DC = 1 TeV

Mean dark-hadron multiplicity per event for

!DC = 1 TeV.

K. Sakurai — Dark hadrons from UV freeze-in 13 / 17

Contino, Max, Mishra 
[2012.08537] 

<latexit sha1_base64="UT7JzPI4JSYIJEzWzjUDxsxhS9M="></latexit>

→n̄↑: average # of dark hadrons per event
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Dark non-thermal region
<latexit sha1_base64="I3brE+RQEDzfhuEekr/CMWnkZlk="></latexit>

!BdBd→DS < H
dark hadron jet

<latexit sha1_base64="88ocyIjHZQ7gegPeFRKquwPXaVs=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEEpcyIVJdVN11WsA9opyWTZtrQTGZMMoUy9DvcuFDErR/jzr8x085CWw/cy+Gce8nN8SLOlLbtb2tldW19YzO3ld/e2d3bLxwcNlQYS0LrJOShbHlYUc4ErWumOW1FkuLA47Tpje5TvzmmUrFQPOpJRN0ADwTzGcHaSG61a1+g27RVu+e9QtEu2TOgZeJkpAgZar3CV6cfkjigQhOOlWo7dqTdBEvNCKfTfCdWNMJkhAe0bajAAVVuMjt6ik6N0kd+KE0JjWbq740EB0pNAs9MBlgP1aKXiv957Vj7N27CRBRrKsj8IT/mSIcoTQD1maRE84khmEhmbkVkiCUm2uSUNyE4i19eJo3LklMulR+uipW7LI4cHMMJnIED11CBKtSgDgSe4Ble4c0aWy/Wu/UxH12xsp0j+APr8wejcJAV</latexit>

H0, A0, H+

<latexit sha1_base64="aYRlTsb9La4hquCT3HYjsPrJ2Cw=">AAAB9HicbVDLTgIxFL3jE/GFunTTSExcKJkxBl2iblhiIo8EBtIpHWjodMa2Q0ImfIcbFxrj1o9x59/YgVkoeJJ7c3LOvent8SLOlLbtb2tldW19YzO3ld/e2d3bLxwcNlQYS0LrJOShbHlYUc4ErWumOW1FkuLA47Tpje5TvzmmUrFQPOpJRN0ADwTzGcHaSG61a5+j27RVuxe9QtEu2TOgZeJkpAgZar3CV6cfkjigQhOOlWo7dqTdBEvNCKfTfCdWNMJkhAe0bajAAVVuMjt6ik6N0kd+KE0JjWbq740EB0pNAs9MBlgP1aKXiv957Vj7N27CRBRrKsj8IT/mSIcoTQD1maRE84khmEhmbkVkiCUm2uSUNyE4i19eJo3LklMulR+uipW7LI4cHMMJnIED11CBKtSgDgSe4Ble4c0aWy/Wu/UxH12xsp0j+APr8wemeJAX</latexit>

H0, A0, H�

<latexit sha1_base64="yCzHYqu7kxyJhNF0dMOHGdV1m0c=">AAAB9HicbZBNSwMxEIZn/az1q+rRS7AIHqTsilSPRS+epIL9gHYps2nahmaza5ItlKW/w4sHRbz6Y7z5b0zbPWjrC4GHd2aYyRvEgmvjut/Oyura+sZmbiu/vbO7t184OKzrKFGU1WgkItUMUDPBJasZbgRrxophGAjWCIa303pjxJTmkXw045j5IfYl73GKxlr+fYefk3aAiljqFIpuyZ2JLIOXQREyVTuFr3Y3oknIpKECtW55bmz8FJXhVLBJvp1oFiMdYp+1LEoMmfbT2dETcmqdLulFyj5pyMz9PZFiqPU4DGxniGagF2tT879aKzG9az/lMk4Mk3S+qJcIYiIyTYB0uWLUiLEFpIrbWwkdoEJqbE55G4K3+OVlqF+UvHKp/HBZrNxkceTgGE7gDDy4ggrcQRVqQOEJnuEV3pyR8+K8Ox/z1hUnmzmCP3I+fwBV9pEw</latexit>

Ni, N̄i

<latexit sha1_base64="vFCSHHFkzxQezMJYXHgHT0dsSG0=">AAAB9HicbZDLSgMxFIZP6q3WW9Wlm2ARXEiZEakui25cSQV7gXYomTTTxmYyY5IplKHP4caFIm59GHe+jWk7C239IfDxn3M4J78fC66N43yj3Mrq2vpGfrOwtb2zu1fcP2joKFGU1WkkItXyiWaCS1Y33AjWihUjoS9Y0x/eTOvNEVOaR/LBjGPmhaQvecApMdby7rqPZ7jjE4UtdYslp+zMhJfBzaAEmWrd4lenF9EkZNJQQbRuu05svJQow6lgk0In0SwmdEj6rG1RkpBpL50dPcEn1unhIFL2SYNn7u+JlIRaj0PfdobEDPRibWr+V2snJrjyUi7jxDBJ54uCRGAT4WkCuMcVo0aMLRCquL0V0wFRhBqbU8GG4C5+eRka52W3Uq7cX5Sq11kceTiCYzgFFy6hCrdQgzpQeIJneIU3NEIv6B19zFtzKJs5hD9Cnz9ZCJEy</latexit>

Nj , N̄j

dark hadron jet

time

Figure 1: Schematic of the freeze-in production: a Higgs pair scatters into a pair of dark quarks
through the heavy-mediator portal, which then fragment into jets of dark hadrons.

with E =
→

s the centre-of-mass energy. In the radiation-dominated era, energy conservation

between the two sectors yields the energy-balance equation for the dark-sector energy density,

dωDS

dt
+ 4HωDS = !E(SM ↑ DS), (4.2)

where the energy-injection rate is

!E(SM ↑ DS) = n2
H ↓ε(HH ↑ NN) E↔ ↗

NDC |c5|
2

8ϑ m2
L

T 7 ϖT , ϖT ↘ 1+
35

6
ϱ2 T 2

m2
L

, (4.3)

with nH ↗ T 3 and ϱ ↘ |c6|/|c5|. Rather than retaining only the leading D = 5 term, we have

kept both portal operators: ϖT collects the dimension-six contribution to the energy-weighted

thermal average of Eq. (4.1), the coe”cient 35/6 following from the relativistic moments∫→
0 x7K1 dx/

∫→
0 x5K1 dx = 35 together with the 1/6 of Eq. (4.1). The factor reduces to

unity for ϱ ↭ mL/TR but takes over in the hierarchical-Yukawa regime |yL| ≃ |yR|, where

ϱ ≃ 1; it is the energy-injection counterpart of the ϖ that enters the number yield in Eq. (6.3).

We neglect the back-reaction !E(DS ↑ SM), an approximation justified in Sec. 4.3. Trading

time for temperature through SM entropy conservation and integrating Eq. (4.2) from the

reheating temperature TR down to T gives

ωDS(T ) ↗
NDC

1.66 [g↑(TR)]3/2

|c5|
2

8ϑ

MPl TR

m2
L

(
1 ⇐

[g↑(TR)

g↑(T )

]3/2 T

TR

)
g↑(T ) T 4 ϖR. (4.4)

The temperature-dependent factor ϖT has here collapsed into the constant

ϖR ↘ 1 +
35

18
ϱ2 T 2

R

m2
L

, (4.5)

the coe”cient 35/18 = 1
3 ·

35
6 arising because the extra T 2 of the D = 6 term contributes∫

TR T 2 dT ⇒ T 3
R

to the UV-dominated integral. Since !E ⇒ T 7 rises steeply with temperature,

the dark sector is populated predominantly at the highest temperatures, T ↗ TR: this is UV

– 10 –
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→ ↑n̄↓TR NDC

16ω5m2
L

(
|c5|2 + 24|c6|2

T 2

m2
L

)
T 6

• Boltzmann equation:

Freeze-in yield of dark baryons

The relic is now heavy and stable: track its number,
weighting each HH → NN event by the shower

multiplicity ↑n̄↓:

ṅ + 3Hn ↔
↑n̄↓TRNDC

16ω5m2
L

T 6
[
↗c5↗

2 + 24 ↗c6↗
2 T 2

m2
L

]

The RHS saturates near TR (freeze ↑n̄↓, g→ there):

YD =
n

S
↘

180 N3
DCεnϑ2

R

1.66 (2ω)7g→S

≃
g→ x2

TRMPl m4
ω

m2
B

m4
L

↑n̄↓TR

↭ D = 6 enters via εn ⇐ 1 + 8ϖ2T 2
R
/m2

L
( ⇒= εR: a

di!erent moment of the operator).

↭ Dark pions here: subdominant, unstable, mω ↘

MeV–!DC; scalar mixing dominates.

Parameter region scanned

mB ↘ 10 TeV–108 GeV,

TR/mB ↘ 10–102
,

mL/TR ↘ 10–102
, rB ↘ 0.3,

NDC = 3
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→n̄↑: average # of dark hadrons per event

• Integrating from  to 0 yieldsTR

Finally, the Boltzmann equation is expressed as

dYD

dT
→ ↑

1

SHT

↓n̄↔TRNDC

16ω5m2
L

T 6

[
||c5||

2 + 24||c6||
2 T 2

m2
L

]

= ↑
45↓n̄↔TRNDC

1.66 · 32ω7g→S
↗

g→

MPl

m2
L

[
||c5||

2 + 24||c6||
2 T 2

m2
L

]
(5.102)

Integrating it from T = TR to T ↑, we obtain the dark yield at T = T ↑ < TR as

YD(T ↑) = ỸD · F (T ↑) (5.103)

with

F (T ↑) = 1 ↑

↓n̄↔T →T ↑
(
||c5||

2 + ||c6||
2 8T

→2

m
2
L

)

↓n̄↔TRTR

(
||c5||

2 + ||c6||
2 8T

2
R

m
2
L

) (5.104)

and

ỸD ↘
180NDC

1.66 · (2ω)7g→S
↗

g→

TRMPl

m2
L

↓n̄↔TR

(
||c5||

2 + ||c6||
2 8T 2

R

m2
L

)

↘
180NDC

1.66 · (2ω)7g→S
↗

g→

TRMPl

m2
L

· εϑ2
R
c2
5→↓n̄↔TR

↘
180N3

DC εϑ2
R

1.66 · (2ω)7g→S
↗

g→ · x2

TRMPlm4
ω

m2
B
m4

L

↓n̄↔TR . (5.105)

where in the second we have used ||c5|| ↘ ϑRc5→, ||c6|| ↘ ϖϑRc5→ (ϖâ
↘ ϖ), and defined

ε ≃ 1 + ϖ2
·
8T 2

R

m2
L

> 1 , (5.106)

and in the third line we have used c5→ = NDCm
2
ω

xmLmB
. The dark number density at T = T ↑ < TR is then

estimated as

n(T ↑) = YD(T ↑)S(T ↑) =
2ω2g→SỸD

45
· F (T ↑)T ↑3 . (5.107)

5.1 Non-thermal region

As the temperature T ↑ decreases, the dark number density n(T ↑) quickly increases and then decreases
with the scaling ↘ T ↑3. The question is whether the dark sector reaches internal thermal equilibrium
through the scattering processes hh ⇐ [many hadrons]. To address this question, we compare the
dark scattering rate, !DS(T ↑) = n(T ↑)ϱDS, with the Hubble expansin rate, H = 1.66

↗
g→

T
→2

MPl
, where

ϱDS ↘ 1/”2
DS is the cross section of hh ⇐ [many hadrons]. The ratio in question is given by

!DS(T ↑)

H(T ↑)
↘

2N2
DCω2g→SỸD

45 · 1.66
↗

g→

MPlTR

m2
B

· F (T ↑)
T ↑

TR

(5.108)

If |c5|
2

⇒ |c6|
2 8T

2
R

m
2
L

, the factor F (T ↑) T
→

TR
peaks at T ↑

→ =
↓n̄↔TR
2↓n̄↔T →↑

TR. At this temperature, the ratio takes

the maximal value
!DS(T ↑

→)

H(T ↑
→)

↘
N2

DCω2g→SỸD

90 · 1.66
↗

g→

MPlTR

m2
B

↓n̄↔TR

↓n̄↔T →
↑

(5.109)
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rB → 0.3: fraction of dark baryons in a jet

Finally, the Boltzmann equation is expressed as

dYD

dT
→ ↑

1

SHT

↓n̄↔TRNDC

16ω5m2
L

T 6

[
||c5||

2 + 24||c6||
2 T 2

m2
L

]

= ↑
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1.66 · 32ω7g→S
↗

g→

MPl

m2
L

[
||c5||

2 + 24||c6||
2 T 2

m2
L

]
(5.102)

Integrating it from T = TR to T ↑, we obtain the dark yield at T = T ↑ < TR as

YD(T ↑) = ỸD · F (T ↑) (5.103)

with

F (T ↑) = 1 ↑

↓n̄↔T →T ↑
(
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2 + ||c6||
2 8T
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)
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and
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where in the second we have used ||c5|| ↘ ϑRc5→, ||c6|| ↘ ϖϑRc5→ (ϖâ
↘ ϖ), and defined

ε ≃ 1 + ϖ2
·
8T 2

R

m2
L

> 1 , (5.106)

and in the third line we have used c5→ = NDCm
2
ω

xmLmB
. The dark number density at T = T ↑ < TR is then

estimated as

n(T ↑) = YD(T ↑)S(T ↑) =
2ω2g→SỸD

45
· F (T ↑)T ↑3 . (5.107)

5.1 Non-thermal region

As the temperature T ↑ decreases, the dark number density n(T ↑) quickly increases and then decreases
with the scaling ↘ T ↑3. The question is whether the dark sector reaches internal thermal equilibrium
through the scattering processes hh ⇐ [many hadrons]. To address this question, we compare the
dark scattering rate, !DS(T ↑) = n(T ↑)ϱDS, with the Hubble expansin rate, H = 1.66

↗
g→

T
→2

MPl
, where

ϱDS ↘ 1/”2
DS is the cross section of hh ⇐ [many hadrons]. The ratio in question is given by

!DS(T ↑)
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If |c5|
2

⇒ |c6|
2 8T

2
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2
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, the factor F (T ↑) T
→

TR
peaks at T ↑

→ =
↓n̄↔TR
2↓n̄↔T →↑

TR. At this temperature, the ratio takes

the maximal value
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!(NN → HH) > H

<latexit sha1_base64="LLtne+C0VFFuZJJbFZoTalTJrKQ=">AAACI3icbVDLSgMxFM3UV62vUZfdBItQoZQZkepKii6cZQX7gE4pmUymDU0mQ5IRSunCjxG3+h3uxI0LP8I/MH0sbOuBwOGc+8g9QcKo0o7zZWXW1jc2t7LbuZ3dvf0D+/CooUQqMaljwYRsBUgRRmNS11Qz0kokQTxgpBkMbid+85FIRUX8oIcJ6XDUi2lEMdJG6tp5/w5xjop+QqGvBfS8M+iXrv0S9GDXLjhlZwq4Stw5KYA5al37xw8FTjmJNWZIqbbrJLozQlJTzMg456eKJAgPUI+0DY0RJ6ozmh4xhqdGCWEkpHmxhlP1b8cIcaWGPDCVHOm+WvYm4n9eO9XRVWdE4yTVJMazRVHKoLl2kggMqSRYs6EhCEtq/gpxH0mEtcltYctkthaCqZIy5/VJOM6ZjNzlRFZJ47zsVsqV+4tC9WaeVhbkwQkoAhdcgirwQA3UAQZP4AW8gjfr2Xq3PqzPWWnGmvccgwVY37/B5aKq</latexit>

!(ω → HH) > H

<latexit sha1_base64="ptNNRpDfLIe3/0KCkNFx1HJvsWg=">AAACJnicbVDLSgMxFM3UV62vqktBgkVwUcqMSHVZ6sZlhbYWOqVk0ts2NJkMSUYow+z8GHGr3+FOxJ2/4B+YPha29UDgcM595J4g4kwb1/1yMmvrG5tb2e3czu7e/kH+8KipZawoNKjkUrUCooGzEBqGGQ6tSAERAYeHYHQ78R8eQWkmw7oZR9ARZBCyPqPEWKmbPxXdxKeE42qKfc0E9lzXLya+ErgOzbSbL7gldwq8Srw5KaA5at38j9+TNBYQGsqJ1m3PjUwnIcowyiHN+bGGiNARGUDb0pAI0J1kekeKz63Sw32p7AsNnqp/OxIitB6LwFYKYoZ62ZuI/3nt2PRvOgkLo9hASGeL+jHHRuJJKLjHFFDDx5YQqpj9K6ZDogg1NrqFLZPZRkqui9qeN4RemrMZecuJrJLmZckrl8r3V4VKdZ5WFp2gM3SBPHSNKugO1VADUfSEXtArenOenXfnw/mclWacec8xWoDz/QsQp6UQ</latexit>

mB → 100TeV

thermal freeze-out

<latexit sha1_base64="YX/b02yas+fHgPuUO1/zSJ/xcus="></latexit>

105 GeV ↭ mB ↭ 109 GeV
<latexit sha1_base64="rN1AgLluOQd/3X4FRyoj2DXgoZM=">AAACMHicbVDLTgIxFO34RHyhLt00EhMWSmZ8oEuiG5eYyCMBJJ1ygYbOdNJ2TMgwv+DHGLf6Hboybt35BxaYRAFP0uT0nHt7e48bcKa0bb9bC4tLyyurqbX0+sbm1nZmZ7eiRCgplKngQtZcooAzH8qaaQ61QALxXA5Vt3898qsPIBUT/p0eBND0SNdnHUaJNlIrk3Ps++i4EOMGB6UU8/CQts6Hv9exfxrjViZr5+0x8DxxEpJFCUqtzHejLWjoga8pJ0rVHTvQzYhIzSiHON0IFQSE9kkX6ob6xAPVjMYbxfjQKG3cEdIcX+Ox+rcjIp5SA881lR7RPTXrjcT/vHqoO5fNiPlBqMGnk0GdkGMt8Cge3GYSqOYDQwiVzPwV0x6RhGoT4tSU0dtaCK6OlFmvB+04bTJyZhOZJ5WTvFPIF27PssWrJK0U2kcHKIccdIGK6AaVUBlR9Iie0Qt6tZ6sN+vD+pyULlhJzx6agvX1A4vRqNo=</latexit>

10→6 ↭ |c5| ↭ 10→3

<latexit sha1_base64="3TgMfQhGOwCwYfwaF7hizUD/QsI=">AAACG3icbVC7TsMwFHV4lvIKdGSxqJAYoEoQFNgqWBiLRB9SGyrHdVqrThzZDlKU5lMQK3wHG2Jl4DP4A5w2A205kqWjc+7Lxw0Zlcqyvo2l5ZXVtfXCRnFza3tn19zbb0oeCUwamDMu2i6ShNGANBRVjLRDQZDvMtJyR7eZ33oiQlIePKg4JI6PBgH1KEZKSz2zNMa9izHsSupD23pMTq9T2DPLVsWaAC4SOydlkKPeM3+6fY4jnwQKMyRlx7ZC5SRIKIoZSYvdSJIQ4REakI6mAfKJdJLJ8Sk80kofelzoFyg4Uf92JMiXMvZdXekjNZTzXib+53Ui5V05CQ3CSJEATxd5EYOKwywJ2KeCYMViTRAWVN8K8RAJhJXOa2ZLNltxzuSJ1N8bkn5a1BnZ84kskuZZxa5Wqvfn5dpNnlYBHIBDcAxscAlq4A7UQQNgEIMX8ArejGfj3fgwPqelS0beUwIzML5+AY5ToKE=</latexit>

|c5| → 10→9

Dark thermal:

Dark non-thermal:
<latexit sha1_base64="1dfY+nDnp5K0GoRmJMpZ7fJWCCs=">AAACI3icbVBNSwMxEM36WetX1aOXYBE8SNkVaT2WetCjgq1Ct5ZsOm2DyWZJZoWy9OCPEa/6O7yJFw/+CP+Bae3BWgcCj/fezGRelEhh0fc/vLn5hcWl5dxKfnVtfWOzsLXdsDo1HOpcS21uImZBihjqKFDCTWKAqUjCdXR3OtKv78FYoeMrHCTQUqwXi67gDB3VLuyqdo2GPXQORQP/thIeZqFR9Awaw3ah6Jf8cdFZEExAkUzqol34Cjuapwpi5JJZ2wz8BFsZMyi4hGE+TC0kjN+xHjQdjJkC28rGRwzpvmM6tKuNezHSMfu7I2PK2oGKnFMx7Nu/2oj8T2um2D1pZSJOUoSY/yzqppKipqNEaEcY4CgHDjBuhPsr5X1mGEeX29SW0WzUWtpD687rQ2eYdxkFfxOZBY2jUlAulS+Pi9XaJK0c2SV75IAEpEKq5JxckDrh5IE8kWfy4j16r96b9/5jnfMmPTtkqrzPb+Bso/M=</latexit>

mB ↭ 107 GeV
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mω [GeV] for ωI = 1.

Self-interactions: no constraint

Geometric, size → 1/!DC:

ωBB

mB

→
N2

DC

m3
B

→ 2 ↑ 10→15 cm2/g
(10 TeV

mB

)3

↭ !Bh
2 = 0.1 on the red line;

overproduction in the red
region.

- - ”DS/H = 1: non-thermal
(below) vs. dark-thermal
(above).

↭ dark and SM sectors at a
common temperature.

↭ thermal estimate not trusted.

↭ ”ω→HH/H > 1 at freeze-out.

↭ mω > #DC: mB → NDC#DC

breaks down.

The observed density is

reproduced from mB → 10 TeV

(thermally coupled) up to

→ 108
GeV (non-thermal).

K. Sakurai — Dark hadrons from UV freeze-in 15 / 17

The self-scattering bound is easily satisfied:

<latexit sha1_base64="ptNNRpDfLIe3/0KCkNFx1HJvsWg=">AAACJnicbVDLSgMxFM3UV62vqktBgkVwUcqMSHVZ6sZlhbYWOqVk0ts2NJkMSUYow+z8GHGr3+FOxJ2/4B+YPha29UDgcM595J4g4kwb1/1yMmvrG5tb2e3czu7e/kH+8KipZawoNKjkUrUCooGzEBqGGQ6tSAERAYeHYHQ78R8eQWkmw7oZR9ARZBCyPqPEWKmbPxXdxKeE42qKfc0E9lzXLya+ErgOzbSbL7gldwq8Srw5KaA5at38j9+TNBYQGsqJ1m3PjUwnIcowyiHN+bGGiNARGUDb0pAI0J1kekeKz63Sw32p7AsNnqp/OxIitB6LwFYKYoZ62ZuI/3nt2PRvOgkLo9hASGeL+jHHRuJJKLjHFFDDx5YQqpj9K6ZDogg1NrqFLZPZRkqui9qeN4RemrMZecuJrJLmZckrl8r3V4VKdZ5WFp2gM3SBPHSNKugO1VADUfSEXtArenOenXfnw/mclWacec8xWoDz/QsQp6UQ</latexit>

mB → 100TeV

thermal freeze-out

<latexit sha1_base64="YX/b02yas+fHgPuUO1/zSJ/xcus="></latexit>

105 GeV ↭ mB ↭ 109 GeV
<latexit sha1_base64="rN1AgLluOQd/3X4FRyoj2DXgoZM=">AAACMHicbVDLTgIxFO34RHyhLt00EhMWSmZ8oEuiG5eYyCMBJJ1ygYbOdNJ2TMgwv+DHGLf6Hboybt35BxaYRAFP0uT0nHt7e48bcKa0bb9bC4tLyyurqbX0+sbm1nZmZ7eiRCgplKngQtZcooAzH8qaaQ61QALxXA5Vt3898qsPIBUT/p0eBND0SNdnHUaJNlIrk3Ps++i4EOMGB6UU8/CQts6Hv9exfxrjViZr5+0x8DxxEpJFCUqtzHejLWjoga8pJ0rVHTvQzYhIzSiHON0IFQSE9kkX6ob6xAPVjMYbxfjQKG3cEdIcX+Ox+rcjIp5SA881lR7RPTXrjcT/vHqoO5fNiPlBqMGnk0GdkGMt8Cge3GYSqOYDQwiVzPwV0x6RhGoT4tSU0dtaCK6OlFmvB+04bTJyZhOZJ5WTvFPIF27PssWrJK0U2kcHKIccdIGK6AaVUBlR9Iie0Qt6tZ6sN+vD+pyULlhJzx6agvX1A4vRqNo=</latexit>

10→6 ↭ |c5| ↭ 10→3

Dark thermal:

Dark non-thermal:
<latexit sha1_base64="3TgMfQhGOwCwYfwaF7hizUD/QsI=">AAACG3icbVC7TsMwFHV4lvIKdGSxqJAYoEoQFNgqWBiLRB9SGyrHdVqrThzZDlKU5lMQK3wHG2Jl4DP4A5w2A205kqWjc+7Lxw0Zlcqyvo2l5ZXVtfXCRnFza3tn19zbb0oeCUwamDMu2i6ShNGANBRVjLRDQZDvMtJyR7eZ33oiQlIePKg4JI6PBgH1KEZKSz2zNMa9izHsSupD23pMTq9T2DPLVsWaAC4SOydlkKPeM3+6fY4jnwQKMyRlx7ZC5SRIKIoZSYvdSJIQ4REakI6mAfKJdJLJ8Sk80kofelzoFyg4Uf92JMiXMvZdXekjNZTzXib+53Ui5V05CQ3CSJEATxd5EYOKwywJ2KeCYMViTRAWVN8K8RAJhJXOa2ZLNltxzuSJ1N8bkn5a1BnZ84kskuZZxa5Wqvfn5dpNnlYBHIBDcAxscAlq4A7UQQNgEIMX8ArejGfj3fgwPqelS0beUwIzML5+AY5ToKE=</latexit>

|c5| → 10→9
<latexit sha1_base64="1dfY+nDnp5K0GoRmJMpZ7fJWCCs=">AAACI3icbVBNSwMxEM36WetX1aOXYBE8SNkVaT2WetCjgq1Ct5ZsOm2DyWZJZoWy9OCPEa/6O7yJFw/+CP+Bae3BWgcCj/fezGRelEhh0fc/vLn5hcWl5dxKfnVtfWOzsLXdsDo1HOpcS21uImZBihjqKFDCTWKAqUjCdXR3OtKv78FYoeMrHCTQUqwXi67gDB3VLuyqdo2GPXQORQP/thIeZqFR9Awaw3ah6Jf8cdFZEExAkUzqol34Cjuapwpi5JJZ2wz8BFsZMyi4hGE+TC0kjN+xHjQdjJkC28rGRwzpvmM6tKuNezHSMfu7I2PK2oGKnFMx7Nu/2oj8T2um2D1pZSJOUoSY/yzqppKipqNEaEcY4CgHDjBuhPsr5X1mGEeX29SW0WzUWtpD687rQ2eYdxkFfxOZBY2jUlAulS+Pi9XaJK0c2SV75IAEpEKq5JxckDrh5IE8kWfy4j16r96b9/5jnfMmPTtkqrzPb+Bso/M=</latexit>

mB ↭ 107 GeV

<latexit sha1_base64="zIcuS77p69xypegiJWBXRw5R/jM=">AAACJnicbVDLSgMxFM34rPVVdSlIsAgupMwUqS5L3bizgn1Ap5ZMetuGJpMxyQhl6M6PEbf6He5E3PkL/oHpY2FbDwQO59xH7gkizrRx3S9naXlldW09tZHe3Nre2c3s7Ve1jBWFCpVcqnpANHAWQsUww6EeKSAi4FAL+lcjv/YISjMZ3plBBE1BuiHrMEqMlVqZI/9GQJe0Ep8SjkvD3n0e+5oJeMBuzsu3Mlk3546BF4k3JVk0RbmV+fHbksYCQkM50brhuZFpJkQZRjkM036sISK0T7rQsDQkAnQzGd8xxCdWaeOOVPaFBo/Vvx0JEVoPRGArBTE9Pe+NxP+8Rmw6l82EhVFsIKSTRZ2YYyPxKBTcZgqo4QNLCFXM/hXTHlGEGhvdzJbRbCMl12fanteD9jBtM/LmE1kk1XzOK+QKt+fZYmmaVgodomN0ijx0gYroGpVRBVH0hF7QK3pznp1358P5nJQuOdOeAzQD5/sX+IKk/A==</latexit>

!Bh
2 → 0.12

<latexit sha1_base64="Yg4roVDlsnZ15oyf4RC1cJC3HM0=">AAACIXicbVDLSgMxFM34rPU16krcBIvgQspMkepKSt24s4J9QKeWTHrbhmYmQ5IRylD8GHGr3+FO3Ilf4R+YabuwrQcCh3PuI/f4EWdKO86XtbS8srq2ntnIbm5t7+zae/s1JWJJoUoFF7LhEwWchVDVTHNoRBJI4HOo+4Pr1K8/glRMhPd6GEErIL2QdRkl2kht+9C7DaBH2olHCcflUf+hgK+wk3cLbTvn5J0x8CJxpySHpqi07R+vI2gcQKgpJ0o1XSfSrYRIzSiHUdaLFUSEDkgPmoaGJADVSsYnjPCJUTq4K6R5ocZj9W9HQgKlhoFvKgOi+2reS8X/vGasu5ethIVRrCGkk0XdmGMtcJoH7jAJVPOhIYRKZv6KaZ9IQrVJbWZLOlsLwdWZMuf1oTPKmozc+UQWSa2Qd4v54t15rlSeppVBR+gYnSIXXaASukEVVEUUPaEX9IrerGfr3fqwPielS9a05wDNwPr+BWFUoo0=</latexit>

!Bh
2 > 0.12

<latexit sha1_base64="H5/rLV7QsoHcCGd/1r8J3MVLRP4=">AAACC3icbVDLSgMxFM3UV62vqks3wSK4kDIjUl0W3bis4LSFdiiZTKYNzWNIMkIZ+gniVr/Dnbj1I/wM/8BMOwvbeiBwOOfe3HtPmDCqjet+O6W19Y3NrfJ2ZWd3b/+genjU1jJVmPhYMqm6IdKEUUF8Qw0j3UQRxENGOuH4Lvc7T0RpKsWjmSQk4GgoaEwxMlby+aCf0EG15tbdGeAq8QpSAwVag+pPP5I45UQYzJDWPc9NTJAhZShmZFrpp5okCI/RkPQsFYgTHWSzZafwzCoRjKWyTxg4U/92ZIhrPeGhreTIjPSyl4v/eb3UxDdBRkWSGiLwfFCcMmgkzC+HEVUEGzaxBGFF7a4Qj5BC2Nh8Fqbkfxspmb7Q9rwRiaYVm5G3nMgqaV/WvUa98XBVa94WaZXBCTgF58AD16AJ7kEL+AADCl7AK3hznp1358P5nJeWnKLnGCzA+foFLbab1A==</latexit>mω

<latexit sha1_base64="IdPX8IqwXJWqjNGXs8FdOFYvaYk=">AAACInicbVDLSgMxFM3UV62vUXe6CRahQikzItWVFF04q1LBPqBTSiZN29BkMiQZoZSCHyNu9TvciSvBn/APTNtZ2NYDgcM595F7gohRpR3ny0qtrK6tb6Q3M1vbO7t79v5BTYlYYlLFggnZCJAijIakqqlmpBFJgnjASD0Y3E78+iORiorwQQ8j0uKoF9IuxUgbqW0f+XeIc5Qrl6GvBfS8M+jnr/089GDbzjoFZwq4TNyEZEGCStv+8TsCx5yEGjOkVNN1It0aIakpZmSc8WNFIoQHqEeahoaIE9UaTW8Yw1OjdGBXSPNCDafq344R4koNeWAqOdJ9tehNxP+8Zqy7V60RDaNYkxDPFnVjBs21k0Bgh0qCNRsagrCk5q8Q95FEWJvY5rZMZmshmMorc16fdMYZk5G7mMgyqZ0X3GKheH+RLd0kaaXBMTgBOeCCS1ACHqiAKsDgCbyAV/BmPVvv1of1OStNWUnPIZiD9f0LlK2iBw==</latexit>

!(NN → HH) > H

<latexit sha1_base64="LLtne+C0VFFuZJJbFZoTalTJrKQ=">AAACI3icbVDLSgMxFM3UV62vUZfdBItQoZQZkepKii6cZQX7gE4pmUymDU0mQ5IRSunCjxG3+h3uxI0LP8I/MH0sbOuBwOGc+8g9QcKo0o7zZWXW1jc2t7LbuZ3dvf0D+/CooUQqMaljwYRsBUgRRmNS11Qz0kokQTxgpBkMbid+85FIRUX8oIcJ6XDUi2lEMdJG6tp5/w5xjop+QqGvBfS8M+iXrv0S9GDXLjhlZwq4Stw5KYA5al37xw8FTjmJNWZIqbbrJLozQlJTzMg456eKJAgPUI+0DY0RJ6ozmh4xhqdGCWEkpHmxhlP1b8cIcaWGPDCVHOm+WvYm4n9eO9XRVWdE4yTVJMazRVHKoLl2kggMqSRYs6EhCEtq/gpxH0mEtcltYctkthaCqZIy5/VJOM6ZjNzlRFZJ47zsVsqV+4tC9WaeVhbkwQkoAhdcgirwQA3UAQZP4AW8gjfr2Xq3PqzPWWnGmvccgwVY37/B5aKq</latexit>

!(ω → HH) > H

Preliminary result
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Conclusion
We studied composite DM × freeze-in via the Higgs portal in the  model 
— a confining SO(NDC) and no WZW term, no CFT phase.

L ⊕ N
Conclusion (alternative: table version)

Dark pion ωd Dark baryon Bd

Production UV freeze-in of dark quarks at T → TR via the D = 5, 6 Higgs portal

Stability none (decays via the portal) accidental Zd
2

Relic set by injected energy ↑ redshifted pion gas freeze-in yield / dark freeze-out

Mass for !h2 ↓ 0.1 mω → 100 keV mB → 105–109 GeV and beyond

Indirect detection X-ray / ε-ray lines none

ϑ/m → 107 cm2
/g → 10→15 cm2

/g

Verdict excluded viable

In a confining dark sector populated by freeze-in, ϑ/m ↔ 1/m3
DM makes

self-interactions the decisive discriminator: the heavy composite baryon is the DM

candidate.

2

<latexit sha1_base64="OOLpMksvWcbkxYHHcAbzOSmHYOY="></latexit>

BB → ωs, ω → εε (CTAO?)
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Thank you for listening!
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4

freedom g⇤, Eq. (12) can be solved analytically (see Sup-
plemental Material for details). The qualitative behavior
of ⇢CFT with temperature is dictated by the dimension d

of the operator OCFT . For d above the critical dimension
d⇤, most of the CFT energy is produced at high temper-
atures, close to TR, by pair-annihilations of SM particles;
the decay contribution, if present, is subdominant.2 On
the other hand, for d < d⇤, contributions from both pair-
annihilations and decays (if present) grow with decreas-
ing T . The resulting CFT density is IR dominated and
can be calculated without knowledge of UV quantities
such as TR, as in the freeze-in scenario of Ref. [26, 27] (for
review of variations of freeze-in models and phenomenol-
ogy, see [28]). We will focus on this case for the rest of
the paper. We call this scenario Conformal Freeze-In, or
COFI. The critical dimensions are d⇤ = 5/2 for the Higgs
portal, and d⇤ = 3/2 for the quark portal.

For both portals, production of CFT energy e↵ectively
ceases soon after the SM temperature drops below the
mass of the particle coupled to the CFT: T ⇠ mh for the
Higgs portal3 and T ⇠ ⇤QCD for the quark portal. After
that, ⇢CFT redshifts as a

�4, until the CFT temperature
drops to TD ⇠ Mgap. At that time, conformal symmetry
is broken and a confining phase transition takes place.
We assume that all of the energy stored in the CFT sec-
tor is transferred to DM particles, on a time scale short
compared to Hubble at that time. If mDM ⌧ Mgap, the
dark matter energy density will continue to redshift as
radiation until its temperature drops below mDM , after
which it behaves as non-relativistic matter. With these
assumptions, the relic density can be estimated analyti-
cally (see Supplemental Material). For example, for the
Higgs portal, the relic density is dominated by the Higgs
decay contribution, and is given by

⌦DMh
2

0.1
=

h
mDM

1 MeV

i
2

64

⇣
Af

3
d g

�9/2
⇤

⌘1/4

10�5

3

75

2

64

⇣
Mgap

mh

⌘(6� 3d
2 )

10�12

3

75 ,

(13)
where g⇤ ⇠ 100 is the number of relativistic SM degrees
of freedom at the weak scale. An example of the evo-
lution of CFT/DM energy density, for the Higgs portal
scenario and parameters that provide the observed DM
relic density, is shown in Fig. 1. This and all figures below
are based on full numerical solutions of Eq. (12), which
is in good agreement with Eq. (13).

2
For earlier work on freeze-in in the UV sensitive regime, see for

e.g. [25].
3
In the Higgs portal case, there is a residual quark/gluon-CFT

interaction below the weak scale, induced through integrating

out the Higgs. Numerically, its e↵ect is subdominant.
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FIG. 2: Dark matter relic density contours (red) and obser-
vational/theoretical constraints, in the Higgs portal model.
Thick red line indicates parameters where the observed dark
matter abundance is reproduced.

DARK MATTER PHENOMENOLOGY

Since the dark matter relic density is determined by
IR physics, and the dark matter mass and its interaction
strength are related through Eqs. (3), the COFI scenario
is remarkably predictive. In particular, there is a nearly
universal relationship between the dark matter relic den-
sity and the gap scale, with only a mild dependence on
other parameters. In the case of the Higgs portal, the ob-
served relic density is reproduced for Mgap ⇠ 1�10 MeV,
while for the quark portal, it is Mgap ⇠ 10� 100 keV.
If the DM particle is a generic bound state of a

strongly-coupled theory with mDM ⇠ Mgap, its elastic
self-scattering interaction cross section can be estimated
as �self ⇡ 1/

�
8⇡M2

gap

�
. This is far too large, in both

Higgs and quark portal scenarios, to be consistent with
bounds from galaxy clusters such as the Bullet clus-
ter [29, 30]. We therefore consider the case where the
DM is a PGB, with mass ratio r = mDM/Mgap ⌧ 1. The
self-scattering cross section scales as

�self ⇠
m

6
DM

8⇡M8
gap

=
r
6

8⇡M2
gap

, (14)

where we assumed that self-scattering is mediated by
states with masses ⇠ Mgap (e.g. the counterparts of
the ⇢ meson of QCD), and derivative couplings of the
PGB have been taken into account. Modest values of
r ⇠ 0.01 � 0.1 are su�cient to avoid the self-interaction
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FIG. 3: Dark matter relic density contours (red) and obser-
vational/theoretical constraints, in the quark portal model.
Thick red line indicates parameters where the observed dark
matter abundance is reproduced.

bounds for parameters with viable ⌦DM . This is illus-
trated in Figs. 2 and 3.

Another important phenomenological constraint is
that the DM should be cold, i.e. remain non-relativistic
during structure formation [31]. This constraint is some-
what weaker than in the case of SM sterile neutrinos,
m >

⇠ 5 keV, because the CFT sector is colder than the
SM. Nevertheless, for the quark portal, the warm DM
bound rules out a significant part of the parameter space;
see Fig. 3. For the Higgs portal, the DM is heavier and
this bound is irrelevant.

There are many experimental and observational con-
straints on the strength of CFT/DM coupling to the
SM. These include LHC searches for unparticles pro-
duced in qq̄ annihilations [32, 33] or Higgs decays [34, 35];
bounds on invisible meson decays involving unparticles
from the B-factories [36–38]; supernova SN1987a en-
ergy loss and stellar cooling due to unparticle or DM
emissions [20, 39, 40]; modification of the ionization
history due to energy injection by late-time DM an-
nihilations [41–44]; di↵use X- and Gamma-ray back-
grounds [45]; and spectral distortion of the CMB black-
body distribution by early energy injection [46]. We
checked that our scenario is easily consistent with all
these bounds, due to a highly suppressed coupling be-
tween the dark sector and the SM. Note also that the
Big Bang Nucleosynthesis (BBN) bound on the number
of new light degrees of freedom [47] does not apply, be-
cause TD ⌧ T at the time of BBN.

On the theoretical side, there are several consistency
conditions that may further constrain the parameter
space, as shown in Figs. 2 and 3. The “naturalness”
bound stems from requiring that if TR < ⇤CFT , then
MU < MPl. “Bootstrap” condition, d > 1.61, is ex-
plained in the paragraph below Eq. (5). Both these
bounds are model-dependent, and may be modified or
eliminated by the choice of a UV completion of the CFT
and symmetry charge assignment for OCFT , respectively.
We conclude that for the Higgs portal, the confor-

mal freeze-in (COFI) dark matter scenario is easily vi-
able, consistent with all observational and theoretical
constraints. This scenario contains a novel DM candi-
date, a CFT bound state, whose mass is predicted to be
in the experimentally interesting sub-MeV range. The
lower bound on the DM mass is about a keV, where
warm dark matter constraint becomes insurmountable.
For the quark portal, the situation is more constrained.
A small sliver of parameter space, with d close to 1, is
observationally viable, but inconsistent with the boot-
strap condition in its simplest form. It is interesting that
viability of the DM candidate in this case hinges upon
highly non-trivial intrinsic properties of the CFT.
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D = 6 operators in the Higgs components gives the vertices

HH → ωω :
c5RV 3

f2
ωmL

[
(ω1)2 + (ω3)2

](
H+H→ + !↑!

)
,

HH → ωω : ↑ i
cUB

6

m2
L

(ω3εµω1
↑ ω1εµω3)

[
H→εµH+

↑ H+εµH→ + !↑εµ! ↑ !εµ!↑],

HH → ω :
2câ

5I
V 3

fωmL

ωâ
(
H+H→ + !↑!

)
,

HH → ω : ↑ i
fωcâ

6

m2
L

(εµωâ)
[
H→εµH+

↑ H+εµH→ + !↑εµ! ↑ !εµ!↑]. (A.1)

When the Higgs thermal mass is included, HH → ω is kinematically closed for mh(T ) >

mω/2, so the HH → ωω channels dominate. For mh(T ) = m̃ ↓ mω their matrix elements

are

M
(5)
HH↓ωω

=
c5RV 3

f2
ωmL

, M
(6)
HH↓ωω

= i
cUB

6

m2
L

4Eq cos ϑ, (A.2)

with E and q the energy and momentum of the incoming Higgses and ϑ the scattering angle.

B Loop functions

The loop functions entering Eq. (5.5) are [41, 42]

AH

1/2(ϖ) = 2
[
ϖ + (ϖ ↑ 1)f(ϖ)

]
ϖ→2,

AH

1 (ϖ) = ↑
[
2ϖ2 + 3ϖ + 3(2ϖ ↑ 1)f(ϖ)

]
ϖ→2,

AA

1/2(ϖ) = 2 ϖ→1f(ϖ), (B.1)

where A1 ↔ AH

1 is the W -boson contribution, and

f(ϖ) =






arcsin2 ↗
ϖ , ϖ ↘ 1,

↑
1

4

[
log

1 +
↗

1 ↑ ϖ→1

1 ↑
↗

1 ↑ ϖ→1
↑ iω

]2
, ϖ > 1,

(B.2)

evaluated at ϖi = (m̃â
ω)2/(4m2

i
) with i = f, W .

C Boltzmann integrals

The collision integral of the number-density Boltzmann equation is evaluated, for T ↓

mh, mN , following Refs. [1, 44]. Reducing the four-body phase space to a single integral

over s,

ṅ + 3Hn ≃
3T

512ω6

∫
ds d” ⇐n̄⇒

↗
s

4

∑

mode

|M|
2 K1

(↗
s

T

)
, (C.1)
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