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Matter-Antimatter Asymmetry

Departure from thermal equilibrium 

C & CP-violation

Baryon number violation

Sakharov’s Conditions 

Kuzmin, Rubakov & Shaposhnikov (1985)

Gavela, Hernandez, Orloff & Pene (1994)

Kajantie, Laine, Rummukainen & Shaposhnikov (1996)
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Planck 2015 (1502.01589)

B. D. Fields et al., JCAP (2019).

http://www.apple.com/uk
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http://www.apple.com/uk
https://pdg.lbl.gov/2019/reviews/rpp2019-rev-bbang-nucleosynthesis.pdf
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Electroweak 
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Kuzmin, Rubakov & Shaposhnikov (1985) 
Cohen, Kaplan & Nelson (1993) • Strong first-order EW phase transition  

modifications in the Higgs sector
⟹

�
<latexit sha1_base64="G7m8IZX8nBMzUU57gLFJi+v14VI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rGFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WV1bX1jfJmZWt7Z3evun/waJJMM+6zRCa6HVLDpVDcR4GSt1PNaRxK3gpHt1O/9cS1EYl6wHHKg5gOlIgEo2gln3TToehVa27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reef3y/qLWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBa7aOcA==</latexit>

V (�)
<latexit sha1_base64="gYFjq/mjYhlqq2NC++avtyugB3I=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2HXB3oMevEYwTwgCWF2MpsMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7/FgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/up36zSeujYjUA45j3g3pQIlAMIpWajXKpBMPxWmvWHIr7gxkmXgZKUGGWq/41elHLAm5QiapMW3PjbGbUo2CST4pdBLDY8pGdMDblioactNNZ/dOyIlV+iSItC2FZKb+nkhpaMw49G1nSHFoFr2p+J/XTjC47qZCxQlyxeaLgkQSjMj0edIXmjOUY0so08LeStiQasrQRlSwIXiLLy+TxlnFO69c3l+UqjdZHHk4gmMogwdXUIU7qEEdGEh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AdyyjzU=</latexit>

�
<latexit sha1_base64="G7m8IZX8nBMzUU57gLFJi+v14VI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8QI9FLx4rGFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WV1bX1jfJmZWt7Z3evun/waJJMM+6zRCa6HVLDpVDcR4GSt1PNaRxK3gpHt1O/9cS1EYl6wHHKg5gOlIgEo2gln3TToehVa27dnYEsE68gNSjQ7FW/uv2EZTFXyCQ1puO5KQY51SiY5JNKNzM8pWxEB7xjqaIxN0E+O3ZCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xOhtF1kAuVZsgVmy+KMkkwIdPPSV9ozlCOLaFMC3srYUOqKUObT8WG4C2+vEwez+reef3y/qLWuCniKMMRHMMpeHAFDbiDJvjAQMAzvMKbo5wX5935mLeWnGLmEP7A+fwBa7aOcA==</latexit>

V (�)
<latexit sha1_base64="gYFjq/mjYhlqq2NC++avtyugB3I=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2HXB3oMevEYwTwgCWF2MpsMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7/FgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/up36zSeujYjUA45j3g3pQIlAMIpWajXKpBMPxWmvWHIr7gxkmXgZKUGGWq/41elHLAm5QiapMW3PjbGbUo2CST4pdBLDY8pGdMDblioactNNZ/dOyIlV+iSItC2FZKb+nkhpaMw49G1nSHFoFr2p+J/XTjC47qZCxQlyxeaLgkQSjMj0edIXmjOUY0so08LeStiQasrQRlSwIXiLLy+TxlnFO69c3l+UqjdZHHk4gmMogwdXUIU7qEEdGEh4hld4cx6dF+fd+Zi35pxs5hD+wPn8AdyyjzU=</latexit>

hvi 6= 0

<latexit sha1_base64="1083PNtw05FNnyoKVfrykWQhPD4=">AAACAHicbZA9SwNBEIbn4leMX1ELC5vFIFiFO4loGbSxjGBiIHeEvc1csmRv79zdC4SQxr9iY6GIrT/Dzn/j5qPQxBcWHt6ZYXbeMBVcG9f9dnIrq2vrG/nNwtb2zu5ecf+goZNMMayzRCSqGVKNgkusG24ENlOFNA4FPoT9m0n9YYBK80Tem2GKQUy7kkecUWOtdvHIF1R2BZKBr2bgS3wkbrtYcsvuVGQZvDmUYK5au/jldxKWxSgNE1TrluemJhhRZTgTOC74mcaUsj7tYsuipDHqYDQ9YExOrdMhUaLsk4ZM3d8TIxprPYxD2xlT09OLtYn5X62VmegqGHGZZgYlmy2KMkFMQiZpkA5XyIwYWqBMcftXwnpUUWZsZgUbgrd48jI0zstepXxxVylVr+dx5OEYTuAMPLiEKtxCDerAYAzP8ApvzpPz4rw7H7PWnDOfOYQ/cj5/AMpeleM=</latexit>

�

V
⇠ (↵wT )

4

<latexit sha1_base64="TA8ZEA9UotY/6cp1bR5r8Eckrfw="></latexit>

<latexit sha1_base64="3z9RXTRU5zD+E/XPVsBEUA0alBo="></latexit>

�

V
⇠ T 4e�

8⇡v
gwT

hvi = 0

<latexit sha1_base64="98NJsCeZwmVBsmCOu/BdpHOvqzc=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVJpKIboejGZQV7gSaUyXTSDp1MwsykUEPxVdy4UMSt7+HOt3HaZqGtPwx8/Occzpk/SDhT2nG+rcLK6tr6RnGztLW9s7tn7x80VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMb6f11ohKxWLxoMcJ9SPcFyxkBGtjde0jj2PR5xSNPDmHa+R07bJTcWZCy+DmUIZc9a795fVikkZUaMKxUh3XSbSfYakZ4XRS8lJFE0yGuE87BgWOqPKz2fUTdGqcHgpjaZ7QaOb+nshwpNQ4CkxnhPVALdam5n+1TqrDKz9jIkk1FWS+KEw50jGaRoF6TFKi+dgAJpKZWxEZYImJNoGVTAju4peXoXlecauVi/tquXaTx1GEYziBM3DhEmpwB3VoAIFHeIZXeLOerBfr3fqYtxasfOYQ/sj6/AEoipRi</latexit>

Electroweak Baryogenesis



Jessica Turner 6

Electroweak Baryogenesis

• Strong first-order EW phase transition  
modifications in the Higgs sector

⟹

• Fermion species reflected CP 
violating at Higgs bubble wall  
electric dipole moment

⟹
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Electroweak Baryogenesis

• Strong first-order EW phase transition  
modifications in the Higgs sector

⟹

• Fermion species reflected CP 
violating at Higgs bubble wall  
electric dipole moment

⟹
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<latexit sha1_base64="3z9RXTRU5zD+E/XPVsBEUA0alBo="></latexit>
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<latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit>

 L
<latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit>

hvi 6= 0

<latexit sha1_base64="1083PNtw05FNnyoKVfrykWQhPD4=">AAACAHicbZA9SwNBEIbn4leMX1ELC5vFIFiFO4loGbSxjGBiIHeEvc1csmRv79zdC4SQxr9iY6GIrT/Dzn/j5qPQxBcWHt6ZYXbeMBVcG9f9dnIrq2vrG/nNwtb2zu5ecf+goZNMMayzRCSqGVKNgkusG24ENlOFNA4FPoT9m0n9YYBK80Tem2GKQUy7kkecUWOtdvHIF1R2BZKBr2bgS3wkbrtYcsvuVGQZvDmUYK5au/jldxKWxSgNE1TrluemJhhRZTgTOC74mcaUsj7tYsuipDHqYDQ9YExOrdMhUaLsk4ZM3d8TIxprPYxD2xlT09OLtYn5X62VmegqGHGZZgYlmy2KMkFMQiZpkA5XyIwYWqBMcftXwnpUUWZsZgUbgrd48jI0zstepXxxVylVr+dx5OEYTuAMPLiEKtxCDerAYAzP8ApvzpPz4rw7H7PWnDOfOYQ/cj5/AMpeleM=</latexit>

hvi = 0

<latexit sha1_base64="98NJsCeZwmVBsmCOu/BdpHOvqzc=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVJpKIboejGZQV7gSaUyXTSDp1MwsykUEPxVdy4UMSt7+HOt3HaZqGtPwx8/Occzpk/SDhT2nG+rcLK6tr6RnGztLW9s7tn7x80VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMb6f11ohKxWLxoMcJ9SPcFyxkBGtjde0jj2PR5xSNPDmHa+R07bJTcWZCy+DmUIZc9a795fVikkZUaMKxUh3XSbSfYakZ4XRS8lJFE0yGuE87BgWOqPKz2fUTdGqcHgpjaZ7QaOb+nshwpNQ4CkxnhPVALdam5n+1TqrDKz9jIkk1FWS+KEw50jGaRoF6TFKi+dgAJpKZWxEZYImJNoGVTAju4peXoXlecauVi/tquXaTx1GEYziBM3DhEmpwB3VoAIFHeIZXeLOerBfr3fqYtxasfOYQ/sj6/AEoipRi</latexit>

 L
<latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit>

 L
<latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit>

 R
<latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit>
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Electroweak Baryogenesis

• Strong first-order EW phase transition  
modifications in the Higgs sector

⟹

• Fermion species reflected CP 
violating at Higgs bubble wall  
electric dipole moment

⟹
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• Stringent EDM limits place many

    models under tight constraints 

    such as MSSM & 2HDM

Roussy et al 
(2023)
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hvi 6= 0
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hvi = 0
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 L
<latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit>

Baryon  
asymmetry

Kuzmin, Rubakov & Shaposhnikov (1985) 
Cohen, Kaplan & Nelson (1993) 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.081803
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Electroweak Baryogenesis

• Strong first-order EW phase transition  
modifications in the Higgs sector

⟹

• Fermion species reflected CP 
violating at Higgs bubble wall  
electric dipole moment

⟹

<latexit sha1_base64="SrqJin9cge1jRnIHH1VSB+lvTEU="></latexit>

|de| < 4.1⇥ 10�30 e · cm Roussy et al 
(2023)

<latexit sha1_base64="z96H+HrQdU4LB7pn/5vDD5dFUFs="></latexit>

|dn| < 1.8⇥ 10�26 e · cm

• Time-varying Yukawa couplings:  
CKM varies during EWPT  Yukawa 

couplings  at EW symmetric phase and 
evolve to values today at end of PT

⟹
𝒪(1)

Baldes, Bruggisser, Konstantin, Servant (2016)

CPV

CPV

CPV

CPV
CPV

CPV

CPV

CPV

CPVCPV

�

V
⇠ (↵wT )

4

<latexit sha1_base64="TA8ZEA9UotY/6cp1bR5r8Eckrfw="></latexit>

<latexit sha1_base64="3z9RXTRU5zD+E/XPVsBEUA0alBo="></latexit>

�

V
⇠ T 4e�

8⇡v
gwT

 R
<latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit><latexit sha1_base64="tL/g22kmS3fkwn7KILO1DiqIEGU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzU7tY172UP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrz2My6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNi6rnVr37y0rtJo+jCCdwCufgwRXU4A7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz8UCY/7</latexit>

 L
<latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit>

hvi 6= 0

<latexit sha1_base64="1083PNtw05FNnyoKVfrykWQhPD4=">AAACAHicbZA9SwNBEIbn4leMX1ELC5vFIFiFO4loGbSxjGBiIHeEvc1csmRv79zdC4SQxr9iY6GIrT/Dzn/j5qPQxBcWHt6ZYXbeMBVcG9f9dnIrq2vrG/nNwtb2zu5ecf+goZNMMayzRCSqGVKNgkusG24ENlOFNA4FPoT9m0n9YYBK80Tem2GKQUy7kkecUWOtdvHIF1R2BZKBr2bgS3wkbrtYcsvuVGQZvDmUYK5au/jldxKWxSgNE1TrluemJhhRZTgTOC74mcaUsj7tYsuipDHqYDQ9YExOrdMhUaLsk4ZM3d8TIxprPYxD2xlT09OLtYn5X62VmegqGHGZZgYlmy2KMkFMQiZpkA5XyIwYWqBMcftXwnpUUWZsZgUbgrd48jI0zstepXxxVylVr+dx5OEYTuAMPLiEKtxCDerAYAzP8ApvzpPz4rw7H7PWnDOfOYQ/cj5/AMpeleM=</latexit>

hvi = 0

<latexit sha1_base64="98NJsCeZwmVBsmCOu/BdpHOvqzc=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVJpKIboejGZQV7gSaUyXTSDp1MwsykUEPxVdy4UMSt7+HOt3HaZqGtPwx8/Occzpk/SDhT2nG+rcLK6tr6RnGztLW9s7tn7x80VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMb6f11ohKxWLxoMcJ9SPcFyxkBGtjde0jj2PR5xSNPDmHa+R07bJTcWZCy+DmUIZc9a795fVikkZUaMKxUh3XSbSfYakZ4XRS8lJFE0yGuE87BgWOqPKz2fUTdGqcHgpjaZ7QaOb+nshwpNQ4CkxnhPVALdam5n+1TqrDKz9jIkk1FWS+KEw50jGaRoF6TFKi+dgAJpKZWxEZYImJNoGVTAju4peXoXlecauVi/tquXaTx1GEYziBM3DhEmpwB3VoAIFHeIZXeLOerBfr3fqYtxasfOYQ/sj6/AEoipRi</latexit>

 L
<latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit><latexit sha1_base64="efrpiI8ur1Tl0kJCPsQIaPhgwk4=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ERwXxAcoS9zVyyZG/vsrsnhCN/wsZCEVv/jp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2aSoB/RgeQhZ9RYqd2ta97L7qe9csWtunOQVeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOC01E01JpSN6AA7lkoaofaz+b1TcmaVPgljZUsaMld/T2Q00noSBbYzomaol72Z+J/XSU147WdcJqlByRaLwlQQE5PZ86TPFTIjJpZQpri9lbAhVZQZG1HJhuAtv7xKmhdVz616D5eV2k0eRxFO4BTOwYMrqMEd1KEBDAQ8wyu8OWPnxXl3PhatBSefOYY/cD5/AArrj/U=</latexit>

 L
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Electroweak Baryogenesis

• Strong first-order EW phase transition  
modifications in the Higgs sector

⟹

• Fermion species reflected CP 
violating at Higgs bubble wall  
electric dipole moment

⟹
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• Composite Higgs: 
confining PT and EWPT linked. Yukawa 
couplings depend on mixing between 
elementary and composite fermion  vary 
during confining phase transition.
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Baryon  
asymmetry

Kuzmin, Rubakov & Shaposhnikov (1985) 
Cohen, Kaplan & Nelson (1993) 

PSI (2020)

https://arxiv.org/pdf/1804.07314.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.081803
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Electroweak Baryogenesis

Gravitational waves are a prediction of many scenarios of electroweak baryogenesis 

& spectra depends on 

• Strength of phase transition, phase transition duration, bubble wall velocity & 
nucleation temperature

• GWs sourced by collision of the walls, sound waves in plasma (post PT) & 
turbulence

Weir (2017)

https://arxiv.org/pdf/1705.01783.pdf
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Electroweak Baryogenesis

Gravitational waves are a prediction of many scenarios of electroweak baryogenesis 

& spectra depends on 

• Strength of phase transition, phase transition duration, bubble wall velocity & 
nucleation temperature

• GWs sourced by collision of the walls, sound waves in plasma (post PT) & 
turbulence

Weir (2017)

LISA will come online in 
2030s  & probe large range 
of cosmological phase

transitions in terms of 
strength and temperature 
close to electroweak scales

https://arxiv.org/pdf/1705.01783.pdf
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Hot Spot Electroweak Baryogenesis
• PBHs form during QCD phase transition At QCD PT causes drop in speed of 

sound   reduction in radiation pressure lowers critical curvature necessary 
for gravitational collapse (see talk by F. Kuhnel)

⟹

• Still need large curvature fluctuations. QCD axion acts as spectator field  
large curvature in rare regions of space 

⟹
Harwick, Vennin, Byrnes, Torrado, Wands

Garcia-Bellido, Carr, Cleese

https://arxiv.org/pdf/1701.06473.pdf
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Hot Spot Electroweak Baryogenesis

• Leads to predictions of PBH mass distribution peaked at M⊙

<latexit sha1_base64="IWPx34kv7Lr3ubDuV2cVXOL2ODM="></latexit>

� = 0.2

� = 0.8

Garcia-Bellido, Carr, Cleese
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

<latexit sha1_base64="IWPx34kv7Lr3ubDuV2cVXOL2ODM="></latexit>

� = 0.2

� = 0.8Distributions peaks

Mass within horizon 


at T = ΛQCD

• Leads to predictions of PBH mass distribution peaked at M⊙
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Hot Spot Electroweak Baryogenesis

• Leads to predictions of PBH mass distribution
Garcia-Bellido, Carr, Cleese

<latexit sha1_base64="IWPx34kv7Lr3ubDuV2cVXOL2ODM="></latexit>

� = 0.2

� = 0.8Once QCD Axion

gains a mass 


PBH formation cut off 

At higher temperatures

 non-relativisticπ
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Hot Spot Electroweak Baryogenesis

• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

Image credit: Garcia-Bellido, Carr, Cleese

Departure from thermal equilibrium 

C & CP-violation

   sphalerons unsuppressed in hotspot T > TEW

<latexit sha1_base64="ia8HNAQrLu02NhSPGavHZEw7lb4="></latexit>

�CP(T ) = 3⇥ 10�5

✓
20.4GeV

T 12

◆ Farrar & 
Shaposhnikov

Baryon number violation 

Garcia-Bellido, Carr, Cleese

• Effective temperature around PBH larger than TEW

https://arxiv.org/abs/hep-ph/9305275
https://arxiv.org/abs/hep-ph/9305275
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

Image credit: Garcia-Bellido, Carr, Cleese

<latexit sha1_base64="PPPSnfDNma88OGNj0IZNtRPfhl0="></latexit>

⌘B ⇡ 7npar

s
⇥ �sph (Te↵)VH�t⇥ �CP

• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

• Effective temperature around PBH larger than TEW
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

Image credit: Garcia-Bellido, Carr, Cleese

<latexit sha1_base64="PPPSnfDNma88OGNj0IZNtRPfhl0="></latexit>
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Effective temperature of 

Jet ∼ TeV ⟹ δCP ∼ 𝒪(1)

• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

• Effective temperature around PBH larger than TEW
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

Image credit: Garcia-Bellido, Carr, Cleese

<latexit sha1_base64="PPPSnfDNma88OGNj0IZNtRPfhl0="></latexit>
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Duration of 
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Effective temperature of 

Jet ∼ TeV ⟹ δCP ∼ 𝒪(1)

• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

• Effective temperature around PBH larger than TEW
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

Image credit: Garcia-Bellido, Carr, Cleese
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• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

• Effective temperature around PBH larger than TEW
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

Image credit: Garcia-Bellido, Carr, Cleese
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• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

• Effective temperature around PBH larger than TEW
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Hot Spot Electroweak Baryogenesis
Garcia-Bellido, Carr, Cleese

Image credit: Garcia-Bellido, Carr, Cleese
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Γsph ∼ α4
WT4

effNumber density of

Relativistic Partons  

Entropy density of surrounding plasma

At much cooler temp

Effective temperature of 

Jet ∼ TeV ⟹ δCP ∼ 𝒪(1)

Duration of 
sphaleron process
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Tsph

• Formation of PBHs at QCD PT  causes shockwave/jet of particles escaping PBH.

• Jet of high energy particles travel through hot spot and generate BAU

• Effective temperature around PBH larger than TEW
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Hot Spot Electroweak Baryogenesis Summary

• If PBHs produce all of the DM  then .  Locally around hotspot  

     Baryon asymmetry  and observed  comes from rareness of PBHs 

β ∼ 10−9

∼ 𝒪(1) ηB

• BAU is created at QCD PT,  for baryogenesis this is at a very low scale  
• SM provides CP-violation, in fact (almost) no new physics required! 
• More complex dynamics since surrounding plasma is in a confined phase 
     Solving transport equations highly non-trivial 
• First order phase transition not necessary 
• See also more recent work by Flores, Kusenko, Pearce & White  (2208.09789) 

Qualitative differences from typical EWBG: 

https://arxiv.org/pdf/2208.09789.pdf
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Popular Theories of Baryogenesis

Electroweak 
baryogenesis Leptogenesis
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CPV

CPV

CPV

CPV• Theory which simultaneously explains 
small neutrino masses and BAU
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• Introduce lepton number violating 
operator & UV completion explanation 
of mν

Leptogenesis Fukugita & Yanagida (1986)
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CPV

CPV

CPV

CPV• Theory which simultaneously explains 
small neutrino masses and BAU
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CPV
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CPV
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Leptogenesis

• Theory which simultaneously explains 
small neutrino masses and BAU

• Introduce lepton number violating 
operator & UV completion explanation 
of mν

Fukugita & Yanagida (1986)
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CPV

CPV

CPV

CPV
<latexit sha1_base64="A//U0OkcIJhlk+6np4lYWz7PE/0="></latexit>

L5 =
Y⌫

2M

⇣
LcH̃

⇤
⌘⇣

H̃
†
L

⌘

L L

H H

<latexit sha1_base64="MZbsJqGyUCvaA0YDtF8yur5BUc4="></latexit>

L = Y⌫L̄H̃N � 1

2
MNN cN

= �1

2

�
⌫̄L, N

c
�
 

0 Y⌫vp
2

Y⌫vp
2

MN

!✓
⌫
c
L
N

◆

<latexit sha1_base64="prwxDPUBkp2GWW1AOQfGOWAW3C8="></latexit>

m⌫ =
Y 2
⌫ v

2

2MN
⇠ 0.1eV =) MN ⇠ 1014 GeV

Leptogenesis

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

<latexit sha1_base64="5sVBuXB+/Bqz7wATCz8EL05P1MU="></latexit>⌫L

• Theory which simultaneously explains 
small neutrino masses and BAU

• Introduce lepton number violating 
operator & UV completion explanation 
of mν

Fukugita & Yanagida (1986)
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N

Fukugita & Yanagida (1986)
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Fukugita & Yanagida (1986)

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Anti-Leptons

Leptons

Leptogenesis
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Fukugita & Yanagida (1986)

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Leptogenesis
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Fukugita & Yanagida (1986)

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons

Decay asymmetry from interference between tree  
and  loop level diagrams  

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj
Covi, Roulet, Vissani

✏i =
�i � �i

�i + �i
<latexit sha1_base64="yJFk9BUEuFKo4+dHUb9kdcv1iYk=">AAACOnicbVDNS8MwHE39nPOr6tFLcAiCONop6EUYetDjBu4D1jLSLN3CkrYkqTBK/y4v/hXePHjxoIhX/wDTrfix7UHg8d7vJfk9L2JUKst6NhYWl5ZXVgtrxfWNza1tc2e3KcNYYNLAIQtF20OSMBqQhqKKkXYkCOIeIy1veJ35rXsiJA2DOzWKiMtRP6A+xUhpqWvWHRJJyjRNaHrp+ALhxLlBnKMuhSdOqLPZ1T9aCtNf/3iOn3bNklW2xoCzxM5JCeSodc0npxfimJNAYYak7NhWpNwECUUxI2nRiSWJEB6iPuloGiBOpJuMV0/hoVZ60A+FPoGCY/VvIkFcyhH39CRHaiCnvUyc53Vi5V+4CQ2iWJEATx7yYwZVCLMeYY8KghUbaYKwoPqvEA+Qrk/ptou6BHt65VnSrJTt03KlflaqXuV1FMA+OABHwAbnoApuQQ00AAYP4AW8gXfj0Xg1PozPyeiCkWf2wD8YX9/+qK9Y</latexit>

<latexit sha1_base64="gyx/ioe1nrC0bnYSQ9IeVcyrHMM="></latexit>

NjY⌫ i Y⌫ i Y⌫j

<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Leptogenesis

http://Covi,%20Roulet,%20Vissani
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Fukugita & Yanagida (1986)

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons

Washout and scattering processes

<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

L

H

N

L

H

N

L

H†

N

L

H

t

Q

Leptogenesis
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N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Leptogenesis

0 1 2 3 4 5 6
10-14

10-10

10-6

0.01

Log a

|N
|

Initial 
abundance 

taken as 
zero

RH reaches 
equilibrium 
abundance

Freeze out 
of baryon 

asymmetry

MN1
= 1011 GeV

z < 1

z ∼ 1

z ≫ 1

<latexit sha1_base64="BkSz4cM2biPGy23gyjl/7vpLxhQ="></latexit>

dNN

dz
= �D(z) (NN �N eq

N )

dNB�L

dz
= ✏D(z) (NN �N eq

N )�W (z)NB�L

Source  
Term

Sink  
Term
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N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Theory 
Parameters

Boltzmann 
Equations

Y⌫
<latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit>

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

Leptogenesis
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N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Theory 
Parameters

Boltzmann 
Equations

Y⌫
<latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit>

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

Leptogenesis

Y⌫ =
1

v
UPMNS

p
mRT

p
M
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N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Theory 
Parameters

Boltzmann 
Equations

Y⌫
<latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit>

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

Leptogenesis

Y⌫ =
1

v
UPMNS

p
mRT

p
M

9 low-scale 

neutrino parameters
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N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Theory 
Parameters

Boltzmann 
Equations

Y⌫
<latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit><latexit sha1_base64="ixoxAGvyXYmzonWhDh9pJ6KYTUg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9kPaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFqp8zjI+iqdDao1t+7OQVaJV5AaFGgOql/9YczSiCtkkhrT89wE/YxqFEzyWaWfGp5QNqEj3rNU0YgbP5ufOyNnVhmSMNa2FJK5+nsio5Ex0yiwnRHFsVn2cvE/r5dieO1nQiUpcsUWi8JUEoxJ/jsZCs0ZyqkllGlhbyVsTDVlaBOq2BC85ZdXSfui7rl17/6y1rgp4ijDCZzCOXhwBQ24gya0gMEEnuEV3pzEeXHenY9Fa8kpZo7hD5zPH4iYj68=</latexit>

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

Leptogenesis

Y⌫ =
1

v
UPMNS

p
mRT

p
M

9 high-scale

parameters
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O(1012)GeV

<latexit sha1_base64="YJeDl+ANr+Hu30dQI12LNTnWYaI=">AAACCXicbVA9SwNBEN3z2/h1ammzGAQFCXdB0VK00E4FE4XcGfY2k2TJ3ge7c2I4rrXxr9hYKGLrP7Dz37gXU2jig4HHezPMzAsSKTQ6zpc1MTk1PTM7N19aWFxaXrFX1+o6ThWHGo9lrG4CpkGKCGooUMJNooCFgYTroHdS+Nd3oLSIoyvsJ+CHrBOJtuAMjdS0qRcy7HIms/N823VuM7ea73i7HsI9ZqdQz5t22ak4A9Bx4g5JmQxx0bQ/vVbM0xAi5JJp3XCdBP2MKRRcQl7yUg0J4z3WgYahEQtB+9ngk5xuGaVF27EyFSEdqL8nMhZq3Q8D01ncrUe9QvzPa6TYPvQzESUpQsR/FrVTSTGmRSy0JRRwlH1DGFfC3Ep5lynG0YRXMiG4oy+Pk3q14u5V9i/3ykfHwzjmyAbZJNvEJQfkiJyRC1IjnDyQJ/JCXq1H69l6s95/Wies4cw6+QPr4xtad5l+</latexit>

Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

Mass RHN

O(106)GeV

<latexit sha1_base64="64g/P+rIGiVf3nzRIF/2D9oKC9E=">AAACCHicbVDJSgNBEO2JW4xb1KMHB4MQQcKMxOUY9KA3I5gFMjH0dCpJk56F7hoxDHP04q948aCIVz/Bm39jZzlo4oOCx3tVVNVzQ8EVWta3kZqbX1hcSi9nVlbX1jeym1tVFUSSQYUFIpB1lyoQ3IcKchRQDyVQzxVQc/sXQ792D1LxwL/FQQhNj3Z93uGMopZa2V3Ho9hjVMTXSd627uKT5MA5dBAeML6EatLK5qyCNYI5S+wJyZEJyq3sl9MOWOSBj0xQpRq2FWIzphI5E5BknEhBSFmfdqGhqU89UM149Ehi7mulbXYCqctHc6T+noipp9TAc3Xn8Gw17Q3F/7xGhJ2zZsz9MELw2XhRJxImBuYwFbPNJTAUA00ok1zfarIelZShzi6jQ7CnX54l1aOCXSwc3xRzpfNJHGmyQ/ZIntjklJTIFSmTCmHkkTyTV/JmPBkvxrvxMW5NGZOZbfIHxucP6G+ZRw==</latexit>

Racker, Rius & Pena

O(103)GeV

<latexit sha1_base64="LHDV21zcZchR+h+TRQV0oXO2+8E=">AAACCHicbVDJSgNBEO2JW4xb1KMHB4MQQcKMRvQY9KA3I5gFMjH0dCpJk56F7hoxDHP04q948aCIVz/Bm39jZzlo4oOCx3tVVNVzQ8EVWta3kZqbX1hcSi9nVlbX1jeym1tVFUSSQYUFIpB1lyoQ3IcKchRQDyVQzxVQc/sXQ792D1LxwL/FQQhNj3Z93uGMopZa2V3Ho9hjVMTXSd627uLj5MA5dBAeML6EatLK5qyCNYI5S+wJyZEJyq3sl9MOWOSBj0xQpRq2FWIzphI5E5BknEhBSFmfdqGhqU89UM149Ehi7mulbXYCqctHc6T+noipp9TAc3Xn8Gw17Q3F/7xGhJ2zZsz9MELw2XhRJxImBuYwFbPNJTAUA00ok1zfarIelZShzi6jQ7CnX54l1aOCXSyc3BRzpfNJHGmyQ/ZIntjklJTIFSmTCmHkkTyTV/JmPBkvxrvxMW5NGZOZbfIHxucP47mZRA==</latexit>

Pilaftis & Underwood

O(1)GeV

<latexit sha1_base64="JT0lllpBeZrxFpiQXYNBX0QQKTA=">AAACA3icbVDLSgNBEJyNrxhfUW96WQxCBAm7EtFj0IPejGAekF3C7KSTDJl9MNMrhiXgxV/x4kERr/6EN//G2SQHTSxoKKq66e7yIsEVWta3kVlYXFpeya7m1tY3Nrfy2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8AaXqd+4B6l4GNzhMALXp72AdzmjqKV2fs/xKfYZFcnNqGgfOccOwgMmV1AftfMFq2SNYc4Te0oKZIpqO//ldEIW+xAgE1Splm1F6CZUImcCRjknVhBRNqA9aGkaUB+Um4x/GJmHWumY3VDqCtAcq78nEuorNfQ93ZlerGa9VPzPa8XYPXcTHkQxQsAmi7qxMDE000DMDpfAUAw1oUxyfavJ+lRShjq2nA7Bnn15ntRPSna5dHpbLlQupnFkyT45IEVikzNSIdekSmqEkUfyTF7Jm/FkvBjvxsekNWNMZ3bJHxifP1t1l1k=</latexit>

Akhmedov, Rubakov & Smirnov

leptogenesis 
via oscillations
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O(1012)GeV

<latexit sha1_base64="YJeDl+ANr+Hu30dQI12LNTnWYaI=">AAACCXicbVA9SwNBEN3z2/h1ammzGAQFCXdB0VK00E4FE4XcGfY2k2TJ3ge7c2I4rrXxr9hYKGLrP7Dz37gXU2jig4HHezPMzAsSKTQ6zpc1MTk1PTM7N19aWFxaXrFX1+o6ThWHGo9lrG4CpkGKCGooUMJNooCFgYTroHdS+Nd3oLSIoyvsJ+CHrBOJtuAMjdS0qRcy7HIms/N823VuM7ea73i7HsI9ZqdQz5t22ak4A9Bx4g5JmQxx0bQ/vVbM0xAi5JJp3XCdBP2MKRRcQl7yUg0J4z3WgYahEQtB+9ngk5xuGaVF27EyFSEdqL8nMhZq3Q8D01ncrUe9QvzPa6TYPvQzESUpQsR/FrVTSTGmRSy0JRRwlH1DGFfC3Ep5lynG0YRXMiG4oy+Pk3q14u5V9i/3ykfHwzjmyAbZJNvEJQfkiJyRC1IjnDyQJ/JCXq1H69l6s95/Wies4cw6+QPr4xtad5l+</latexit>

Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

Mass RHN

O(106)GeV

<latexit sha1_base64="64g/P+rIGiVf3nzRIF/2D9oKC9E=">AAACCHicbVDJSgNBEO2JW4xb1KMHB4MQQcKMxOUY9KA3I5gFMjH0dCpJk56F7hoxDHP04q948aCIVz/Bm39jZzlo4oOCx3tVVNVzQ8EVWta3kZqbX1hcSi9nVlbX1jeym1tVFUSSQYUFIpB1lyoQ3IcKchRQDyVQzxVQc/sXQ792D1LxwL/FQQhNj3Z93uGMopZa2V3Ho9hjVMTXSd627uKT5MA5dBAeML6EatLK5qyCNYI5S+wJyZEJyq3sl9MOWOSBj0xQpRq2FWIzphI5E5BknEhBSFmfdqGhqU89UM149Ehi7mulbXYCqctHc6T+noipp9TAc3Xn8Gw17Q3F/7xGhJ2zZsz9MELw2XhRJxImBuYwFbPNJTAUA00ok1zfarIelZShzi6jQ7CnX54l1aOCXSwc3xRzpfNJHGmyQ/ZIntjklJTIFSmTCmHkkTyTV/JmPBkvxrvxMW5NGZOZbfIHxucP6G+ZRw==</latexit>

Racker, Rius & Pena

O(103)GeV

<latexit sha1_base64="LHDV21zcZchR+h+TRQV0oXO2+8E=">AAACCHicbVDJSgNBEO2JW4xb1KMHB4MQQcKMRvQY9KA3I5gFMjH0dCpJk56F7hoxDHP04q948aCIVz/Bm39jZzlo4oOCx3tVVNVzQ8EVWta3kZqbX1hcSi9nVlbX1jeym1tVFUSSQYUFIpB1lyoQ3IcKchRQDyVQzxVQc/sXQ792D1LxwL/FQQhNj3Z93uGMopZa2V3Ho9hjVMTXSd627uLj5MA5dBAeML6EatLK5qyCNYI5S+wJyZEJyq3sl9MOWOSBj0xQpRq2FWIzphI5E5BknEhBSFmfdqGhqU89UM149Ehi7mulbXYCqctHc6T+noipp9TAc3Xn8Gw17Q3F/7xGhJ2zZsz9MELw2XhRJxImBuYwFbPNJTAUA00ok1zfarIelZShzi6jQ7CnX54l1aOCXSyc3BRzpfNJHGmyQ/ZIntjklJTIFSmTCmHkkTyTV/JmPBkvxrvxMW5NGZOZbfIHxucP47mZRA==</latexit>

Pilaftis & Underwood

O(1)GeV

<latexit sha1_base64="JT0lllpBeZrxFpiQXYNBX0QQKTA=">AAACA3icbVDLSgNBEJyNrxhfUW96WQxCBAm7EtFj0IPejGAekF3C7KSTDJl9MNMrhiXgxV/x4kERr/6EN//G2SQHTSxoKKq66e7yIsEVWta3kVlYXFpeya7m1tY3Nrfy2zt1FcaSQY2FIpRNjyoQPIAachTQjCRQ3xPQ8AaXqd+4B6l4GNzhMALXp72AdzmjqKV2fs/xKfYZFcnNqGgfOccOwgMmV1AftfMFq2SNYc4Te0oKZIpqO//ldEIW+xAgE1Splm1F6CZUImcCRjknVhBRNqA9aGkaUB+Um4x/GJmHWumY3VDqCtAcq78nEuorNfQ93ZlerGa9VPzPa8XYPXcTHkQxQsAmi7qxMDE000DMDpfAUAw1oUxyfavJ+lRShjq2nA7Bnn15ntRPSna5dHpbLlQupnFkyT45IEVikzNSIdekSmqEkUfyTF7Jm/FkvBjvxsekNWNMZ3bJHxifP1t1l1k=</latexit>

Akhmedov, Rubakov & Smirnov

0.5 1 5 10 50

10-13

10-11

10-9

10-7

10-5

M [GeV]

U
2

SHiP

LBNE

FCC-ee(Z)

CEPC

ILC

BAU (upper bound)

BAU (lower bound)

disfavoured by global constraints

⌫↵ = U↵i⌫i +⇥↵IN
c
I

<latexit sha1_base64="+GaFCW1bCgA5guaTswaYUFhmG2E=">AAACI3icbZDNSsNAFIUn9b/+VV26GSyCIJREKoogiG50IwqmFpoYbqbTduhkEmYmQgl5Fze+ihsXirhx4bs4rUG09cLAxzn3cueeMOFMadv+sEpT0zOzc/ML5cWl5ZXVytp6Q8WpJNQlMY9lMwRFORPU1Uxz2kwkhSjk9Dbsnw3923sqFYvFjR4k1I+gK1iHEdBGCipHnkgDD3jSA3yM3SArmOVDg+Fd76ZHNfzoF/nlXUbyILvIg0rVrtmjwpPgFFBFRV0FlTevHZM0okITDkq1HDvRfgZSM8JpXvZSRRMgfejSlkEBEVV+Nroxx9tGaeNOLM0TGo/U3xMZREoNotB0RqB7atwbiv95rVR3Dv2MiSTVVJDvRZ2UYx3jYWC4zSQlmg8MAJHM/BWTHkgg2sRaNiE44ydPQmOv5tRr+9f16slpEcc82kRbaAc56ACdoHN0hVxE0AN6Qi/o1Xq0nq036/27tWQVMxvoT1mfX+fFpHg=</latexit>

|U |2 =
X

↵I

|⇥↵I |2

<latexit sha1_base64="HjeRUMZ6wXlyQJrDZxBI9j/vKrU=">AAACFnicbVC7SgNBFJ2Nrxhfq5Y2g0GwMeyGiDZC0Ea7CHlBdg13J5PskNkHM7NC2OQrbPwVGwtFbMXOv3HyKGLigYHDOedy5x4v5kwqy/oxMiura+sb2c3c1vbO7p65f1CXUSIIrZGIR6LpgaSchbSmmOK0GQsKgcdpw+vfjP3GIxWSRWFVDWLqBtALWZcRUFpqm2fD2vChiK+wI5OgnTrAYx/w3QgPnapPFcxJOtc281bBmgAvE3tG8miGStv8djoRSQIaKsJBypZtxcpNQShGOB3lnETSGEgferSlaQgBlW46OWuET7TSwd1I6BcqPFHnJ1IIpBwEnk4GoHy56I3F/7xWorqXbsrCOFE0JNNF3YRjFeFxR7jDBCWKDzQBIpj+KyY+CCBKN5nTJdiLJy+TerFglwrn96V8+XpWRxYdoWN0imx0gcroFlVQDRH0hF7QG3o3no1X48P4nEYzxmzmEP2B8fULHzievg==</latexit>

M =
M1 +M2

2

<latexit sha1_base64="P1gsSj95BJWlUSOrj7U8hJYaQqs=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIQklKRTdC0Y2bQgX7gCaEyXTSDp1MwsxEKCFLN/6KGxeKuPUT3Pk3TtostPXAwOGce7hzjx8zKpVlfRtLyyura+uljfLm1vbOrrm335FRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP77J/e4DEZJG/F5NYuKGaMhpQDFSWvLMIyfSdp5Omxm8cgKBcNr07LOmV8vSWuaZFatqTQEXiV2QCijQ8swvZxDhJCRcYYak7NtWrNwUCUUxI1nZSSSJER6jIelrylFIpJtOD8ngiVYGMIiEflzBqfo7kaJQykno68kQqZGc93LxP6+fqODSTSmPE0U4ni0KEgZVBPNW4IAKghWbaIKwoPqvEI+Q7kLp7sq6BHv+5EXSqVXtevX8rl5pXBd1lMAhOAanwAYXoAFuQQu0AQaP4Bm8gjfjyXgx3o2P2eiSUWQOwB8Ynz/2lZlL</latexit>

• Testable searches for LNV,  , 
beam dump  & oscillation experiments

ν0ββ

Drewes, Garbrecht, Gueter, 
Klaric (2016)

https://arxiv.org/abs/1609.09069
https://arxiv.org/abs/1609.09069
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O(1012)GeV

<latexit sha1_base64="YJeDl+ANr+Hu30dQI12LNTnWYaI=">AAACCXicbVA9SwNBEN3z2/h1ammzGAQFCXdB0VK00E4FE4XcGfY2k2TJ3ge7c2I4rrXxr9hYKGLrP7Dz37gXU2jig4HHezPMzAsSKTQ6zpc1MTk1PTM7N19aWFxaXrFX1+o6ThWHGo9lrG4CpkGKCGooUMJNooCFgYTroHdS+Nd3oLSIoyvsJ+CHrBOJtuAMjdS0qRcy7HIms/N823VuM7ea73i7HsI9ZqdQz5t22ak4A9Bx4g5JmQxx0bQ/vVbM0xAi5JJp3XCdBP2MKRRcQl7yUg0J4z3WgYahEQtB+9ngk5xuGaVF27EyFSEdqL8nMhZq3Q8D01ncrUe9QvzPa6TYPvQzESUpQsR/FrVTSTGmRSy0JRRwlH1DGFfC3Ep5lynG0YRXMiG4oy+Pk3q14u5V9i/3ykfHwzjmyAbZJNvEJQfkiJyRC1IjnDyQJ/JCXq1H69l6s95/Wies4cw6+QPr4xtad5l+</latexit>

Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

Mass RHN

O(106)GeV

<latexit sha1_base64="64g/P+rIGiVf3nzRIF/2D9oKC9E=">AAACCHicbVDJSgNBEO2JW4xb1KMHB4MQQcKMxOUY9KA3I5gFMjH0dCpJk56F7hoxDHP04q948aCIVz/Bm39jZzlo4oOCx3tVVNVzQ8EVWta3kZqbX1hcSi9nVlbX1jeym1tVFUSSQYUFIpB1lyoQ3IcKchRQDyVQzxVQc/sXQ792D1LxwL/FQQhNj3Z93uGMopZa2V3Ho9hjVMTXSd627uKT5MA5dBAeML6EatLK5qyCNYI5S+wJyZEJyq3sl9MOWOSBj0xQpRq2FWIzphI5E5BknEhBSFmfdqGhqU89UM149Ehi7mulbXYCqctHc6T+noipp9TAc3Xn8Gw17Q3F/7xGhJ2zZsz9MELw2XhRJxImBuYwFbPNJTAUA00ok1zfarIelZShzi6jQ7CnX54l1aOCXSwc3xRzpfNJHGmyQ/ZIntjklJTIFSmTCmHkkTyTV/JmPBkvxrvxMW5NGZOZbfIHxucP6G+ZRw==</latexit>

Racker, Rius & Pena

O(103)GeV
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Akhmedov, Rubakov & Smirnov

• Only testable at colliders if   present 
•  Can induce the EW scale  
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Liu, Xie and Yi 
(2021)
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O(1012)GeV
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Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

Mass RHN

O(106)GeV
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Akhmedov, Rubakov & Smirnov

• Impossible to fully test 
• Arguably “natural” scale of RHN 
• Predicted within many GUTs 
• Falsifiable through observation 
      of LNV at colliders

Confronting LNV interactions with
experiments & cosmology

51Julia Harz

Probing LNV interactions at the LHC

Washout processes could be observable at the LHC

Deppisch, JH, Hirsch, Phys. Rev. Lett.  (2014) 
Deppisch, JH, Hirsch, Päs, Int. J. Mod. Phys. A (2015)

Observation of any washout process 
at LHC would falsify high scale 

baryogenesis!

LNV

(scale of asymmetry generation above M
X
)

Deppisch & Harz (2014)
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• Assume population of Schwarzschild PBHs with monochromatic mass spectrum 
form after inflation & RHN exists and their decays can lead to a baryon 
asymmetry

Perez-Gonzalez & JT 
(2020)

PBH Leptogenesis

•   athermal production of RHNs from Hawking evaporation  & thermal 
production
TPBH ∼ MN

<latexit sha1_base64="8t7XznscS8RoD8rNDc7QihH30xU="></latexit>
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~c3

8⇡GMk
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1013 g

M

◆

https://arxiv.org/pdf/2010.03565.pdf
https://arxiv.org/pdf/2010.03565.pdf
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PBH Leptogenesis
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• Assume population of Schwarzschild PBHs with monochromatic mass spectrum 
form after inflation & RHN exists and their decays can lead to a baryon 
asymmetry

•   athermal production of RHNs from Hawking evaporation  & thermal 
production
TPBH ∼ MN
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PBH Leptogenesis
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B-L asymmetry 
From thermal RHNs decays

• Assume population of Schwarzschild PBHs with monochromatic mass spectrum 
form after inflation & RHN exists and their decays can lead to a baryon 
asymmetry

•   athermal production of RHNs from Hawking evaporation  & thermal 
production
TPBH ∼ MN
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PBH Leptogenesis
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• Assume population of Schwarzschild PBHs with monochromatic mass spectrum 
form after inflation & RHN exists and their decays can lead to a baryon 
asymmetry

•   athermal production of RHNs from Hawking evaporation  & thermal 
production
TPBH ∼ MN
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PBH Leptogenesis
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B-L asymmetry 
From thermal RHNs decays

B-L asymmetry 
From PBH RHNs decays

ΓBH
N1 (zBH)

•   athermal production of RHNs from Hawking evaporation  & thermal 
production
TPBH ∼ MN

Usual washout 
from thermal bath 

• Assume population of Schwarzschild PBHs with monochromatic mass spectrum 
form after inflation & RHN exists and their decays can lead to a baryon 
asymmetry
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A. PBH evaporate before/during RHNs are thermally produced from plasma → PBH 
evaporation creates an initial condition   erased by fast interactions  

B. PBH evaporation happens shortly after thermal leptogenesis
→
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Mi = 1.7 g �i = 10�3 MN = 1011 GeV
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Mi = 1.7 g �i = 10�3 MN = 1011 GeV
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A. PBH evaporate before/during RHNs are thermally produced from plasma → PBH 
evaporation creates an initial condition   erased by fast interactions  

B. PBH evaporation happens shortly after thermal leptogenesis
→
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Mi = 1.7 g �i = 10�3 MN = 1011 GeV

<latexit sha1_base64="XKuVoQM39hHlIiaz+KY6J606yLQ="></latexit>

th
er

m
al 

co
nt

rib
ut

io
n 

on
ly

th
er

m
al

 c
on

tri
bu

tio
n 

on
ly

0 1 2 3 4 5 6 7
10-13

10-10

10-7

10-4

0.1

Log a

|N
R
|

RH neutrino abundance

0 1 2 3 4 5 6 7
10-13

10-11

10-9

10-7

10-5

0.001

Log a

|η
B
|

Final baryon asymmetry

0 1 2 3 4 5 6 7
10-13

10-10

10-7

10-4

0.1

Log a

|N
R
|

RH neutrino abundance

0 1 2 3 4 5 6 7
10-13

10-11

10-9

10-7

10-5

0.001

Log a

|η
B
|

Final baryon asymmetry

PBH contrib
utio

n only

PB
H 

co
nt

rib
ut

io
n 

on
ly

0 1 2 3 4 5 6 7
10-13

10-10

10-7

10-4

0.1

Log a

|N
R
|

RH neutrino abundance

0 1 2 3 4 5 6 7
10-13

10-11

10-9

10-7

10-5

0.001

Log a

|η
B
|

Final baryon asymmetry

Jessica Turner

A. PBH evaporate before/during RHNs are thermally produced from plasma → PBH 
evaporation creates an initial condition   erased by fast interactions  

B. PBH evaporation happens shortly after thermal leptogenesis
→
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C. PBH evaporation occurs much after thermal leptogenesis era

Mi = 104 g �i = 10�3 MN = 1011 GeV
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Mi = 104 g �i = 10�3 MN = 1011 GeV
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C. PBH evaporation occurs after thermal leptogenesis era
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Chose Yukawa matrix for maximal baryon asymmetry 
Dilution from heavy PBHs is generic feature

�0 = 10�3
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β′ = β γ1/2 ( g*f

106.75 )
1/4
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Detection of PBHs in mass range  1  kg would place  thermal leptogenesis 
under serious tension.

≳

β′ = β γ1/2 ( g*f

106.75 )
1/4
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PBHs can produce gravitational waves from their sudden evaporation 
 “poltergeist mechanism”

Inomata, Kawasaki, Mukaida, 
Terada, Yanagida (2020)

Detection of such GWs could place tension on high scale leptogenesis

Inomata, Kohri, 
Nakama, Terada 

(2019)

https://arxiv.org/pdf/2003.10455.pdf
https://arxiv.org/pdf/2003.10455.pdf
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• Considered 106 ≲ MN (GeV) ≲ 1012

• What about  ?MN > 1012 GeV

• Some tension at this scale since  washout strongΔL = 2
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• Considered 106 ≲ MN (GeV) ≲ 1012

• What about  ?MN > 1012 GeV
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Colored 
Regions with 
|YB | ≳ Yobs

B

 g 
Entropy dilution

MBHi ≳ 1

RHN  
Getting lighter

Bernal, Fong, Perez-Gonzalez, JT
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Lighter PBH produces

heavy RHN after 

 washout 

switched off
ΔL = 2

Colored 
Regions with 
|YB | ≳ Yobs

B

 g 
Entropy dilution

MBHi ≳ 1

Slightly heavier PBH

evaporates later

& not as efficient at 

producing very heavy

RHNs

Bernal, Fong, Perez-Gonzalez, JT
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Lighter PBH produces

heavy RHN after 

 washout 

switched off
ΔL = 2

Colored 
Regions with 
|YB | ≳ Yobs

B

 g 
Entropy dilution

MBHi ≳ 1

Slightly heavier PBH

evaporates later

& not as efficient at 

producing very heavy

RHNs

Lighter PBH evaporates

Before thermal

Leptogenesis era and no

Effect observed

Bernal, Fong, Perez-Gonzalez, JT
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enhancement

𝒪(106)
PBHs


Evaporate earlier 

σΔL=2 > H

PBHs

Entropy dump 

exceeds

RHN production

GW 
Constraint

Domenech, Lin, 

Sasaki
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Thoughts for the future

Monochromatic 
approximation 

too 
approximated?

Having PBHs with 
different masses 

could have a distinct 
impact on the 

previous results

Connection with 
different 

formation 
mechanisms?

Mc = 104 g

σ = 1.25

f(M) =
nBH

2πσM
exp (−

log2(M/Mc)
2σ2 )

Log-normal 
distributionnPBH = ∫ dM f(M)

Dolgov, 93 
Green, 2016 

Kannike, 2017

Thanks to Yuber 
For the nice animation
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PBH Leptogenesis Summary

• Leptogenesis aims to simultaneously explain light neutrino masses and the 
      observed BAU so typically the heavy degrees of freedom will couple to the  
       thermal plasma  

• PBHs of kg scale and beyond are inefficient at producing a lepton asymmetry 
     But deliver large entropy dumps  placing tension on the leptogenesis PS

• Very light PBHs  can open up some of the parameter space for high-scale 
leptogenesis as production of RHNs via Hawking radiation is efficient after 
washout processes are out of equilibrium

≲ 1 g
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• How do temperature inhomogeneities in thermal plasma created by PBHs affect  
cosmological observables? Work with Yuber Perez Gonzalez, Jacob Gunn & 
Lucien Heurtier

• Recent detailed studies on “hot spots” around PBHs Hook et al (2109.00039) and         
He, Kohri, Mukaida & Yamada (2210.06238)

Thoughts for the future

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH Diffusion 

https://arxiv.org/pdf/2109.00039.pdf
https://arxiv.org/abs/2210.06238
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Thoughts for the future
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• If RHNs exist, PBHs would produce them. Do the RHNs escape the hot spot?

• Recent detailed studies on “hot spots” around PBHs Hook et al (2109.00039) and         
He, Kohri, Mukaida & Yamada (2210.06238)

https://arxiv.org/pdf/2109.00039.pdf
https://arxiv.org/abs/2210.06238


Jessica Turner 71

Thoughts for the future
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• If RHNs exist, PBHs would produce them. Do the RHNs escape the hot spot?

• Understand hot spot time evolution and  and ⟨γscattering⟩TH,Tcore
⟨γdecay⟩

• Recent detailed studies on “hot spots” around PBHs Hook et al (2109.00039) and         
He, Kohri, Mukaida & Yamada (2210.06238)

https://arxiv.org/pdf/2109.00039.pdf
https://arxiv.org/abs/2210.06238
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RHN emitted by PBH 
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TPL



Jessica Turner 74

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

Does RHN escape the hot spot?

Tcore

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L

<latexit sha1_base64="3fKLqH16/MQM3o78zE8euT0BCMc="></latexit>

H

<latexit sha1_base64="lO2Hu5N692QPbtKVU0CwZhQ9T/U="></latexit>

�

⌧
1

�

�

RHN emitted by PBH 
evaporation is boosted  

  & its decay is 
time dilated

γ = TH /MN

TPL



Jessica Turner 75

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

Does RHN escape the hot spot?

Tcore

But this RHN has to travel 
through the hot spot  

and can scatter  
and possibly thermalise 

TPL



Jessica Turner 76

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

TPL

Does RHN escape the hot spot?

Tcore

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

<latexit sha1_base64="3fKLqH16/MQM3o78zE8euT0BCMc="></latexit>

H

<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L
<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L

<latexit sha1_base64="EQVKKwvAHu75s5wVHnB3KHHxyUw="></latexit>�

But this RHN has to travel 
through the hot spot  

and can scatter  
and possibly thermalise 

<latexit sha1_base64="QpomlJM9VDRKWd+eRnmiLDrA210="></latexit>

Y⌫
<latexit sha1_base64="SIHY3U0rankiX1p9ieZntqBrX2g="></latexit>g



Jessica Turner 77

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

TPL

Does RHN escape the hot spot?

Tcore

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

<latexit sha1_base64="3fKLqH16/MQM3o78zE8euT0BCMc="></latexit>

H

<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L
<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L

<latexit sha1_base64="EQVKKwvAHu75s5wVHnB3KHHxyUw="></latexit>�

 pN ∼ TH

 pH ∼ Tcore

<latexit sha1_base64="QpomlJM9VDRKWd+eRnmiLDrA210="></latexit>

Y⌫
<latexit sha1_base64="SIHY3U0rankiX1p9ieZntqBrX2g="></latexit>g



Jessica Turner 78

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

TPL

Does RHN escape the hot spot?

Tcore

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

<latexit sha1_base64="3fKLqH16/MQM3o78zE8euT0BCMc="></latexit>

H

<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L
<latexit sha1_base64="no3bnNXZae9Saokoctpj+7OupY0="></latexit>

L

<latexit sha1_base64="EQVKKwvAHu75s5wVHnB3KHHxyUw="></latexit>�

<latexit sha1_base64="R2B1/z5xWEc3xpPnRwFt4gtow+4="></latexit>

h�(TH , Tcore) i

<latexit sha1_base64="QpomlJM9VDRKWd+eRnmiLDrA210="></latexit>

Y⌫
<latexit sha1_base64="SIHY3U0rankiX1p9ieZntqBrX2g="></latexit>g



Jessica Turner 79

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH
<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

Tcore

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TPL > TEW

TPL



Jessica Turner 80

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH
<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N Lepton 
Asymmetry 

Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TPL > TEW

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

TPL



Jessica Turner 81

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH
<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N Lepton 
Asymmetry 

Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TPL > TEW

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

TPL

Baryon 
Asymmetry 



Jessica Turner 82

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TEW > TPL

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

TPL

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N



Jessica Turner 83

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TEW > TPL

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

TPL

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N Lepton 
Asymmetry 



Jessica Turner 84

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TEW > TPL

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

TPL

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N Lepton 
Asymmetry 



Jessica Turner 85

<latexit sha1_base64="o98fi84yLBkwcRmCNTWWfv7J3o8="></latexit>

TH

Tcore

Considered scenario   & RHN escapes core of the hot spotTH > TEW > TPL

⟨γdecay⟩ ≫ ⟨γscattering⟩TH,Tcore

TPL

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N Lepton 
Asymmetry 

Primordial lepton asymmetry 
Seeded by RHN 

& this can be constrained



Jessica Turner 86

Scenario where  RHN does not escape hot spot    no asymmetry⟹
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TEW

PRELIMINARY
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Thermalisation

Decay outside core

PRELIMINARY

• If RHNs decay outside hotspot when sphalerons are switched off. RHNs would 
create  Primordial lepton asymmetry which can be constrained 

• This is interesting as GeV scale RHNs are in the testable regime 
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MPBH = 106 g
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Conclusions

• PBH evaporation is a unique testbed for high energy physics and 
can have drastic implications for theories of baryogenesis


• PBH evaporation affects baryogenesis by modifying the 
expansion rate of the universe, providing non-thermal source of 
particles & large entropy injections. We find that light PBHs can 
place significant tension on leptogenesis but enlarge the parameter 
space for very high scale leptogenesis


• There are some interesting features of hot spots phenomenology 
are emerging, stay tuned!
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Please come and enjoy!

Thanks to Florian for the photo



Thank you for listening  


