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• What is the baryon asymmetry? 

• How is it measured? 

• Sakharov’s Conditions 

• Two Leading Explanations 

• Leptogenesis with Type-I Seesaw 
Mechanism 

• Connecting Measurable Parameters with the 
BAU

Outline
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Measuring the Baryon Asymmetry 
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Cosmic Microwave Background 

Planck 2015 (1502.01589)

ηCMB = (6.23 ± 0.17) × 10-10



Big Bang Nucleosynthesis 

BBN PDG, 2012

ηBBN = (6.08 ± 0.06) × 10-10
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Sakharov’s Conditions



1. Baryon/Lepton  Number Violation
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• B and L accidental symmetries of SM 

• B+L violate by SU(2)L anomaly 

• B-L conserved 

• sphalerons are non-perturbative  
field configurations

• T > EW scale, sphalerons rates are 
unsuppressed
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Baryon and Lepton Number Violation

Kuzmin, Rubakov and 
Shaposhnikov



2. CP Violation

CKM PDG, 2012

• Require interactions to prefer  
matter over anti-matter

•  CPV in SM quark sector  
produces an asymmetry O(107)  
too small.

• Require new sources of CPV



Baryon and Lepton Number Violation

Insufficient CP Violation Gavela, Hernandez, Orloff, 
Pene; Huet and Sather

Kuzmin, Rubakov and 
Shaposhnikov



3. Departure from Thermal Equilibrium 
(Irreversibility)

• In thermal equilibrium: process and its inverse 
proceed at the same rate.

• Interaction rate of a process drops below the 
expansion rate of the Universe,  process comes out of 
equilibrium

• The EWPT of the SM is a crossover not strongly first 
order

f

VHfL

• Need alternative mechanism to provide  
OEE condition.

� < H
<latexit sha1_base64="9550Png1V9JciWwPrsPSQp6TtYE=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGHKCOYDkyPMbTbJkt29Y3dPCCH/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpQIbqzvf3m5ldW19Y38ZmFre2d3r7h/0DBxqimr01jEuhWhYYIrVrfcCtZKNEMZCdaMRjczv/nItOGxurfjhIUSB4r3OUXrpIfOLUqJ5IpUu8WSX/bnIH9JkJESZKh1i5+dXkxTyZSlAo1pB35iwwlqy6lg00InNSxBOsIBazuqUDITTuYXT8mJU3qkH2tXypK5+nNigtKYsYxcp0Q7NMveTPzPa6e2fxlOuEpSyxRdLOqngtiYzN4nPa4ZtWLsCFLN3a2EDlEjtS6kggshWH75L2mclQO/HNydlyrXWRx5OIJjOIUALqACVahBHSgoeIIXePWM9+y9ee+L1pyXzRzCL3gf3xzRj+E=</latexit><latexit sha1_base64="9550Png1V9JciWwPrsPSQp6TtYE=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGHKCOYDkyPMbTbJkt29Y3dPCCH/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpQIbqzvf3m5ldW19Y38ZmFre2d3r7h/0DBxqimr01jEuhWhYYIrVrfcCtZKNEMZCdaMRjczv/nItOGxurfjhIUSB4r3OUXrpIfOLUqJ5IpUu8WSX/bnIH9JkJESZKh1i5+dXkxTyZSlAo1pB35iwwlqy6lg00InNSxBOsIBazuqUDITTuYXT8mJU3qkH2tXypK5+nNigtKYsYxcp0Q7NMveTPzPa6e2fxlOuEpSyxRdLOqngtiYzN4nPa4ZtWLsCFLN3a2EDlEjtS6kggshWH75L2mclQO/HNydlyrXWRx5OIJjOIUALqACVahBHSgoeIIXePWM9+y9ee+L1pyXzRzCL3gf3xzRj+E=</latexit><latexit sha1_base64="9550Png1V9JciWwPrsPSQp6TtYE=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGHKCOYDkyPMbTbJkt29Y3dPCCH/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpQIbqzvf3m5ldW19Y38ZmFre2d3r7h/0DBxqimr01jEuhWhYYIrVrfcCtZKNEMZCdaMRjczv/nItOGxurfjhIUSB4r3OUXrpIfOLUqJ5IpUu8WSX/bnIH9JkJESZKh1i5+dXkxTyZSlAo1pB35iwwlqy6lg00InNSxBOsIBazuqUDITTuYXT8mJU3qkH2tXypK5+nNigtKYsYxcp0Q7NMveTPzPa6e2fxlOuEpSyxRdLOqngtiYzN4nPa4ZtWLsCFLN3a2EDlEjtS6kggshWH75L2mclQO/HNydlyrXWRx5OIJjOIUALqACVahBHSgoeIIXePWM9+y9ee+L1pyXzRzCL3gf3xzRj+E=</latexit><latexit sha1_base64="9550Png1V9JciWwPrsPSQp6TtYE=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0MIiaGHKCOYDkyPMbTbJkt29Y3dPCCH/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpQIbqzvf3m5ldW19Y38ZmFre2d3r7h/0DBxqimr01jEuhWhYYIrVrfcCtZKNEMZCdaMRjczv/nItOGxurfjhIUSB4r3OUXrpIfOLUqJ5IpUu8WSX/bnIH9JkJESZKh1i5+dXkxTyZSlAo1pB35iwwlqy6lg00InNSxBOsIBazuqUDITTuYXT8mJU3qkH2tXypK5+nNigtKYsYxcp0Q7NMveTPzPa6e2fxlOuEpSyxRdLOqngtiYzN4nPa4ZtWLsCFLN3a2EDlEjtS6kggshWH75L2mclQO/HNydlyrXWRx5OIJjOIUALqACVahBHSgoeIIXePWM9+y9ee+L1pyXzRzCL3gf3xzRj+E=</latexit>



Baryon and Lepton Number Violation

Insufficient CP Violation Gavela, Hernandez, Orloff, 
Pene; Huet and Sather

No departure from thermal equilibrium 

Kajantie, Laine, 
Rummukainen, Shaposhnikov

Kuzmin, Rubakov and 
Shaposhnikov



Leading Explanations

2. BAU produced before EWPT via 
Leptogenesis

1. BAU produced during EWPT via EWBG.

3. BAU produced after EWPT via exotic 
decays



Electroweak Baryogenesis

hvHi 6= 0
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Electroweak Baryogenesis

hvHi 6= 0
<latexit sha1_base64="JIQXoFD1MOjMKjqQ/oqN4V4Xtkg=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJiqhKEBGMFCyNItCA1VeW4N8Wq4wT7plBF+QsWfoWFAYRYYeNvcEMGXkeydHzOvdfXJ0ikMOi6H05lZnZufqG6WFtaXlldq69vdEycag5tHstYXwbMgBQK2ihQwmWigUWBhItgdDz1L8agjYjVOU4S6EVsqEQoOEMr9etNH+EWiznZBKSMb/LMl0wNJdBxPzvJfV1cfAXX1M379YbbdAvQv8QrSYOUOO3X3/1BzNMIFHLJjOl6boK9jGkUXEJe81MDCeMjNoSupYpFYHpZsU9Od6wyoGGs7VFIC/V7R8YiYyZRYCsjhlfmtzcV//O6KYaHvUyoJEVQ/OuhMJUUYzoNiQ6EBo5yYgnjWthdKb9imnG0UdZsCN7vL/8lnb2m5za9s/1G66iMo0q2yDbZJR45IC1yQk5Jm3ByRx7IE3l27p1H58V5/SqtOGXPJvkB5+0TDSKhDA==</latexit><latexit sha1_base64="JIQXoFD1MOjMKjqQ/oqN4V4Xtkg=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJiqhKEBGMFCyNItCA1VeW4N8Wq4wT7plBF+QsWfoWFAYRYYeNvcEMGXkeydHzOvdfXJ0ikMOi6H05lZnZufqG6WFtaXlldq69vdEycag5tHstYXwbMgBQK2ihQwmWigUWBhItgdDz1L8agjYjVOU4S6EVsqEQoOEMr9etNH+EWiznZBKSMb/LMl0wNJdBxPzvJfV1cfAXX1M379YbbdAvQv8QrSYOUOO3X3/1BzNMIFHLJjOl6boK9jGkUXEJe81MDCeMjNoSupYpFYHpZsU9Od6wyoGGs7VFIC/V7R8YiYyZRYCsjhlfmtzcV//O6KYaHvUyoJEVQ/OuhMJUUYzoNiQ6EBo5yYgnjWthdKb9imnG0UdZsCN7vL/8lnb2m5za9s/1G66iMo0q2yDbZJR45IC1yQk5Jm3ByRx7IE3l27p1H58V5/SqtOGXPJvkB5+0TDSKhDA==</latexit><latexit sha1_base64="JIQXoFD1MOjMKjqQ/oqN4V4Xtkg=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJiqhKEBGMFCyNItCA1VeW4N8Wq4wT7plBF+QsWfoWFAYRYYeNvcEMGXkeydHzOvdfXJ0ikMOi6H05lZnZufqG6WFtaXlldq69vdEycag5tHstYXwbMgBQK2ihQwmWigUWBhItgdDz1L8agjYjVOU4S6EVsqEQoOEMr9etNH+EWiznZBKSMb/LMl0wNJdBxPzvJfV1cfAXX1M379YbbdAvQv8QrSYOUOO3X3/1BzNMIFHLJjOl6boK9jGkUXEJe81MDCeMjNoSupYpFYHpZsU9Od6wyoGGs7VFIC/V7R8YiYyZRYCsjhlfmtzcV//O6KYaHvUyoJEVQ/OuhMJUUYzoNiQ6EBo5yYgnjWthdKb9imnG0UdZsCN7vL/8lnb2m5za9s/1G66iMo0q2yDbZJR45IC1yQk5Jm3ByRx7IE3l27p1H58V5/SqtOGXPJvkB5+0TDSKhDA==</latexit><latexit sha1_base64="JIQXoFD1MOjMKjqQ/oqN4V4Xtkg=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJiqhKEBGMFCyNItCA1VeW4N8Wq4wT7plBF+QsWfoWFAYRYYeNvcEMGXkeydHzOvdfXJ0ikMOi6H05lZnZufqG6WFtaXlldq69vdEycag5tHstYXwbMgBQK2ihQwmWigUWBhItgdDz1L8agjYjVOU4S6EVsqEQoOEMr9etNH+EWiznZBKSMb/LMl0wNJdBxPzvJfV1cfAXX1M379YbbdAvQv8QrSYOUOO3X3/1BzNMIFHLJjOl6boK9jGkUXEJe81MDCeMjNoSupYpFYHpZsU9Od6wyoGGs7VFIC/V7R8YiYyZRYCsjhlfmtzcV//O6KYaHvUyoJEVQ/OuhMJUUYzoNiQ6EBo5yYgnjWthdKb9imnG0UdZsCN7vL/8lnb2m5za9s/1G66iMo0q2yDbZJR45IC1yQk5Jm3ByRx7IE3l27p1H58V5/SqtOGXPJvkB5+0TDSKhDA==</latexit>

hvHi = 0
<latexit sha1_base64="M/R1C5J8UBpIIlgJxIxGlNjcyoM=">AAACE3icbVDLSgMxFM34tr6qLt0EiyAuyowIuhFEN11WsA/olJJJb2swkxmSO8UyzD+48VfcuFDErRt3/o3pdBZqPRA4Oefem5sTxFIYdN0vZ25+YXFpeWW1tLa+sblV3t5pmijRHBo8kpFuB8yAFAoaKFBCO9bAwkBCK7i7mvitEWgjInWD4xi6IRsqMRCcoZV65SMf4R7zOWkgE8hSXzI1lEBHvbSW+Xp6Oadu1itX3Kqbg84SryAVUqDeK3/6/YgnISjkkhnT8dwYuynTKLiErOQnBmLG79gQOpYqFoLppvkuGT2wSp8OIm2PQpqrPztSFhozDgNbGTK8NX+9ifif10lwcNZNhYoTBMWnDw0SSTGik4BoX2jgKMeWMK6F3ZXyW6YZRxtjyYbg/f3yLGkeVz236l2fVC4uizhWyB7ZJ4fEI6fkgtRInTQIJw/kibyQV+fReXbenPdp6ZxT9OySX3A+vgHOkp6t</latexit><latexit sha1_base64="M/R1C5J8UBpIIlgJxIxGlNjcyoM=">AAACE3icbVDLSgMxFM34tr6qLt0EiyAuyowIuhFEN11WsA/olJJJb2swkxmSO8UyzD+48VfcuFDErRt3/o3pdBZqPRA4Oefem5sTxFIYdN0vZ25+YXFpeWW1tLa+sblV3t5pmijRHBo8kpFuB8yAFAoaKFBCO9bAwkBCK7i7mvitEWgjInWD4xi6IRsqMRCcoZV65SMf4R7zOWkgE8hSXzI1lEBHvbSW+Xp6Oadu1itX3Kqbg84SryAVUqDeK3/6/YgnISjkkhnT8dwYuynTKLiErOQnBmLG79gQOpYqFoLppvkuGT2wSp8OIm2PQpqrPztSFhozDgNbGTK8NX+9ifif10lwcNZNhYoTBMWnDw0SSTGik4BoX2jgKMeWMK6F3ZXyW6YZRxtjyYbg/f3yLGkeVz236l2fVC4uizhWyB7ZJ4fEI6fkgtRInTQIJw/kibyQV+fReXbenPdp6ZxT9OySX3A+vgHOkp6t</latexit><latexit sha1_base64="M/R1C5J8UBpIIlgJxIxGlNjcyoM=">AAACE3icbVDLSgMxFM34tr6qLt0EiyAuyowIuhFEN11WsA/olJJJb2swkxmSO8UyzD+48VfcuFDErRt3/o3pdBZqPRA4Oefem5sTxFIYdN0vZ25+YXFpeWW1tLa+sblV3t5pmijRHBo8kpFuB8yAFAoaKFBCO9bAwkBCK7i7mvitEWgjInWD4xi6IRsqMRCcoZV65SMf4R7zOWkgE8hSXzI1lEBHvbSW+Xp6Oadu1itX3Kqbg84SryAVUqDeK3/6/YgnISjkkhnT8dwYuynTKLiErOQnBmLG79gQOpYqFoLppvkuGT2wSp8OIm2PQpqrPztSFhozDgNbGTK8NX+9ifif10lwcNZNhYoTBMWnDw0SSTGik4BoX2jgKMeWMK6F3ZXyW6YZRxtjyYbg/f3yLGkeVz236l2fVC4uizhWyB7ZJ4fEI6fkgtRInTQIJw/kibyQV+fReXbenPdp6ZxT9OySX3A+vgHOkp6t</latexit><latexit sha1_base64="M/R1C5J8UBpIIlgJxIxGlNjcyoM=">AAACE3icbVDLSgMxFM34tr6qLt0EiyAuyowIuhFEN11WsA/olJJJb2swkxmSO8UyzD+48VfcuFDErRt3/o3pdBZqPRA4Oefem5sTxFIYdN0vZ25+YXFpeWW1tLa+sblV3t5pmijRHBo8kpFuB8yAFAoaKFBCO9bAwkBCK7i7mvitEWgjInWD4xi6IRsqMRCcoZV65SMf4R7zOWkgE8hSXzI1lEBHvbSW+Xp6Oadu1itX3Kqbg84SryAVUqDeK3/6/YgnISjkkhnT8dwYuynTKLiErOQnBmLG79gQOpYqFoLppvkuGT2wSp8OIm2PQpqrPztSFhozDgNbGTK8NX+9ifif10lwcNZNhYoTBMWnDw0SSTGik4BoX2jgKMeWMK6F3ZXyW6YZRxtjyYbg/f3yLGkeVz236l2fVC4uizhWyB7ZJ4fEI6fkgtRInTQIJw/kibyQV+fReXbenPdp6ZxT9OySX3A+vgHOkp6t</latexit>

sphalerons 
suppressed

sphalerons unsuppressed

CPV

CPV

CPV

CPV

CPV

CPV

 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>

 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> sphalerons

Baryon Asymmetry�sph

V
⇠ (↵wT )

4
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Seesaw Mechanism
• Most theories of leptogenesis assume neutrinos are 

Majorana (of course there are exceptions*)

*Dirac Leptogenesis, 
Dick, Lindner, 
Wright, Ratz
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Leptogenesis via Decays

N

Decay asymmetry from interference between tree  
and  loop level diagrams  

anti-  
leptons

CP-violation weak sphalerons

Decay Asymmetry 

Fukugida, Yanagida
leptons baryons

anti-  
baryons
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Y⌫ i Y⌫ i Y⌫j

Covi, Roulet, Vissani

7

occurs at T ~ M



Basic Mechanism

8

Washout and Scattering processes
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H†

N
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t

Q

inverse Decays ΔL=2 ΔL=1

Parameters of 
theory

Kinetic 
Equations ηB

Add refinements: flavour effects, finite density 
effects, spectator processes etc 
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Model Parameter Space

Y⌫ =
1

v
UPMNS

p
mRT

p
M

Neutrino Oscillation 
constraints

3 mixing angles 
3 phases

sum of neutrino masses 
and neutrino oscillation

3 parameters

Complex, orthogonal 
matrix

6 real parameters

Unconstrained

3 masses 
ensure at least mild 

hierarchy

R =

0

@
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0 c!1 s!1

0 �s!1 c!1

1

A

0

@
c!2 0 s!2

0 1 0
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@
c!3 s!3 0
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c!i = cos!i, s!i = sin!i, !i = xi + iyi

ηB is a function of up to 18 parameters.



GUT-scale

~1014 GeV

Minimal Leptogenesis

~102 GeV ~107 GeV

Resonant Leptogenesis

~105 GeV

Leptogenesis via 
oscillations

All above scenarios: 
type-1 SS

~ MeV~ eV

Disfavoured by 
BBN, CMB, 

oscillation data

Flavour effects can lower scale

• neutrinos masses + BAU 

• Minimal: 2 heavy RHN  

• LFV, LNV colliders and  
meson decays 

• Minimal models fine-tuned  
 

• neutrinos masses + BAU 

• Minimal: 2 heavy RHN  

• Natural UV completions  

• Harder to test (maybe in  
future depends on scale)  

Leptogenesis via 
oscillations

Leptogenesis via 
decays



Falsifiable
It would be ideal if the physics explaining neutrinos 
masses + BAU was at the GeV scale.  

BUT we should consider the possibility this is not the 
case, it may be higher → harder to test

�5 �7 �9 �11 �μeγ �� ℓγ �μeqq

102

104

106

108

1010

1012

1014

T
[G
eV

]

-Λ
- λ
�

-λ

current

future

LFV0νββ

EW scale

LHC reach

Still falsifiable colliders and 
NDBD: observe new physics to 
exclude new physics! 

image taken from 
1503.04825*:  

Deppsich, Harz, Hirsch, 
 Huang, Päs

There are issues if the 
mass scale of the RHN is 
too high: Higgs vacuum 
stability, increased F.T 
Higgs mass 

* see also 0806.0841, 
1312.4447



Standard Paradigm: 
Leptogenesis via decays  

cannot produce BAU below 
109 GeV  

Davidson-Ibarra Bound 

Can we lower the scale?



Three-flavored nonresonant 
leptogenesis at intermediate 

scales

Work in collaboration with K. Moffat, S. 
Pascoli, S. Petcov, H. Schulz  (1804.05066)
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Use flavour effects to lower the scale 



Explore P.S using 
MultiNest: 0809.3437: 
Feroz, Hobson, Bridges 
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Inverted Ordering



Scale can be lowered through 
flavour effects and thorough  

P.S exploration 



What if all CPV came from 
low-energy phases? 

Originally addressed by Pascoli, 
Petcov, Riotto

Lets revisit this question 
with more sophisticated machinery 
and incorporate of flavour effects, 

radiative corrections etc 



Leptogenesis from Low 
Energy CP Violation

Work in collaboration with K. Moffat, 
S. Pascoli, S. Petcov (1809.08251)



Can BAU be produced at “intermediate” scales with low  
energy phases? 

cosx2 ⇡ 0 and y2 = 0,

| cosx1| = 0 or 1,

| cosx3| = 0 or 1,
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Need to assume (although there are theoretical 
motivations) that high scale phases are CP conserving 

Solve kinetic equations using this assumption over 7 
orders of magnitude in the scale 
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Leptogenesis at intermediate scales using low-energy 
phases 



It was thought that at high 
high scales leptogenesis with 
low energy CPV could not 

produce the BAU



It was thought that at high 
high scales leptogenesis with 
low energy CPV could not 

produce the BAU

We found this to be incorrect
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Leptogenesis via decays can produce the BAU from CPV 
phases measurable at neutrino oscillation experiments 
over 7 orders of magnitude.  

But one has to assume the high-scale phases are CP 
conserving (although there are theoretical motivations to 
do so). 

In the very high scale regime, the one-flavoured limit is 
never fully reached which means a lepton asymmetry can 
still be generated. The contrary conclusion was a 
misconception.

CAVEAT



• Observation of the BAU is empirical evidence of 
Physics beyond the Standard Model. 

• Leptogenesis is a simple and compelling mechanism 
to address neutrino masses and the BAU. 

Summary

“Observation of low-scale leptonic CP violation and 
positive determination of the Majorana nature of the 
massive neutrinos, would make more plausible, but will 
not be a proof, of the existence of thermal leptogenesis. 
These remarkable discoveries would indicate that 
thermal leptogenesis could produce the BAU with the 
requisite CP violation provided by the Dirac CP-violating 
phase in the neutrino mixing matrix.”



Thank you for your 
attention



Basic Mechanism
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B.E do not consider  
spectator effects or thermal  

corrections 

These kinetic equations do not account for the fact leptons have flavour

Strong washout Weak  washout

zero initial abundance 
of sterile



Flavour Effects

11

�↵ (T ) ' 10�2h2
↵T

T⌧ ' 5⇥ 1011 GeVTµ ' 2⇥ 109 GeVTe ' 4⇥ 104 GeV

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i, c1↵ = h↵|`1i,

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i, c1↵ = h`↵|`1i.
/ Y⌫

τ

H

N1

τ⊥

H∗ H

τ⊥ τ

H†

(109 GeV < T < 5⇥ 1011 GeV)

Using flavour effects the scale of thermal leptogenesis may 
be lowered several orders of magnitude

If the era of leptonenesis occurs T < 109 GeV, three flavours 
become distinct

Temperature



Y ⇤
↵i = Y↵i⇢

N
i
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UCPNi (x)U
†
CP = i⇢Ni Ni (x

0) ,

UCP ⌫i (x)U
†
CP = i⇢⌫i ⌫i (x

0) ,
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U⇤
↵j = U↵j⇢

⌫
j , j 2 {1, 2, 3},
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R⇤
ij = Rij⇢

N
i ⇢⌫j , i, j 2 {1, 2, 3} .
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CP invariant transformation of PMNS matrix

CP invariant transformation of R matrix


