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Energy Budget of the Universe
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inflationary stage

post-inflation

EWPT

QCD transition

ν decoupling

BBN

radiation to matter

recombination

Time

min - 104 years

~1s-3mins

0.1s

10 µs

0.1 ns ~ 100 GeV

~ 200 MeV

~ 2.5 MeV

    ~MeV - 80 keV

~ 0.76 eV

~ 0.26 eV O(105) years

Measuring the Baryon Asymmetry 
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Planck 2015 (1502.01589)
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Cosmic Microwave Background 
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BBN PDG, 2012

bright quasar 3C 273: 
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Big Bang Nucleosynthesis 
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*Only necessary if QFT is CPT conserving 
Dolgov, Zeldovich & Cohen, Kaplan

Sakharov Conditions*

5



Jessica Turner 		 	 	 Fermilab	 	 	 	 	 	 	 	 	 	 	 	 	 	

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

Nice overview by Takehiko Asaka yesterday
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B+L violating sphalerons

CPV phase of CKM

SM EWPT crossover not 1st order PT
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*Dirac Leptogenesis, 
Dick, Lindner, 
Wright, Ratz & 

Murayama, Pierce
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Seesaw Mechanism
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• Most theories of leptogenesis assume neutrinos are 
Majorana (of course there are exceptions*)
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N

Decay asymmetry from interference between tree  
and  loop level diagrams  

anti-  
leptons

CP-violation weak sphalerons

Decay Asymmetry 

Fukugida, Yanagida

leptons baryons
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Mechanism
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Washout and Scattering processes
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Parameters 
of theory

Y⌫
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Kinetic 
Equations

Calculate 
BAU
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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
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Model Parameter Space
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|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="MzW65Z29dKgdgSGi0B7gXDKMZao="></latexit>
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`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>

�` < H
<latexit sha1_base64="hZc6t/MYCsdIVLuvbM6KwdZ5xoA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWpgh48FD3YYwX7AU0Im+20Xbq7CbsboYb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy9KGFXadb+twtr6xuZWcbu0s7u3X7YPDtsqTiWBFolZLLsRVsCogJammkE3kYB5xKATjW9nfucRpKKxeNCTBAKOh4IOKMHaSKFd9u8w5zjMfGBset0I7YpbdedwVomXkwrK0QztL78fk5SD0IRhpXqem+ggw1JTwmBa8lMFCSZjPISeoQJzUEE2P3zqnBql7wxiaUpoZ67+nsgwV2rCI9PJsR6pZW8m/uf1Uj24CjIqklSDIItFg5Q5OnZmKTh9KoFoNjEEE0nNrQ4ZYYmJNlmVTAje8surpF2reufV2v1FpX6Tx1FEx+gEnSEPXaI6aqAmaiGCUvSMXtGb9WS9WO/Wx6K1YOUzR+gPrM8feqSS+A==</latexit>

T & 1013 GeV
<latexit sha1_base64="6ZvsG/LFLYW/7xL4jyQda65aw9E=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoPgQcJMIugx6EGPEbJBJoaeTiVp0rPQXSOGIRcv/ooXD4p49R+8+Td2loMmPih4vFdFVT0vkkKjbX9bqaXlldW19HpmY3Nreye7u1fTYaw4VHkoQ9XwmAYpAqiiQAmNSAHzPQl1b3A19uv3oLQIgwoOI2j5rBeIruAMjdTOHlbcHhrbp459lzjFkXvqIjxgcg21UTubs/P2BHSRODOSIzOU29kvtxPy2IcAuWRaNx07wlbCFAouYZRxYw0R4wPWg6ahAfNBt5LJFyN6bJQO7YbKVIB0ov6eSJiv9dD3TKfPsK/nvbH4n9eMsXvRSkQQxQgBny7qxpJiSMeR0I5QwFEODWFcCXMr5X2mGEcTXMaE4My/vEhqhbxTzBduz3Kly1kcaXJAjsgJccg5KZEbUiZVwskjeSav5M16sl6sd+tj2pqyZjP75A+szx93UZfr</latexit>

T ⇠ 1011 GeV
<latexit sha1_base64="JBj6y/qpil6o/L5A4d0pWUXeWLU=">AAACAnicbVDJSgNBEO1xjXEb9SReGoPgQcJMFPQY9KDHCNkgE0NPp5I06VnorhHDELz4K148KOLVr/Dm39hZDpr4oODxXhVV9fxYCo2O820tLC4tr6xm1rLrG5tb2/bOblVHieJQ4ZGMVN1nGqQIoYICJdRjBSzwJdT8/tXIr92D0iIKyziIoRmwbig6gjM0UsveL3taBNR17lLXHXonHsIDptdQHbbsnJN3xqDzxJ2SHJmi1LK/vHbEkwBC5JJp3XCdGJspUyi4hGHWSzTEjPdZFxqGhiwA3UzHLwzpkVHatBMpUyHSsfp7ImWB1oPAN50Bw56e9Ubif14jwc5FMxVhnCCEfLKok0iKER3lQdtCAUc5MIRxJcytlPeYYhxNalkTgjv78jypFvLuab5we5YrXk7jyJADckiOiUvOSZHckBKpEE4eyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwB6nKWfg==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="ff+jzAU+8GjcHd+086jm0nHHtMQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV0JUUXdhlhb6gM5Y7aaYNTWaGJCOUoR/gxl9x40IRt36AO//GtJ2Fth4IHM45l5t7/JgzpW3728qtrK6tb+Q3C1vbO7t7xf2DlooSSWiTRDySHR8U5SykTc00p51YUhA+p21/dDP12w9UKhaFDT2OqSdgELKAEdBG6hVL7i0IAb3U1ZBM3FhGsY7w8L6SKQ18VTMpu2zPgJeJk5ESylDvFb/cfkQSQUNNOCjVdexYeylIzQink4KbKBoDGcGAdg0NQVDlpbNjJvjEKH0cRNK8UOOZ+nsiBaHUWPgmKUAP1aI3Ff/zuokOLr2UhXGiaUjmi4KEY3PvtBncZ5ISzceGAJHM/BWTIUgg2vRXMCU4iycvk1al7JyVK3fnpep1VkceHaFjdIocdIGqqIbqqIkIekTP6BW9WU/Wi/VufcyjOSubOUR/YH3+AKfkm1g=</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`2
<latexit sha1_base64="cw1NkgLU8eC58vmS4xBLT2fmDqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTKdtEMnM2FmIoQQf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTBhV2nG+rbX1jc2t7dpOfXdv/+DQPjruK5FKTHpYMCGHIVKEUU56mmpGhokkKA4ZGYSz29IfPBKpqOAPOkuIH6MJpxHFSBspsBueMHaZzj3CWJC3iyKwm07LmQOuErciTVChG9hf3ljgNCZcY4aUGrlOov0cSU0xI0XdSxVJEJ6hCRkZylFMlJ/Pjy/gmVHGMBLSPK7hXP2dyFGsVBaHZjJGeqqWvVL8zxulOrr2c8qTVBOOF4uilEEtYNkEHFNJsGaZIQhLam6FeIokwtr0VTcluMtfXiX9dsu9aLXvL5udm6qOGjgBp+AcuOAKdMAd6IIewCADz+AVvFlP1ov1bn0sRtesKtMAf2B9/gBxNZVH</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

`2
<latexit sha1_base64="sgIaJCHQ/bxGzmRkqpqkfg+rpLE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/aw27ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83vnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzJ4nA66QGTGxhDLF7a2EjaiizNiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGBgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx/+04/w</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="MzW65Z29dKgdgSGi0B7gXDKMZao="></latexit>
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`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

`1
<latexit sha1_base64="k3uR8vVTZ5QT92O/bUfRU57E4Oc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/cyb9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+b3TsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZs+TAVfIjJhYQpni9lbCRlRRZmxEJRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w/9To/v</latexit>

B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>

�` < H
<latexit sha1_base64="hZc6t/MYCsdIVLuvbM6KwdZ5xoA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWpgh48FD3YYwX7AU0Im+20Xbq7CbsboYb+Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy9KGFXadb+twtr6xuZWcbu0s7u3X7YPDtsqTiWBFolZLLsRVsCogJammkE3kYB5xKATjW9nfucRpKKxeNCTBAKOh4IOKMHaSKFd9u8w5zjMfGBset0I7YpbdedwVomXkwrK0QztL78fk5SD0IRhpXqem+ggw1JTwmBa8lMFCSZjPISeoQJzUEE2P3zqnBql7wxiaUpoZ67+nsgwV2rCI9PJsR6pZW8m/uf1Uj24CjIqklSDIItFg5Q5OnZmKTh9KoFoNjEEE0nNrQ4ZYYmJNlmVTAje8surpF2reufV2v1FpX6Tx1FEx+gEnSEPXaI6aqAmaiGCUvSMXtGb9WS9WO/Wx6K1YOUzR+gPrM8feqSS+A==</latexit>

T & 1013 GeV
<latexit sha1_base64="6ZvsG/LFLYW/7xL4jyQda65aw9E=">AAACBXicbVDJSgNBEO2JW4xb1KMeGoPgQcJMIugx6EGPEbJBJoaeTiVp0rPQXSOGIRcv/ooXD4p49R+8+Td2loMmPih4vFdFVT0vkkKjbX9bqaXlldW19HpmY3Nreye7u1fTYaw4VHkoQ9XwmAYpAqiiQAmNSAHzPQl1b3A19uv3oLQIgwoOI2j5rBeIruAMjdTOHlbcHhrbp459lzjFkXvqIjxgcg21UTubs/P2BHSRODOSIzOU29kvtxPy2IcAuWRaNx07wlbCFAouYZRxYw0R4wPWg6ahAfNBt5LJFyN6bJQO7YbKVIB0ov6eSJiv9dD3TKfPsK/nvbH4n9eMsXvRSkQQxQgBny7qxpJiSMeR0I5QwFEODWFcCXMr5X2mGEcTXMaE4My/vEhqhbxTzBduz3Kly1kcaXJAjsgJccg5KZEbUiZVwskjeSav5M16sl6sd+tj2pqyZjP75A+szx93UZfr</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="ff+jzAU+8GjcHd+086jm0nHHtMQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNV0JUUXdhlhb6gM5Y7aaYNTWaGJCOUoR/gxl9x40IRt36AO//GtJ2Fth4IHM45l5t7/JgzpW3728qtrK6tb+Q3C1vbO7t7xf2DlooSSWiTRDySHR8U5SykTc00p51YUhA+p21/dDP12w9UKhaFDT2OqSdgELKAEdBG6hVL7i0IAb3U1ZBM3FhGsY7w8L6SKQ18VTMpu2zPgJeJk5ESylDvFb/cfkQSQUNNOCjVdexYeylIzQink4KbKBoDGcGAdg0NQVDlpbNjJvjEKH0cRNK8UOOZ+nsiBaHUWPgmKUAP1aI3Ff/zuokOLr2UhXGiaUjmi4KEY3PvtBncZ5ISzceGAJHM/BWTIUgg2vRXMCU4iycvk1al7JyVK3fnpep1VkceHaFjdIocdIGqqIbqqIkIekTP6BW9WU/Wi/VufcyjOSubOUR/YH3+AKfkm1g=</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`2
<latexit sha1_base64="cw1NkgLU8eC58vmS4xBLT2fmDqM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTKdtEMnM2FmIoQQf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnTBhV2nG+rbX1jc2t7dpOfXdv/+DQPjruK5FKTHpYMCGHIVKEUU56mmpGhokkKA4ZGYSz29IfPBKpqOAPOkuIH6MJpxHFSBspsBueMHaZzj3CWJC3iyKwm07LmQOuErciTVChG9hf3ljgNCZcY4aUGrlOov0cSU0xI0XdSxVJEJ6hCRkZylFMlJ/Pjy/gmVHGMBLSPK7hXP2dyFGsVBaHZjJGeqqWvVL8zxulOrr2c8qTVBOOF4uilEEtYNkEHFNJsGaZIQhLam6FeIokwtr0VTcluMtfXiX9dsu9aLXvL5udm6qOGjgBp+AcuOAKdMAd6IIewCADz+AVvFlP1ov1bn0sRtesKtMAf2B9/gBxNZVH</latexit>

T ⇠ 109 GeV
<latexit sha1_base64="5UYZEfjiVoFbhR6a4csPZ3OhiLo=">AAACAHicbVDJSgNBEO1xjXEb9eDBy2AQPEiYiYJ6C3rQY4RskBlDT6eSNOlZ6K4RwzAXf8WLB0W8+hne/Bs7y0ETHxQ83quiqp4fC67Qtr+NhcWl5ZXV3Fp+fWNza9vc2a2rKJEMaiwSkWz6VIHgIdSQo4BmLIEGvoCGP7ge+Y0HkIpHYRWHMXgB7YW8yxlFLbXN/aqreODY9+ll5p64CI+Y3kA9a5sFu2iPYc0TZ0oKZIpK2/xyOxFLAgiRCapUy7Fj9FIqkTMBWd5NFMSUDWgPWpqGNADlpeMHMutIKx2rG0ldIVpj9fdESgOlhoGvOwOKfTXrjcT/vFaC3Qsv5WGcIIRssqibCAsja5SG1eESGIqhJpRJrm+1WJ9KylBnltchOLMvz5N6qeicFkt3Z4Xy1TSOHDkgh+SYOOSclMktqZAaYSQjz+SVvBlPxovxbnxMWheM6cwe+QPj8wcnnJYh</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

`⌧
<latexit sha1_base64="cZkx4QyEqLfPBmL4wT1/saNuCGs=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkCrosunFZwT6gCWEynbRDJzNhZiKUmIW/4saFIm79DXf+jZM2C209MHA45x7unRMmjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyH6IFGGUk46mmpF+IgmKQ0Z64eSm8HsPRCoq+L2eJsSP0YjTiGKkjRTYR54wdpHOPMJYkHkapXke2HWn4cwAl4lbkjoo0Q7sL28ocBoTrjFDSg1cJ9F+hqSmmJG85qWKJAhP0IgMDOUoJsrPZvfn8NQoQxgJaR7XcKb+TmQoVmoah2YyRnqsFr1C/M8bpDq68jPKk1QTjueLopRBLWBRBhxSSbBmU0MQltTcCvEYSYS1qaxmSnAXv7xMus2Ge95o3l3UW9dlHVVwDE7AGXDBJWiBW9AGHYDBI3gGr+DNerJerHfrYz5ascrMIfgD6/MHLfyW2Q==</latexit>

`µ
<latexit sha1_base64="hZ6WPmuXrIgOlFa2/YQZoBN9ZyM=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRV0GXRjcsK9gFNCJPppB06jzAzEUoo+CtuXCji1u9w5984abPQ1gMDh3Pu4d45ccqoNp737aysrq1vbFa2qts7u3v77sFhR8tMYdLGkknVi5EmjArSNtQw0ksVQTxmpBuPbwu/+0iUplI8mElKQo6GgiYUI2OlyD0OpLWLdB4QxqI84Nl0Grk1r+7NAJeJX5IaKNGK3K9gIHHGiTCYIa37vpeaMEfKUMzItBpkmqQIj9GQ9C0ViBMd5rPzp/DMKgOYSGWfMHCm/k7kiGs94bGd5MiM9KJXiP95/cwk12FORZoZIvB8UZIxaCQsuoADqgg2bGIJworaWyEeIYWwsY1VbQn+4peXSadR9y/qjfvLWvOmrKMCTsApOAc+uAJNcAdaoA0wyMEzeAVvzpPz4rw7H/PRFafMHIE/cD5/AGJslmc=</latexit>

`µ
<latexit sha1_base64="Oh0vSQDbq2i82pw0Vs01CtSbuNo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac2oWy203bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4dua3n1BpHssHM0kwiOhQ8gFn1Fjp0UchepkfpdNeueJW3TnIKvFyUoEcjV75y+/HLI1QGiao1l3PTUyQUWU4Ezgt+anGhLIxHWLXUkkj1EE2v3hKzqzSJ4NY2ZKGzNXfExmNtJ5Eoe2MqBnpZW8m/ud1UzO4DjIuk9SgZItFg1QQE5PZ+6TPFTIjJpZQpri9lbARVZQZG1LJhuAtv7xKWrWqd1Gt3V9W6jd5HEU4gVM4Bw+uoA530IAmMJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOYekRA=</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`e
<latexit sha1_base64="lSxKElUmZJCav+fQMiOdfpOhy+8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/Qyn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m9U3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2fNkwBUyIyaWUKa4vZWwEVWUGRtRyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QNMYZAj</latexit>

`e
<latexit sha1_base64="b7n1vgBEX8Y6omX2NeJr2HW8pL0=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuiy6cVnBPqAJYTK9aYdOHsxMhBDir7hxoYhbP8Sdf+OkzUJbDwwczrmHe+f4CWdSWda3sba+sbm1Xdup7+7tHxyaR8d9GaeCQo/GPBZDn0jgLIKeYorDMBFAQp/DwJ/dlv7gEYRkcfSgsgTckEwiFjBKlJY8s+HE2i7TuQOcezkUhWc2rZY1B14ldkWaqELXM7+ccUzTECJFOZFyZFuJcnMiFKMcirqTSkgInZEJjDSNSAjSzefHF/hMK2McxEK/SOG5+juRk1DKLPT1ZEjUVC57pfifN0pVcO3mLEpSBRFdLApSjlWMyybwmAmgimeaECqYvhXTKRGEKt1XXZdgL395lfTbLfui1b6/bHZuqjpq6ASdonNkoyvUQXeoi3qIogw9o1f0ZjwZL8a78bEYXTOqTAP9gfH5A77nlXo=</latexit>

`2
<latexit sha1_base64="sgIaJCHQ/bxGzmRkqpqkfg+rpLE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6aEQ/aw27ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n83vnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzJ4nA66QGTGxhDLF7a2EjaiizNiISjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIGBgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx/+04/w</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="MzW65Z29dKgdgSGi0B7gXDKMZao="></latexit>

SM Yukawa coupling

�µ / h
2
µT > H

<latexit sha1_base64="IHEdLRzxrpmO5+uMrI3eeX6jsKo=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWaqoCspurDLCn1BZxwyaaYNTTJDkhHK0K0bf8WNC0Xc+gfu/BvTdhbaeiBwOOdebs4JE0aVdpxvq7Cyura+UdwsbW3v7O7Z+wdtFacSkxaOWSy7IVKEUUFammpGuokkiIeMdMLRzdTvPBCpaCyaepwQn6OBoBHFSBspsKF3izhHQebxdOIlMk50DIf31bnQvKoHdtmpODPAZeLmpAxyNAL7y+vHOOVEaMyQUj3XSbSfIakpZmRS8lJFEoRHaEB6hgrEifKzWZIJPDFKH0axNE9oOFN/b2SIKzXmoZnkSA/VojcV//N6qY4u/YyKJNVE4PmhKGXQpJ3WAvtUEqzZ2BCEJTV/hXiIJMLalFcyJbiLkZdJu1pxzyrVu/Ny7TqvowiOwDE4BS64ADVQBw3QAhg8gmfwCt6sJ+vFerc+5qMFK985BH9gff4ApXmaSg==</latexit>

T ⇠ 1011 GeV
<latexit sha1_base64="JBj6y/qpil6o/L5A4d0pWUXeWLU=">AAACAnicbVDJSgNBEO1xjXEb9SReGoPgQcJMFPQY9KDHCNkgE0NPp5I06VnorhHDELz4K148KOLVr/Dm39hZDpr4oODxXhVV9fxYCo2O820tLC4tr6xm1rLrG5tb2/bOblVHieJQ4ZGMVN1nGqQIoYICJdRjBSzwJdT8/tXIr92D0iIKyziIoRmwbig6gjM0UsveL3taBNR17lLXHXonHsIDptdQHbbsnJN3xqDzxJ2SHJmi1LK/vHbEkwBC5JJp3XCdGJspUyi4hGHWSzTEjPdZFxqGhiwA3UzHLwzpkVHatBMpUyHSsfp7ImWB1oPAN50Bw56e9Ubif14jwc5FMxVhnCCEfLKok0iKER3lQdtCAUc5MIRxJcytlPeYYhxNalkTgjv78jypFvLuab5we5YrXk7jyJADckiOiUvOSZHckBKpEE4eyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwB6nKWfg==</latexit>
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`⌧
<latexit sha1_base64="1DWS7jpzy7xlovVl/fQFBY1/nQI=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAklM122y7dbMLuRCihP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3I2q4FIq3UKDk3VRzGkeSd6Lx3czvPHFtRKIecZLyMKZDJQaCUbSSH3Ape3mANJv2KlW35s5BVolXkCoUaPYqX0E/YVnMFTJJjfE9N8UwpxoFk3xaDjLDU8rGdMh9SxWNuQnz+clTcm6VPhkk2pZCMld/T+Q0NmYSR7Yzpjgyy95M/M/zMxzchLlQaYZcscWiQSYJJmT2P+kLzRnKiSWUaWFvJWxENWVoUyrbELzll1dJu17zLmv1h6tq47aIowSncAYX4ME1NOAemtACBgk8wyu8Oei8OO/Ox6J1zSlmTuAPnM8frNaRgg==</latexit>

H
<latexit sha1_base64="OmnsBIcI7uL9xT1nnclacUzB0Hk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJ7HjNA=</latexit>

`µ
<latexit sha1_base64="hZ6WPmuXrIgOlFa2/YQZoBN9ZyM=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRV0GXRjcsK9gFNCJPppB06jzAzEUoo+CtuXCji1u9w5984abPQ1gMDh3Pu4d45ccqoNp737aysrq1vbFa2qts7u3v77sFhR8tMYdLGkknVi5EmjArSNtQw0ksVQTxmpBuPbwu/+0iUplI8mElKQo6GgiYUI2OlyD0OpLWLdB4QxqI84Nl0Grk1r+7NAJeJX5IaKNGK3K9gIHHGiTCYIa37vpeaMEfKUMzItBpkmqQIj9GQ9C0ViBMd5rPzp/DMKgOYSGWfMHCm/k7kiGs94bGd5MiM9KJXiP95/cwk12FORZoZIvB8UZIxaCQsuoADqgg2bGIJworaWyEeIYWwsY1VbQn+4peXSadR9y/qjfvLWvOmrKMCTsApOAc+uAJNcAdaoA0wyMEzeAVvzpPz4rw7H/PRFafMHIE/cD5/AGJslmc=</latexit>

Ni
<latexit sha1_base64="fA22yIc31qfSSM3WnufIYUo/uBs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF09SwbSFNpTNdtou3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewtr6xuVXcLu3s7u0flA+PmjpOFUOfxSJW7ZBqFFyib7gR2E4U0igU2ArHtzO/9YRK81g+mkmCQUSHkg84o8ZK/n0v49NeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gOsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqadaq3kW19nBZqd/kcRThBE7hHDy4gjrcQQN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AOZcjr4=</latexit>

Ni
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T < 109 GeV, three flavours become distinct

Density matrix equation which account for lepton flavour 
oscillation (pictured above) are needed.

In 1804.05066 we* demonstrated non-resonant thermal  
leptogenesis can be lowered to T~106 GeV

*K. Moffat, S. Pascoli, S.T. Petcov, H. Schulz, JT 

Similar to 
inclusion  of 
spectator effects, 
we gain protection 
for the lepton 
asymmetry

Why bother with flavour effects?

represent 
off-
diagonal 
component
s of density 
matrix 
equations
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3-Flavour Approximation
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�(�) ↵21(�) ↵31(�) x1(�) y1(�) x2(�) y2(�) x3(�) y3(�)

BP1 180 0 0 100 45 150 25 45 35
BP2 270 90 180 10 60 55 25 70 �15
BP3 330 40 220 0 100 �1 10 1 �75
BP4 320 450 450 15 180 �90 2 144 �175

<latexit sha1_base64="v1kiv9rZNpHs0VGLiU5v1sWv8uw="></latexit>

BP1 BP2

BP3 BP4

Inclusion of 
flavour effects 
can result in  
~5-10% effect 
for M1~106-107 
GeV

1804.05066
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Δm231=2.477x10-3eV2

Normal Ordering

Applied nested 
sampling 
algorithm: 
MultiNest 

• perturbativity

• loop corrections to neutrino 

mass included 

• |M1-M2|>>𝛤1 

• ∑mν < 1.0 eV

1804.05066
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Inverted Ordering
1804.05066
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S. Pascoli, S.T. Petcov and A. Riotto (0609125, 0611338)

All CPV stems from low energy phases. This implies the 
“high scale” phases of the R-matrix must be CP conserving*.

*models that include a feature have been studied in the context of flavour and generalised CP symmetries 
(1203.4435 [Petcov etal], 1506.06788 [Mohapatra etc], 1602.03873 [Ding etal],1602.04206 [Hagedorn 
etal] )

They found low scale CPV could explain the observed BAU:
1010 . M(GeV) . 1012

<latexit sha1_base64="syTjfCeU7C5E35Q5TvfhtGrxkuo=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBAUJO5GQY9BD3oRFEwUsmuYnXTMkNkHM71iWPYzvPgrXjwo4jU3/8ZJXEGNBQNFVTU9XX4shUbb/rAmJqemZ2YLc8X5hcWl5dLKakNHieJQ55GM1LXPNEgRQh0FSriOFbDAl3Dl946H/tUdKC2i8BL7MXgBuw1FR3CGRmqVdh37JnXszJWgtRYBPaNb7o6LcI/pCTSy7W9jlKtmrVLZrtgj0HHi5KRMcpy3SgO3HfEkgBC5ZFo3HTtGL2UKBZeQFd1EQ8x4j91C09CQBaC9dHRYRjeN0qadSJkXIh2pPydSFmjdD3yTDBh29V9vKP7nNRPsHHqpCOMEIeRfizqJpBjRYUu0LRRwlH1DGFfC/JXyLlOMo+myaEpw/p48ThrVirNXqV7sl2tHeR0Fsk42yBZxyAGpkVNyTuqEkwfyRF7Iq/VoPVtv1vtXdMLKZ9bIL1iDT6z8nvA=</latexit>

Upper bound was placed as in the one-flavoured regime
✏1 = 0

<latexit sha1_base64="YT6IYheUEoILn0J4zAmtBALLC+0=">AAAB9XicbVDLSgNBEOyNrxhfUY9eFoPgKexGQS9C0IvHCOYByRpmJ51kyOzMMjOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPdFcacaeN5305uZXVtfSO/Wdja3tndK+4fNLRMFMU6lVyqVkg0ciawbpjh2IoVkijk2AxHN1O/+YhKMynuzTjGICIDwfqMEmOlhw7GmnEpuqk/ufK6xZJX9mZwl4mfkRJkqHWLX52epEmEwlBOtG77XmyClCjDKMdJoZNojAkdkQG2LRUkQh2ks6sn7olVem5fKlvCuDP190RKIq3HUWg7I2KGetGbiv957cT0L4OUiTgxKOh8UT/hrpHuNAK3xxRSw8eWEKqYvdWlQ6IINTaogg3BX3x5mTQqZf+sXLk7L1WvszjycATHcAo+XEAVbqEGdaCg4Ble4c15cl6cd+dj3ppzsplD+APn8wc9DpJV</latexit>

From CP invariance conditions on Ni implies entries of R-
matrix are purely real or imaginary.

Leptogenesis from Leptonic CP 
Violation
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S. Pascoli, S.T. Petcov and A. Riotto (0609125, 0611338)

In the high energy limit (T > 5 x 1012 GeV) low energy phase 
could not be connected with leptogenesis since:

In the low(er) energy limit (T < 1010 GeV) low energy phase 
could not be connected with leptogenesis because decay 
asymmetry is too small. 

✏ / M1
<latexit sha1_base64="Up+JFDF5nREyEhpraMHKloDoXyk=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2WmCrosunEjVLAP6AxDJs20oZkkJBmhDAV/xY0LRdz6He78G9N2Ftp64MLhnHu5955YMqqN5307pZXVtfWN8mZla3tnd8/dP2hrkSlMWlgwobox0oRRTlqGGka6UhGUxox04tHN1O88EqWp4A9mLEmYogGnCcXIWClyjwIiNWWCB1IJaQS8i3J/ErlVr+bNAJeJX5AqKNCM3K+gL3CWEm4wQ1r3fE+aMEfKUMzIpBJkmkiER2hAepZylBId5rPzJ/DUKn2YCGWLGzhTf0/kKNV6nMa2M0VmqBe9qfif18tMchXmlMvMEI7ni5KMQfvmNAvYp4pgw8aWIKyovRXiIVIIG5tYxYbgL768TNr1mn9eq99fVBvXRRxlcAxOwBnwwSVogFvQBC2AQQ6ewSt4c56cF+fd+Zi3lpxi5hD8gfP5A3WVlcw=</latexit>

✏1 ⌘ �(N1 ! `H)� �(N1 ! H
†
L)

�(N1 ! `H) + �(N1 ! H†L)

/
X

j

Im(Y⌫Y
†
⌫ )

2
1j
Mj

M1
<latexit sha1_base64="6X7HPJy0T2z2OGgZVGmh88oN3dg="></latexit>

zero if R real or 
purely imaginary

Leptogenesis from Leptonic CP 
Violation
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* 0809.3437

1809.08251 revisits this question using 
modern numerical machinery: 

density matrix equations + MultiNest* 
for effective PS exploration
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T<109 GeV

Leptogenesis from Leptonic CP 
Violation
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n
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Lowest mass for non-resonant low scale CPV from Dirac and 
Majorana phases ~106 GeV. At this scale all low energy phases.

Normal Ordering

Inverted Ordering

R matrix  CP 
conserving and  
low energy 
observable fixed 
at best fit values 
NuFit.

M1 = 3.16⇥ 106 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="dKqwGnGofgfAEI2I6PmoyW290hY="></latexit>

m1 = 0.21 eV⇤
<latexit sha1_base64="A28Y2+VpT/jI6Smq6X6db7ntgbI=">AAACAHicbVDLSgNBEJyNrxhfqx48eFkMgoiE3SjoRQh68RjBPCAbw+ykkwyZfTDTK4ZlL/6KFw+KePUzvPk3TpI9aGJBQ1HVTXeXFwmu0La/jdzC4tLySn61sLa+sbllbu/UVRhLBjUWilA2PapA8ABqyFFAM5JAfU9Awxtej/3GA0jFw+AORxG0fdoPeI8zilrqmHt+J3HSS7tUdtwTF+ERE6in98cds2iX7AmseeJkpEgyVD vml9sNWexDgExQpVqOHWE7oRI5E5AW3FhBRNmQ9qGlaUB9UO1k8kBqHWqla/VCqStAa6L+nkior9TI93SnT3GgZr2x+J/XirF30U54EMUIAZsu6sXCwtAap2F1uQSGYqQJZZLrWy02oJIy1JkVdAjO7MvzpF4uOael8u1ZsXKVxZEn++SAHBGHnJMKuSFVUiOMpOSZvJI348l4Md6Nj2lrzshmdskfGJ8/Dg2VbA==</latexit>

* Can be lowered to m1=0.05 eV
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Pure Dirac phase leptogenesis requires minimally M1~108 GeV
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M1 = 7.0⇥ 108 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="2O8j4Iqorhd9YC9+IrEOlU3mjpY="></latexit>

m1 = 0.21 eV
<latexit sha1_base64="v5r5krVaY9lANdl58jKehlOTq64=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCBwkzUdCLEPTiMYJZIAlDT6cmadKz0F0jhmHAX/HiQRGvfoc3/8bOctDEBwWP96qoqufFUmi07W8rt7S8srqWXy9sbG5t7xR39xo6ShSHOo9kpFoe0yBFCHUUKKEVK2CBJ6HpDW/GfvMBlBZReI+jGLoB64fCF5yhkdziQeCmTnZllytO57SD8IgpNDK3WLLL9gR0kTgzUiIz1NziV6cX8SSAELlkWrcdO8ZuyhQKLiErdBINMeND1oe2oSELQHfTyfkZPTZKj/qRMhUinai/J1IWaD0KPNMZMBzoeW8s/ue1E/Qvu6kI4wQh5NNFfiIpRnScBe0JBRzlyBDGlTC3Uj5ginE0iRVMCM78y4ukUSk7Z+XK3Xmpej2LI08OyRE5IQ65IFVyS2qkTjhJyTN5JW/Wk/VivVsf09acNZvZJ39gff4A5nuU0A==</latexit>

Pure Dirac  CP Violation

scale is higher than Majorana only as we are sinθ13 penalised
26



Jessica Turner 		 	 	 Fermilab	 	 	 	 	 	 	 	 	 	 	 	 	 	

Pure Majorana phase leptogenesis requires minimally 
M1~106 GeV
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M1 = 3.71⇥ 106 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="qNMwLS4tcv6Clpx6SQrW9U0Gffg="></latexit>

m1 = 0.21 eV
<latexit sha1_base64="v5r5krVaY9lANdl58jKehlOTq64=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCBwkzUdCLEPTiMYJZIAlDT6cmadKz0F0jhmHAX/HiQRGvfoc3/8bOctDEBwWP96qoqufFUmi07W8rt7S8srqWXy9sbG5t7xR39xo6ShSHOo9kpFoe0yBFCHUUKKEVK2CBJ6HpDW/GfvMBlBZReI+jGLoB64fCF5yhkdziQeCmTnZllytO57SD8IgpNDK3WLLL9gR0kTgzUiIz1NziV6cX8SSAELlkWrcdO8ZuyhQKLiErdBINMeND1oe2oSELQHfTyfkZPTZKj/qRMhUinai/J1IWaD0KPNMZMBzoeW8s/ue1E/Qvu6kI4wQh5NNFfiIpRnScBe0JBRzlyBDGlTC3Uj5ginE0iRVMCM78y4ukUSk7Z+XK3Xmpej2LI08OyRE5IQ65IFVyS2qkTjhJyTN5JW/Wk/VivVsf09acNZvZJ39gff4A5nuU0A==</latexit> Pure Majorana  CPV
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Mini summary: non-resonant thermal 
leptogenesis can explain BAU using only 

low scale phases at M1~106 GeV
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T>1012 GeV

Leptogenesis from Leptonic CP 
Violation
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Before in very  high energy regime (“one flavoured”) not possible 
to produce the BAU from low phases
Although ϵ = 0, the washout terms are still flavour dependent  
and can generate sufficient lepton asymmetry.

y3 = 30�
<latexit sha1_base64="fxeqcV7NVbVwE/QCsc9gDLMSddQ=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkr6EUoevFYwX5AG8Nmu2mXbjZhd1MIof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxnczvzOhUrFYPOosoV6Eh4KFjGBtJN+2Mz+vT9ENqjtPfcIk8e2KU3XmQKvELUgFCjR9+6s/iEkaUaEJx0r1XCfRXo6lZoTTabmfKppgMsZD2jNU4IgqL59fPkXnRhmgMJamhEZz9fdEjiOlsigwnRHWI7XszcT/vF6qw2svZyJJNRVksShMOdIxmsWABkxSonlmCCaSmVsRGWGJiTZhlU0I7vLLq6Rdq7r1au3hstK4LeIowSmcwQW4cAUNuIcmtIDABJ7hFd6s3Hqx3q2PReuaVcycwB9Ynz/tH5KN</latexit>

y3 = 5�
<latexit sha1_base64="+hN0lwzIVSXGj6SKrW1KyUE0e7Y=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0laRS9C0YvHCvYD2hg22027dLMJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3CVnF7Z3evZO8ftFScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjG6mfvuRSsVica/HCfUiPBAsZARrI/l2aexntQm6QucPPcIk8e2yU3FmQMvEzUkZcjR8+6vXj0kaUaEJx0p1XSfRXoalZoTTSbGXKppgMsID2jVU4IgqL5sdPkEnRumjMJamhEYz9fdEhiOlxlFgOiOsh2rRm4r/ed1Uh5dexkSSairIfFGYcqRjNE0B9ZmkRPOxIZhIZm5FZIglJtpkVTQhuIsvL5NWteLWKtW7s3L9Oo+jAEdwDKfgwgXU4RYa0AQCKTzDK7xZT9aL9W59zFtXrHzmEP7A+vwBfoGSVQ==</latexit>

y3 = 0.3�
<latexit sha1_base64="B3A70KJx1Wam5AA6wAA5e7O2p64=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4Ckkr6EYounFZwT6gjWEynbRDJw9mJkqI/RQ3LhRx65e482+ctllo64ELh3Pu5d57/IQzqWz721hZXVvf2Cxtlbd3dvf2zcpBW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb88fXU7zxQIVkc3aksoW6IhxELGMFKS55Zyby8PkGXyLbq933CBPHMqm3ZM6Bl4hSkCgWanvnVH8QkDWmkCMdS9hw7UW6OhWKE00m5n0qaYDLGQ9rTNMIhlW4+O32CTrQyQEEsdEUKzdTfEzkOpcxCX3eGWI3kojcV//N6qQou3JxFSapoROaLgpQjFaNpDmjABCWKZ5pgIpi+FZERFpgonVZZh+AsvrxM2jXLqVu127Nq46qIowRHcAyn4MA5NOAGmtACAo/wDK/wZjwZL8a78TFvXTGKmUP4A+PzB1v2ksU=</latexit>

y3 = 0.0�
<latexit sha1_base64="W/HsOMmUIoCLHk5AiYzpYMGSRsQ=">AAAB+nicbZDLSsNAFIZPvNZ6S3XpZrAIrkrSCroRim5cVrAXaGOYTCft0MkkzEyUEvsoblwo4tYncefbOG2z0NYfBj7+cw7nzB8knCntON/Wyura+sZmYau4vbO7t2+XDloqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkbX03r7gUrFYnGnxwn1IjwQLGQEa2P5dmnsZ7UJukROxbnvESaJb5cNz4SWwc2hDLkavv3V68ckjajQhGOluq6TaC/DUjPC6aTYSxVNMBnhAe0aFDiiystmp0/QiXH6KIyleUKjmft7IsORUuMoMJ0R1kO1WJua/9W6qQ4vvIyJJNVUkPmiMOVIx2iaA+ozSYnmYwOYSGZuRWSIJSbapFU0IbiLX16GVrXi1irV27Ny/SqPowBHcAyn4MI51OEGGtAEAo/wDK/wZj1ZL9a79TFvXbHymUP4I+vzB1dYksI=</latexit>

3F

2F
1F1F

1F

3F

2F

density matrix 
equations
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M1 = 1013 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="mdRBCoA+Bd0hKjrphH9M48OP7+M=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBA8hLCbKHoJBD3oRVAwiZCNYXbS0SGzD2Z6xbDs13jxV7x4UES8+SlOkhV8FQwUVdX0dHmRFBpt+92amp6ZnZvPLeQXl5ZXVgtr600dxopDg4cyVJce0yBFAA0UKOEyUsB8T0LLGxyN/NYtKC3C4AKHEXR8dh2IvuAMjdQt1E67iZPWHPsqcaqpW3IR7jA5hmZackvUmJW0Vi3vjVOZUv1SKmm3ULTL9hj0L3EyUiQZzrqFZ7cX8tiHALlkWrcdO8JOwhQKLiHNu7GGiPEBu4a2oQHzQXeS8Zkp3TZKj/ZDZV6AdKx+n0iYr/XQ90zSZ3ijf3sj8T+vHWP/oJOIIIoRAj5Z1I8lxZCOOqM9oYCjHBrCuBLmr5TfMMU4mmbzpgTn98l/SbNSdqrlyvlusX6Y1ZEjm2SL7BCH7JM6OSFnpEE4uSeP5Jm8WA/Wk/VqvU2iU1Y2s0F+wPr4BDf9ooc=</latexit>

Leptogenesis from Leptonic CP 
Violation
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M1 = 1013 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="mdRBCoA+Bd0hKjrphH9M48OP7+M=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBA8hLCbKHoJBD3oRVAwiZCNYXbS0SGzD2Z6xbDs13jxV7x4UES8+SlOkhV8FQwUVdX0dHmRFBpt+92amp6ZnZvPLeQXl5ZXVgtr600dxopDg4cyVJce0yBFAA0UKOEyUsB8T0LLGxyN/NYtKC3C4AKHEXR8dh2IvuAMjdQt1E67iZPWHPsqcaqpW3IR7jA5hmZackvUmJW0Vi3vjVOZUv1SKmm3ULTL9hj0L3EyUiQZzrqFZ7cX8tiHALlkWrcdO8JOwhQKLiHNu7GGiPEBu4a2oQHzQXeS8Zkp3TZKj/ZDZV6AdKx+n0iYr/XQ90zSZ3ijf3sj8T+vHWP/oJOIIIoRAj5Z1I8lxZCOOqM9oYCjHBrCuBLmr5TfMMU4mmbzpgTn98l/SbNSdqrlyvlusX6Y1ZEjm2SL7BCH7JM6OSFnpEE4uSeP5Jm8WA/Wk/VqvU2iU1Y2s0F+wPr4BDf9ooc=</latexit>

Pure Dirac  CPV
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M1 = 1013 GeV, M2 = 3.5M1, M3 = 3.5M2
<latexit sha1_base64="mdRBCoA+Bd0hKjrphH9M48OP7+M=">AAACJnicbVDLSgNBEJz1GeMr6tHLYBA8hLCbKHoJBD3oRVAwiZCNYXbS0SGzD2Z6xbDs13jxV7x4UES8+SlOkhV8FQwUVdX0dHmRFBpt+92amp6ZnZvPLeQXl5ZXVgtr600dxopDg4cyVJce0yBFAA0UKOEyUsB8T0LLGxyN/NYtKC3C4AKHEXR8dh2IvuAMjdQt1E67iZPWHPsqcaqpW3IR7jA5hmZackvUmJW0Vi3vjVOZUv1SKmm3ULTL9hj0L3EyUiQZzrqFZ7cX8tiHALlkWrcdO8JOwhQKLiHNu7GGiPEBu4a2oQHzQXeS8Zkp3TZKj/ZDZV6AdKx+n0iYr/XQ90zSZ3ijf3sj8T+vHWP/oJOIIIoRAj5Z1I8lxZCOOqM9oYCjHBrCuBLmr5TfMMU4mmbzpgTn98l/SbNSdqrlyvlusX6Y1ZEjm2SL7BCH7JM6OSFnpEE4uSeP5Jm8WA/Wk/VqvU2iU1Y2s0F+wPr4BDf9ooc=</latexit>

Pure Majorana  CPV
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Mini summary: non-resonant thermal 
leptogenesis can explain BAU using only 

low scale phases at M1 > 1012 GeV
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Conclusions
• Thermal leptogenesis is a very plausible mechanism to 

explain the BAU. 
• The scale can be lowered (but still non-resonant) using a 

mild hierarchy of RHN, flavour effects and broad PS 
exploration. 

• Low scale leptonic phases can produce the BAU over 
many (106 - 1013 GeV) orders of magnitude.  

“The observation of low-scale leptonic Dirac CP violation, in 
combination with the positive determination of the Majorana 
nature of the massive neutrinos,  
would make more plausible, but will not be a proof of, the 
existence of high or intermediate-scale thermal leptogenesis. 
These remarkable discoveries would indicate, in particular, 
that thermal leptogenesis could produce the BAU  
with the requisite CP violation provided by the  Dirac CP-
violating phase in the neutrino mixing matrix.”
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*We are justified in using 
“semi-classical” 
equations rather than 

first principles derived

NE-QFT equations given 
we are in the strong 
washout regime

Abada, Ibarra, Simone, Riotto,

Garbrecht, Di Bari, Millington
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washout projects

along different directions of 

flavour space

CP-asymmetry promoted 
to matrix

Self-energy of tau/muon  controls flavour effects

Π
𝝉 𝝉

Im

= thermal width

Im(⇤⌧ )

Hz
= 4.85⇥ 10�8MPL

M1
Im(⇤µ)
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= 1.69⇥ 10�10MPL

M1

Density Matrix Equations
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Formulae
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Strong 
washout

K1 =
�1 + �1

Hz
=

m1

m⇤ =
(m†

DmD)11
M1

1

10�3eV
=

(Y †
⌫ Y⌫)11v2

M1

1

10�12GeV

Strong 
washout Weak 

washout

Strong washout FDFT effects 
negligible.  
Weak washout FDFT important.

Plots from 1002.1326. Garbrecht etal

Luckily for us, we are always in 
the strong washout regime!

Weak 
washout

Strong 
washout

Semi-Classical Justification
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Light Neutrino Mass
mtree ⇡ mDM�1mT

D
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Fine Tuning
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CP Conserving R Matrix Conditions

C⌫Ti = ⌫i,

CN
T
i = Ni,

<latexit sha1_base64="vLB2XisbrIwZWmulJfj28b5+ZWw=">AAACJ3icbVBNS8MwGE7n15xfU49egkPxIKOdgl6U4S6exoR9wVpLmqVbWJqWJBVG2b/x4l/xIqiIHv0nptvAuflC4MnzQfI+XsSoVKb5ZWSWlldW17LruY3Nre2d/O5eU4axwKSBQxaKtockYZSThqKKkXYkCAo8RlreoJLqrQciJA15XQ0j4gSox6lPMVKacvPXFWiH2pDmE5vHI5fe1+ExvIL64tJT287NOqq/elWrOTdfMIvmeOAisKagAKZTc/OvdjfEcUC4wgxJ2bHMSDkJEopiRkY5O5YkQniAeqSjIUcBkU4y3nMEjzTThX4o9OEKjtnZRIICKYeBp50BUn05r6Xkf1onVv6lk1AexYpwPHnIjxlUIUxLg10qCFZsqAHCguq/QtxHAmGlq01LsOZXXgTNUtE6K5buzgvlm2kdWXAADsEJsMAFKINbUAMNgMEjeAZv4N14Ml6MD+NzYs0Y08w++DPG9w8tNaOZ</latexit>

UCPNi (x)U
†
CP = i⇢Ni Ni (x

0) ,

UCP ⌫i (x)U
†
CP = i⇢⌫i ⌫i (x

0) ,
<latexit sha1_base64="6NHamXLurpZ9PEdOY4VTNJWywFw="></latexit>

CP transformation
±i

The above condition  impose CP invariance on heavy 
and light Majorana neutrinos respectively. But we are 
only interested in the case where CP is conserved the R  
matris. This implies

R⇤
ij = Rij⇢

N
i ⇢⌫j , i, j 2 {1, 2, 3} .
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