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Cosmic Microwave Background 

Planck 2015 (1502.01589)

ηCMB = (6.23 ± 0.17) × 10-10
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Big Bang Nucleosynthesis 

BBN PDG, 2012

ηBBN = (6.08 ± 0.06) × 10-10
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T ⇠ 1MeV
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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
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Leptogenesis: Motivation

type-I SS

SU(2) invariant mass term for neutrinos 
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Minkowski, 
Yanagida, 
Glashow,


Gell-Mann, 
Ramond, Slansky,


Mohapatra, 
Senjanovic

Magg, Wetterich, 
Lazarides,


Shafi. Mohapatra, 
Senjanovic,


Schecter, Valle 

Ma, Roy, Senjanovic,

Hambye
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Leptogenesis via Decays

N

Decay asymmetry from interference between tree  
and  loop level diagrams  
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Basic Mechanism
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Washout and Scattering processes

L

H

N

L

H

N

L

H†

N

L

H

t

Q

inverse Decays ΔL=2 ΔL=1

Parameters of 
theory

Kinetic 
Equations ηB

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>

!8

dnNi

dz
=�Di(nNi

� neq
Ni

),

dnB�L

dz
=

3X

i=1

⇣
✏(i)Di(nNi

� neq
Ni

)�WinB�L

⌘
.

<latexit sha1_base64="9URGgYgDjncd2qzcUB66lrdHjk0="></latexit>



Jessica Turner 		 	 	 Fermilab	 	 	 	 	 	 	 	 	 	 	 	 	 	

»NB-L»
NN1
Neq

0.05 0.10 0.50 1.00 5.00 10.0010-10

10-8

10-6

10-4

0.01

1

z=
M1

T

»N»

K1=102

»NB-L»
NN1
Neq

0.1 1 1010-12

10-9

10-6

0.001

1

z=
M1

T

»N»

K1=10-2

Strong washout

Weak  washout

zero initial abundance 
of sterile

10!9!9



Model Parameter Space
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sum of neutrino masses 
and neutrino oscillation

3 parameters
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ηB is a function of up to 18 parameters.
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~1014 GeV~50 GeV ~107 GeV~105 GeV~ 0.1 GeV~ eV

Leptogenesis via

oscillations

Resonant Leptogenesis

Minimal Leptogenesis

Flavour effects can lower scale

• small neutrino masses ⟺ BAU 
• minimal: 2RHN 
• neutrino data, NDBD, LFV and LNV, cosmology 
    in meson decays, collider searches

• Minimal models fairly tuned (1401.2459)

• small neutrino masses ⟺ BAU 
• minimal: 2RHN 
• Easily embedded in GUT 

models 
• falsifiable
• Scale too high can exacerbate  
• Higgs fine tuning 
• RHNs too heavy to produce

Akmedov, Rubakov, 
Smirnov, 

Hernandez, Kekic, 
Lopez-Pavon, 

Racker, Salvado, 
Drewes, Garbcreht, 

Klaric, Gueter 

Pilaftsis, Underwood, Millington, Teresi

image taken from 
1609.09069


(Drewes, Garbrecht, 
Klaric, Gueter)
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(Deppisch, Harz, 
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Intermediate Scale 
Leptogenesis

arXiv:1804.05066
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Flavour Effects

T ' 1013GeV
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B
<latexit sha1_base64="wW6OXYFoJg3RvlrYIdlxqPzQzSE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNK5L1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJWvjMo=</latexit>

!13



Flavour Effects

T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

T ⇠ 1011GeV
<latexit sha1_base64="2dxBy0qahmPFAjb8dMxU+Ighuw0=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsJMFPQY9KDHCNkgM4aeTiVp0rPQXSOGYS7+ihcPinj1M7z5N3aWgyY+KHi8V0VVPT+WQqNtf1tLyyura+u5jfzm1vbObmFvv6GjRHGo80hGquUzDVKEUEeBElqxAhb4Epr+8HrsNx9AaRGFNRzF4AWsH4qe4AyN1Ckc1lwtAse+Tx0noy7CI6Y30Mg6haJdsiegi8SZkSKZodopfLndiCcBhMgl07rt2DF6KVMouIQs7yYaYsaHrA9tQ0MWgPbSyQMZPTFKl/YiZSpEOlF/T6Qs0HoU+KYzYDjQ895Y/M9rJ9i79FIRxglCyKeLeomkGNFxGrQrFHCUI0MYV8LcSvmAKcbRZJY3ITjzLy+SRrnknJXKd+fFytUsjhw5IsfklDjkglTILamSOuEkI8/klbxZT9aL9W59TFuXrNnMAfkD6/MHxQyV4g==</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="uqTPDhK4W1og8aDlTdlkVcyapT8="></latexit>

�` < H
<latexit sha1_base64="LBERK9zZZso47IdytgCeZqiAfyY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIq6MFD0YM9VrAf0ISw2U7bpbtJ2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeWHCmdKO822trK6tb2wWtorbO7t7+3bpoKXiVFJo0pjHshMSBZxF0NRMc+gkEogIObTD0c3Ubz+AVCyO7vU4AV+QQcT6jBJtpMAuebdECBJkHnA+wVe4Hthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOilChJCR2QAXUMjIkD52ez0CT4xSg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMpzngHpNANR8bQqhk5lZMh0QSqk1aRROCu/jyMmlVK+5ZpXp3Xq5d53EU0BE6RqfIRReohuqogZqIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifPzENk0w=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="r2+0zutriUjS9D9tBbpC0YkszAI=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswm4UtJKghSkj5AXZNdydTJIhM7vLzKwQlnyBjb9iY6GIrbWdf+Mk2UITDwwczrmXO+cEMWdKO863tbK6tr6xmdvKb+/s7u3bB4dNFSWS0AaJeCTbASjKWUgbmmlO27GkIAJOW8HoZuq3HqhULArrehxTX8AgZH1GQBupaxe9WxACuqmnIZlgL5ZRrCM8vC9nUh1f4WrXLjglZwa8TNyMFFCGWtf+8noRSQQNNeGgVMd1Yu2nIDUjnE7yXqJoDGQEA9oxNARBlZ/O4kxw0Sg93I+keaHGM/X3RgpCqbEIzKQAPVSL3lT8z+skun/ppyyME01DMj/UTzg2gafd4B6TlGg+NgSIZOavmAxBAtGmwbwpwV2MvEya5ZJ7VirfnRcq11kdOXSMTtApctEFqqAqqqEGIugRPaNX9GY9WS/Wu/UxH12xsp0j9AfW5w9owpus</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>

`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>

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

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

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

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

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

SM Yukawa couplings

!14



Flavour Effects

T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

T ⇠ 1011GeV
<latexit sha1_base64="2dxBy0qahmPFAjb8dMxU+Ighuw0=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsJMFPQY9KDHCNkgM4aeTiVp0rPQXSOGYS7+ihcPinj1M7z5N3aWgyY+KHi8V0VVPT+WQqNtf1tLyyura+u5jfzm1vbObmFvv6GjRHGo80hGquUzDVKEUEeBElqxAhb4Epr+8HrsNx9AaRGFNRzF4AWsH4qe4AyN1Ckc1lwtAse+Tx0noy7CI6Y30Mg6haJdsiegi8SZkSKZodopfLndiCcBhMgl07rt2DF6KVMouIQs7yYaYsaHrA9tQ0MWgPbSyQMZPTFKl/YiZSpEOlF/T6Qs0HoU+KYzYDjQ895Y/M9rJ9i79FIRxglCyKeLeomkGNFxGrQrFHCUI0MYV8LcSvmAKcbRZJY3ITjzLy+SRrnknJXKd+fFytUsjhw5IsfklDjkglTILamSOuEkI8/klbxZT9aL9W59TFuXrNnMAfkD6/MHxQyV4g==</latexit>

T ⇠ 109GeV
<latexit sha1_base64="o8Ln+8cEUenO4+oX4DVU1Ljeba0=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5iJgnoLetBjhGyQGUNPp5I06VnorhHDmIO/4sWDIl79DW/+jZ3loIkPCh7vVVFVz4+l0Gjb39bC4tLyympmLbu+sbm1ndvZrekoURyqPJKRavhMgxQhVFGghEasgAW+hLrfvxr59XtQWkRhBQcxeAHrhqIjOEMjtXL7FVeLwLHv0oshdREeML2G2rCVy9sFeww6T5wpyZMpyq3cl9uOeBJAiFwyrZuOHaOXMoWCSxhm3URDzHifdaFpaMgC0F46vn9Ij4zSpp1ImQqRjtXfEykLtB4EvukMGPb0rDcS//OaCXbOvVSEcYIQ8smiTiIpRnQUBm0LBRzlwBDGlTC3Ut5jinE0kWVNCM7sy/OkViw4J4Xi7Wm+dDmNI0MOyCE5Jg45IyVyQ8qkSjh5JM/klbxZT9aL9W59TFoXrOnMHvkD6/MHXGuVrw==</latexit>

|`1i =
X

↵=e,µ,⌧

c1↵|`↵i
<latexit sha1_base64="uqTPDhK4W1og8aDlTdlkVcyapT8="></latexit>

�` < H
<latexit sha1_base64="LBERK9zZZso47IdytgCeZqiAfyY=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIq6MFD0YM9VrAf0ISw2U7bpbtJ2N0oJfanePGgiFd/iTf/jds2B219MPB4b4aZeWHCmdKO822trK6tb2wWtorbO7t7+3bpoKXiVFJo0pjHshMSBZxF0NRMc+gkEogIObTD0c3Ubz+AVCyO7vU4AV+QQcT6jBJtpMAuebdECBJkHnA+wVe4Hthlp+LMgJeJm5MyytEI7C+vF9NUQKQpJ0p1XSfRfkakZpTDpOilChJCR2QAXUMjIkD52ez0CT4xSg/3Y2kq0nim/p7IiFBqLELTKYgeqkVvKv7ndVPdv/QzFiWphojOF/VTjnWMpzngHpNANR8bQqhk5lZMh0QSqk1aRROCu/jyMmlVK+5ZpXp3Xq5d53EU0BE6RqfIRReohuqogZqIokf0jF7Rm/VkvVjv1se8dcXKZw7RH1ifPzENk0w=</latexit>

�⌧ / h
2
⌧T > H

<latexit sha1_base64="r2+0zutriUjS9D9tBbpC0YkszAI=">AAACDnicbVC7SgNBFJ31GeNr1dJmMASswm4UtJKghSkj5AXZNdydTJIhM7vLzKwQlnyBjb9iY6GIrbWdf+Mk2UITDwwczrmXO+cEMWdKO863tbK6tr6xmdvKb+/s7u3bB4dNFSWS0AaJeCTbASjKWUgbmmlO27GkIAJOW8HoZuq3HqhULArrehxTX8AgZH1GQBupaxe9WxACuqmnIZlgL5ZRrCM8vC9nUh1f4WrXLjglZwa8TNyMFFCGWtf+8noRSQQNNeGgVMd1Yu2nIDUjnE7yXqJoDGQEA9oxNARBlZ/O4kxw0Sg93I+keaHGM/X3RgpCqbEIzKQAPVSL3lT8z+skun/ppyyME01DMj/UTzg2gafd4B6TlGg+NgSIZOavmAxBAtGmwbwpwV2MvEya5ZJ7VirfnRcq11kdOXSMTtApctEFqqAqqqEGIugRPaNX9GY9WS/Wu/UxH12xsp0j9AfW5w9owpus</latexit>

�⌧ / h
2
µT > H

<latexit sha1_base64="pCT2vlC3TDPyaMe5X5GAs1HGK0I=">AAACDXicbVC7SgNBFJ31GeNr1dJmMApWYTcKWknQwpQR8oLsGu5OJsmQmd1lZlYIS37Axl+xsVDE1t7Ov3GSbKGJBwYO59zLnXOCmDOlHefbWlpeWV1bz23kN7e2d3btvf2GihJJaJ1EPJKtABTlLKR1zTSnrVhSEAGnzWB4M/GbD1QqFoU1PYqpL6Afsh4joI3UsY+9WxACOqmnIRljL5ZRrCM8uC8ZSSTjGr7ClY5dcIrOFHiRuBkpoAzVjv3ldSOSCBpqwkGptuvE2k9BakY4Hee9RNEYyBD6tG1oCIIqP52mGeMTo3RxL5LmhRpP1d8bKQilRiIwkwL0QM17E/E/r53o3qWfsjBONA3J7FAv4djknVSDu0xSovnIECCSmb9iMgAJRJsC86YEdz7yImmUiu5ZsXR3XihfZ3Xk0CE6QqfIRReojCqoiuqIoEf0jF7Rm/VkvVjv1sdsdMnKdg7QH1ifP5fUmzo=</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>

`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>

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

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

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

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

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

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

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

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

`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>

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

SM Yukawa couplings

!15
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Represent off-diagonal  
components of density 

matrix

Similar to inclusion of 
spectator effects, 

protection of lepton 
asymmetry

Era of leptonenesis occurs T < 109 GeV, three flavours become distinct

Density matrix equations account for flavour oscillations 

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

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

!16

`⌧
<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>

H
⇤

<latexit sha1_base64="eqRZgBTwgxrkDpCDN/HDOGsUO1U=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iNgh6DXnKMaB6QrGF2MpsMmZ1dZnqFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dlZW19Y3NnNb+e2d3b39wsFhw8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJ36zSeujYjVA44S7ke0r0QoGEUr3Vcfz7uFoltyZyDLxMtIETLUuoWvTi9macQVMkmNaXtugv6YahRM8km+kxqeUDakfd62VNGIG388O3VCTq3SI2GsbSkkM/X3xJhGxoyiwHZGFAdm0ZuK/3ntFMNrfyxUkiJXbL4oTCXBmEz/Jj2hOUM5soQyLeythA2opgxtOnkbgrf48jJplEveRal8d1ms3GRx5OAYTuAMPLiCClShBnVg0IdneIU3RzovzrvzMW9dcbKZI/gD5/MHt66NbA==</latexit>

Ni
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Normal Ordering

Applied nested 
sampling 
algorithm: 
MultiNest 

• perturbativity

• loop corrections to neutrino 

mass included 

• |M1-M2|>>𝛤1 

• ∑mν < 1.0 eV
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Leptogenesis from low energy CPV

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* 

They found low scale CPV could explain the observed BAU: 

*not entirely ad hoc, models that include such 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] ) 
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<latexit sha1_base64="j7I7wX9EvY0c9BlH4sBHfESroR4=">AAACGXicbVDJSgNBFOyJW4xb1KOXxiDES5iJgh6DHvQiRDALJDH0dF6SJj0L3W/EMMxvePFXvHhQxKOe/Bs7C6iJBQ1FVT1ev3JDKTTa9peVWlhcWl5Jr2bW1jc2t7LbO1UdRIpDhQcyUHWXaZDChwoKlFAPFTDPlVBzB+cjv3YHSovAv8FhCC2P9XzRFZyhkdpZ27FvY8dOaFOC1lp49CrfRLjH+AKqySH90cfBYtLO5uyCPQ adJ86U5MgU5Xb2o9kJeOSBj1wyrRuOHWIrZgoFl5BkmpGGkPEB60HDUJ95oFvx+LKEHhilQ7uBMs9HOlZ/T8TM03rouSbpMezrWW8k/uc1IuyetmLhhxGCzyeLupGkGNBRTbQjFHCUQ0MYV8L8lfI+U4yjKTNjSnBmT54n1WLBOSoUr49zpbNpHWmyR/ZJnjjkhJTIJSmTCuHkgTyRF/JqPVrP1pv1PommrOnMLvkD6/MboFee0g==</latexit>

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

<latexit sha1_base64="YT6IYheUEoILn0J4zAmtBALLC+0=">AAAB9XicbVDLSgNBEOyNrxhfUY9eFoPgKexGQS9C0IvHCOYByRpmJ51kyOzMMjOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPdFcacaeN5305uZXVtfSO/Wdja3tndK+4fNLRMFMU6lVyqVkg0ciawbpjh2IoVkijk2AxHN1O/+YhKMynuzTjGICIDwfqMEmOlhw7GmnEpuqk/ufK6xZJX9mZwl4mfkRJkqHWLX52epEmEwlBOtG 77XmyClCjDKMdJoZNojAkdkQG2LRUkQh2ks6sn7olVem5fKlvCuDP190RKIq3HUWg7I2KGetGbiv957cT0L4OUiTgxKOh8UT/hrpHuNAK3xxRSw8eWEKqYvdWlQ6IINTaogg3BX3x5mTQqZf+sXLk7L1WvszjycATHcAo+XEAVbqEGdaCg4Ble4c15cl6cd+dj3ppzsplD+APn8wc9DpJV</latexit>

!21



!22

1809.08251 revisits this question 
using modern numerical machinery: 
density matrix equations + MultiNest* 
for effective PS exploration 
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Leptogenesis from Leptonic CP 
Violation 

T<109 GeV
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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

25!24
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<latexit sha1_base64="dKqwGnGofgfAEI2I6PmoyW290hY="></latexit>

m1 = 0.21 eV⇤
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* 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!25
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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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<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.” !34
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1013 GeV

10-1 GeV

Scale Odyssey
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Step 1: Installation

Step 2: Pick a point

Step 2: Pick a mechanism

Density matrix equations with 3 decaying steriles

point.txt
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Step 3: Output etaB and plots

Step 4: uls-nest a multidimensional likelihood scanner based 
on MultiNest. Computationally expensive so we use MPI 
implementation

!39



Thank you for your 
attention
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ULYSSES: Universal Leptogenesis Equation Solver

Python package calculates the baryon asymmetry from 
leptogenesis based on a type-I seesaw from masses of RHN  

10-1 to 1013 GeV: current implementation for leptogenesis via 
decays and resonant leptogenesis still to do oscillation case.

Code has been profiled and slow functions optimised using 
numba. Easily parallelisable and customisable. 

Will be available on Pypi for easy installation.
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Formulae

⌘B(T = Trec) =
28

29

Nf
B�L

N�

g⇤(T = Trec)

g⇤(T = Tlep)
' 0.96⇥ 10�2Nf

B�L
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D1(z) =
�1(T )

Hz
= K1zh

K1(z)

K2(z)
i
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1

2
z2K2(z)
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Parametrisation: Radiative Corrections 

Z0

νk, Nk

H0

νi νjνk, Nk νi νj

W±

νi νjl∓k

Y =
1

v
mD =

1

v
U
p
m̂⌫R

T
p

f(M)�1,

m⌫ = mtree +m1-loop.

contains loop contributions

*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

dNN1

dz
=�D1(NN1 �N

eq
N1

)

dNN2

dz
=�D2(NN2 �N

eq
N2

)

dNN3

dz
=�D3(NN3 �N

eq
N3

)

dN↵�

dz
=✏

(1)
↵�D1(NN1 �N

eq
N1

)� 1

2
W1

n
P

0(1)
, N

o

+✏
(2)
↵�D2(NN2 �N

eq
N2

)� 1

2
W2

n
P

0(2)
, N

o

+✏
(3)
↵�D3(NN3 �N

eq
N3

)� 1

2
W3

n
P

0(3)
, N

o

� Im(⇤⌧ )

Hz

2

4

0

@
1 0 0
0 0 0
0 0 0

1

A ,

2

4

0

@
1 0 0
0 0 0
0 0 0

1

A , N

3

5

3

5

↵�

� Im(⇤µ)

Hz

2

4

0

@
0 0 0
0 1 0
0 0 0

1

A ,

2

4

0

@
0 0 0
0 1 0
0 0 0

1

A , N

3

5

3

5

↵�

,

washout projects

along different directions of 

flavour space

CP-asymmetry promoted 
to matrix

Self-energy of tau/muon  controls flavour effects

Π
! !

Im

= thermal width

Im(⇤⌧ )

Hz
= 4.85⇥ 10�8MPL

M1
Im(⇤µ)

Hz
= 1.69⇥ 10�10MPL

M1

Density Matrix Equations

N =

0

@
N⌧⌧ N⌧µ N⌧e

Nµ⌧ Nµµ Nµe

Ne⌧ Neµ Nee

1

A
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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

10
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Parametrisation: Radiative Corrections 

Z0

νk, Nk

H0

νi νjνk, Nk νi νj

W±

νi νjl∓k

Y =
1

v
mD =

1

v
U
p
m̂⌫R

T
p

f(M)�1,

m⌫ = mtree +m1-loop.

contains loop contributions
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Light Neutrino Mass
mtree ⇡ mDM�1mT

D
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Fine Tuning

F.T. ⌘
P3

i=1 SVD[m1-loop]iP3
i=1 SVD[m⌫ ]i
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