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RIGHT-HANDED NEUTRINOS

<latexit sha1_base64="ZjOIoNTv28Qr4iWCDkoPqZisyTI=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3LTMiLeNUHTjsoK9SGccMmmmDU0yQ5IRyjBP4cZXceNCEbfizrcxvSy09YfAx3/O4eT8YcKo0o7zbRUWFpeWV4qrpbX1jc0te3unqeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uBrVWw9EKhqLWz1MiM9RT9CIYqSNFdiVuyCEF9CLJMKZMFwRQeaFSMIwzzOVQ09RDl3nPqu4Th7YZafqjAXnwZ1CGUxVD+wvrxvjlBOhMUNKdVwn0X6GpKaYkbzkpYokCA9Qj3QMCsSJ8rPxWTk8ME4XRrE0T2g4dn9PZIgrNeSh6eRI99VsbWT+V+ukOjr3MyqSVBOBJ4uilEEdw1FGsEslwZoNDSAsqfkrxH1kEtImyZIJwZ09eR6aR1X3tHpyc1yuXU7jKII9sA8OgQvOQA1cgzpoAAwewTN4BW/Wk/VivVsfk9aCNZ3ZBX9kff4Ay5Cd5w==</latexit>

Yb =
nb � nb̄

s
⇠ 10�10

- neutrino mass 
- leptogenesis 
- dark matter
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PLAN

1. vanilla leptogenesis 

2. low scale leptogenesis
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NEUTRINO MASS

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

<latexit sha1_base64="ZdK9XaOVy0msMJBZl9aqoA7vavg="></latexit>

M =

✓
0 mD

mT
D mR

◆

Majorana massDirac mass

⊗

νL νL

⊗

νR

<latexit sha1_base64="SNKpDilXJqkWQ0c0LMAjbXamKeo=">AAAB8HicbZDLSgMxFIbP1Futt6rgRhfBIrixzAheNkLBje4q2Iu0Q82kmTY0yQxJRihDn8KNC6W4deeruPNtTC8Lbf0h8PH/55BzThBzpo3rfjuZhcWl5ZXsam5tfWNzK7+9U9VRogitkIhHqh5gTTmTtGKY4bQeK4pFwGkt6F2P8toTVZpF8t70Y+oL3JEsZAQbaz2IVpMajK5QK19wi+5YaB68KRRKJwePmeHeZ7mV/2q2I5IIKg3hWOuG58bGT7EyjHA6yDUTTWNMerhDGxYlFlT76XjgATqyThuFkbJPGjR2f3ekWGjdF4GtFNh09Ww2Mv/LGokJL/2UyTgxVJLJR2HCkYnQaHvUZooSw/sWMFHMzopIFytMjL1Rzh7Bm115HqqnRe+8eHbnFUq3MFEW9uEQjsGDCyjBDZShAgQEPMMrvDnKeXGGzvukNONMe3bhj5yPH+A7khI=</latexit>m⌘ =
<latexit sha1_base64="BeP/7lPUEO6ZKjPjfoplA5Nj50s="></latexit>

= �mD
1

mR
mT

D = �✓mR✓T
<latexit sha1_base64="SQuU9rddPjMKifKIZZdqyb8eqrI=">AAAB/HicbVBNS8NAEJ34WetXtUcvi0XQS00EPy5CQQ96q2JVaEPYbLd26W4SdidCCRX/iRcPinj1h3jz37hpPWjrg4HHezPMzAsTKQy67pczNT0zOzdfWCguLi2vrJbW1q9NnGrGGyyWsb4NqeFSRLyBAiW/TTSnKpT8Juyd5P7NPddGxNEV9hPuK3oXiY5gFK0UlMot7HKkx0QFp2Q3U8HlgASlilt1hyCTxPshldrOI+SoB6XPVjtmqeIRMkmNaXpugn5GNQom+aDYSg1PKOvRO960NKKKGz8bHj8gW1Zpk06sbUVIhurviYwqY/oqtJ2KYteMe7n4n9dMsXPkZyJKUuQRGy3qpJJgTPIkSFtozlD2LaFMC3srYV2qKUObV9GG4I2/PEmu96reQXX/wqvUzmGEAmzAJmyDB4dQgzOoQwMY9OEJXuDVeXCenTfnfdQ65fzMlOEPnI9vbkiUxA==</latexit>

✓ = mD/mR

see saw mechanism
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SAKHAROV CONDITIONS

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

1) lepton number violation ΔL = 22) CP violation

3) out of equilibrium production/decay of N ≈ νR + νc
R

Sakharov 1976
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1) LEPTON NUMBER VIOLATION

<latexit sha1_base64="oEd/pN0W8bK1zs+cUTGjoV7ohmc=">AAAB+XicbZDJSgNBEIZr4hbjNip40UNjEOIhYUZwuQhBLwoeIpgFkmHs6fQkTXoWunsCYcibCOJBEW/im3jzbewsB43+0PDxVxVV/XsxZ1JZ1peRmZtfWFzKLudWVtfWN8zNrZqMEkFolUQ8Eg0PS8pZSKuKKU4bsaA48Dite73LUb3ep0KyKLxTg5g6Ae6EzGcEK225plm4KN4cuj46nwBzzbxVssZCf8GeQr5c3LvPPO68V1zzs9WOSBLQUBGOpWzaVqycFAvFCKfDXCuRNMakhzu0qTHEAZVOOr58iA6000Z+JPQLFRq7PydSHEg5CDzdGWDVlbO1kflfrZko/8xJWRgnioZksshPOFIRGsWA2kxQovhAAyaC6VsR6WKBidJh5XQI9uyX/0LtqGSflI5v7Xz5GibKwi7sQwFsOIUyXEEFqkCgDw/wDC9GajwZr8bbpDVjTGe24ZeMj28ipZOs</latexit>

(B � L)f = (B � L)i
<latexit sha1_base64="qZfTfIc9sCsZ8eg3qQSacjuDGfY=">AAAB9XicbVDJSgNBEK2JW4xbVPCih8YgRMQwI7gcg14UPEQwCyRj7On0JE26Z4buHiUM+Q8vIop4FX/Fm39jZzmo8UHB470qqup5EWdK2/aXlZqanpmdS89nFhaXlleyq2sVFcaS0DIJeShrHlaUs4CWNdOc1iJJsfA4rXrds4FfvaNSsTC41r2IugK3A+YzgrWRbvKne5e7TR81FBPIbmZzdsEeAk0SZ0xyxf2t29TTxkepmf1stEISCxpowrFSdceOtJtgqRnhtJ9pxIpGmHRxm9YNDbCgyk2GV/fRjlFayA+lqUCjofpzIsFCqZ7wTKfAuqP+egPxP68ea//ETVgQxZoGZLTIjznSIRpEgFpMUqJ5zxBMJDO3ItLBEhNtgsqYEJy/L0+SykHBOSocXjm54gWMkIZN2IY8OHAMRTiHEpSBgIQHeIYX6956tF6tt1FryhrPrMMvWO/fLvOTSQ==</latexit>

(B + L)f ⇠ 0

<latexit sha1_base64="l5wA7CfWZdCaLj0CLAiM718hMJU=">AAAB+nicdVDLSsNAFJ3UV62vVMGNLgaL4KYhSe3DXdGNgosKthbaEifTSTt08mBmopTaTxHBhSKuBL/EnX/jpFVQ0QMXDufcy733uBGjQprmu5aamZ2bX0gvZpaWV1bX9Ox6Q4Qxx6SOQxbyposEYTQgdUklI82IE+S7jFy4g6PEv7giXNAwOJfDiHR81AuoRzGSSnL07KHjwbagPsybRhGeOtTRc6ZxUCnZRRuahmmW7UIpIXZ53y5ASykJctX89mXqbvOl5uhv7W6IY58EEjMkRMsyI9kZIS4pZmScaceCRAgPUI+0FA2QT0RnNDl9DHeV0oVeyFUFEk7U7xMj5Asx9F3V6SPZF7+9RPzLa8XSq3RGNIhiSQI8XeTFDMoQJjnALuUESzZUBGFO1a0Q9xFHWKq0MiqEr0/h/6RhG1bJKJ5ZueoJmCINtsAO2AMWKIMqOAY1UAcYXINb8AAetRvtXnvSnqetKe1zZgP8gPb6AQe8lNg=</latexit>

Bf ⇠ �0.5Li
<latexit sha1_base64="nPKuzbBYafZMl4eItUivIeqS6C4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSCHzcLXvRWxX5AGspmu2mXbrJhd6KU0J/hxYMiXv0x4s1/4zbtQVsfDDzem2FmXpAIrtFxvq3C0vLK6lpxvbSxubW9U97da2qZKsoaVAqp2gHRTPCYNZCjYO1EMRIFgrWC4dXEbz0wpbmM73GUMD8i/ZiHnBI0kte54/0BEqXkY7dccapODnuRuDNSufyEHPVu+avTkzSNWIxUEK0910nQz4hCTgUblzqpZgmhQ9JnnqExiZj2s/zksX1klJ4dSmUqRjtXf09kJNJ6FAWmMyI40PPeRPzP81IML/yMx0mKLKbTRWEqbJT25H+7xxWjKEaGEKq4udWmA6IIRZNSyYTgzr+8SJonVfesenrrVmo30zSgCAdwCMfgwjnU4Brq0AAKEp7gBV4ttJ6tN+t92lqwZjP78AfWxw8FOJKK</latexit>)

sphalerons
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2) CP VIOLATION

<latexit sha1_base64="n2hxzuG/rzs6TWiWtiu0UVuW5xA="></latexit>

L � �l̄LY⌫H̃ ⌫R � 1
2mR⌫

c
R⌫R + h.c.

phases

<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

<latexit sha1_base64="hTa3R2RmMyv6cpLsL3muBxZWEro="></latexit>

✏1 = �(N1!lH)��(N1!l̄H
⇤)

�(N1!lH)+�(N1!l̄H⇤)

Fukugita and Yanagida 1986

Interference term

<latexit sha1_base64="7JQbuKUH703ELz1nbEWQR5v+D3g=">AAACCXicbVDLSsNAFJ34rPUVdelmtAiuQlJ8LQtudCFUsA9oYphMJ+3QmSTMTAolZOvGX3HjQhG3/oE7f8Sd6PSx0NYDFw7n3Mu99wQJo1LZ9ocxN7+wuLRcWCmurq1vbJpb23UZpwKTGo5ZLJoBkoTRiNQUVYw0E0EQDxhpBL3zod/oEyFpHN2oQUI8jjoRDSlGSku+CV1JOXRDgXB25TuQ+y5RKM+O3ITC/m05982SbdkjwFniTEip4uSfX3vfVtU33912jFNOIoUZkrLl2InyMiQUxYzkRTeVJEG4hzqkpWmEOJFeNvokhwdaacMwFroiBUfq74kMcSkHPNCdHKmunPaG4n9eK1XhmZfRKEkVifB4UZgyqGI4jAW2qSBYsYEmCAuqb4W4i3QqSodX1CE40y/PknrZck6s42unVLkEYxTALtgHh8ABp6ACLkAV1AAGd+ABPIFn4954NF6M13HrnDGZ2QF/YLz9ABcincM=</latexit>

⇠ M1m⌘

4⇡v2
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3) OUT OF EQUILIBRIUM DECAY
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

Klaric, Shaposhnikov and Timiryasov 2021

<latexit sha1_base64="BRd491D1yg+hy/ey/fLVNusqypM=">AAAB/HicdVBNSwMxEM3Wr1q/qoIXPQSL4MUl27q1vRW86E3BqtCtNZumNZhk1yQrlKX+lV48KOLBiz/Em//GtFVQ0QcDj/dmmJkXxpxpg9C7k5mYnJqeyc7m5uYXFpfyyyunOkoUoXUS8Uidh1hTziStG2Y4PY8VxSLk9Cy83h/6Z7dUaRbJE9OLaVPgrmQdRrCxUiu/KltpoASkN30YaCbgyUWplS8gt1pFu14VItdHqFgpW4JKxYrvQ89FIxRqOxuXmcHay1Er/xa0I5IIKg3hWOuGh2LTTLEyjHDazwWJpjEm17hLG5ZKLKhupqPj+3DLKm3YiZQtaeBI/T6RYqF1T4S2U2BzpX97Q/Evr5GYTqWZMhknhkoyXtRJODQRHCYB20xRYnjPEkwUs7dCcoUVJsbmlbMhfH0K/yenRdcru/6xV6gdgjGyYB1sgm3ggT1QAwfgCNQBAT0wAA/g0blz7p0n53ncmnE+Z1bBDzivH01lltQ=</latexit>

neq ⇠ T 3

<latexit sha1_base64="ork9T7tDNO+NsGwmOo6K/aNvILw="></latexit>

neq ⇠ e�M1/T

<latexit sha1_base64="AcbR4pAT8bwxbdButaMoJRRdIEw="></latexit>

K = �1
H

��
T=M1

& 1assumed
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SIMPLE ESTIMATE
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

total lepton number from decays

washout

<latexit sha1_base64="aDgKy/00kD4qcUg7wVCQQvmtjxA="></latexit>

Yb =
nb
s = ⌘

✏1 neq
N1

s K
?⇠ 10�10

neq
N1

/s ∼ 10−3

sphalerons Bf = ηLi

<latexit sha1_base64="gL+BTLSEmZc2Re/1dUPnKxxnunY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VX8ONmwYveKrhtoV1LNs22odlkSbJiWfobPAkK4tW/I3jy35huPWjrg4HHezPMzAsTzrRx3S+nsLC4tLxSXC2trW9sbpW3dxpapopQn0guVSvEmnImqG+Y4bSVKIrjkNNmOLyc+M17qjST4taMEhrEuC9YxAg2VvLvsiNv3C1X3KqbA80T74dULj4gR71b/uz0JEljKgzhWOu25yYmyLAyjHA6LnVSTRNMhrhP25YKHFMdZA/5tWN0YKUeiqSyJQzK1d8jGY61HsWh7YyxGehZbyL+57VTE50HGRNJaqgg00VRypGRaPI66jFFieEjSzBRzB6LyAArTIwNqGRT8GZ/nieN46p3Wj258Sq162kcUIQ92IdD8OAManAFdfCBAINHeIYXRzpPzqvzNm0tOD8zu/AHzvs3mj6P+w==</latexit>�1
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SIMPLE ESTIMATE
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

<latexit sha1_base64="aDgKy/00kD4qcUg7wVCQQvmtjxA="></latexit>

Yb =
nb
s = ⌘

✏1 neq
N1

s K
?⇠ 10�10

<latexit sha1_base64="p/BKyDRSicfpJyya6s00J+5BK+o="></latexit>

M1 & 109 GeV

<latexit sha1_base64="gL+BTLSEmZc2Re/1dUPnKxxnunY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VX8ONmwYveKrhtoV1LNs22odlkSbJiWfobPAkK4tW/I3jy35huPWjrg4HHezPMzAsTzrRx3S+nsLC4tLxSXC2trW9sbpW3dxpapopQn0guVSvEmnImqG+Y4bSVKIrjkNNmOLyc+M17qjST4taMEhrEuC9YxAg2VvLvsiNv3C1X3KqbA80T74dULj4gR71b/uz0JEljKgzhWOu25yYmyLAyjHA6LnVSTRNMhrhP25YKHFMdZA/5tWN0YKUeiqSyJQzK1d8jGY61HsWh7YyxGehZbyL+57VTE50HGRNJaqgg00VRypGRaPI66jFFieEjSzBRzB6LyAArTIwNqGRT8GZ/nieN46p3Wj258Sq162kcUIQ92IdD8OAManAFdfCBAINHeIYXRzpPzqvzNm0tOD8zu/AHzvs3mj6P+w==</latexit>�1
<latexit sha1_base64="aDgKy/00kD4qcUg7wVCQQvmtjxA="></latexit>

Yb =
nb
s = ⌘

✏1 neq
N1

s K
?⇠ 10�10
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TESTABILITY
<latexit sha1_base64="pg7RjNjKiHBuTzG8dWCreQK7Wg0=">AAAB+HicbVDLSsNAFJ3UV62PRl26GQyCCylJxeqy4EYXhQqmLbQhTKaTduhkEmYmQg3d+BtuXCjiTvwHf8Cdn+EfOH0stPXAhcM593LvPUHCqFS2/WXklpZXVtfy64WNza3tormz25BxKjBxccxi0QqQJIxy4iqqGGklgqAoYKQZDC7GfvOWCEljfqOGCfEi1OM0pBgpLflmseY7sMMYrPnl45p/4puWXbIngIvEmRGran1/3Ltvlbpvfna6MU4jwhVmSMq2YyfKy5BQFDMyKnRSSRKEB6hH2ppyFBHpZZPDR/BQK10YxkIXV3Ci/p7IUCTlMAp0Z4RUX857Y/E/r52q8NzLKE9SRTieLgpTBlUMxynALhUEKzbUBGFB9a0Q95FAWOmsCjoEZ/7lRdIol5xK6fTasapXYIo82AcH4Ag44AxUwSWoAxdgkIIH8ASejTvj0XgxXqetOWM2swf+wHj/AWHxlV8=</latexit>

M1 ⌧ M2,M3vanilla scenario

- 6 (2) phases at high energy, 3 (2) phases at low energies for  = 3 (2) nRHN

- heavy RHN 
<latexit sha1_base64="t0/eOO50kurb4YPkGggYM/gPnqg=">AAACBXicbVDLSgMxFM3UR2t9jbosSrAILqTMCL52BRc+QKhgH9AZh0yatqHJzJBk1DJ04cpPcSUoiFs/wpXf4Edo+lho64HA4ZxzubnHjxiVyrI+jdTU9MxsOjOXnV9YXFo2V1YrMowFJmUcslDUfCQJowEpK6oYqUWCIO4zUvU7x32/ekOEpGFwpboRcTlqBbRJMVJa8szchWdDp6V0gkPbuj5ydhJHcHhCKj3PzFsFawA4SewRyRc3vr/S57frJc/8cBohjjkJFGZIyrptRcpNkFAUM9LLOrEkEcId1CJ1TQPEiXSTu8EVPbilpQZshkK/QMGB+nskQVzKLvd1kiPVluNeX/zPq8eqeegmNIhiRQI8XNSMGVQh7FcCG1QQrFhXE4QF1Z+FuI0EwkoXl9Ut2OM3T5LKbsHeL+xd2vniGRgiA3JgE2wDGxyAIjgFJVAGGNyDR/AMXowH48l4Nd6G0ZQxmlkDf2C8/wB13ppW</latexit>

M1 & 109 GeV

- small mixing angle <latexit sha1_base64="4d/QyXG7kMwSLWefN2tT7Fj7WbU=">AAACAnicbVDLSgMxFM3UV62vqpuKCMEiuCozglUXQkEXuqtiH9AZSibNtKGZB8kdsQx1pX/iSlAQt36Frvwb08dCWw/cy+Gce0nucSPBFZjmt5GamZ2bX0gvZpaWV1bXsusbVRXGkrIKDUUo6y5RTPCAVYCDYPVIMuK7gtXc7tnAr90yqXgY3EAvYo5P2gH3OCWgpWY2Z0OHAcGn2PYkoYnfPO/rdt1vZvNmwRwCTxNrTPKl4mNu6/Nkp9zMftmtkMY+C4AKolTDMiNwEiKBU8H6GTtWLCK0S9qsoWlAfKac5G54Qh/vaamFvVDqCgAP1d8rCfGV6vmunvQJdNSkNxD/8xoxeMdOwoMoBhbQ0UNeLDCEeJAHbnHJKIieJoRKrj+LaYfoKECnltEpWJM3T5PqQcEqFg6vrHzpEo2QRttoF+0jCx2hErpAZVRBFN2jJ/SCXo0H49l4M95HoyljvLOJ/sD4+AEFjZmA</latexit>

✓ = mD
mR

- indirect: majorana nature  -decay0νββ
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PLAN

1. vanilla leptogenesis 

2. low scale leptogenesis

hard/impossible to test
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LOW SCALE LEPTOGENESIS

- flavor oscillations
<latexit sha1_base64="fRDUzKRauaabP5Q0TMukMEYzxD4=">AAACBHicbVDLSgMxFM3UR2t9jbpTlGARXJUZweqy4MIHCBXsAzrjkEkzbWgyMyQZtQwFV36KK0FB3PoTrvwGP0LTx0KrBwKHc87l5h4/ZlQqy/owMlPTM7PZ3Fx+fmFxadlcWa3JKBGYVHHEItHwkSSMhqSqqGKkEQuCuM9I3e8eDfz6NRGSRuGl6sXE5agd0oBipLTkmevnng2dttIJDm3rqgRTR3B4TGp9zyxYRWsI+JfYY1Iob319Zs9uNiue+e60IpxwEirMkJRN24qVmyKhKGakn3cSSWKEu6hNmpqGiBPpprfDI/pwR0stGERCv1DBofpzJEVcyh73dZIj1ZGT3kD8z2smKjh0UxrGiSIhHi0KEgZVBAeNwBYVBCvW0wRhQfVnIe4ggbDSveV1C/bkzX9Jba9ol4r7F3ahfApGyIENsA12gQ0OQBmcgAqoAgzuwAN4As/GvfFovBivo2jGGM+sgV8w3r4BpNmZ4Q==</latexit>

M1 & 106GeV

- resonant leptogenesis

lower RHN mass
<latexit sha1_base64="PHz/RY4c4/m0fjmf0toQkPtqKS4=">AAACBHicbVDLSgMxFM3UR2t9jbpTlGARXJWZgo9lwYUPECrYB3TGIZNm2tBkZkgyahkKrvwUV4KCuPUnXPkNfoSmj4VWDwQO55zLzT1+zKhUlvVhZKamZ2azubn8/MLi0rK5slqTUSIwqeKIRaLhI0kYDUlVUcVIIxYEcZ+Rut89Gvj1ayIkjcJL1YuJy1E7pAHFSGnJM9fPPRs6baUTHNrWVQmmjuDwmNT6nlmwitYQ8C+xx6RQ3vr6zJ7dbFY8891pRTjhJFSYISmbthUrN0VCUcxIP+8kksQId1GbNDUNESfSTW+HR/ThjpZaMIiEfqGCQ/XnSIq4lD3u6yRHqiMnvYH4n9dMVHDopjSME0VCPFoUJAyqCA4agS0qCFaspwnCgurPQtxBAmGle8vrFuzJm/+SWqlo7xf3LuxC+RSMkAMbYBvsAhscgDI4ARVQBRjcgQfwBJ6Ne+PReDFeR9GMMZ5ZA79gvH0Dnp2Z3Q==</latexit>

M1 & 102GeV

- ARS leptogenesis
<latexit sha1_base64="011pCwk+ztECiXqISaHTWOXPGfQ=">AAACCnicbZDLSgMxFIYz9dJab1WXogSL4KZlUvCyLLjwAkIFe4HOWDJp2oYmM0OSUcvQrSsfxZWgIG59A1c+gw+h6WWhrT8EPv5zDifn90LOlLbtTysxMzs3n0wtpBeXlldWM2vrFRVEktAyCXggax5WlDOfljXTnNZCSbHwOK163eNBvXpDpWKBf6V7IXUFbvusxQjWxmpk4EUDQUcxAZF9HedQH+YMFGDsSAFPaKXfyGTtvD0UnAY0hmxx+/sreX67VWpkPpxmQCJBfU04VqqO7FC7MZaaEU77aSdSNMSki9u0btDHgio3vhue0oe7xmrCViDN8zUcur9HYiyU6gnPdAqsO2qyNjD/q9Uj3TpyY+aHkaY+GS1qRRzqAA5ygU0mKdG8ZwATycxnIelgiYk26aVNCmjy5mmoFPLoIL9/ibLFMzBSCmyCHbAHEDgERXAKSqAMCLgHj+AZvFgP1pP1ar2NWhPWeGYD/JH1/gNKYJsu</latexit>

M1 ⇠ 10�1 � 102GeV

larger θ -approximate lepton number symmetry
<latexit sha1_base64="7IBgzrJlJXWg/V8G/mMeeMCFCBU=">AAACBnicbZC7SgNBFIZnvcZ4W7XUYjAINgm7gpdGCJhCu0Ryg2SzzE5mkyEzu8vMrBiWNFY+ipWoILa+g5WNjS/i5FJo4g8DH/85hzPn9yJGpbKsT2NufmFxaTm1kl5dW9/YNLe2qzKMBSYVHLJQ1D0kCaMBqSiqGKlHgiDuMVLzehfDeu2GCEnDoKz6EXE46gTUpxgpbbnmHnebRCF4DrPcLUDuXreSrD3QUGiVXTNj5ayR4CzYE8jks99+iT99FV3zo9kOccxJoDBDUjZsK1JOgoSimJFBuhlLEiHcQx3S0BggTqST3I7OGMADbbWhHwr9AgVH7u+RBHEp+9zTnRyprpyuDc3/ao1Y+WdOQoMoViTA40V+zKAK4TAT2KaCYMX6GhAWVH8W4i4SCCudXFqnYE/fPAvVo5x9kjsu2Zn8FRgrBXbBPjgENjgFeXAJiqACMLgDD+AZvBj3xqPxaryNW+eMycwO+CPj/QfR0ptB</latexit>

m⌘ = �mDm�1
R mT

D

<latexit sha1_base64="xGYZUFxb+vSCm4JdTPD/Ft1d3ow="></latexit>

M1 ⇠ M2,M3
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APPROXIMATE LEPTON SYMMETRY

<latexit sha1_base64="TRasMPSKAZD3njoQMHv04lDSUNM="></latexit>

Y =

0

@
ye 0
yµ 0
y⌧ 0

1

A
<latexit sha1_base64="XYv5lxVSAe26Ud5v/iaBV/hRy+A="></latexit>

mR =

✓
0 M
M 0

◆
RHNs combine in Dirac neutrino

- lepton number conserved 
- degenerate RHN mass 
- vanishing light neutrino mass 
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APPROXIMATE LEPTON SYMMETRY

RHNs combine in Dirac neutrino

- almost lepton number conserved 
- almost degenerate RHN mass 
- almost vanishing light neutrino 

small symmetry breaking

<latexit sha1_base64="HU0nmU0EH8lOWPf50gAEs+omTYE="></latexit>

mR =

✓
µ M
M µ

◆<latexit sha1_base64="sRLNmpS6mQuFVJ40mLHYZUYHwzk="></latexit>

Y =

0

@
ye y0e
yµ y0µ
y⌧ y0⌧

1

A
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ARS LEPTOGENESIS

Klaric, Shaposhnikov and Timiryasov 2021
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ARS LEPTOGENESIS

<latexit sha1_base64="A+ZkW6CAU3lfe3sz4N7oje8phSE=">AAACEXicbZDLSgMxFIYzXmu9VV26CRYvqzJTvC1Eii7ssoK9QKeUM2mmDU1mxiQjltJHcOWjuBIUxK1LV76NaTuCth4IfPz/OZyc34s4U9q2v6yZ2bn5hcXUUnp5ZXVtPbOxWVFhLAktk5CHsuaBopwFtKyZ5rQWSQrC47TqdS+HfvWOSsXC4Eb3ItoQ0A6YzwhoIzUz++4VCAFNB5/jInZvY2hhd+8Hxl7+DBebmayds0eFp8FJIIuSKjUzn24rJLGggSYclKo7dqQbfZCaEU4HaTdWNALShTatGwxAUNXo348uGuBdI7WwH0rzAo1H6u+RPgilesIznQJ0R016Q/E/rx5r/7TRZ0EUaxqQ8SI/5liHeBgPbjFJieY9A0AkM5/FpAMSiDYhpk0KzuTN01DJ55zj3NH1YbZwkeSRQttoBx0gB52gAiqiEiojgh7QE3pBr9aj9Wy9We/j1hkrmdlCf8r6+AZAYJrS</latexit>

�1 > H & �2 < H at <latexit sha1_base64="qYxbPbgHRIhNOCxGIYxBcl+5Zok=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgyIoLcI2TAZQk+nJ2nS0zN014hhyF94EhTEq3/jyb+xsxw0+qDg8V4VVfWCRAqDrvvl5JaWV1bX8uuFjc2t7Z3i7l7DxKlmvM5iGetWQA2XQvE6CpS8lWhOo0DyZjC8mvjNB66NiFUNRwn3I9pXIhSMopXua92soyNy3Rx3iyW37E5B/hJvTkowR7Vb/Oz0YpZGXCGT1Ji25yboZ1SjYJKPC53U8ISyIe3ztqWKRtz42eP05DE5slKPhLG2pZBM1Z8jGY2MGUWB7YwoDsyiNxH/89ophpd+JlSSIldstihMJcGYTP4nPaE5QzmyhDIt7LGEDaimDG1KBZuCt/jzX9I4KXvn5bO701Lldp5HHg7gEI7BgwuowA1UoQ4MFDzBC7w66Dw7b877rDXnzGf24Recj2/fMJEP</latexit>

TEW

bath N1

N1

N2

bath
<latexit sha1_base64="j0QOSy1CptcJxPQUaBXEmnF9k7Y=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVvy5CwYuChwpuW2iXkk2zbWg2WZKsWJb+Bk+Cgnj1B3ny35i2e9DWBwOP92aYmRcmnGnjut9OYWl5ZXWtuF7a2Nza3inv7jW0TBWhPpFcqlaINeVMUN8ww2krURTHIafNcHg98ZuPVGkmxYMZJTSIcV+wiBFsrOTfddmV2y1X3Ko7BVokXk4qkKPeLX91epKkMRWGcKx123MTE2RYGUY4HZc6qaYJJkPcp21LBY6pDrKn6bVjdGSlHoqksiUMmqq/RzIcaz2KQ9sZYzPQ895E/M9rpya6DDImktRQQWaLopQjI9HkddRjihLDR5Zgopg9FpEBVpgYG1DJpuDN/7xIGidV77x6dn9aqd3meRThAA7hGDy4gBrcQB18IMDgGV7hzZHOi/PufMxaC04+sw9/4Hz+ANzWjrw=</latexit>

Li = 0

CP
<latexit sha1_base64="4pLPRIf9NgzG8wOkMJVEKoQdy2M=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx4UfAQwSyYDKGn05M06ekZu2vEMOQvPAkK4tW/8eTf2FkOGn1Q8Hiviqp6QSKFQdf9cnILi0vLK/nVwtr6xuZWcXunbuJUM15jsYx1M6CGS6F4DQVK3kw0p1EgeSMYXIz9xgPXRsTqFocJ9yPaUyIUjKKV7q47Hmkrfk/cTrHklt0JyF/izUgJZqh2ip/tbszSiCtkkhrT8twE/YxqFEzyUaGdGp5QNqA93rJU0YgbP3ucnDwiB1bqkjDWthSSifpzJKORMcMosJ0Rxb6Z98bif14rxfDcz4RKUuSKTReFqSQYk/H/pCs0ZyiHllCmhT2WsD7VlKFNqWBT8OZ//kvqR2XvtHxyc1yqXM3yyMMe7MMheHAGFbiEKtSAgYIneIFXB51n5815n7bmnNnMLvyC8/ENx2OQWQ==</latexit>

L1 6= 0

<latexit sha1_base64="uYWlQcNDss1NQlFw4eKBwAb04SE=">AAAB8nicbVDJSgNBEK2JW4xb1KOXxiB4CjPB7RjwouAhglkwGUJPpyZp0tMzdveIIeQvPAkK4tW/8eTf2FkOmvig4PFeFVX1gkRwbVz328ksLa+srmXXcxubW9s7+d29mo5TxbDKYhGrRkA1Ci6xargR2EgU0igQWA/6l2O//ohK81jemUGCfkS7koecUWOl+5t2ibQkPhC3nS+4RXcCski8GSnADJV2/qvViVkaoTRMUK2bnpsYf0iV4UzgKNdKNSaU9WkXm5ZKGqH2h0+Tk0fkyEodEsbKljRkov4eGdJI60EU2M6Imp6e98bif14zNeGFP+QySQ1KNl0UpoKYmIz/Jx2ukBkxsIQyxe2xhPWooszYlHI2BW/+50VSKxW9s+Lp7UmhfD3LIwsHcAjH4ME5lOEKKlAFBhKe4RXeHOO8OO/Ox7Q148xm9uEPnM8fyO+QWg==</latexit>

L2 6= 0

oscillations

sphalerons

<latexit sha1_base64="MPGpPtTt3G+LzaPxLzvM8B7CuL0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi94imAckS5iddJIhs7PrzKwYlvyEJ0FBvPo7nvwbJ8keNLGgoajqprsriAXXxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRDGssEpFqBlSj4BJrhhuBzVghDQOBjWB4PfEbj6g0j+S9GcXoh7QveY8zaqzUvCJtiQ/E7RRLbtmdgiwSLyMlyFDtFL/a3YglIUrDBNW65bmx8VOqDGcCx4V2ojGmbEj72LJU0hC1nz5NDx6TIyt1SS9StqQhU/X3SEpDrUdhYDtDagZ63puI/3mtxPQu/ZTLODEo2WxRLxHERGTyPelyhcyIkSWUKW6PJWxAFWXGZlSwKXjzPy+S+knZOy+f3Z2WKrdZHnk4gEM4Bg8uoAI3UIUaMBDwDK/w5ijnxXl3PmatOSeb2Yc/cD5/AI49j6s=</latexit>

B 6= 0
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PARAMETER SPACE FOR 2 RHN

- 5 free parameters 

°1.0 °0.5 0.0 0.5 1.0 1.5 2.0
log10(M1/GeV )

°12

°10

°8

°6

°4

°2

lo
g

1
0
(|

U
2
|) flavoured weak washout

weak LNV

weak washout

Overdamped

# fast oscillations #

¢M/M1 = 10°10

<latexit sha1_base64="LaW9iRe/0CbrUagxWljOutIs79k="></latexit>

⌫L↵ = UPMNS
↵i ⌫i + ✓↵IN

c
I

complicated parameter space!

Hernandez, Lopez-Pavon, Rius and S. Sandner 2022

<latexit sha1_base64="EmKIeb2FmvQ/ltQqdoGGx7zHLlk="></latexit>

U2
↵ =

X

I

|✓↵I |2, U2 =
X

↵

U2
↵
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PARAMETER SPACE FOR 2 RHN
Klaric, Shaposhnikov and Timiryasov 2021

black, solid: leptogenesis with vanishing initial RHN density 
blue, dashed: leptogenesis with thermal initial conditions. 
red, dotted: neglecting universe expansion/freeze-out 
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PARAMETER SPACE FOR 2 RHN
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Drewes, Garbrecht, Gueter and Klaric 2016

Normal hierarchy. The grey area disfavoured by direct (LHC, beam dump, Belle, 
kaon decays,..), and inderect searches ( , lepton universality, LNV decays,..), 
and cosmology (BBN) 

0νββ
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PARAMETER SPACE FOR 3 RHN
Drewes, Georic and Klaric 2022

larger mixing angles possible:  more parameters to tune & possible level crossing resonances
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PLAN

1. vanilla leptogenesis 

2. low scale leptogenesis

hard/impossible to test

large part of parameter space can be probed 
low scale RHN mass + degenerate spectrum 


