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Why are neutrinos  
so light?

What mechanism  
generated 
the BAU?

Motivation for Leptogenesis 

Are neutrinos 
 Majorana 
or Dirac?



The Seesaw Mechanism 

 

The Standard Model is an effective theory which contains non-
renormalisable operators

Weinberg,  Phys.Rev.Lett. 43 (1979)
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https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw


The Seesaw Mechanism 

 

N ∆ Σ

4

Minkowski, Yanagida, Glashow, Gell-
Mann, Ramond, Slansky,

Mohapatra, Senjanovic

Ma, Roy, Senjanovic,

Hambye

Magg, Wetterich, Lazarides, Shafi. 
Mohapatra, Senjanovic,

Schecter, Valle 

fermionic 
singlet

scalar 
triplet

fermionic 
triplet

After electroweak symmetry is broken a Majorana mass is 
produced for neutrinos
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Diagonalisation
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Y⌫ ⇠ O(1) =) MN ⇠ 1014 GeV

Sakharov’s conditions satisfied!
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Decay asymmetry from interference between tree  
and  loop level diagrams  
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Equations
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Washout and scattering processes 

Thermal leptogenesis 
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Region 1: leptons and Higgs have enough energy to 
inverse decay creating a lepton asymmetry
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Region 3: At T < M,  RHN abundance is depleted. Lepton 
asymmetry freezes out. 
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Casas, Ibarra

16



Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra

low-energy scale: 3 phases, 3 mixing angles and 3 masses 

Parameter Space
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Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra

low-energy scale: 3 phases, 3 mixing angles and 3 masses 

high-energy scale: 3 phases, 3 mixing angles and 3 masses 

Parameter Space
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Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra

low-energy scale: 3 phases, 3 mixing angles and 3 masses 

high-energy scale: 3 phases, 3 mixing angles and 3 masses 

Without any symmetry constraints 18 parameters in total. 

Parameter Space

CI a model-independent way leptogenesis, if you have a model 
(GUT)  determined directly 

mν ↔
Yν

19
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leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV

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

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida
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S. Pascoli, S. T Petcov, C. E. Yaguna 
2003 “Quasi-Degenerate Neutrino Mass Spectrum, µ 

→ e + γ Decay and Leptogenesis”

• SUSY GUT predicts RHNs with mass  
 GeV∼ 1012

• Quasi-degenerate  & showed viable 
leptogenesis in context SUSY GUT 
induced enhanced  in  

,  with complex R

mν

∼ 103 − 106

Br(μ → eγ) Br(τ → eγ)

<latexit sha1_base64="Jx9eKBSwnumMKhLpG9gjzHfpPCA="></latexit>
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leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV
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O(1)GeV
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Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

https://arxiv.org/pdf/hep-ph/0301095.pdf
https://arxiv.org/pdf/hep-ph/0301095.pdf
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S. Pascoli, S. T Petcov, W. Rodejohann 2003 “On 
the Connection of Leptogenesis with Low Energy CP 
Violation and LFV Charged Lepton Decays”

• Assume hierarchical RHN masses

• Investigate “low-energy” observables 
connection to Leptogenesis: CLFV, ,  
CP-violation neutrino oscillations

ν0ββ

• “In general, there is no direct connection 
between the latter and the CP violation in 
leptogenesis.”leptogenesis via 

oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV
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O(1)GeV
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Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

https://arxiv.org/pdf/hep-ph/0302054.pdf
https://arxiv.org/pdf/hep-ph/0302054.pdf
https://arxiv.org/pdf/hep-ph/0302054.pdf
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S. Pascoli, S. T Petcov, A. Riotto, 2006 “Connecting 
Low Energy Leptonic CP-violation to Leptogenesis”

• “Flavoured Leptogenesis” Abada et al 
showed that
ϵα = Im (∑ U*αβUαρR1βR1ρ) α = e, μ, τ

• It was thought that low-scale CP-violation 
would not imply viable high-scale 
leptogenesis since ϵ1 ∝ Im[R2]

leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV

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

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

• Considered generation of BAU assuming 
purely real/complex R i.e. CP-violation 
source from low energy phases

https://arxiv.org/pdf/hep-ph/0609125.pdf
https://arxiv.org/pdf/hep-ph/0609125.pdf
https://arxiv.org/pdf/hep-ph/0601083.pdf
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• Assuming real R-matrix (motivated within 
certain flavour symmetry model  see 
1602.03873)

M
ea

su
re

d 
BA

U

δ ∈ [0, 2π]

leptogenesis via 
oscillations

resonant 
leptogenesis

intermediate 
scale leptogenesis

high-scale 
leptogenesis

Mass RHN

O(1012)GeV

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

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

S. Pascoli, S. T Petcov, A. Riotto, 2006 “Connecting 
Low Energy Leptonic CP-violation to Leptogenesis”

Normal ordering 
M1 = 5 × 1011GeV

http://1602.03873
https://arxiv.org/pdf/hep-ph/0609125.pdf
https://arxiv.org/pdf/hep-ph/0609125.pdf
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O(1012)GeV

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

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

• Solved density matrix equations to 
demonstrate leptogenesis low as

 GeVMN ∼ 106

• Quantified fine-tuning in  & performed  
multi-dimensional PS exploration

mν

K. Moffat, S. Pascoli, S. T Petcov, H. Schulz, J. Turner, 
2018 “Three-Flavoured Non-Resonant Leptogenesis 
at Intermediate Scales”

https://arxiv.org/pdf/1804.05066.pdf
https://arxiv.org/pdf/1804.05066.pdf
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O(1012)GeV

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

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

• Returned to Serguey, Silvia and Antonio’s 
initial study with new tools

• CP-violation only from low-scale sector

K. Moffat, S. Pascoli, S. T Petcov, J. Turner, 2018 
“Leptogenesis from Low Energy CP Violation”

<latexit sha1_base64="ChurA76N3q1T7iBXOjTfw0roJ8k="></latexit>

M1 = 7⇥ 108GeV

https://arxiv.org/pdf/1804.05066.pdf
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<latexit sha1_base64="YJeDl+ANr+Hu30dQI12LNTnWYaI=">AAACCXicbVA9SwNBEN3z2/h1ammzGAQFCXdB0VK00E4FE4XcGfY2k2TJ3ge7c2I4rrXxr9hYKGLrP7Dz37gXU2jig4HHezPMzAsSKTQ6zpc1MTk1PTM7N19aWFxaXrFX1+o6ThWHGo9lrG4CpkGKCGooUMJNooCFgYTroHdS+Nd3oLSIoyvsJ+CHrBOJtuAMjdS0qRcy7HIms/N823VuM7ea73i7HsI9ZqdQz5t22ak4A9Bx4g5JmQxx0bQ/vVbM0xAi5JJp3XCdBP2MKRRcQl7yUg0J4z3WgYahEQtB+9ngk5xuGaVF27EyFSEdqL8nMhZq3Q8D01ncrUe9QvzPa6TYPvQzESUpQsR/FrVTSTGmRSy0JRRwlH1DGFfC3Ep5lynG0YRXMiG4oy+Pk3q14u5V9i/3ykfHwzjmyAbZJNvEJQfkiJyRC1IjnDyQJ/JCXq1H69l6s95/Wies4cw6+QPr4xtad5l+</latexit>

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

• Above EW scale, Higgs potential 
vanishes  generate EW scale from 
RHN mass “neutrino option”

→

I. Brivio, K. Moffat, S. Pascoli, S. T Petcov, J. Turner, 
2019 “Leptogenesis in the Neutrino Option”

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

H

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

H

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

H

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

H

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

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

H

<latexit sha1_base64="D85oexX/uGQF2LhAWQKSA9T2SWs="></latexit>

m2
H

⇡ M2Y 2

8⇡2

<latexit sha1_base64="eNrm0c4F2N5AGurtCvnLJCujzz4="></latexit>

� ⇡ |Y |4

https://arxiv.org/pdf/1905.12642.pdf
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<latexit sha1_base64="YJeDl+ANr+Hu30dQI12LNTnWYaI=">AAACCXicbVA9SwNBEN3z2/h1ammzGAQFCXdB0VK00E4FE4XcGfY2k2TJ3ge7c2I4rrXxr9hYKGLrP7Dz37gXU2jig4HHezPMzAsSKTQ6zpc1MTk1PTM7N19aWFxaXrFX1+o6ThWHGo9lrG4CpkGKCGooUMJNooCFgYTroHdS+Nd3oLSIoyvsJ+CHrBOJtuAMjdS0qRcy7HIms/N823VuM7ea73i7HsI9ZqdQz5t22ak4A9Bx4g5JmQxx0bQ/vVbM0xAi5JJp3XCdBP2MKRRcQl7yUg0J4z3WgYahEQtB+9ngk5xuGaVF27EyFSEdqL8nMhZq3Q8D01ncrUe9QvzPa6TYPvQzESUpQsR/FrVTSTGmRSy0JRRwlH1DGFfC3Ep5lynG0YRXMiG4oy+Pk3q14u5V9i/3ykfHwzjmyAbZJNvEJQfkiJyRC1IjnDyQJ/JCXq1H69l6s95/Wies4cw6+QPr4xtad5l+</latexit>

O(106)GeV

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

O(103)GeV

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

O(1)GeV

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

Akhmedov, Rubakov 
 & Smirnov

Pilaftis & Underwood

Racker, Rius & Pena

Fukugida & Yanagida

I. Brivio, K. Moffat, S. Pascoli, S. T Petcov, J. Turner, 
2019 “Leptogenesis in the Neutrino Option”

80 160 240 320

� [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

150 300 450 600

�21 [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

150 300 450 600

�31 [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

42 45 48 51

�23 [�]

150

200

250

300

x
[�

]

2� region

2� region

1� region

1� region

80 160 240 320

� [�]

42

45

48

51

� 2
3

[�
]

2� region

1�
region

150 300 450 600

�21 [�]

42

45

48

51

� 2
3

[�
]

2� region

1� regio
n

150 300 450 600

�31 [�]

42

45

48

51

� 2
3

[�
]

2� region

1�
re

gi
on

• Regions consistent with Higgs 
parameters & successful leptogenesis

https://arxiv.org/pdf/1905.12642.pdf
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Mass RHN
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• Interesting interplay with GWs
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