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Leptogenesis: the motivation

Why are neutrinos  
so light?

What mechanism  
generated 
the baryon 

asymmetry?

Are neutrinos 
 Majorana 
or Dirac?
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Matter-Antimatter Asymmetry

Departure from thermal equilibrium 

C & CP-violation

Baryon number violation

Sakharov’s Conditions 

Kuzmin, Rubakov & Shaposhnikov (1985)

Gavela, Hernandez, Orloff & Pene (1994)

Kajantie, Laine, Rummukainen & Shaposhnikov (1996)

⌘B = (6.02� 6.18)⇥ 10�10
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Planck 1807.06209

http://www.apple.com/uk
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https://arxiv.org/pdf/1807.06209.pdf
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Planck 2015 (1502.01589)

Time

free electrons

free protons

neutral hydrogen

last scattering

time ~ 380,000 yr
Temperature ~ 3000 K 

Helium

Measuring the Matter Antimatter Asymmetry

Lithium
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Planck 2018  
(error bars x 5)

θ ~ 1 degree θ ~ 1/10 degree 

Best-fit model 
(6 parameters)

Angular power spectrum = variance of temperature  
as a function of angular scale

Wayne Hu's Website

<latexit sha1_base64="OA/lHUg5wYrHvi4TwKryWpJ8gaQ="></latexit>

6.02⇥ 10�10  ⌘B  6.18⇥ 10�10 (95%CL)

Time: 380,000 years after Big Bang 
Temperature: ~ 3000 K

http://background.uchicago.edu/~whu/animbut/anim1.html
http://background.uchicago.edu/~whu/animbut/anim1.html
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Time: 3 minutes after Big Bang 
Temperature: ~  K109
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Synthesis of light elements such  
as Deuterium, Helium and Lithium
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5.8⇥ 10�10  ⌘B  6.5⇥ 10�10 (95%CL)

Time: 3 minutes after Big Bang 
Temperature: ~  K109
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Why are neutrinos  
so light?

Why are neutrinos  
so light?

What mechanism  
generated 
the baryon 

asymmetry?

Are neutrinos 
 Majorana 
or Dirac?
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Why are neutrinos  
so light?

Are neutrinos 
 Majorana 
or Dirac?
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Charged particles can be distinguished from their antiparticles
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Particles like this are called “Dirac particles”
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What about neutrinos which are electrically neutral? 
How would we distinguish them from antineutrinos?
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What about neutrinos which are electrically neutral? 
How would we distinguish them from antineutrinos?
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We can introduce lepton number to distinguish neutrinos and 
antineutrinos
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We have only ever observed lepton number conserving processes

e�
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We have only ever observed lepton number conserving processes

e�
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If lepton number is conserved in nature then neutrinos can be  
distinguished from antineutrinos & neutrinos would be classed as Dirac particles
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It is possible that lepton number is in fact violated in nature!

If this were the case then neutrinos would be “Majorana particles”

As opposed to Dirac particles and we could identify the neutrino and  

antineutrino
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It is possible that lepton number is in fact violated in nature!

If this were the case then neutrinos would be “Majorana particles”

As opposed to Dirac particles and we could identify the neutrino and  

antineutrino

Neutrinoless double beta decay experiments are searching for

Lepton number violation

L = 0
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It is possible that lepton number is in fact violated in nature!

If this were the case then neutrinos would be “Majorana particles”

As opposed to Dirac particles and we could identify the neutrino and  

antineutrino

Neutrinoless double beta decay experiments are searching for

Lepton number violation
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).

T�1

1/2
'

G0⌫
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|m�� |

2 M2

NUCL , (3)

where G0⌫ is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m�� is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31
and �m2

21
and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m�� depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that

mNO,m1⇠0

�� '

���
p
�m2

21
sin2✓12 cos2✓13 +

p
�m2

31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)

mIO,m3⇠0
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32
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�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

��(cos2✓12 + sin2✓12ei↵21) cos2✓13+ei(↵31�2�)sin2✓13

�� ' (0.29 � 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m�� for the two mass orderings.

As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m�� for IO given
by

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m�� > 0.1 eV would imply that the

8

 
neutrinos Majorana

ΔL = 2 ⟹
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As neutrinos are electrically neutral so they could be Majorana particles

⌫ = C⌫̄T

<latexit sha1_base64="HDZJmx0pNqKRLDuKtuVhU587ncg="></latexit>

Majorana neutrinos  global  symmetry violated  lepton number violation⟹ U(1)L ⟹

0νββ rate
1

T 0⌫��
1/2

= G0⌫(Q�� , Z)g4A|M0⌫ |2
hm��i2

m2
e
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Why are neutrinos  
so light?

What mechanism  
generated 
the baryon 

asymmetry?

Are neutrinos 
 Majorana 
or Dirac?
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Why are neutrinos  
so light?



Neutrinos are so much lighter than other fundamental particles

they may get their mass in a different way

Top

BottomCharm

StrangeDown
Up

γ
t

e

“Ordinary” particles get their mass from the Higgs Mechanism

21

The observation of Neutrino Oscillations  implies neutrinos have mass
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Seesaw Mechanism

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

3 UV completions at tree-level. Neutrinos acquire mass after EWSB 
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Seesaw Mechanism

3 UV completions at tree-level. Neutrinos acquire mass after EWSB 
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Seesaw Mechanism
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Image courtesy of Symmetry Magazine

Sakharov’s conditions satisfied!
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Thermal Leptogenesis

N

Fukugita & Yanagida (1986)
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Thermal Leptogenesis Fukugita & Yanagida (1986)
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Thermal Leptogenesis Fukugita & Yanagida (1986)
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Thermal Leptogenesis Fukugita & Yanagida (1986)
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<latexit sha1_base64="yJFk9BUEuFKo4+dHUb9kdcv1iYk=">AAACOnicbVDNS8MwHE39nPOr6tFLcAiCONop6EUYetDjBu4D1jLSLN3CkrYkqTBK/y4v/hXePHjxoIhX/wDTrfix7UHg8d7vJfk9L2JUKst6NhYWl5ZXVgtrxfWNza1tc2e3KcNYYNLAIQtF20OSMBqQhqKKkXYkCOIeIy1veJ35rXsiJA2DOzWKiMtRP6A+xUhpqWvWHRJJyjRNaHrp+ALhxLlBnKMuhSdOqLPZ1T9aCtNf/3iOn3bNklW2xoCzxM5JCeSodc0npxfimJNAYYak7NhWpNwECUUxI2nRiSWJEB6iPuloGiBOpJuMV0/hoVZ60A+FPoGCY/VvIkFcyhH39CRHaiCnvUyc53Vi5V+4CQ2iWJEATx7yYwZVCLMeYY8KghUbaYKwoPqvEA+Qrk/ptou6BHt65VnSrJTt03KlflaqXuV1FMA+OABHwAbnoApuQQ00AAYP4AW8gXfj0Xg1PozPyeiCkWf2wD8YX9/+qK9Y</latexit>

<latexit sha1_base64="gyx/ioe1nrC0bnYSQ9IeVcyrHMM="></latexit>

NjY⌫ i Y⌫ i Y⌫j

<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Decays Occurs 
when T ∼ MN

ΓN ∼ H

http://Covi,%20Roulet,%20Vissani
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Thermal Leptogenesis Fukugita & Yanagida (1986)

L

H

N

L

H

N

L

H†

N

L

H

t

Q

Inverse Decays
<latexit sha1_base64="i4bHa8lHp/YHnMBxA9g2XpYUyhA="></latexit>

�L = 2
<latexit sha1_base64="uec0mNHOXgfEGlzdEozT7QYzVU4="></latexit>

�L = 1

Washout and Scattering Processes
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Thermal Leptogenesis Fukugita & Yanagida (1986)

L

H

N

L

H

N

L

H†

N

L

H

t

Q

Inverse Decays
<latexit sha1_base64="i4bHa8lHp/YHnMBxA9g2XpYUyhA="></latexit>

�L = 2
<latexit sha1_base64="uec0mNHOXgfEGlzdEozT7QYzVU4="></latexit>

�L = 1

Washout and Scattering Processes

Theory 
Parameters

Boltzmann 
Equations

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>

⌘B
<latexit sha1_base64="DW5/tEzLdEphA6uQL4K5ZM/xw2A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMdSLx4r2FpoQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY38z8hyeujYjVPU4S7kd0qEQoGEUrtXscab/RL1fcqjsHWSVeTiqQo9kvf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7tlJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtGtV76Jau7us1Bt5HEU4gVM4Bw+uoA630IQWMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB0ukjvE=</latexit>

<latexit sha1_base64="0vS/LKgWt2QpmkWPXfgt8hyFaWw="></latexit>

dNN

dz
= �D(z) (NN �N eq

N )

NB�L

dz
= ✏D(z) (NN �N eq

N )�W (z)NB�L
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»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

<latexit sha1_base64="2lPbOoqAqaO8E2ckiLtxvvHWmbA="></latexit>

z =
MN

T

<latexit sha1_base64="wqo4nJIjFK+bmxU7XWpHDjfM2pM="></latexit> |N
| <latexit sha1_base64="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

<latexit sha1_base64="aXYnnat5LHOwtbzw0fTcxtijMAM="></latexit>

NN

<latexit sha1_base64="fIUu6QEfN/D+Zc9qQc2U+po+Et4="></latexit>

NB�L

assume zero initial  
abundance of RHNs

34
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»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

<latexit sha1_base64="2lPbOoqAqaO8E2ckiLtxvvHWmbA="></latexit>

z =
MN

T

<latexit sha1_base64="wqo4nJIjFK+bmxU7XWpHDjfM2pM="></latexit> |N
| <latexit sha1_base64="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

<latexit sha1_base64="aXYnnat5LHOwtbzw0fTcxtijMAM="></latexit>

NN

<latexit sha1_base64="fIUu6QEfN/D+Zc9qQc2U+po+Et4="></latexit>

NB�L

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

35

<latexit sha1_base64="vwziV62IyZEvlWuvUr1Pv2/T458="></latexit>

T > MN
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»NB-L»
NN1
Neq

0.05 0.10 0.50 1.00 5.00 10.0010-10
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M1

T

»N»

K1=102

<latexit sha1_base64="2lPbOoqAqaO8E2ckiLtxvvHWmbA="></latexit>

z =
MN

T

<latexit sha1_base64="wqo4nJIjFK+bmxU7XWpHDjfM2pM="></latexit> |N
| <latexit sha1_base64="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

<latexit sha1_base64="aXYnnat5LHOwtbzw0fTcxtijMAM="></latexit>

NN

<latexit sha1_base64="fIUu6QEfN/D+Zc9qQc2U+po+Et4="></latexit>

NB�L

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj

36

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

N

<latexit sha1_base64="4tI8MyGntlLrnc6BRXC2gBtM23I=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irly3qlVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6kpjNo=</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

H

<latexit sha1_base64="pKCeh2AfJTWO2Qa5atTer5G1FLc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7Gd5nffuLaiFg94iThfkSHSoSCUbTSQ73UL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0p1SjYJLPSr3U8ISyMR3yrqWKRtz40/mlM3JmlQEJY21LIZmrvyemNDJmEgW2M6I4MsteJv7ndVMMb/ypUEmKXLHFojCVBGOSvU0GQnOGcmIJZVrYWwkbUU0Z2nCyELzll1dJ66LqXVav7i8rtds8jiKcwCmcgwfXUIM6NKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+ANRljOg=</latexit>

<latexit sha1_base64="vwziV62IyZEvlWuvUr1Pv2/T458="></latexit>

T > MN
<latexit sha1_base64="kr8n1HxDMuFH71AxMfeVFzkjP2c="></latexit>

T ⇠ MN
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0.01

1

z=
M1

T

»N»

K1=102

<latexit sha1_base64="2lPbOoqAqaO8E2ckiLtxvvHWmbA="></latexit>

z =
MN

T

<latexit sha1_base64="wqo4nJIjFK+bmxU7XWpHDjfM2pM="></latexit> |N
| <latexit sha1_base64="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

<latexit sha1_base64="aXYnnat5LHOwtbzw0fTcxtijMAM="></latexit>

NN

<latexit sha1_base64="fIUu6QEfN/D+Zc9qQc2U+po+Et4="></latexit>

NB�L

<latexit sha1_base64="vwziV62IyZEvlWuvUr1Pv2/T458="></latexit>

T > MN
<latexit sha1_base64="kr8n1HxDMuFH71AxMfeVFzkjP2c="></latexit>

T ⇠ MN

37

 RHN abundance is depleted. Lepton asymmetry freezes out

<latexit sha1_base64="UBd5yxGHe8N7fgIOi6q69uZwurY="></latexit>

T < MN



Jessica Turner 38

Parameter Space

Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra (2001)

https://arxiv.org/pdf/hep-ph/0103065.pdf
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Parameter Space

Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra (2001)

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

https://arxiv.org/pdf/hep-ph/0103065.pdf
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Parameter Space

Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra (2001)

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

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

https://arxiv.org/pdf/hep-ph/0103065.pdf
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Parameter Space

Y⌫ =
1

v
UPMNS

p
mRT

p
M

Casas, Ibarra (2001)

Without any symmetry constraints 18 parameters in total 

CI  model-independent way leptogenesismν ↔

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

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

https://arxiv.org/pdf/hep-ph/0103065.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>

Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

Mass RHN

O(106)GeV

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

Racker, Rius & Pena

O(103)GeV

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

Pilaftis & Underwood

O(1)GeV

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

Akhmedov, Rubakov & Smirnov

RHNs GeV mass 
⟹ Yν ∼ 10−8 − 10−7
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Assume initially zero abundance of RHNs , they have highly degenerate 
masses & produced via scattering at T > TEW.  

Leptogenesis via Oscillation: Mechanism
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Le

N2 N2

H H

Lµ

Le

N1 N1

H H

Lµ

44

Assume initially zero abundance of RHNs , they have highly degenerate 
masses & produced via scattering at T > TEW.  

Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="EoHbvPJdygU9pbDo4hxwmWs/wQI="></latexit>

Y⌫
⇤
e1

<latexit sha1_base64="g1fNE35NqVlSn8ns5Eh7iN7GtGE="></latexit>

Y⌫µ1

<latexit sha1_base64="Tqv/50keQc+/Dm5qcI2WR3bHFdE="></latexit>

Y⌫
⇤
e2

<latexit sha1_base64="dIEtBAezbZ5X/95dHq05CWcN+Tc="></latexit>

Y⌫µ2

<latexit sha1_base64="eIW31coBJ0874WRGoXESEdAE38w="></latexit>

e�i
R
E1dt

<latexit sha1_base64="g7DW9U3SZr7nocayIKOMWbdIHX8="></latexit>

e�i
R
E2dt

For simplicity, consider two flavour system 
(1,2) & ( )e, μ
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Assume initially zero abundance of RHNs , they have highly degenerate 
masses & produced via scattering at T > TEW.  

Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="EoHbvPJdygU9pbDo4hxwmWs/wQI="></latexit>

Y⌫
⇤
e1

<latexit sha1_base64="g1fNE35NqVlSn8ns5Eh7iN7GtGE="></latexit>

Y⌫µ1

<latexit sha1_base64="Tqv/50keQc+/Dm5qcI2WR3bHFdE="></latexit>

Y⌫
⇤
e2

<latexit sha1_base64="dIEtBAezbZ5X/95dHq05CWcN+Tc="></latexit>

Y⌫µ2

<latexit sha1_base64="eIW31coBJ0874WRGoXESEdAE38w="></latexit>

e�i
R
E1dt

<latexit sha1_base64="g7DW9U3SZr7nocayIKOMWbdIHX8="></latexit>

e�i
R
E2dt

For simplicity, consider two flavour system 
(1,2) & ( )e, μ
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Assume initially zero abundance of RHNs , they have highly degenerate 
masses & produced via scattering at T > TEW.  

Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="EoHbvPJdygU9pbDo4hxwmWs/wQI="></latexit>

Y⌫
⇤
e1

<latexit sha1_base64="g1fNE35NqVlSn8ns5Eh7iN7GtGE="></latexit>

Y⌫µ1

<latexit sha1_base64="Tqv/50keQc+/Dm5qcI2WR3bHFdE="></latexit>

Y⌫
⇤
e2

<latexit sha1_base64="dIEtBAezbZ5X/95dHq05CWcN+Tc="></latexit>

Y⌫µ2

<latexit sha1_base64="eIW31coBJ0874WRGoXESEdAE38w="></latexit>

e�i
R
E1dt

<latexit sha1_base64="g7DW9U3SZr7nocayIKOMWbdIHX8="></latexit>

e�i
R
E2dt

For simplicity, consider two flavour system 
(1,2) & ( )e, μ
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Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="EoHbvPJdygU9pbDo4hxwmWs/wQI="></latexit>

Y⌫
⇤
e1

<latexit sha1_base64="g1fNE35NqVlSn8ns5Eh7iN7GtGE="></latexit>

Y⌫µ1

<latexit sha1_base64="Tqv/50keQc+/Dm5qcI2WR3bHFdE="></latexit>

Y⌫
⇤
e2

<latexit sha1_base64="dIEtBAezbZ5X/95dHq05CWcN+Tc="></latexit>

Y⌫µ2

<latexit sha1_base64="eIW31coBJ0874WRGoXESEdAE38w="></latexit>

e�i
R
E1dt

<latexit sha1_base64="g7DW9U3SZr7nocayIKOMWbdIHX8="></latexit>

e�i
R
E2dt

<latexit sha1_base64="sT5pQCErNraK9mzTV0s/AgFQJhQ="></latexit>

2

<latexit sha1_base64="m7m3ogPbStPcdbDUU2yNhUOIvI4="></latexit>

�(Le ! Lµ) / e�i
R �m2

21
2|~p| dt ⇥

�
Y⌫

⇤
e1Y⌫µ1Y⌫

⇤
e2Y⌫µ2

�



Jessica Turner

Le

N2 N2

H† H†

Lµ

Le
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Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="eIW31coBJ0874WRGoXESEdAE38w="></latexit>

e�i
R
E1dt

<latexit sha1_base64="g7DW9U3SZr7nocayIKOMWbdIHX8="></latexit>

e�i
R
E2dt

<latexit sha1_base64="sT5pQCErNraK9mzTV0s/AgFQJhQ="></latexit>

2

<latexit sha1_base64="Fn4tXwYBsYl2SZgY7oxxLAdO7yw="></latexit>

Y⌫e1
<latexit sha1_base64="RKd1GxYbS4sXJXw7Uw/e0QTYg1k="></latexit>

Y⌫
⇤
µ1

<latexit sha1_base64="aV6uqhrDx1oGK9KDNeMMnUlcU8Q="></latexit>

Y⌫e2

<latexit sha1_base64="Rs5DqQ8exKURSbdJl5BPdVNHPyQ="></latexit>

Y⌫
⇤
µ2

CP conjugate process

<latexit sha1_base64="Fyf4RrjGoXiI3Gr9phW/dhhGn94="></latexit>

�(Le ! Lµ) / e�i
R �m2

21
2|~p| dt ⇥

�
Y⌫e1Y⌫

⇤
µ1Y⌫e2Y⌫

⇤
µ1

�
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<latexit sha1_base64="zrXRfQeSWcStAaU/BoDUdSwsi+M="></latexit>

Le

<latexit sha1_base64="57zFuJVGTNdJGVh79NfFsgIvq7c="></latexit>

Le

<latexit sha1_base64="iSlcRhUnG1vZqsCKdhEsAEIzDqM="></latexit>

Lµ

<latexit sha1_base64="yuUoWw1VpdE6mLPVSz9ercY8VM8="></latexit>

Lµ

<latexit sha1_base64="iwqnZmFMpGyZNxoA+3kvSqcEwDs="></latexit>

}ΔLe ≠ 0
ΔLμ ≠ 0
ΔL = 0

<latexit sha1_base64="HsPjDoTMWkSlaYcbDAMMyo55ilU="></latexit>

� (Le ! Lµ)� �
�
Le ! Lµ

�
/ sin

✓Z
�m2

21

2|~p| dt

◆
⇥ Im

�
Y⌫e1Y

⇤
⌫µ1Y⌫e2Y

⇤
⌫µ1

�

Leptogenesis via Oscillation: Mechanism
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Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="zrXRfQeSWcStAaU/BoDUdSwsi+M="></latexit>

Le

<latexit sha1_base64="57zFuJVGTNdJGVh79NfFsgIvq7c="></latexit>

Le

<latexit sha1_base64="iSlcRhUnG1vZqsCKdhEsAEIzDqM="></latexit>

Lµ

<latexit sha1_base64="yuUoWw1VpdE6mLPVSz9ercY8VM8="></latexit>

Lµ

<latexit sha1_base64="iwqnZmFMpGyZNxoA+3kvSqcEwDs="></latexit>

}ΔLe ≠ 0
ΔLμ ≠ 0
ΔL = 0

<latexit sha1_base64="HsPjDoTMWkSlaYcbDAMMyo55ilU="></latexit>

� (Le ! Lµ)� �
�
Le ! Lµ

�
/ sin

✓Z
�m2

21

2|~p| dt

◆
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NI
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NI
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Jessica Turner 51
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<latexit sha1_base64="zrXRfQeSWcStAaU/BoDUdSwsi+M="></latexit>

Le

<latexit sha1_base64="57zFuJVGTNdJGVh79NfFsgIvq7c="></latexit>

Le

<latexit sha1_base64="iSlcRhUnG1vZqsCKdhEsAEIzDqM="></latexit>

Lµ

<latexit sha1_base64="yuUoWw1VpdE6mLPVSz9ercY8VM8="></latexit>

Lµ

<latexit sha1_base64="iwqnZmFMpGyZNxoA+3kvSqcEwDs="></latexit>

}ΔLe ≠ 0
ΔLμ ≠ 0
ΔL = 0

<latexit sha1_base64="HsPjDoTMWkSlaYcbDAMMyo55ilU="></latexit>

� (Le ! Lµ)� �
�
Le ! Lµ

�
/ sin

✓Z
�m2

21

2|~p| dt

◆
⇥ Im

�
Y⌫e1Y

⇤
⌫µ1Y⌫e2Y

⇤
⌫µ1

�

Lα

NI

Lα

NI

H H†

!=

  
EW sphalerons 

convert SM lepton asymmetry 
to baryon asymmetry

ΔL ≠ 0
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Leptogenesis via Oscillation: Mechanism

<latexit sha1_base64="zrXRfQeSWcStAaU/BoDUdSwsi+M="></latexit>

Le

<latexit sha1_base64="57zFuJVGTNdJGVh79NfFsgIvq7c="></latexit>

Le

<latexit sha1_base64="iSlcRhUnG1vZqsCKdhEsAEIzDqM="></latexit>

Lµ

<latexit sha1_base64="yuUoWw1VpdE6mLPVSz9ercY8VM8="></latexit>

Lµ

<latexit sha1_base64="iwqnZmFMpGyZNxoA+3kvSqcEwDs="></latexit>

}ΔLe ≠ 0
ΔLμ ≠ 0
ΔL = 0

<latexit sha1_base64="HsPjDoTMWkSlaYcbDAMMyo55ilU="></latexit>

� (Le ! Lµ)� �
�
Le ! Lµ

�
/ sin

✓Z
�m2

21

2|~p| dt

◆
⇥ Im

�
Y⌫e1Y

⇤
⌫µ1Y⌫e2Y

⇤
⌫µ1

�

Lα

NI

Lα

NI

H H†

!=

  
EW sphalerons 

convert SM lepton asymmetry 
to baryon asymmetry

ΔL ≠ 0<latexit sha1_base64="nedpEiSXzwYUuFWNrs6HI6kpmlU="></latexit>

B

<latexit sha1_base64="cDAh+wKzvSHtCxyIr3wiy+7cg7s="></latexit>

B
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Leptogenesis via Oscillation: Phenomenology

Y =
1

v
U
p
mRT

p
M

<latexit sha1_base64="jt3tW4S/LdXxdN18EMKqhXU14FE=">AAACCnicbZC7TsMwFIadcivlFmBkMVRITFWCimBBqmBhQSqoN9SEynGd1qqdBNupVEWZWXgVFgYQYuUJ2Hgb3DYDtPySpU//OUfH5/ciRqWyrG8jt7C4tLySXy2srW9sbpnbOw0ZxgKTOg5ZKFoekoTRgNQVVYy0IkEQ9xhpeoPLcb05JELSMKipUURcjnoB9SlGSlsdc//u3PEFwomdJsO07sgHoRKe3t7XpniddsyiVbImgvNgZ1AEmaod88vphjjmJFCYISnbthUpN0FCUcxIWnBiSSKEB6hH2hoDxIl0k8kpKTzUThf6odAvUHDi/p5IEJdyxD3dyZHqy9na2Pyv1o6Vf+YmNIhiRQI8XeTHDKoQjnOBXSoIVmykAWFB9V8h7iOdjNLpFXQI9uzJ89A4Ltnl0slNuVi5yOLIgz1wAI6ADU5BBVyBKqgDDB7BM3gFb8aT8WK8Gx/T1pyRzeyCPzI+fwCELJtx</latexit>

Minimal case 
 2 RHNs  4 masses, 4 mixing angles, 3 phases→

⌫↵ = U↵i⌫i +⇥↵IN
c
I

<latexit sha1_base64="+GaFCW1bCgA5guaTswaYUFhmG2E=">AAACI3icbZDNSsNAFIUn9b/+VV26GSyCIJREKoogiG50IwqmFpoYbqbTduhkEmYmQgl5Fze+ihsXirhx4bs4rUG09cLAxzn3cueeMOFMadv+sEpT0zOzc/ML5cWl5ZXVytp6Q8WpJNQlMY9lMwRFORPU1Uxz2kwkhSjk9Dbsnw3923sqFYvFjR4k1I+gK1iHEdBGCipHnkgDD3jSA3yM3SArmOVDg+Fd76ZHNfzoF/nlXUbyILvIg0rVrtmjwpPgFFBFRV0FlTevHZM0okITDkq1HDvRfgZSM8JpXvZSRRMgfejSlkEBEVV+Nroxx9tGaeNOLM0TGo/U3xMZREoNotB0RqB7atwbiv95rVR3Dv2MiSTVVJDvRZ2UYx3jYWC4zSQlmg8MAJHM/BWTHkgg2sRaNiE44ydPQmOv5tRr+9f16slpEcc82kRbaAc56ACdoHN0hVxE0AN6Qi/o1Xq0nq036/27tWQVMxvoT1mfX+fFpHg=</latexit>

|U |2 =
X

↵I

|⇥↵I |2

<latexit sha1_base64="HjeRUMZ6wXlyQJrDZxBI9j/vKrU=">AAACFnicbVC7SgNBFJ2Nrxhfq5Y2g0GwMeyGiDZC0Ea7CHlBdg13J5PskNkHM7NC2OQrbPwVGwtFbMXOv3HyKGLigYHDOedy5x4v5kwqy/oxMiura+sb2c3c1vbO7p65f1CXUSIIrZGIR6LpgaSchbSmmOK0GQsKgcdpw+vfjP3GIxWSRWFVDWLqBtALWZcRUFpqm2fD2vChiK+wI5OgnTrAYx/w3QgPnapPFcxJOtc281bBmgAvE3tG8miGStv8djoRSQIaKsJBypZtxcpNQShGOB3lnETSGEgferSlaQgBlW46OWuET7TSwd1I6BcqPFHnJ1IIpBwEnk4GoHy56I3F/7xWorqXbsrCOFE0JNNF3YRjFeFxR7jDBCWKDzQBIpj+KyY+CCBKN5nTJdiLJy+TerFglwrn96V8+XpWRxYdoWN0imx0gcroFlVQDRH0hF7QG3o3no1X48P4nEYzxmzmEP2B8fULHzievg==</latexit>
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M =
M1 +M2

2

<latexit sha1_base64="P1gsSj95BJWlUSOrj7U8hJYaQqs=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIQklKRTdC0Y2bQgX7gCaEyXTSDp1MwsxEKCFLN/6KGxeKuPUT3Pk3TtostPXAwOGce7hzjx8zKpVlfRtLyyura+uljfLm1vbOrrm335FRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP77J/e4DEZJG/F5NYuKGaMhpQDFSWvLMIyfSdp5Omxm8cgKBcNr07LOmV8vSWuaZFatqTQEXiV2QCijQ8swvZxDhJCRcYYak7NtWrNwUCUUxI1nZSSSJER6jIelrylFIpJtOD8ngiVYGMIiEflzBqfo7kaJQykno68kQqZGc93LxP6+fqODSTSmPE0U4ni0KEgZVBPNW4IAKghWbaIKwoPqvEI+Q7kLp7sq6BHv+5EXSqVXtevX8rl5pXBd1lMAhOAanwAYXoAFuQQu0AQaP4Bm8gjfjyXgx3o2P2eiSUWQOwB8Ynz/2lZlL</latexit>

normal ordering

Drewes, Garbrecht, Gueter, 
Klaric (2016)

Like-sign lepton + dijet

W±
!±

N
!±

W∓
q

q̄

q

q̄

https://arxiv.org/abs/1609.09069
https://arxiv.org/abs/1609.09069
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Y =
1

v
U
p
mRT

p
M

<latexit sha1_base64="jt3tW4S/LdXxdN18EMKqhXU14FE=">AAACCnicbZC7TsMwFIadcivlFmBkMVRITFWCimBBqmBhQSqoN9SEynGd1qqdBNupVEWZWXgVFgYQYuUJ2Hgb3DYDtPySpU//OUfH5/ciRqWyrG8jt7C4tLySXy2srW9sbpnbOw0ZxgKTOg5ZKFoekoTRgNQVVYy0IkEQ9xhpeoPLcb05JELSMKipUURcjnoB9SlGSlsdc//u3PEFwomdJsO07sgHoRKe3t7XpniddsyiVbImgvNgZ1AEmaod88vphjjmJFCYISnbthUpN0FCUcxIWnBiSSKEB6hH2hoDxIl0k8kpKTzUThf6odAvUHDi/p5IEJdyxD3dyZHqy9na2Pyv1o6Vf+YmNIhiRQI8XeTHDKoQjnOBXSoIVmykAWFB9V8h7iOdjNLpFXQI9uzJ89A4Ltnl0slNuVi5yOLIgz1wAI6ADU5BBVyBKqgDDB7BM3gFb8aT8WK8Gx/T1pyRzeyCPzI+fwCELJtx</latexit>

Minimal case 
 2 RHNs  4 masses, 4 mixing angles, 3 phases→

⌫↵ = U↵i⌫i +⇥↵IN
c
I

<latexit sha1_base64="+GaFCW1bCgA5guaTswaYUFhmG2E=">AAACI3icbZDNSsNAFIUn9b/+VV26GSyCIJREKoogiG50IwqmFpoYbqbTduhkEmYmQgl5Fze+ihsXirhx4bs4rUG09cLAxzn3cueeMOFMadv+sEpT0zOzc/ML5cWl5ZXVytp6Q8WpJNQlMY9lMwRFORPU1Uxz2kwkhSjk9Dbsnw3923sqFYvFjR4k1I+gK1iHEdBGCipHnkgDD3jSA3yM3SArmOVDg+Fd76ZHNfzoF/nlXUbyILvIg0rVrtmjwpPgFFBFRV0FlTevHZM0okITDkq1HDvRfgZSM8JpXvZSRRMgfejSlkEBEVV+Nroxx9tGaeNOLM0TGo/U3xMZREoNotB0RqB7atwbiv95rVR3Dv2MiSTVVJDvRZ2UYx3jYWC4zSQlmg8MAJHM/BWTHkgg2sRaNiE44ydPQmOv5tRr+9f16slpEcc82kRbaAc56ACdoHN0hVxE0AN6Qi/o1Xq0nq036/27tWQVMxvoT1mfX+fFpHg=</latexit>

|U |2 =
X

↵I

|⇥↵I |2

<latexit sha1_base64="HjeRUMZ6wXlyQJrDZxBI9j/vKrU=">AAACFnicbVC7SgNBFJ2Nrxhfq5Y2g0GwMeyGiDZC0Ea7CHlBdg13J5PskNkHM7NC2OQrbPwVGwtFbMXOv3HyKGLigYHDOedy5x4v5kwqy/oxMiura+sb2c3c1vbO7p65f1CXUSIIrZGIR6LpgaSchbSmmOK0GQsKgcdpw+vfjP3GIxWSRWFVDWLqBtALWZcRUFpqm2fD2vChiK+wI5OgnTrAYx/w3QgPnapPFcxJOtc281bBmgAvE3tG8miGStv8djoRSQIaKsJBypZtxcpNQShGOB3lnETSGEgferSlaQgBlW46OWuET7TSwd1I6BcqPFHnJ1IIpBwEnk4GoHy56I3F/7xWorqXbsrCOFE0JNNF3YRjFeFxR7jDBCWKDzQBIpj+KyY+CCBKN5nTJdiLJy+TerFglwrn96V8+XpWRxYdoWN0imx0gcroFlVQDRH0hF7QG3o3no1X48P4nEYzxmzmEP2B8fULHzievg==</latexit>
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2

<latexit sha1_base64="P1gsSj95BJWlUSOrj7U8hJYaQqs=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIQklKRTdC0Y2bQgX7gCaEyXTSDp1MwsxEKCFLN/6KGxeKuPUT3Pk3TtostPXAwOGce7hzjx8zKpVlfRtLyyura+uljfLm1vbOrrm335FRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP77J/e4DEZJG/F5NYuKGaMhpQDFSWvLMIyfSdp5Omxm8cgKBcNr07LOmV8vSWuaZFatqTQEXiV2QCijQ8swvZxDhJCRcYYak7NtWrNwUCUUxI1nZSSSJER6jIelrylFIpJtOD8ngiVYGMIiEflzBqfo7kaJQykno68kQqZGc93LxP6+fqODSTSmPE0U4ni0KEgZVBPNW4IAKghWbaIKwoPqvEI+Q7kLp7sq6BHv+5EXSqVXtevX8rl5pXBd1lMAhOAanwAYXoAFuQQu0AQaP4Bm8gjfjyXgx3o2P2eiSUWQOwB8Ynz/2lZlL</latexit>

normal ordering

Drewes, Garbrecht, Gueter, 
Klaric (2016)

W±
!±

N
!±

W∓

q

q̄ !±

ν

Trilepton

https://arxiv.org/abs/1609.09069
https://arxiv.org/abs/1609.09069
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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>

Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

Mass RHN

O(106)GeV

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

Racker, Rius & Pena

O(103)GeV

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

Pilaftis & Underwood

O(1)GeV

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

Akhmedov, Rubakov & Smirnov

RHNs TeV mass 
⟹ Yν ∼ 10−5 − 10−4



Jessica Turner

0.2 0.4 0.6 0.8 1.0 1.2 1.4
10-10

10-8

10-6

10-4

10-2

MN (TeV)

|V
ℓN
|

Br(μ→eγ)=5.7⨯10-13

10-20

10-28

LLHC=1 mm

1 m

Δmsol2 < |VℓN
2
MN < 0.3 eV

56

Resonant Leptogenesis
TeV scale RHN   ⟹ Yν ∼ 10−6 ⟹ D ≪ 1

If  ΔMN ≪ MN ⟹ ϵ ≫ 1

RHN masses can be explained by additional  symmetry → displaced-
vertex signature searched for at LHC, MATHUSLA or SHiP
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Deppisch, Dev, Pilaftsis 
(2015)

https://arxiv.org/pdf/1502.06541.pdf
https://arxiv.org/pdf/1502.06541.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>

Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

Mass RHN

O(106)GeV

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

Racker, Rius & Pena

O(103)GeV

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

Pilaftis & Underwood

O(1)GeV

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

Akhmedov, Rubakov & Smirnov

Tough to test 
but gravitational waves 

offer an additional 
probe
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High-Scale Leptogenesis
Highlighted by Dror et al that GWs from cosmic string network generic prediction of 
seesaw mechanism 

Dror,  Hiramatsu,  Kohri , 
Murayama  & White (2020)

https://arxiv.org/format/1908.03227
https://arxiv.org/format/1908.03227
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Falsifying High-Scale Leptogenesis
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�D

<latexit sha1_base64="fZkXIJnS2OrZchVKmKE3axdOe04="></latexit>

�W

Deppisch & 
Harz (2014)

If  and  no lepton asymmetry since washout too largeΓD ≪ H ΓW ≫ H
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�D

<latexit sha1_base64="fZkXIJnS2OrZchVKmKE3axdOe04="></latexit>

�W

Deppisch & 
Harz (2014)

This scenario   LNV at colliders ⟹ ΔL = 2
 jetspp → l±l± + 2

Falsifying High-Scale Leptogenesis



ULYSSES: Universal LeptogeneSiS Equation Solver

• Python package for solving BE for thermal, resonant  & leptogenesis via oscillations & 
non-standard cosmologies such as PBH induced leptogenesis 

• Easy parallelisation, easy to scan parameters  
• Modular format, we always looking to expand so if you’re interested get in touch!

spectator effectsscattering

multidimensional PS scan

non-standard 
cosmology

PBHs

61Jessica Turner

https://arxiv.org/pdf/2301.05722.pdf


ULYSSES: Universal LeptogeneSiS Equation Solver

1.  Installation

2.  Input point (volume) in parameter space 
point.txt

3.  Pick a regime to solve

4.  Select output including point, scan in 1 or 2D or multidimensional scan
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https://arxiv.org/abs/2007.09150


Summary

• Leptogenesis is a plausible explanation for the smallness of neutrino masses and the 
observed matter anti-matter asymmetry

• In the type-I seesaw framework for leptogenesis, the mass of the RHN can range 
from   GeV scale.𝒪(10) − 𝒪(1013)

• Low-scale (and some regions of resonant) leptogenesis can be probed by a broad 
range of present and future experimental facilities.

• Gravitational waves are a complementary probe of intermediate and high-scale 
leptogenesis

Jessica Turner



Thank you for listening  



Back up Slides
Weak Interactions violate charge  conjugation symmetry.  Recall that in weak 
interactions we have left-handed neutrinos ( ) & right-handed antineutrinos ( )νL νR

If C symmetry is conserved there exists a  symmetry between processes and their anti-
particle (“conjugate”) counterparts. C does not allow this since left-handed anti-
neutrinos don’t exist


