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Universe contains ordinary 
matter :  
No appreciable amounts of  
antimatter: 

p, n, e−

p, n, e+
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Measuring the Matter-Antimatter Asymmetry: CMB

 
Planck 2015 (1502.01589)

Time

free electrons

free protons

neutral hydrogen

last scattering

time after Big Bang~ 
380,000 yr

             Temperature ~ 3000 K 

Helium

Lithium

Image credit: Yacine Ali-Haïmoud


8

<latexit sha1_base64="EQVKKwvAHu75s5wVHnB3KHHxyUw="></latexit>� <latexit sha1_base64="EQVKKwvAHu75s5wVHnB3KHHxyUw="></latexit>�

<latexit sha1_base64="WnFu7Pu6iwCxPTljqVKjdydaJPo="></latexit>

e�
<latexit sha1_base64="WnFu7Pu6iwCxPTljqVKjdydaJPo="></latexit>

e�
<latexit sha1_base64="WnFu7Pu6iwCxPTljqVKjdydaJPo="></latexit>

e�



✓ ⇠ 180�

`
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

hT 2i � hT i2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ��� ���� ���� ���� ����
�

����

����

����

����

����

����

� ��� ���� ���� ���� ����
�

����

����

����

����

����

���� (μK)2

<̀latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

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
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Measuring the Matter-Antimatter Asymmetry: BBN

 

Time: 3 minutes after Big Bang 
Temperature: ~  K1010
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Measuring the Matter-Antimatter Asymmetry: BBN

 

Time: 3 minutes after Big Bang 
Temperature: ~  K1010
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Matter-Antimatter Asymmetry as an initial condition
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• Could the Universe have been created more matter than antimatter? Such 
an initial condition is hard to make work with inflation

• Inflation explains how the Universe’s temperature is remarkably homogeneous, T ∼ 2.75K

• Regions of the Universe which are causally disconnected must have been in causal contact    
at some early time. Inflation can explain this.
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Matter-Antimatter Asymmetry as an initial condition
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• New scalar (inflaton) initially displaced from minimum of its potential

• As it rolls down to minimum this causes exponential expansion of the Universe  
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• New scalar (inflaton) initially displaced from minimum of its potential

• As it rolls down to minimum this causes exponential expansion of the Universe  
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• Quantum fluctuation of inflaton seed structure formation

• To explain baryon asymmetry today from an initial condition of the Universe we 
would need to extrapolate back in time: BAU becomes  degenerate fermi gas


• This fermi degenerate gas would eventually exceed energy density of inflaton and 
Universe couldn’t have inflated enough i.e. 
eN , N ≳ 60



Matter-Antimatter Asymmetry as an open problem
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• There are two independent ways of measuring how much more matter than antimatter

    there is in the Universe: CMB & BBN data

• Both measurements agree to high statistical significance

• The Standard Model of Particle Physics cannot explain this asymmetry between 

    matter & antimatter so new physics is required

• Theories which dynamically explain this asymmetry are baryogenesis mechanisms



Popular Theories of Baryogenesis 
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• Strong first-order EW phase transition  modifications in the Higgs sector⟹

• Fermion species reflected CP violating at Higgs bubble wall  electric dipole 
moment

⟹

• Constraints rule out many models but few attempts to collider and EDM bounds:

• Time-varying Yukawa couplings: CKM varies during EWPT  Yukawa couplings 
 at EW symmetric phase and end with present values in EW broken phase 

 CPV not suppressed at PT but evades EDM constraint today. 

⟹
𝒪(1)
⟹ Baldes, Bruggisser, Konstantin, Servant (2016)

• Composite Higgs: Higgs arises due to non-zero condensate  confining PT and EWPT 
linked. Yukawa couplings depend on mixing between elementary and composite fermion 


 vary during confining PT.

⟹

⟹ Bruggisser, von Harling, Matsedonskyi, Servant (2018)

Electroweak Baryogenesis 
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Electroweak  
baryogenesis Leptogenesis

Popular Theories of Baryogenesis 
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Why are neutrinos  
so light?

What mechanism  
generated 
the baryon 

asymmetry?

Are neutrinos 
 Majorana 
or Dirac?
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Are neutrinos 
 Majorana 
or Dirac?
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Are neutrinos 
 Majorana 
or Dirac?

24

See tomorrow’s talk by Cheryl Patrick

for more details 



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
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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

30



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
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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).
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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
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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
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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
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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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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⌫

me
|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

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵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
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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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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⌫

me
|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

�� '
p

|�m2
32

| cos2✓13

q
1 � sin2 2✓12 sin2

�
↵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
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Why are neutrinos  
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What mechanism  
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the baryon 

asymmetry?

Are neutrinos 
 Majorana 
or Dirac?
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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
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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Seesaw Mechanism
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2
MNNCN

= �1

2

⇣
⌫CL, N

C
⌘✓

0 mD

mD MN

◆✓
⌫L

N

◆

mD =
Y⌫vp
2

<latexit sha1_base64="1IdisHiP/NlObNXLGTgEZX/FlBM="></latexit>

LL
Maj = �1

2
mL⌫CL ⌫L

<latexit sha1_base64="1D3/eShVNZX2PnCIclGLCQZPpk4="></latexit>

⌫L ⌫CL ⌫CL ⌫CL ⌫L
Q 0 0 0 0
T3 +1/2 �1/2 +1/2 1

To make  gauge singlet we need  field with   and LL
Maj Q = 0 T3 = − 1

This is not part of the Higgs doublet so we set mL = 0
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Seesaw Mechanism
<latexit sha1_base64="3rozZ2raiyHI28vEfuQc1R5wUgw="></latexit>

L = Y⌫L̄H̃N � 1

2
MNNCN

= �1

2

⇣
⌫CL, N

C
⌘✓

0 mD

mD MN

◆✓
⌫L

N

◆

mD =
Y⌫vp
2

<latexit sha1_base64="1IdisHiP/NlObNXLGTgEZX/FlBM="></latexit>

LL
Maj = �1

2
mL⌫CL ⌫L

<latexit sha1_base64="1D3/eShVNZX2PnCIclGLCQZPpk4="></latexit>

⌫L ⌫CL ⌫CL ⌫CL ⌫L
Q 0 0 0 0
T3 +1/2 �1/2 +1/2 1

To make  gauge singlet we need  field with   and LL
Maj Q = 0 T3 = − 1

This is not part of the Higgs doublet so we set mL = 0
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Seesaw Mechanism
<latexit sha1_base64="3rozZ2raiyHI28vEfuQc1R5wUgw="></latexit>

L = Y⌫L̄H̃N � 1

2
MNNCN

= �1

2

⇣
⌫CL, N

C
⌘✓

0 mD

mD MN

◆✓
⌫L

N

◆

mD =
Y⌫vp
2
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Seesaw Mechanism
<latexit sha1_base64="3rozZ2raiyHI28vEfuQc1R5wUgw="></latexit>

L = Y⌫L̄H̃N � 1

2
MNNCN

= �1

2

⇣
⌫CL, N

C
⌘✓

0 mD

mD MN

◆✓
⌫L

N

◆

mD =
Y⌫vp
2

<latexit sha1_base64="frSR3Mmz0Kwszjr44Tm/HucpBfg="></latexit>

m⌫ =
mDmT

D

MN
=

Y 2
⌫ v

2

2MN
⇠ 0.1eV

<latexit sha1_base64="zqwD25iJ+lLup4sUFSQvmmYEzNk="></latexit>

Y⌫ ⇠ O(1) =) MN ⇠ 1014 GeV

Sakharov’s conditions satisfied!

ν
Image courtesy of Symmetry Magazine

<latexit sha1_base64="Wwm/ljVV4nP9Jh9qXj1ykijeUlk="></latexit>

N

50

https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw


Why are neutrinos  
so light?

What mechanism  
generated 
the baryon 

asymmetry?

Are neutrinos 
 Majorana 
or Dirac?
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Thermal Leptogenesis

N

Fukugita & Yanagida (1986)
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Thermal Leptogenesis

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Anti-Leptons

Leptons
Decays Occurs 
when T ∼ MN

ΓN ∼ H

Fukugita & Yanagida (1986)
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Thermal Leptogenesis

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Anti-Leptons

Leptons
Decays Occurs 
when T ∼ MN

ΓN ∼ H

B-L conserving 
 sphalerons Baryons

Anti-Baryons

Fukugita & Yanagida (1986)
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Thermal Leptogenesis

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Anti-Leptons

Leptons
Decays Occurs 
when T ∼ MN

ΓN ∼ H

B-L conserving 
 sphalerons Baryons

Anti-Baryons

Decay asymmetry from interference between tree  
and  loop level diagrams  

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj
Covi, Roulet, Vissani

Fukugita & Yanagida (1986)

<latexit sha1_base64="XWybkuyy1smsDtL8Qk8AEbA8wJI="></latexit>

✏ ⌘
� (N1 ! HL)� �

�
N1 ! H

†
L̄
�

� (N1 ! HL) + �
�
N1 ! H†L̄

�

http://Covi,%20Roulet,%20Vissani


Thermal Leptogenesis

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Anti-Leptons

Leptons
Decays Occurs 
when T ∼ MN

ΓN ∼ H

B-L conserving 
 sphalerons Baryons

Anti-Baryons

Decay asymmetry from interference between tree  
and  loop level diagrams  

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj
Covi, Roulet, Vissani

Fukugita & Yanagida (1986)

<latexit sha1_base64="XWybkuyy1smsDtL8Qk8AEbA8wJI="></latexit>

✏ ⌘
� (N1 ! HL)� �

�
N1 ! H

†
L̄
�

� (N1 ! HL) + �
�
N1 ! H†L̄

�

http://Covi,%20Roulet,%20Vissani


Thermal Leptogenesis

N
<latexit sha1_base64="9kngb6ppfM0xQi1Nt8Rmo6fqaQw="></latexit>

N ! LH
<latexit sha1_base64="cHeD4yI4VjQk2N/u8CmZJ/rGmME="></latexit>

N ! L̄H
†

Anti-Leptons

Leptons

B-L conserving 
 sphalerons Baryons

Anti-Baryons

Fukugita & Yanagida (1986)

<latexit sha1_base64="J4DXj16vdTRJ9FKvSdS28mhcPMc="></latexit>

✏ =
1

8⇡

1

(Y †Y )11

X

j

Im
⇢h�

Y †Y
�
1j

i2�
g (xj)

<latexit sha1_base64="Hgl3X317i43CxzCt1xyRgHgiT3Q="></latexit>

xj ⌘ M2
j /M

2
1

1 5 10 50 100

0.5

1

5

10



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="BkSz4cM2biPGy23gyjl/7vpLxhQ="></latexit>

dNN

dz
= �D(z) (NN �N eq

N )

dNB�L

dz
= ✏D(z) (NN �N eq

N )�W (z)NB�L



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>

60



»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

assume zero initial  
abundance of RHNs

<latexit sha1_base64="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

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

NN

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

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

assume zero initial  
abundance of RHNs

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

z =
MN

T

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

z =
MN

T

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

z =
MN

T

<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

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

z =
MN

T

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

NjN

<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="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

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

NN

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

NB�L
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<latexit sha1_base64="2lPbOoqAqaO8E2ckiLtxvvHWmbA="></latexit>

z =
MN

T

<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

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

z =
MN

T

<latexit sha1_base64="uZTDx5nNpiq6H64OOPjr14oHw/4="></latexit>

Neq

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

NN

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

NB�L

 RHN abundance is depleted. Lepton asymmetry freezes out

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

T < MN
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The decay rate of the RHNs compared to the Hubble expansion 
rate determines whether or not leptogenesis occurs in the 

strong or weak washout regimes
<latexit sha1_base64="5dqCvy7XA48RuTBSjkVv0yA6XwA="></latexit>

K =
�D

H(z = 1)

<latexit sha1_base64="qOVBLaIs4uFZE3ym62oFnyyILxI="></latexit>

H '
r

8⇡3g⇤
90

T
2

MPl

<latexit sha1_base64="RsaFH9GI0kMyvrVv148GSaAPl9E="></latexit>

�D =
(Y †
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Figure 3: Comparison analytical (dashed lines) and numerical (solid lines) results for

heavy neutrino production and B − L asymmetry in the case of zero initial abundance,

N i
N1

= 0, for weak washout (top) and strong washout (bottom); |ε1| = 10−6.
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Figure 3: Comparison analytical (dashed lines) and numerical (solid lines) results for

heavy neutrino production and B − L asymmetry in the case of zero initial abundance,

N i
N1

= 0, for weak washout (top) and strong washout (bottom); |ε1| = 10−6.

13

<latexit sha1_base64="/xFsoEEFVPgBi/A2VnSlZ+uyOoo="></latexit>

K > 1 Strong washoutWeak washout<latexit sha1_base64="ib3DFAxtHT37VnZpfK6I+Y3P4CE="></latexit>
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Parameter Space

Y⌫ =
1

v
UPMNS

p
mRT

p
M

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 

CI  model-independent way leptogenesismν ↔
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T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

|`1i =
X

↵=e,µ,⌧

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

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

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

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

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

<latexit sha1_base64="K2J2S4rCnO8+BKA5XfLbW8n7ros="></latexit>

�↵ ⇠ Y 2
↵T
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T ' 1013GeV
<latexit sha1_base64="edASg+JK7xjaoQsnr48Rk70Wj5c=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgKcwkgh6DHvQYIRskMfR0KkmTnoXuGkkYcvPir3jxoIhXf8Gbf2NnOWjig4LHe1VU1fMiKTQ6zreVWlldW99Ib2a2tnd29+z9g6oOY8WhwkMZqrrHNEgRQAUFSqhHCpjvSah5g+uJX3sApUUYlHEUQctnvUB0BWdopLZ9XG72ULEoUuGQus594hbGtIkwxOQGquO2nXVyzhR0mbhzkiVzlNr2V7MT8tiHALlkWjdcJ8JWwhQKLmGcacYaIsYHrAcNQwPmg24l0z/G9NQoHdoNlakA6VT9PZEwX+uR75lOn2FfL3oT8T+vEWP3spWIIIoRAj5b1I0lxZBOQqEdoYCjHBnCuBLmVsr7TDGOJrqMCcFdfHmZVPM5t5DL351ni1fzONLkiJyQM+KSC1Ikt6REKoSTR/JMXsmb9WS9WO/Wx6w1Zc1nDskfWJ8/PQ2Y6A==</latexit>

|`1i =
X

↵=e,µ,⌧

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

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

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

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

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

<latexit sha1_base64="K2J2S4rCnO8+BKA5XfLbW8n7ros="></latexit>

�↵ ⇠ Y 2
↵T

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

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

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

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

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

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

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

<latexit sha1_base64="XalfKtRdaWa40qqkmNVUdH/US/M="></latexit>

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

|`1i =
X

↵=e,µ,⌧

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

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

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

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

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

<latexit sha1_base64="K2J2S4rCnO8+BKA5XfLbW8n7ros="></latexit>

�↵ ⇠ Y 2
↵T

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

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

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

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

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

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

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

<latexit sha1_base64="XalfKtRdaWa40qqkmNVUdH/US/M="></latexit>

�⌧ > H

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

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

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

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

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

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

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

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

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

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

<latexit sha1_base64="bmQTAOBw2JmxXEJonAaQiEEbKUY="></latexit>

�⌧ > H

�µ > H
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Promote lepton asymmetry number density to matrix:
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Density Matrix Equations

http://arxiv.org/abs/arXiv:1804.05066
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Density Matrix Equations

“Classical” BE ignore off-diagonal components of matrix and

only take the trace of the matrix

http://arxiv.org/abs/arXiv:1804.05066
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Density Matrix Equations versus Classical BEs
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O(1012)GeV
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Fukugida & Yanagida

High-scale 
leptogenesis

Intermediate-scale 
 leptogenesis

Resonant 
 leptogenesis

leptogenesis 
via oscillations

O(106)GeV
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Racker, Rius & Pena

O(103)GeV
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Pilaftis & Underwood

O(1)GeV
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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 Oscillations
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Assume initially zero abundance of RHNs , they have highly degenerate 
masses & produced via scattering at T > TEW.  
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<latexit sha1_base64="g7DW9U3SZr7nocayIKOMWbdIHX8="></latexit>

e�i
R
E2dt

For simplicity, consider two flavour system 
(1,2) & ( )e, μ

Leptogenesis via Oscillations
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Assume initially zero abundance of RHNs , they have highly degenerate 
masses & produced via scattering at T > TEW.  
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e�i
R
E2dt

For simplicity, consider two flavour system 
(1,2) & ( )e, μ

Leptogenesis via Oscillations
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N1 N1

H H

Lµ

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

Leptogenesis via Oscillations
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e�i
R
E2dt
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CP conjugate process
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�(Le ! Lµ) / e�i
R �m2

21
2|~p| dt ⇥

�
Y⌫e1Y⌫

⇤
µ1Y⌫e2Y⌫

⇤
µ1

�

Leptogenesis via Oscillations

82



<latexit sha1_base64="zrXRfQeSWcStAaU/BoDUdSwsi+M="></latexit>
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}ΔLe ≠ 0
ΔLμ ≠ 0
ΔL = 0
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EW sphalerons 

convert SM lepton asymmetry 
to baryon asymmetry

ΔL ≠ 0

Leptogenesis via Oscillations
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EW sphalerons 

convert SM lepton asymmetry 
to baryon asymmetry
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 2 RHNs  4 masses, 4 mixing angles, 3 phases→

⌫↵ = U↵i⌫i +⇥↵IN
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RHNs TeV mass 
⟹ Yν ∼ 10−5 − 10−4
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Akhmedov, Rubakov & Smirnov

Tough to test 
but gravitational waves 

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

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

High-Scale Leptogenesis
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Deppisch & 
Harz (2014)

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

Falsifying High-Scale Leptogenesis
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This scenario   LNV at colliders ⟹ ΔL = 2
 jetspp → l±l± + 2

Falsifying High-Scale Leptogenesis

94



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

959595

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

9696

https://arxiv.org/abs/2007.09150


• 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
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Thank you for listening  
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