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Neutrinos and early universe physics



Neutrinos in the early Universe

Particles in a thermal bath can be described by their equilibrium

Distribution function:

Number densities in a thermal bath are

The entropy of the thermal bath is
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To calculate how a number density of a given species changes over 
time we must solve Boltzmann Equations

Liouville operator: change in 
time in the phase space density

Collision operator: number of 
part ic le per phase-space 
volume gained of lost per unit 
time due to interactions

In a homogeneous & isotopic Universe 

Neutrino Decoupling
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For a two-to-two interaction the collision term is 
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Where the cross-section is thermally averaged For a careful derivation 
see Gelmini and Gondolo, NPB 1991.
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For a two-to-two the Boltzmann equation is 


Typically, particles were in thermal equilibrium for T above their 
mass, if the interactions were fast enough. Interactions such as 

⌫⌫̄ $ e+e�, ⌫e $ ⌫e
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Keep neutrinos in thermal equilibrium. Neutrinos decouple/drop out of

Thermal equilibrium with the plasma when 

� ⇠ H
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Neutrinos decoupled when they were still relativistic but their momentum 
redshifts over time and now they are non-relativistic and form the  
C B (recall in lecture 1 we said there were around 330 !)ν cm−3

Neutrinos decoupled when they were still relativistic but their momentum  
redshifts over time and now they are non-relativistic and form the  
C B (recall in lecture 1 we said there were around 330 !)ν cm−3
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There are a bunch of cold neutrinos permeating the Universe. How do  
they contribute to the Universe’s energy density?  
For one flavour ( )n(ν + ν̄) ∼ 110 cm−3

⇢crit = h2 10.54 keV cm�3
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Sterile Neutrinos as DM
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 does not have Standard Model interactions νs

 does  have Standard Model interactions  because it mixes with  
the active neutrinos
ν4

|⌫4i = Us4|{z}
⇠1

|⌫si+ Ua4 |⌫ai a = e, µ, ⌧
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Early in the Universe sterile neutrinos do no exist but are populated 
via their mixing with the active neutrinos which are produced via 
weak interactions

After many collisions the sterile neutrino population increases to the 
abundance of DM we observe today. The collisions which create the 
sterile stop (fall out of thermal equilibrium) and at this time the sterile 
abundance “freezes-in”

The sterile will decay but on a very long time scale i.e. they can be 
stable on cosmological timescales. 

This requires the sterile mass to be around the keV scale.

Sterile Neutrinos as DM



The parameter space for a sterile neutrino as DM is very limited. 
While they are cosmologically stable they are not absolutely stable 
and can decay to photons

SciPost Physics Lecture Notes Submission

4 Sterile Neutrino Decay

We have mentioned above that any DM candidate should be stable over cosmological
timescales. For sterile neutrinos this is the case in the sense that they live much longer
than the age of the Universe if their mixing angles with active neutrinos are su�ciently
small. But they are not absolutely stable. A massive, mostly sterile neutrino ⌫4 with a
small admixture of a light, mostly active neutrino state ⌫1 can decay through the following
diagrams:
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The third of these is phenomenologically irrelevant because the decay products are invis-
ible. It can only be used to impose the constraint that the lifetime of ⌫4 should be much
larger than the age of the Universe to provide a successful DM candidate. The first two
diagrams, on the other hand, lead to radiative neutrino decay ⌫4 ! ⌫1�.

The rate for for ⌫4 ! ⌫a + � is [2–6]
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in the case of Dirac neutrinos, and [5–7]
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for Majorana neutrinos. In these expressions, mj (j = 1..4) are the neutrino mass eigen-
values, me, mµ, and m⌧ denote the charged lepton masses, MW is the W boson mass,
GF is the Fermi constant, and ↵em is the electromagnetic fine structure constant. The
numerical approximations in eqs. (38) and (39) were obtained in the limit mj ⌧ m4 and
m↵ ⌧ MW . Moreover, in this limit, the dependence on the mixing matrix elements can
be expressed in terms of the e↵ective mixing angle sin2 ✓ ⌘

P
j |Us4U

⇤
sj |

2. Assuming that
⌫4 mixes predominantly with only one of the light mass eigenstates, and that the corre-
sponding mixing angle is ⌧ 1, ✓ can be identified with that mixing angle. The fact that
the expression is di↵erent for the two cases comes from the fact that, for Dirac neutrinos,
only an `

� and a W
+ can propagate in the loop (opposite for Dirac antineutrinos), while

for Majorana neutrinos, also the combination `
+ and W

� is possible.

7

To enhance their production a lepton asymmetry is needed to cause 
resonant mixing (see last slide). However, BBN constraints place 
limits on a preexisting lepton asymmetry
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Figure 1: Constraints on sterile neutrino dark matter. Figure taken from [8]. The colored
and gray regions show limits from X-ray searches, while the medium gray region on the
left labeled “MW Satellite Counts” is based on structure formation arguments [9]. The
region labeled “BBN Limit (Resonant Production)” is disfavored by BBN constraints on
the lepton asymmetry if the latter is invoked to enhance sterile neutrino production. The
red dot with an error bar indicates the parameters corresponding to the sterile neutrino
explanation of the 3.5 keV line [10, 11].

The radiative decay mode implies that, in spite of its small rate (much smaller than the
inverse age of the Universe), sterile neutrino DM leads to potentially observable, nearly
monoenergetic O(keV) X-ray emission in regions of high DM density (Galactic Center,
galaxy clusters, etc.). We call the emission “nearly monoenergetic” because the DM
velocity dispersion induces Doppler broadening. For DM in a galaxy cluster, with a typical
velocity dispersion of order v ⇠ 1000 km/sec, the relative line width is

p
(1 + v)/(1� v)�

1 ⇠ 0.3%. Searches for mono-energetic X-rays have been carried out, and results will be
discussed below.

5 Constraints on Sterile Neutrino Dark Matter

We have seen in eqs. (38) and (39) that the decay rate of sterile neutrino DM is tiny.
However, a modern X-ray telescope sees about 1078 dark matter particles in its line of
sight to a nearby galaxy cluster of mass 1015M�, so a signal may be detectable.

The resulting constraints on sterile neutrino dark matter are summarized in fig. 1. We
see that only mixing angles as small as sin2 2✓ . 10�11 are still allowed. Even for these, the
parameter space is very limited. It is also important to note that, for such small mixing
angles, the Dodelson–Widrow mechanism can no longer produce the observed DM abun-
dance. There are alternative mechanisms, though, that can populate this region of param-
eter space, including for instance production in the decay of heavy particles, or production
through resonant oscillations. The latter mechanism, called the Shi–Fuller mechanism [12],
assumes that the lepton asymetry of the Universe is sizeable (much larger than the baryon
asymmetry); in this case, neutrinos feel an extra Mikheyev–Smirnov–Wolfenstein (MSW)
potential which can enhance the e↵ective mixing angle in the early Universe, while keeping

8
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Universe’s Energy Budget



Cosmic Microwave Background
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⌘CMB = (6.23± 0.17)⇥ 10�10
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Wayne Hu’s website

T ⇠ 0.26 eV ⇡ 3000K
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BBN PDG, 2012
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⌘BBN = (6.08± 0.06)⇥ 10�10
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Big Bang Nucleosynthesis

T ⇠ 1MeV ⇡ 109 K
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Baryon and Lepton Number Violation

Insufficient CP-violation
Gavela, Hernandez, Orloff, 

Pene; Huet and Sather

No departure from thermal equilibrium 
Kajantie, Laine, Rummukainen, 

Shaposhnikov

Kuzmin, Rubakov and 
Shaposhnikov

* assumes CPT conserved  

Sakharov’s Conditions



14

SU2L invariant term mass term for neutrinos 
L
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Need to form gauge invariant interaction to “complete” the 
Weinberg operator

2⌦ 2 = 1� 3
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Any pair of fields from {L,H} can be singlet or triplet of SU2L: 
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SU2L invariant term mass term for neutrinos 
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Neutrinos Concha Gonzalez-Garcia
ΛNP in See-Saw Models

Mohapatra,Senjanovich; Foot,Lew,He,Joshi

O5 can be generated by tree-level exchange of singlet (Ni ≡ (1, 1)0) (Type-I) or triplet
fermions (Ni ≡ Σi ≡ (1, 3)0) (Type-III) or a scalar triplet ∆ ≡ (1, 3)1 (Type-II)

N ⇠ (1,1, 0)
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⌃ ⇠ (1,3, 0)
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Fukugida, Yanagida

N

Thermal leptogenesis
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N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetryN lepton  
asymmetry

more anti-lepton than leptons 
i.e. LN = -1

Thermal leptogenesis
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N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetry

B-L conserving  
sphaleron  
processes baryon  

asymmetry

more anti-lepton than leptons 
i.e. LN = -1 → B = + 1 

Thermal leptogenesis



N

Fukugida, Yanagida

T ~ M

N ! LH

<latexit sha1_base64="0flBAOMWwi+jxXO6+H7grydsH7k=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquKHoseulBpIL9gHYp2TTbhmaTJZlVaukv8eJBEa/+FG/+G9N2D9r6YODx3gwz88JEcAOe9+3kVlbX1jfym4Wt7Z3doru33zAq1ZTVqRJKt0JimOCS1YGDYK1EMxKHgjXD4fXUbz4wbbiS9zBKWBCTvuQRpwSs1HWLtx3N+wMgWqtHfFPtuiWv7M2Al4mfkRLKUOu6X52eomnMJFBBjGn7XgLBmGjgVLBJoZMalhA6JH3WtlSSmJlgPDt8go+t0sOR0rYk4Jn6e2JMYmNGcWg7YwIDs+hNxf+8dgrRZTDmMkmBSTpfFKUCg8LTFHCPa0ZBjCwhVHN7K6YDogkFm1XBhuAvvrxMGqdl/6x8fndWqlxlceTRITpCJ8hHF6iCqqiG6oiiFD2jV/TmPDkvzrvzMW/NOdnMAfoD5/MHauiS8A==</latexit>

N ! LH

<latexit sha1_base64="OkiLdiZEz1nhWypOsO3CkXMALe0=">AAACA3icbVBLSwMxGMzWV62vVW96CRbBU9mVih6LXnoQqWAf0F1KNs22odlkSbJKWQpe/CtePCji1T/hzX9jtt2Dtg4Ehpn5knwTxIwq7TjfVmFpeWV1rbhe2tjc2t6xd/daSiQSkyYWTMhOgBRhlJOmppqRTiwJigJG2sHoKvPb90QqKvidHsfEj9CA05BipI3Usw9uPEkHQ42kFA/QEyabXZVeT+o9u+xUnCngInFzUgY5Gj37y+sLnESEa8yQUl3XibWfIqkpZmRS8hJFYoRHaEC6hnIUEeWn0x0m8NgofRgKaQ7XcKr+nkhRpNQ4CkwyQnqo5r1M/M/rJjq88FPK40QTjmcPhQmDWsCsENinkmDNxoYgLKn5K8RDJBHWpraSKcGdX3mRtE4rbrVydlst1y7zOorgEByBE+CCc1ADddAATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHgw+YFg==</latexit>

lepton  
asymmetry

B-L conserving  
sphaleron  
processes baryon  

asymmetry

Decay asymmetry from interference between tree  
and  loop level diagrams  

Ni

H

L

Ni

H

L

H

L

Ni

L

H

L

H

Nj

Y⌫ i

Y⌫ i Y⌫j

Covi, Roulet, Vissani

Decay Asymmetry ✏i =
�i � �i

�i + �i
<latexit sha1_base64="yJFk9BUEuFKo4+dHUb9kdcv1iYk=">AAACOnicbVDNS8MwHE39nPOr6tFLcAiCONop6EUYetDjBu4D1jLSLN3CkrYkqTBK/y4v/hXePHjxoIhX/wDTrfix7UHg8d7vJfk9L2JUKst6NhYWl5ZXVgtrxfWNza1tc2e3KcNYYNLAIQtF20OSMBqQhqKKkXYkCOIeIy1veJ35rXsiJA2DOzWKiMtRP6A+xUhpqWvWHRJJyjRNaHrp+ALhxLlBnKMuhSdOqLPZ1T9aCtNf/3iOn3bNklW2xoCzxM5JCeSodc0npxfimJNAYYak7NhWpNwECUUxI2nRiSWJEB6iPuloGiBOpJuMV0/hoVZ60A+FPoGCY/VvIkFcyhH39CRHaiCnvUyc53Vi5V+4CQ2iWJEATx7yYwZVCLMeYY8KghUbaYKwoPqvEA+Qrk/ptou6BHt65VnSrJTt03KlflaqXuV1FMA+OABHwAbnoApuQQ00AAYP4AW8gXfj0Xg1PozPyeiCkWf2wD8YX9/+qK9Y</latexit>
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L

H

N

L

H

N

L

H†

N

L

H

t

Q

inverse Decays ΔL=2 ΔL=1

Parameters of 
theory

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>

dnNi

dz
=�Di(nNi

� neq
Ni

),

dnB�L

dz
=

3X

i=1

⇣
✏(i)Di(nNi

� neq
Ni

)�WinB�L

⌘
.

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

source sink

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

Washout and scattering processes 
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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
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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

high 
temperature

Region 1: leptons and Higgs have enough energy to 
inverse decay creating a lepton asymmetry

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
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Without any symmetry constraints 18 parameters in total. 
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Institute of Particle Physics Phenomenology

ULYSSES: Universal LeptogeneSiS Equation Solver

• Thermal and resonant leptogenesis

• Easy parallelisation

• rapid evaluation

• python package 

In collaboration with Granelli, Perez-Gonzalez, 
Moffat & Schulz. Happy for people to 
add their own plugins

spectator effectsscattering

multidimensional PS scan

non-standard 
cosmology

42

Dark matter 
production
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 1. Download it: https://github.com/earlyuniverse/ulysses 

2. Look in “examples” folder. here are some points in the parameter space: 
 e.g 1N1F.dat

lightest neutrino mass 
log10 (eV), here it is set 


to zero

M1 = 1012 GeV, M2 = 1013 GeV, M3 = 1014 GeV 

all other values in degrees

https://github.com/earlyuniverse/ulysses
https://github.com/earlyuniverse/ulysses
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 parameter point

“model”: one

RHN decaying including flavour 

effects

yukawa matrix

baryon-to-photon ratio

https://github.com/earlyuniverse/ulysses


here we choose to scan 
in “x2” parameter
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Conclusions
• Thermal leptogenesis is a mechanism that simultaneously 

explains the smallness of neutrino masses and the excess of matter 
versus antimatter of our universe

• Heavy right-handed neutrinos (RHNs) are introduced  
via a seesaw mechanism which satisfies Sakharov’s three conditions 
and a lepton asymmetry is generated via the CP-violating and out-of-
equilibrium decays of the RHNs.

• The lepton asymmetry is converted via weak sphalerons to a baryon 
asymmetry. 

• Thermal leptogenesis can occur over range of RHN mass scales: 
106 - 1014 GeV. Resonant leptogenesis and leptogenesis via oscillations 
require smaller RHN masses (TeV and GeV scale respectively). 

• Leptogenesis assumes active neutrinos are their own anti-particles i.e. 
that neutrinos are Majorana fermions.


