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Introduction

Neutrino physics has made spectacular progress over the past 25 years,
with the discovery of oscillations of atmospheric (Super-Kamiokande 1998), 
solar (SNO 2001) and reactor neutrinos (Daya Bay 2012)

→ evidence that neutrinos have (nondegenerate) masses and mix

More and more precise measurement of oscillation parameters

              large   (               a bit smaller)
  3σ uncertainties between 3 - 8% (except for      )

But still many open questions…

1) is CP violated in the lepton sector?

                 would imply

Hints (90% C.L.) from the T2K experiment
[no constraint on the Majorana phases of UPMNS (relevant only for Majorana neutrinos)]
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2) what are the absolute neutrino mass scale and the mass ordering?

                                            from oscillations

                                                         from beta decay endpoint [KATRIN]

                                         from cosmology [Planck 2018 + BAO]
  [adding Lyman-a, Palanque-Delabrouille et al. obtain < 0.09 eV, 95% CL (JCAP04 (2020) 038)]

3) are neutrinos Dirac or Majorana fermions? (“neutrino nature”)

4) what is the origin of neutrino masses?

No answer within the Standard Model (predicts             )
Fundamental question that is closely related to the one of the neutrino nature

In many experiments, oscillations are dominated by a single         and can be 
described to a good approximation as 2-flavour oscillations:

     (*) matter effets dominate for high-energy solar neutrinos

Notes :   1)       is the only « small » leptonic angle

              2)

                  sign of           unknown ⇒  two types of spectra allowed

 - solar neutrinos (*), LBL reactors

 - atmospheric, LBL accelerators

 - SBL reactor experiments
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... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta, cosmologie, (double désintégration bêta)
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Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy
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This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta, cosmologie, (double désintégration bêta)
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Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy

∆m2
21 = ∆m2

! ! ∆m2
atm = |∆m2

31| " |∆m2
32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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• Coupled oscillations with two different oscillation lengths,
• CP violating effects.
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• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy
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ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2
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(94)

where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2
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31, and the angle θ13 which is severely con-
strained [119].

49

... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta, cosmologie, (double désintégration bêta)
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• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2
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• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
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described to a good approximation as 2-flavour oscillations:

     (*) matter effets dominate for high-energy solar neutrinos

Notes :   1)       is the only « small » leptonic angle

              2)

                  sign of           unknown ⇒  two types of spectra allowed

 - solar neutrinos (*), LBL reactors

 - atmospheric, LBL accelerators

 - SBL reactor experiments

�m2
21, ✓12 �m2

21 ' 7.5⇥ 10�5 eV2

�m2
<latexit sha1_base64="Z4yNSjp2JXEKPPmKQ+QU3ppueQk="></latexit><latexit sha1_base64="Z4yNSjp2JXEKPPmKQ+QU3ppueQk="></latexit><latexit sha1_base64="Z4yNSjp2JXEKPPmKQ+QU3ppueQk="></latexit><latexit sha1_base64="Z4yNSjp2JXEKPPmKQ+QU3ppueQk="></latexit>

sin2 ✓13 ' 0.022
<latexit sha1_base64="MJfmtEgsj7By/mTfnizqtf6IvXI="></latexit><latexit sha1_base64="MJfmtEgsj7By/mTfnizqtf6IvXI="></latexit><latexit sha1_base64="MJfmtEgsj7By/mTfnizqtf6IvXI="></latexit><latexit sha1_base64="MJfmtEgsj7By/mTfnizqtf6IvXI="></latexit>

|�m2
31| ' 2.5⇥ 10�3 eV2

<latexit sha1_base64="u5/rwr3pJihRSd2PbFzLZkENuPM="></latexit><latexit sha1_base64="u5/rwr3pJihRSd2PbFzLZkENuPM="></latexit><latexit sha1_base64="u5/rwr3pJihRSd2PbFzLZkENuPM="></latexit><latexit sha1_base64="u5/rwr3pJihRSd2PbFzLZkENuPM="></latexit>

�m2
31, ✓23

<latexit sha1_base64="O4dIPjI0q4VRcx9yV5dfgiujoLE="></latexit><latexit sha1_base64="O4dIPjI0q4VRcx9yV5dfgiujoLE="></latexit><latexit sha1_base64="O4dIPjI0q4VRcx9yV5dfgiujoLE="></latexit><latexit sha1_base64="O4dIPjI0q4VRcx9yV5dfgiujoLE="></latexit>

�m2
31, ✓13

<latexit sha1_base64="evPlUwrudZv3o8x1MOISgUInoV8="></latexit><latexit sha1_base64="evPlUwrudZv3o8x1MOISgUInoV8="></latexit><latexit sha1_base64="evPlUwrudZv3o8x1MOISgUInoV8="></latexit><latexit sha1_base64="evPlUwrudZv3o8x1MOISgUInoV8="></latexit>

✓13 < ✓12, ✓23
<latexit sha1_base64="IaPqE4OTS1QCu+Rx71iYICrKQWo="></latexit><latexit sha1_base64="IaPqE4OTS1QCu+Rx71iYICrKQWo="></latexit><latexit sha1_base64="IaPqE4OTS1QCu+Rx71iYICrKQWo="></latexit><latexit sha1_base64="IaPqE4OTS1QCu+Rx71iYICrKQWo="></latexit>

✓13
<latexit sha1_base64="LeOmW57xaa3oPjG032x2q9DlAiI=">AAACznicjVHLTsJAFD3UF+ILdemmkZi4Iq1P3JG4cYmJPBIgpB0GaOgr7ZSEEOLWH3Crn2X8A/0L74xDogui07S9c+45Z+be68a+lwrLes8ZK6tr6xv5zcLW9s7uXnH/oJFGWcJ4nUV+lLRcJ+W+F/K68ITPW3HCncD1edMd38p8c8KT1IvCBzGNeTdwhqE38JgjCGp3xIgLpzezz+e9YskqW2qZP4JLy765sk1bIyXoVYuKb+ igjwgMGQJwhBAU+3CQ0tOGDQsxYV3MCEso8lSeY44CaTNicWI4hI7pO6RdW6Mh7aVnqtSMTvHpTUhp4oQ0EfESiuVppspnylmiy7xnylPebUp/V3sFhAqMCP1Lt2D+VydrERigomrwqKZYIbI6pl0y1RV5c/NHVYIcYsJk3Kd8QjFTykWfTaVJVe2yt47KfyimROWeaW6GT3lLGvBiiubyoHFWtq2yfX9Rqlb0qPM4wjFOaZ7XqOIONdRVx5/xglejZkyMufH4TTVyWnOIX8t4+gL4LpOi</latexit><latexit sha1_base64="LeOmW57xaa3oPjG032x2q9DlAiI=">AAACznicjVHLTsJAFD3UF+ILdemmkZi4Iq1P3JG4cYmJPBIgpB0GaOgr7ZSEEOLWH3Crn2X8A/0L74xDogui07S9c+45Z+be68a+lwrLes8ZK6tr6xv5zcLW9s7uXnH/oJFGWcJ4nUV+lLRcJ+W+F/K68ITPW3HCncD1edMd38p8c8KT1IvCBzGNeTdwhqE38JgjCGp3xIgLpzezz+e9YskqW2qZP4JLy765sk1bIyXoVYuKb+ igjwgMGQJwhBAU+3CQ0tOGDQsxYV3MCEso8lSeY44CaTNicWI4hI7pO6RdW6Mh7aVnqtSMTvHpTUhp4oQ0EfESiuVppspnylmiy7xnylPebUp/V3sFhAqMCP1Lt2D+VydrERigomrwqKZYIbI6pl0y1RV5c/NHVYIcYsJk3Kd8QjFTykWfTaVJVe2yt47KfyimROWeaW6GT3lLGvBiiubyoHFWtq2yfX9Rqlb0qPM4wjFOaZ7XqOIONdRVx5/xglejZkyMufH4TTVyWnOIX8t4+gL4LpOi</latexit><latexit sha1_base64="LeOmW57xaa3oPjG032x2q9DlAiI=">AAACznicjVHLTsJAFD3UF+ILdemmkZi4Iq1P3JG4cYmJPBIgpB0GaOgr7ZSEEOLWH3Crn2X8A/0L74xDogui07S9c+45Z+be68a+lwrLes8ZK6tr6xv5zcLW9s7uXnH/oJFGWcJ4nUV+lLRcJ+W+F/K68ITPW3HCncD1edMd38p8c8KT1IvCBzGNeTdwhqE38JgjCGp3xIgLpzezz+e9YskqW2qZP4JLy765sk1bIyXoVYuKb+ igjwgMGQJwhBAU+3CQ0tOGDQsxYV3MCEso8lSeY44CaTNicWI4hI7pO6RdW6Mh7aVnqtSMTvHpTUhp4oQ0EfESiuVppspnylmiy7xnylPebUp/V3sFhAqMCP1Lt2D+VydrERigomrwqKZYIbI6pl0y1RV5c/NHVYIcYsJk3Kd8QjFTykWfTaVJVe2yt47KfyimROWeaW6GT3lLGvBiiubyoHFWtq2yfX9Rqlb0qPM4wjFOaZ7XqOIONdRVx5/xglejZkyMufH4TTVyWnOIX8t4+gL4LpOi</latexit><latexit sha1_base64="LeOmW57xaa3oPjG032x2q9DlAiI=">AAACznicjVHLTsJAFD3UF+ILdemmkZi4Iq1P3JG4cYmJPBIgpB0GaOgr7ZSEEOLWH3Crn2X8A/0L74xDogui07S9c+45Z+be68a+lwrLes8ZK6tr6xv5zcLW9s7uXnH/oJFGWcJ4nUV+lLRcJ+W+F/K68ITPW3HCncD1edMd38p8c8KT1IvCBzGNeTdwhqE38JgjCGp3xIgLpzezz+e9YskqW2qZP4JLy765sk1bIyXoVYuKb+ igjwgMGQJwhBAU+3CQ0tOGDQsxYV3MCEso8lSeY44CaTNicWI4hI7pO6RdW6Mh7aVnqtSMTvHpTUhp4oQ0EfESiuVppspnylmiy7xnylPebUp/V3sFhAqMCP1Lt2D+VydrERigomrwqKZYIbI6pl0y1RV5c/NHVYIcYsJk3Kd8QjFTykWfTaVJVe2yt47KfyimROWeaW6GT3lLGvBiiubyoHFWtq2yfX9Rqlb0qPM4wjFOaZ7XqOIONdRVx5/xglejZkyMufH4TTVyWnOIX8t4+gL4LpOi</latexit>

�m2
21 ⌧ |�m2

31| ' |�m2
32|

<latexit sha1_base64="nnBUuB5E0u+k4qAhHMP9G65YWgY=">AAADB3icjVHLLgRBFD3a+z1Y2lRMJBYy6R7vnWBhSWKQaCbdrVBR/dBdLZGZ+QB/Ymcntn7AFn/AX7hVepIhEarTVbfOuedU3bp+IkWmbPuty+ru6e3rHxgcGh4ZHRsvTUzuZ3GeBrwWxDJOD30v41JEvKaEkvwwSbkX+pIf+Jebmj+45mkm4mhP3ST8OPTOI3EmAk8RVC9tuFtcKo+FJ9V6o+q03HnmSklzs5NYcFpN5mYi5F c/iGqrWS+V7YptBusIlmxnbdlhToGUUYyduPQCF6eIESBHCI4IimIJDxl9R3BgIyHsGA3CUoqE4TlaGCJtTlmcMjxCL2k+p91RgUa0156ZUQd0iqQ/JSXDLGliyksp1qcxw+fGWaO/eTeMp77bDa1+4RUSqnBB6F+6duZ/dboWhTOsmhoE1ZQYRFcXFC65eRV9c9ZRlSKHhDAdnxKfUhwYZfudmdFkpnb9tp7h302mRvU+KHJzfOhbUoPbXWS/B/vVimNXnN3F8vpq0eoBTGMGc9TPFaxjGzuokfcdnvGCV+vWurcerMevVKur0Ezh27CePgEU46hV</latexit><latexit sha1_base64="nnBUuB5E0u+k4qAhHMP9G65YWgY=">AAADB3icjVHLLgRBFD3a+z1Y2lRMJBYy6R7vnWBhSWKQaCbdrVBR/dBdLZGZ+QB/Ymcntn7AFn/AX7hVepIhEarTVbfOuedU3bp+IkWmbPuty+ru6e3rHxgcGh4ZHRsvTUzuZ3GeBrwWxDJOD30v41JEvKaEkvwwSbkX+pIf+Jebmj+45mkm4mhP3ST8OPTOI3EmAk8RVC9tuFtcKo+FJ9V6o+q03HnmSklzs5NYcFpN5mYi5F c/iGqrWS+V7YptBusIlmxnbdlhToGUUYyduPQCF6eIESBHCI4IimIJDxl9R3BgIyHsGA3CUoqE4TlaGCJtTlmcMjxCL2k+p91RgUa0156ZUQd0iqQ/JSXDLGliyksp1qcxw+fGWaO/eTeMp77bDa1+4RUSqnBB6F+6duZ/dboWhTOsmhoE1ZQYRFcXFC65eRV9c9ZRlSKHhDAdnxKfUhwYZfudmdFkpnb9tp7h302mRvU+KHJzfOhbUoPbXWS/B/vVimNXnN3F8vpq0eoBTGMGc9TPFaxjGzuokfcdnvGCV+vWurcerMevVKur0Ezh27CePgEU46hV</latexit><latexit sha1_base64="nnBUuB5E0u+k4qAhHMP9G65YWgY=">AAADB3icjVHLLgRBFD3a+z1Y2lRMJBYy6R7vnWBhSWKQaCbdrVBR/dBdLZGZ+QB/Ymcntn7AFn/AX7hVepIhEarTVbfOuedU3bp+IkWmbPuty+ru6e3rHxgcGh4ZHRsvTUzuZ3GeBrwWxDJOD30v41JEvKaEkvwwSbkX+pIf+Jebmj+45mkm4mhP3ST8OPTOI3EmAk8RVC9tuFtcKo+FJ9V6o+q03HnmSklzs5NYcFpN5mYi5F c/iGqrWS+V7YptBusIlmxnbdlhToGUUYyduPQCF6eIESBHCI4IimIJDxl9R3BgIyHsGA3CUoqE4TlaGCJtTlmcMjxCL2k+p91RgUa0156ZUQd0iqQ/JSXDLGliyksp1qcxw+fGWaO/eTeMp77bDa1+4RUSqnBB6F+6duZ/dboWhTOsmhoE1ZQYRFcXFC65eRV9c9ZRlSKHhDAdnxKfUhwYZfudmdFkpnb9tp7h302mRvU+KHJzfOhbUoPbXWS/B/vVimNXnN3F8vpq0eoBTGMGc9TPFaxjGzuokfcdnvGCV+vWurcerMevVKur0Ezh27CePgEU46hV</latexit><latexit sha1_base64="nnBUuB5E0u+k4qAhHMP9G65YWgY=">AAADB3icjVHLLgRBFD3a+z1Y2lRMJBYy6R7vnWBhSWKQaCbdrVBR/dBdLZGZ+QB/Ymcntn7AFn/AX7hVepIhEarTVbfOuedU3bp+IkWmbPuty+ru6e3rHxgcGh4ZHRsvTUzuZ3GeBrwWxDJOD30v41JEvKaEkvwwSbkX+pIf+Jebmj+45mkm4mhP3ST8OPTOI3EmAk8RVC9tuFtcKo+FJ9V6o+q03HnmSklzs5NYcFpN5mYi5F c/iGqrWS+V7YptBusIlmxnbdlhToGUUYyduPQCF6eIESBHCI4IimIJDxl9R3BgIyHsGA3CUoqE4TlaGCJtTlmcMjxCL2k+p91RgUa0156ZUQd0iqQ/JSXDLGliyksp1qcxw+fGWaO/eTeMp77bDa1+4RUSqnBB6F+6duZ/dboWhTOsmhoE1ZQYRFcXFC65eRV9c9ZRlSKHhDAdnxKfUhwYZfudmdFkpnb9tp7h302mRvU+KHJzfOhbUoPbXWS/B/vVimNXnN3F8vpq0eoBTGMGc9TPFaxjGzuokfcdnvGCV+vWurcerMevVKur0Ezh27CePgEU46hV</latexit>

�m2
31

<latexit sha1_base64="jeNz5kyH2xTzFdLLZf8H9oOKY+E="></latexit><latexit sha1_base64="jeNz5kyH2xTzFdLLZf8H9oOKY+E="></latexit><latexit sha1_base64="jeNz5kyH2xTzFdLLZf8H9oOKY+E="></latexit><latexit sha1_base64="jeNz5kyH2xTzFdLLZf8H9oOKY+E="></latexit>

... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta, cosmologie, (double désintégration bêta)
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• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy

∆m2
21 = ∆m2

! ! ∆m2
atm = |∆m2

31| " |∆m2
32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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⌫ 6= ⌫ (Dirac) vs. ⌫ = ⌫ (Majorana) [see Claudia Nones’ talk]

[see Benjamin Quilain’s talk]
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Dirac versus Majorana neutrino

Neutrinos are the only SM fermions that do not carry electric charge
⇒ can be their own antiparticles (Majorana fermions)

Experimentally, only      (the “neutrino”) and its CP conjugate       (the 
“antineutrino”) have been observed. We don’t know if the neutrino also has
a RH component       (which would be a pure gauge singlet, unobservable)

A Dirac neutrino has two independent chiralities      and      , like the other
SM fermions. Its mass term                            preserves lepton number

Instead, the LH and RH components of a Majorana neutrino are related by the 
Majorana condition                       , namely                           . Its mass term                                                             
                                                                  violates lepton number by 2 units

Lepton number violation is the signature of Majorana neutrinos
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Dirac mass term

The simplest way to describe a massive neutrino is to add a       to the SM 
and to write a Dirac mass term, as for the other fermions:

The massive neutrino       is a Dirac fermion (2 independent chiralities)

not invariant under                         but can be generated from a Yukawa 
coupling to the SM Higgs doublet (which has weak isospin 1/2)

caveat :  possible to write  a Majorana mass term for       ⇒ end up with two 
Majorana neutrinos rather than one Dirac neutrino (see later)

Massive neutrinos – Dirac versus Majorana
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SM gauge singlet]
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⌫ = ⌫c ⌘ C⌫̄T

Majorana mass term

Preliminary remark: can form a RH spinor from 

                                    CP conjugate of 

C = charge conjugation matrix; enters the charge conjugate of a Dirac spinor

                                              describes the corresponding antifermion

⇒ the existence of a LH neutrino (     ) implies the existence of a RH 
antineutrino (                          )

Now, with      and      , can write a (Majorana) mass term :

The massive neutrino                        satisfies the Majorana condition
                 → Majorana fermion

                              

A Majorana mass term violates lepton number (signature of a Majorana 
neutrino). It cannot be generated from a coupling to the SM Higgs doublet, 
which has a T = 1/2  ⇒ neutrino masses require an extension of the SM
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How can we determine experimentally the neutrino nature?

Dirac and Majorana neutrinos have the same interactions, which are chiral 
(weak interactions) ⇒ can’t be distinguished by their interactions or oscillations

The only practical way of establishing the Majorana nature of neutrinos (if they 
indeed are Majorana fermions) si to search for processes that violate lepton 
number by 2 units, such as neutrinoless double beta decay

Neutrinoless double beta decay

Violates lepton number by 2 units
⇒ possible only for Majorana neutrinos

Half-life sensitive to the effective mass parameter

                     [           = Majorana phases of the PMNS matrix]

Current best limit [KamLAND-Zen (2022)]: 

[see Claudia’s talk]
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Fig. 9. – The standard mechanism for ββ0ν decay, based on light Majorana neutrino exchange.

In other words, the value of the effective neutrino Majorana mass mββ in eq. (27) can
be inferred from a non-zero ββ0ν rate measurement, albeit with some nuclear physics
uncertainties. Conversely, if a given experiment does not observe the ββ0ν process, the
result can be interpreted in terms of an upper bound on mββ.

If light Majorana neutrino exchange is the dominant mechanism for ββ0ν, it is clear
from eq. (27) that ββ0ν is in this case directly connected to neutrino oscillations phe-
nomenology, and that it also provides direct information on the absolute neutrino mass
scale, as cosmology and β decay experiments do (see sect. 2.1). The relationship between
mββ and the actual neutrino masses mi is affected by:

1. the uncertainties in the measured oscillation parameters;

2. the unknown neutrino mass ordering (normal or inverted);

3. the unknown phases in the neutrino mixing matrix (both Dirac and Majorana).

For example, the relationship between mββ and the lightest neutrino mass mlight

(which is equal to m1 or m3 in the normal and inverted mass ordering cases, respectively)
is illustrated in fig. 10. This graphical representation was first proposed in [58]. The width
of the two bands is due to items 1 and 3 above, where the uncertainties in the measured
oscillation parameters (item 1) are taken as 3σ ranges from a recent global oscillation fit
[3]. Figure 10 also shows an upper bound on mlight from cosmology (mlight < 0.43 eV),
also shown in fig. 2, and an upper bound on mββ from current ββ0ν data (mββ <
0.32 eV), which we will discuss in sect. 3.5. As can be seen from fig. 10, current ββ0ν
data provide a constraint on the absolute mass scale mlight that is almost as competitive
as the cosmological one.

In figs. 2 and 10, we have shown only upper bounds on various neutrino mass combi-
nations, coming from current data. The detection of positive results for absolute neutrino
mass scale observables would open up the possibility to further explore neutrino prop-
erties and lepton number violating processes. We give three examples in the following.
First, the successful determination of both mβ in eq. (3) and mββ in eq. (27) via β

(A,Z) ! (A,Z + 2) + e� + e�

m�� ⌘
X

i

miU
2
ei = m1c

2
13c

2
12e

2i↵1 +m2c
2
13s

2
12e

2i↵2 +m3s
2
13

<latexit sha1_base64="5xe+z1wf7yekBSPQe2WCiop7QBc="></latexit><latexit sha1_base64="5xe+z1wf7yekBSPQe2WCiop7QBc="></latexit><latexit sha1_base64="5xe+z1wf7yekBSPQe2WCiop7QBc="></latexit><latexit sha1_base64="5xe+z1wf7yekBSPQe2WCiop7QBc="></latexit>

↵1,↵2

<latexit sha1_base64="iYLfxPaHEDAKMCmd5NHz/Fbz25w="></latexit>

|m�� | < (36� 156)meV (90%C.L.) [large uncertainties from
nuclear matrix elements]



From a theoretical point of view, Dirac neutrinos are unnatural

To generate a Dirac mass for the neutrino, need to add a      to the SM
But then must write a Majorana mass term for the RH neutrino, which is 
allowed by all (non-accidental) symmetries of the SM:

⇒ mixed Dirac-Majorana mass term
which yields two Majorana mass eigenstates per generation

Note: the limit                  corresponds to the so-called seesaw mechanism, which
gives a light Majorana neutrino                     with mass
and a heavy Majorana neutrino with mass

Only way to avoid this conclusion: impose lepton number conservation (a global 
symmetry that is not preserved by quantum gravity), or gauge B-L

Majorana neutrinos are more natural… but what generates their masses?
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If light RH neutrinos do not exist, the low-energy effective theory is the SM
⇒ neutrino masses must be generated by new physics, which is parametrized  
by higher-dimensional operators in the SMEFT Lagrangian

Lowest D>4 SMEFT operator:

generates Majorana neutrino masses

⇒ suggests a high new physics scale 

Many different kinds of new physics can generate the Weinberg operator :
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(⇤ ⇠ 1015 GeV for c = 1)

Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR ≡〈!R〉 scale of B-L breaking

    !R = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

!!!!!!!!!!!! left-right symmetric seesaw mechanism

!L = SU(2)L triplet with
couplings fLij to lepton doublets

vL ≡ 〈∆L〉 ∼ v2vR/M2
∆L

MR = fRvR

Mν = fLvL −

v2

vR

Y T f−1

R
Y ≡ M II

ν + M I
ν

SO(10) models with a left-right symmetric seesaw

Y = Y
T

126H fL = fR � f

Fermionic triplet seesaw

...
11 6
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5
+

!
+

!
+=

== dd
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eff LLLLIntegrate out N
R

d=5 operator
it gives mass to !

d=6 operator
it renormalises kinetic energy+
corrects fermion-gauge couplings

L = LSM+ i !RD!R - Y! L ".H !R - M !R !R    
_ _

M M2

Y! Y!/M (L L H H)
T

Y! 
Y!/M2 (L " H) D (H " L) 

+

_

heavy RH neutrino exchange
(type-I seesaw)

heavy scalar triplet exchange
(type-II seesaw)

heavy fermion triplet exchange
(type-III seesaw)

Zee-Babu model

3

Fig. 1 Feynman diagram for the 2-loop Majorana neutrino masses in the model of [3,4].

such realizations usually lead to testable predictions in either high-energy or high-intensity

experiments. In what follows we will discuss two main cases, the Babu-Zee model and

supersymmetric bilinear R-parity violating models, paying special attention to some of their

phenomenological implications.

3 Two loop realization: the Babu-Zee model

In this model the standard model scalar sector is extended by the addition of two new scalars,

h+ and k++, both singlets under SU(2). Their couplings to standard model leptons is given
by

L = fαβ (L
Ti
αLCL

j

βL
)εi jh

++h′αβ (e
T
αRCeβR)k

+++h.c. (2)

Here, LL are the standard model (left-handed) lepton doublets, eR the charged lepton singlets,

α ,β are generation indices and εi j is the completely antisymmetric tensor. Note that f is
antisymmetric, while h′ is symmetric. Assigning L = 2 to h− and k++, eq. (2) conserves

lepton number. Lepton number violation in the model resides only in the following term in

the scalar potential

L =−µh+h+k−−+h.c. (3)

Here, µ is a parameter with dimension of mass.

The setup of eq. (2) and eq. (3) generates Majorana neutrino masses via the two-loop

diagram shown in fig. (1). The resulting neutrino mass matrix can be expressed as

M ν
αβ =

8µ

(16π2)2m2h
fαxωxy fyβI (

m2k

m2h
), (4)

with summation over x,y implied. The parameters ωxy are defined as ωxy = mxhxymy, with

mx the mass of the charged lepton lx. Following [17] we have rewritten hαα = h′αα and

hαβ = 2h′αβ . I (r) finally is a dimensionless two-loop integral given by

I (r) =−
∫ 1

0
dx

∫ 1−x

0
dy

1

x+(r−1)y+ y2
log

y(1− y)

x+ ry
. (5)

For non-zero values of r,I (r) can be solved only numerically. We note that for the range of
interest, say 10−2 ≤ r≤ 102,I (r) varies quite smoothly between (roughly) 3≤I (r)≤ 0.2.

(example of a 2-loop radiative
model involving 2 charged

SU(2) singlet scalars)



Potential signatures of low-scale neutrino mass generation

The new physics responsible for neutrino masses may be light if the new 
particles couplings to leptons (and/or to the Higgs) are small

Type-I seesaw: no model-independent prediction for the RH neutrino masses
Can lie anywhere between the GeV scale and        GeV, or even below
(same for the scalar triplet of the type-II seesaw mechanism)

If around the electroweak/TeV scale, can be produced at colliders through
their mixing with the SM neutrinos (GeV-scale RH/sterile neutrinos can also
be produced in beam-dump experiments like SHiP) 
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PARAMETER SPACE FOR STERILE NEUTRINOS

from 1504.04855

Direct Searches 
rely on decay 

channels+lifetime dictated 
by active-sterile mixing
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Figure 2: The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosons WR and Z0 are also incorporated. Lepton flavour is denoted by ↵ and �. Lepton flavour
is assumed to be conserved, such that ↵ = �. The WR boson produced from the N decay is o↵-shell and, in this
case, decays hadronically.

mWR � mN > 0.3 TeV at 95% confidence level (CL) [17]. A more recent search performed by CMS has
excluded mWR < 3.0 TeVfor mWR � mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos from Z0 boson decays.

Both the mTISM and LRSM models produce final states containing two same-sign leptons and high-pT
jets, but the kinematic characteristics of the events are quite di↵erent. In the mTISM final state, one can
reconstruct the resonant SM W boson from the jets originating from the tree-level qq̄ pair, whereas in
the LRSM final states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM final states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM final states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering |⌘| < 2.5, and a transition radiation
tracker covering |⌘| < 2.0. The ID tracker is immersed in a 2 T axial magnetic field provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for |⌘| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for |⌘| < 1.7 and copper and LAr calorimeters for 1.5 < |⌘| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering |⌘| < 2.4 and precision tracking detectors covering |⌘| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,

4

(same-sign) are considered as there is a smaller expected SM background for pairs of same-sign leptons
than for pairs of leptons of opposite charge (opposite-sign). The search includes the ee and µµ final
states.

qa

q̄b

(W±)�

W�

N

l±�

l±�

qc

q̄d

Figure 1: The tree-level diagram for the production of a heavy Majorana neutrino (N) in the mTISM model. Lepton
flavour is denoted by ↵ and �. Lepton flavour is assumed to be conserved, such that ↵ = �. The W boson produced
from the N decay is on-shell and, in this case, decays hadronically.

The search is guided by two theoretical models. In the first model, the SM is extended in the simplest way
to include right-handed neutrinos [8], such that light neutrino masses are generated by a Type-I seesaw
mechanism or by radiative corrections [9]. In this minimal Type-I seesaw mechanism (mTISM), the
heavy Majorana neutrinos, N, can be produced via an o↵-shell W boson, pp ! (W±)⇤ ! `±N. Due to
previous limits [10, 11], the heavy neutrino is assumed to be more massive than the W boson and therefore
subsequently decays to an on-shell W boson and a lepton. The on-shell W boson produced in the decay
of the heavy neutrino predominantly decays into a quark–antiquark (qq̄) pair. The final state in this case
contains two opposite-sign or same-sign leptons and at least two high-pT jets, where pT is the transverse
momentum with respect to the beam direction.1 The tree-level process is illustrated in figure 1. The free
parameters in this model are the mixing between the heavy Majorana neutrinos and the Standard Model
neutrinos, V`N , and the masses of the heavy neutrinos, mN . In this framework, LEP has set direct limits
for mN < mZ [10, 11] and CMS has set direct limits for 90 < mN < 200 GeV in ee final states [12] and
40 < mN < 500 GeV in µµ final states [13].

The second model is the left-right symmetric model (LRSM) [4, 14–16], where a right-handed symmetry
SU(2)R is added to the SM. The symmetry SU(2)R is assumed to be the right-handed analogue of the
SM SU(2)L symmetry. In this model, heavy gauge bosons VR = {WR,Z0} are also predicted and, in this
analysis, the heavy gauge bosons are assumed to be more massive than the heavy neutrinos, such that they
are kinematically allowed to decay into final states including heavy neutrinos. These can be produced in
the decays of heavy gauge bosons according to WR ! N` and Z0 ! NN and can subsequently decay via
an o↵-shell WR boson into a lepton and a qq̄ pair, N ! `W⇤R with W⇤R ! qq̄0. The tree-level processes
are shown in figure 2. A previous ATLAS search in this framework has excluded mWR < 2.3 TeV for

1 ATLAS uses a right-handed coordinate system, with its origin at the nominal interaction point in the centre of the detector.
The z-axis points along the beam direction, the x-axis from the interaction point to the centre of the LHC ring, and the y-axis
upwards. In the transverse plane, cylindrical coordinates (r, �) are used, where � is the azimuthal angle around the beam
direction. The pseudorapidity ⌘ is defined via the polar angle ✓ as ⌘ = � ln tan (✓/2) .
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TeV-scale states involved in neutrino mass generation may also induce processes 
violating the charged lepton flavour, which are extremely suppressed in the SM

E.g. µ → e γ :

SM :

Type-II seesaw :

Neutrino masses may also be connected to one of the big questions of 
cosmology: the origin of the matter-antimatter asymmetry of the Universe

Many neutrino mass generation mechanisms contain all the ingredients to 
generate the baryon asymmetry of the Universe (BAU) via leptogenesis

→ concentrate on leptogenesis (mainly with heavy right-handed neutrinos)
in the following

This is consistent with the Standard Model,
in which LFV processes involving charged
leptons are suppressed by the tiny neutrino
masses

e.g. µ → e γ :

Using known oscillations parameters (U = PMNS lepton mixing matrix),    
this gives                                        : inaccessible to experiment!

This makes LFV a unique probe of new physics: the observation of e.g.         
µ → e γ would be an unambiguous signal of new physics (no SM background)

➞ very different from the hadronic sector

Conversely, the present upper bounds on LFV processes already put strong 
constraints on new physics (same as hadronic sector)

BR (µ� e⇥) =
3�

32⌅

�����
⇥

i

U�
µiUei

m2
⇥i

M2
W

�����

2

BR (µ� e�) � 10�54
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(a) QED penguin mixing the
tree-level vectors with the four
fermion interactions involving

right-handed electrons and first
generation quarks (l = e, µ, τ )

µ "e

H

γ

"

∆
a

(b) Matching onto the µ → e photon
dipole

µL eL

γ

lL

(c) Vector-to-dipole mixing in the
two-loop RGEs (l = e, µ, τ )

FIG. 1: Contributions to µ → e operators in the Type-II seesaw model.

The tree-level exchange of the scalar triplet between lepton doublets give contributions to the four-vectors with
left-handed leptons (normalizing as in Eq. (I.1))

Ceµll
V,LL ∼

v2

M2
∆

fµlf
∗
el =

1

λ2
H

[m∗
ν ]µl[mν ]el

v2
(II.3)

where l = e, µ, τ . The tree-level vectors mix via the QED penguin of Figure 1a with the four-fermion interactions
involved in the µ → e conversion and µ → eLeReR rate, yielding the following log-enhanced one-loop operator
coefficients

Ceµee
V,LR ∼

αe

4π

1

λ2
H




∑

l=e,µ

[m∗
ν ]µl[mν ]el

v2
log

(
M∆

mµ

)
+

[m∗
ν ]µτ [mν ]eτ

v2
log

(
M∆

mτ

)

 (II.4)

Ceµpp
V,L ∼ −

αe

2π

1

λ2
H




∑

l=e,µ

[m∗
ν ]µl[mν ]el

v2
log

(
M∆

mµ

)
+

[m∗
ν ]µτ [mν ]eτ

v2
log

(
M∆

mτ

)

 (II.5)

where Ceµpp
V,L is the µ → eL vector with protons. Being generated via the same diagram, type-II predicts a µ → e

conversion four-fermion operator proportional to the Left-Right µ → 3e vector. Penguins with internal taus are
multiplied by a different log because the tau is removed from the EFT at energy scales below mτ . In the case
of a universal log the low-energy coefficients would have been proportional to (mνm†

ν)eµ, which is predicted by
the neutrino oscillation parameters. This matrix element appears in the matching contribution to the µ → e
photon dipole (Fig. (1b))

Ceµ
D,R ∼

v2

M2
∆

3e

128π2
(f †f)eµ =

1

λ2
H

3e

128π2

(mνm†
ν)eµ

v2
(II.6)

(+TWO-LOOP VECTOR TO DIPOLE MIXING)

III. INVERSE TYPE I SEESAW

1. Lagrangian

2. merits

3. LFV expectations

4. we find

                     may be sizable if the
triplet couplings to leptons are large
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A link between neutrino masses and the BAU: 
baryogenesis via leptogenesis

In the (type-I) seesaw mechanism, the SM neutrinos get Majorana masses 
through their couplings to heavy Majorana neutrinos

                                    ⇒

Interestingly, this mechanism contains all ingredients needed for baryogenesis 
[Sakharov conditions: B violation, C and CP violation, departure from thermal equilibrium]:

- out-of-equilibrium decays of the heavy Majorana neutrinos can generate a 
lepton asymmetry if their couplings to SM leptons violate CP

- part of the generated lepton asymmetry is converted into a baryon asymmetry 
by non-perturbative SM processes (sphalerons), which are in equilibrium in the 
early Universe and violate B and L, while preserving B-L 

                      → leptogenesis

Minkowski - Gell-Mann,
Ramond, Slansky - Yanagida
Mohapatra, Senjanovic
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Lepton number violation: being Majorana fermions, the heavy neutrinos  
can decay both into leptons and into antileptons

CP violation: the decay rates into leptons and antileptons differ due to 
quantum corrections induced by the CP-violating heavy neutrino couplings

                              ⇒

out-of-equilibrium condition: provided by the expansion of the Universe

Interestingly, this mechanism contains all ingredient for baryogenesis:
out-of-equilibrium decays of the heavy Majorana neutrinos can generate
a lepton asymmetry if their couplings to SM leptons violate CP

Being Majorana, the heavy neutrinos can decay both into leptons and into 
antileptons (⇒ lepton number violation)

The decay rates into leptons and antileptons differ due to quantum 
corrections induced by the CP-violating heavy neutrino couplings
⇒ generation of a lepton asymmetry

The generated lepton asymmetry is partially converted into a baryon 
asymmetry by sphaleron processes, which are in equilibrium at T > TEW

Fukugita, Yanagida ’86

Γ(Ni → LH) "= Γ(Ni → L̄H
!) Covi, Roulet, Vissani ’96

Buchmüller, Plümacher ‘98



Thermal leptogenesis can explain the observed baryon asymmetry

region of successful leptogenesis in
the                plane (                      )

⇒                                              depending on the initial conditions 

Case                : if                        , the generated lepton asymmetry is 
resonantly enhanced, and                        becomes compatible with    
successful leptogenesis (“resonant leptogenesis”)
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Figure 9: Allowed range of m̃1 and mN1
for leptogenesis in the SM and MSSM assuming

m3 = max(m̃1, matm) and ξ = m3/m̃1. Successful leptogenesis is possible in the area inside
the curves (more likely around the border).

In fact, even if N1 initially has a thermal abundancy ρN1
/ρR ∼ gN1

/g∗ " 1, its contribution
to the total density of the universe becomes no longer negligible, ρN1

/ρR ∼ (gN1
mN1

)/(g!T ),
if it decays strongly out of equilibrium at T " mN1

. For the reasons explained above, this
effect gives a suppression of η (rather than an enhancement), and for very small m̃1 the
case (1) and (∞) give the same result.

The lower panel of fig. 8 contains our result for the efficiency |η| of thermal leptogenesis
computed in cases (0), (1) and (∞) as function of both m̃1 and mN1

. At mN1
>∼ 1014 GeV

non-resonant ∆L = 2 scatterings enter in thermal equilibrium strongly suppressing η.
Details depend on unknown flavour factors.

Our results in fig. 8 can be summarized with simple analytical fits

1

η
≈

3.3 × 10−3 eV

m̃1

+

(

m̃1

0.55 × 10−3 eV

)1.16

in case (0) (40)

valid for mN1
" 1014 GeV. This enables the reader to study leptogenesis in neutrino mass

models without setting up and solving the complicated Boltzmann equations.

Implications

Experiments have not yet determined the mass m3 of the heaviest mainly left-handed
neutrino. We assume m3 = max(m̃1, matm). Slightly different plausible assumptions are
possible when m̃1 ≈ matm, and very different fine-tuned assumptions are always possible.

20

M1 ≥ (0.5 − 2.5) × 109 GeV

|M1 − M2| ∼ Γ2

M1 ! 10
9
GeV

M1 �M2

Covi, Roulet, Vissani ’96
Pilaftsis ’97

[Giudice, Notari, Raidal, Riotto, Strumia ’03]

m̃1 ⌘ (Y Y †)11v2

M1

(m̃1,M1)

[Davidson, Ibarra ’02]
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Leptogenesis is also possible in other neutrino mass generation mechanisms, 
such as the type-II seesaw mechanism

                                                scalar electroweak triplet

generates a neutrino mass

Also leads to leptogenesis if another heavy state couples to leptons
(needed to induce different decay rates into leptons and antileptons)

→ scalar triplet leptogenesis

Can reproduce the observed baryon asymmetry for

      = size of the triplet contribution to neutrino masses

Leptogenesis from other heavy decaying states

� =

✓
�+/

p
2 �++

�0 ��+/
p
2

◆
Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR ≡〈ΔR〉 scale of B-L breaking

    ΔR = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

������������ left-right symmetric seesaw mechanism

ΔL = SU(2)L triplet with
couplings fLij to lepton doublets

vL ≡ 〈∆L〉 ∼ v2vR/M2
∆L

MR = fRvR

Mν = fLvL −

v2

vR

Y T f−1

R
Y ≡ M II

ν + M I
ν

SO(10) models with a left-right symmetric seesaw

Y = Y
T

126H fL = fR � f

[Ma, Sarkar ’98 - Hambye, Senjanovic ’03]

m⌫ =
µ�`

2M2
�

v2
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Figure 11: Isocurves of the baryon-to-photon ratio nB/nγ in the (λ",M∆) plane obtained
performing the full computation, assuming Ansatz 1 (left panel) or Ansatz 2 with (x, y) =
(0.05, 0.95) (right panel). The coloured regions indicate where the observed baryon asymmetry
can be reproduced in the full computation (light red shading) or in the single flavour approxi-
mation with spectator processes neglected (dark blue shading). The solid black line corresponds
to B" = BH . Also shown are the regions where λH is greater than 1 or 4π.

spectator processes and including flavour effects gives a much more accurate result than
doing the opposite. In Fig. 10, the triplet mass is M∆ = 1011 GeV, hence the B − L
asymmetry is essentially generated in the temperature regime 109 GeV < T < 1012 GeV
where the tau Yukawa coupling is in equilibrium, but the muon Yukawa coupling is not.
For Ansatz 1, the 2-flavour calculation turns out to be a rather good approximation to
the flavour-covariant computation, while neglecting spectator processes gives a very bad
estimate, except for small or large values of λ". For Ansatz 2, on the contrary, both flavour
covariance and spectator processes have a significant impact on the baryon-to-photon ratio
(except again for extreme values of λ"), and neglecting one of them underestimates the
result by up to a factor 2. The 2-flavour approximation without spectator processes
actually gives a much larger disagreement with the full computation.

Finally, we study in Fig. 11 the dependence of the generated baryon asymmetry on λ"
and M∆, both for Ansatz 1 and for Ansatz 2 with (x, y) = (0.05, 0.95). The computation
is performed assuming that the third generation Yukawa couplings as well as the charm
Yukawa coupling are in equilibrium, which strictly speaking is true only in the temperature
range 109 GeV < T < 1012 GeV. From Fig. 11 one can conclude that successful scalar
triplet leptogenesis is possible for a triplet mass as low as 4.4× 1010 GeV, to be compared
with 1.2 × 1011 GeV in the approximation where flavour effects and spectator processes
are neglected. Other assumptions about the flavour structure of the triplet couplings
to leptons may allow for a lighter scalar triplet. For comparison, we quote the lower
bounds found by Ref. [26] in the single flavour approximation with spectator processes
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M� > 4.4⇥ 1010 GeV (1.2⇥ 1011 GeV without flavour e↵ects)
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The parameter space of scalar triplet leptogenesis

without lepton
flavour effects

with lepton
flavour effects



Leptogenesis can generate the observed baryon asymmetry of the Universe 
but hard to test directly. Can one find correlations between leptogenesis and 
low-energy CP violation?

Updated analysis in arXiv:1809.08251 (Moffat, Pascoli, Petcov, Turner): successful 
leptogenesis solely from Dirac (δ) or Majorana PMNS phases can be achieved 
without tuning in the whole range 

➞ however, no direct link in general between leptogenesis (which depends on 
6 phases in the type-I seesaw case) and low-energy CP phases / parameters. 
Only in specific models

[Pascoli, Petcov, Riotto ’06]

leptogenesis from 
the PMNS phase δ 
(all other phases are 
assumed to vanish)

coincides with the m̃1 parameter defined for the one-
single flavour case. Solving the Boltzmann equations
for each flavour one finds Yα ! (εα/g∗)η (m̃α) [15–17].
The way the total baryon asymmetry depends upon the
individual lepton asymmetries is a function of tempera-
ture. For instance, for (109 ∼< T ∼ M1 ∼< 1012) GeV,
only the interactions mediated by the τ Yukawa cou-
pling are in equilibrium and the final baryon asymmetry
is YB = −(12/37g∗) (ε2η (0.7 m̃2) + ετη (0.67 m̃τ)), where
ε2 = εe + εµ, m̃2 = m̃e + m̃µ, Y2 = Ye+µ [17]. As the
CP asymmetry in each flavour is weighted by the corre-
sponding wash out parameter, YB is generically not pro-
portional to ε1, but depends on each εα. The dependence
on the PMNS matrix elements in (4) is such that non-
vanishing low energy leptonic CP-violating phases imply,
in the context of leptogenesis and barring accidental can-
cellations, a nonvanishing baryon asymmetry [16,17].
We can go even further. CP invariance would corre-

spond to a real matrix R provided that the CP-parities
of the heavy and light Majorana neutrinos are equal to
+i [19]. In this case the low energy Majorana phases
vanish (modulo 2π) and δ = 0 (modulo π). R real
[16,17] corresponds to the class of models where CP is
an exact symmetry in the RH neutrino sector [17]. In
this case, the flavour CP asymmetries and the baryon
asymmetry depend exclusively on the low energy phases
in the PMNS matrix. Consequently, leptogenesis is
maximally connected to the low energy leptonic CP-
violation. This conclusion is clear from the expression of
the flavour CP asymmetries in terms of a real R matrix,

εα ∝
∑

β,ρ>β
√
mβmρ(mρ − mβ)R1βR1ρIm

(
U∗
αβUαρ

)
.

Notice that ε1 = 0 if R is real and εα = 0 if R is real and
diagonal. Once flavour effects are taken into account, a
baryon asymmetry is generically generated from nonzero
phases in the PMNS matrix.
To illustrate better this point, we provide two examples

where the baryon asymmetry is generated uniquely by
the CP phases in the PMNS matrix. We will consider
the range of values

(
109 ∼< M1 ∼< 1012

)
GeV, for which

it is sufficient to consider ετ , being ε2 = −ετ . In the
first example, we consider the NH spectrum. In the limit
M1 & M2 & M3, we obtain

ετ !
3M1

16πv2
(∆m2

"∆m2
⊕)

1/4R12R13√
∆m2

"/∆m2
⊕R

2
12 +R2

13

c13

×
(
1

2
c12 sin 2θ23 sin

α32

2
− s12c

2
23s13 sin

(
δ −

α32

2

))
, (5)

where cij = cos θij and sij = sin θij . Only the Majorana
phase α32 = α31−α21 plays a role being the contribution
of m1 negligible. With these expressions, it is straighfor-
ward to compute the final baryon asymmetry solving the
flavoured Boltzmann equations of Ref. [17]. In the IH
case, a similar expression holds for ετ , but is suppressed
for real R with respect to the one in the NH case by a fac-

tor ∼ (∆m2
"/∆m2

⊕)
3/4, leading generically to an asym-

metry which is small. A sufficiently large asymmetry
can be recovered in the case of purely imaginary product
R11R12 or in the supersymmetric version of leptogene-
sis [19]. In the expression (5) the dominant contribution
comes from the Majorana CP-violating phase, while the
effects due to δ are suppressed by sin θ13. The Majorana
phase α32 appears in the expression for the effective Ma-
jorana mass 〈mν〉. The baryon asymmetry depends also
on the combination sin θ13 sin δ, which enters in the CP-
asymmetry measurable in future long baseline oscillation
experiments.
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FIG. 1. The invariant JCP versus the baryon asymmetry
varying (in blue) δ = [0, 2π] in the case of hierarchical RH
neutrinos and NH light neutrino mass spectrum for s13 = 0.2,
α32 = 0, R12 = 0.86, R13 = 0.5 and M1 = 5×1011 GeV . The
red region denotes the 2σ range for the baryon asymmetry.
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FIG. 2. The baryon asymmetry |YB| versus the effective
Majorana mass in neutrinoless double beta decay, 〈mν〉, in the
case of Majorana CP-violation, hierarchical RH neutrinos and
IH light neutrino mass spectrum, for δ = 0, s13 = 0, purely
imaginary R11R12, |R11| = 1.05 and M1 = 2×1011 GeV. The
Majorana phase α21 is varied in the interval [−π/2, π/2].

We consider the tri-bimaximal mixing case and take
c23 = s23 = 1/

√
2, s12 = 1/

√
3. In Fig. 1 we show the

correlation between the baryon asymmetry and the CP
invariant JCP for a given choice of the parameters and
varying the Dirac phase δ. Most values of JCP consistent
with the observed baryon asymmetry lie well within the
sensitivity reachable by superbeam and betabeam exper-
iments and future neutrino factory. In Fig. 2 we show the
correlation between YB and 〈mν〉 in the case of IH light
neutrino mass spectrum and purely imaginary product
R11R12 (see ref. [19] for details).
The second example we discuss is for QD neutrinos. To

avoid excess of fine-tuning, we choose quasi-degenerate

3

coincides with the m̃1 parameter defined for the one-
single flavour case. Solving the Boltzmann equations
for each flavour one finds Yα ! (εα/g∗)η (m̃α) [15–17].
The way the total baryon asymmetry depends upon the
individual lepton asymmetries is a function of tempera-
ture. For instance, for (109 ∼< T ∼ M1 ∼< 1012) GeV,
only the interactions mediated by the τ Yukawa cou-
pling are in equilibrium and the final baryon asymmetry
is YB = −(12/37g∗) (ε2η (0.7 m̃2) + ετη (0.67 m̃τ)), where
ε2 = εe + εµ, m̃2 = m̃e + m̃µ, Y2 = Ye+µ [17]. As the
CP asymmetry in each flavour is weighted by the corre-
sponding wash out parameter, YB is generically not pro-
portional to ε1, but depends on each εα. The dependence
on the PMNS matrix elements in (4) is such that non-
vanishing low energy leptonic CP-violating phases imply,
in the context of leptogenesis and barring accidental can-
cellations, a nonvanishing baryon asymmetry [16,17].
We can go even further. CP invariance would corre-

spond to a real matrix R provided that the CP-parities
of the heavy and light Majorana neutrinos are equal to
+i [19]. In this case the low energy Majorana phases
vanish (modulo 2π) and δ = 0 (modulo π). R real
[16,17] corresponds to the class of models where CP is
an exact symmetry in the RH neutrino sector [17]. In
this case, the flavour CP asymmetries and the baryon
asymmetry depend exclusively on the low energy phases
in the PMNS matrix. Consequently, leptogenesis is
maximally connected to the low energy leptonic CP-
violation. This conclusion is clear from the expression of
the flavour CP asymmetries in terms of a real R matrix,

εα ∝
∑

β,ρ>β
√
mβmρ(mρ − mβ)R1βR1ρIm

(
U∗
αβUαρ

)
.

Notice that ε1 = 0 if R is real and εα = 0 if R is real and
diagonal. Once flavour effects are taken into account, a
baryon asymmetry is generically generated from nonzero
phases in the PMNS matrix.
To illustrate better this point, we provide two examples

where the baryon asymmetry is generated uniquely by
the CP phases in the PMNS matrix. We will consider
the range of values

(
109 ∼< M1 ∼< 1012

)
GeV, for which

it is sufficient to consider ετ , being ε2 = −ετ . In the
first example, we consider the NH spectrum. In the limit
M1 & M2 & M3, we obtain
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where cij = cos θij and sij = sin θij . Only the Majorana
phase α32 = α31−α21 plays a role being the contribution
of m1 negligible. With these expressions, it is straighfor-
ward to compute the final baryon asymmetry solving the
flavoured Boltzmann equations of Ref. [17]. In the IH
case, a similar expression holds for ετ , but is suppressed
for real R with respect to the one in the NH case by a fac-

tor ∼ (∆m2
"/∆m2

⊕)
3/4, leading generically to an asym-

metry which is small. A sufficiently large asymmetry
can be recovered in the case of purely imaginary product
R11R12 or in the supersymmetric version of leptogene-
sis [19]. In the expression (5) the dominant contribution
comes from the Majorana CP-violating phase, while the
effects due to δ are suppressed by sin θ13. The Majorana
phase α32 appears in the expression for the effective Ma-
jorana mass 〈mν〉. The baryon asymmetry depends also
on the combination sin θ13 sin δ, which enters in the CP-
asymmetry measurable in future long baseline oscillation
experiments.
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case of Majorana CP-violation, hierarchical RH neutrinos and
IH light neutrino mass spectrum, for δ = 0, s13 = 0, purely
imaginary R11R12, |R11| = 1.05 and M1 = 2×1011 GeV. The
Majorana phase α21 is varied in the interval [−π/2, π/2].

We consider the tri-bimaximal mixing case and take
c23 = s23 = 1/

√
2, s12 = 1/

√
3. In Fig. 1 we show the

correlation between the baryon asymmetry and the CP
invariant JCP for a given choice of the parameters and
varying the Dirac phase δ. Most values of JCP consistent
with the observed baryon asymmetry lie well within the
sensitivity reachable by superbeam and betabeam exper-
iments and future neutrino factory. In Fig. 2 we show the
correlation between YB and 〈mν〉 in the case of IH light
neutrino mass spectrum and purely imaginary product
R11R12 (see ref. [19] for details).
The second example we discuss is for QD neutrinos. To

avoid excess of fine-tuning, we choose quasi-degenerate
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Non-standard SO(10) model with a type II seesaw
mechanism ⇒ neutrinos masses proportional to
triplet couplings to leptons:

This model also contains heavy (non-standard) leptons that induce different 
rates for (anti-)triplet decays into leptons and antileptons

The SM and heavy lepton couplings are related by the SO(10) gauge symmetry 
⇒ the asymmetry in triplet decays can be expressed in terms of neutrino 
parameters (masses, mixing angles, Majorana phases)

Example of a predictive (scalar triplet) leptogenesis model

Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR ≡〈ΔR〉 scale of B-L breaking

    ΔR = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

������������ left-right symmetric seesaw mechanism

ΔL = SU(2)L triplet with
couplings fLij to lepton doublets

vL ≡ 〈∆L〉 ∼ v2vR/M2
∆L

MR = fRvR

Mν = fLvL −

v2

vR

Y T f−1

R
Y ≡ M II

ν + M I
ν

SO(10) models with a left-right symmetric seesaw

Y = Y
T

126H fL = fR � f

(M⌫)↵� =
�Hf↵�
2M�

v2

[Frigerio, Hosteins, SL, Romanino ’08]
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the total width of � and its branching ratios are now given by
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The two new scalar S and T decay into a Standard Model lepton and a heavy an-
tilepton L̄, or the CP-conjugate state. These decays preserve the total lepton number
as defined in table 3.2, and the corresponding widths are
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Figure 3.10: Diagrams contributing to the violation of CP in the decay of � at one
loop. � denotes one of the two scalars S or T .

Only � has couplings that violate the total lepton number, therefore it appears as
the best candidate for leptogenesis. Let us compute the CP asymmetry in its decay
into leptons, which is defined like in eq. (3.2.8). The diagrams involved are displayed
in fig. 3.10. Summing over flavour, we get
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Parameter space allowed by successful leptogenesis

10 - 4 10 - 3 10 - 2 10 -1
1012

1013

1014

1015

m n1 H eV L

M
D
HG

eV
L

Baryon asymmetry n B ê n g

10
-
10

10
-
11

10 - 8

10 - 7

10 - 9

l { > 4 p

l { > 1

�H = 0.2

➞ quasi-degenerate spectrum
excluded for normal ordering

[SL, Schmauch]
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Low-scale leptogenesis

Even within the type-I seesaw model, leptogenesis possible with right-handed 
neutrinos in the TeV range (resonant leptogenesis) or in the GeV range, 
through a completely different mechanism (leptogenesis from sterile neutrino 
oscillations, aka ARS leptogenesis)

                                     Resonant leptogenesis

Successful resonant leptogenesis possible at the TeV scale at the price of a 
strong mass degeneracy, e.g.

⇒ can be tested via direct production of heavy Majorana neutrinos at colliders   
+ contributions to flavour violating processes in the charged lepton sector

[note : this assumes cancellations in the seesaw formula, such that the heavy neutrino 
couplings are larger than suggested by the SM neutrino masses, namely                       
rather than                                  ]

[Dev, Millington, Pilaftsis, Teresi ’14]
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A recent study :  “tri-resonant leptogenesis”

Assumes three nearly degenerate heavy Majorana neutrinos with mass differences 
comparable to their widths (motivated by SO(3) and Z6 symmetries)

Results in the (M1, light-heavy mixing^2) plane :

Left plot (cLFV) : solid = current bound, dashed = future bounds

Right plot (colliders) : reach of LHC14 with                                                 
and of FCC-ee

Successful leptogenesis possible with M1 as light as 50 GeV

[Candia da Silva, Karamitros, McKelvey, Pilaftsis ’22]

Allowed parameter space from cLFV processes and Colliders
[P. Candia da Silva, D. Karamitros, T. McKelvey, A.P., arXiv:2206.08352.]

Blα !
(
MD

)
lα
m−1

Nα
: light-to-heavy neutrino mixings

Hypothesis: Democratic flavour models based on ∼Z3 or ∼Z6 symmetries.

INVISIBLES ’22 Leptogenesis and Charged LFV A. Pilaftsis
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Thermal leptogenesis does not work for GeV-scale sterile neutrinos (they 
would decay after sphaleron freeze-out), but their CP-violating oscillations   
can produce a lepton asymmetry above the electroweak phase transition  
(ARS mechanism)

This is how the baryon asymmetry of the Universe is produced in the   MSM, 
where N1 is a keV sterile neutrino that constitutes dark matter, while N2 and 
N3 have GeV-scale masses

However, large lepton asymmetries are needed to resonantly produce N1
Can be due to N2 and N3 decays after sphaleron freeze-out                       ,
but requires extreme fine-tuning:

(also, the value of            and of other parameters must be very precisely tuned)

In addition, as a warm dark matter candidate, N1 is strongly constrained by 
structure formation

Leptogenesis from sterile neutrino oscillations

[Akhmedov, Rubakov, Smirnov ’98]

[Asaka, Shaposhnikov ’05]
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[Canetti et al. ’12]
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Out-of-equilibrium condition:  due to their small couplings to the SM leptons, 
GeV-scale sterile neutrinos typically do not reach thermal equilibrium before 
sphaleron freeze-out ⇒ « freeze-in leptogenesis »

                           sterile neutrino production rate, with

              ⇒ 

The CP-violating oscillations of sterile neutrinos generate asymmetries in the 
different sterile neutrino flavours (neutrinos and antineutrinos oscillate with 
different probabilities), which are transferred to the active sector by the SM 
leptons / sterile neutrino interactions. Eventually net lepton asymmetries 
develop in the active and in the sterile sectors (which sum up to zero if lepton 
number violating processes are negligible)

Sphalerons convert part of the SM lepton asymmetry into a baryon asymmetry, 
which is frozen below the electroweak phase transition (even if the lepton 
asymmetry continues to evolve)

Key points of the ARS mechanism
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If do not require N1 to constitute the dark matter, the strong fine-tuning of  
the MSM is relaxed

Under suitable conditions on the sterile neutrino couplings, ARS leptogenesis  
is even possible for M as large as 100 TeV

Large values of the active-sterile neutrino mixing U arise when some tuning is 
present in the sterile neutrino couplings (can be justified by symmetries)

<latexit sha1_base64="zIhcaHd+WBr3Ci3O673InOlReVQ="></latexit>⌫ [Antusch et al. ’17]
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FIG. 9. The range of the total mixing angle U2 consistent with both the seesaw mechanism and

leptogenesis as a function of HNLs’ mass MN . The black solid lines show the results obtained

with the full kinetic equations and vanishing initial conditions for HNLs. The blue, dashed lines

correspond to thermal initial conditions. In this regime the freeze-in does not contribute to the

asymmetry generation. The red, dotted line corresponds to neglecting the e↵ect of the expansion

of the Universe on the distribution of the heavy neutrinos. In this case the freeze-out cannot

contribute and the asymmetry is generated during freeze-in. The color contours represent the

largest allowed value of the mass splitting �M/M . Within the white regions the mass splitting is

smaller than 10�6. The left (right) panel shows the case of normal (inverted) hierarchy.

C. Constraints on the heavy neutrino mass splitting

The mass splitting between the heavy neutrinos is one of the most important parameters

for both leptogenesis scenarios. The main reason why leptogenesis is so sensitive to the

mass splitting �M between the heavy neutrinos is that this parameter sets the scale for the

oscillations that violate CP and lead to a lepton asymmetry. The temperature corresponding

to the onset of oscillations depends on the Hubble rate and is given as [21]

Tosc ⇡ (M0M�M)1/3 if Tosc � MN , (52)

where M0 =
p

90/ (8⇡3g⇤)MPl and g⇤ is the e↵ective number of relativistic degrees of free-

dom. For heavier neutrinos, it is possible that the oscillations begin when they are already

non-relativistic, which gives us a di↵erent temperature since the typical HNL energy is M

instead of T

Tosc ⇡ (M0�M)1/2 if Tosc
<
⇠ MN . (53)

[Klaric, Shaposhnikov, Timiryasov ’21]



If the 3 sterile neutrinos contribute to the baryon asymmetry of the Universe, 
only a mild tuning of their masses is required

Successful leptogenesis is possible for values of the sterile neutrino masses and 
of their mixing angles with the active neutrinos that can be probed in particle 
physics experiments 

[Drewes, Georis, Klaric ’21]
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Figure 1: Allowed parameter space for leptogenesis with 3
heavy neutrinos for vanishing (inside solid black line) and
thermal (inside dashed black line) initial conditions and
mlightest = 0 eV (upper panel) or mlightest = 0.1 eV (lower
panel). The gray area indicates the experimentally excluded
region identified in the global scan [50], complemented by
the updated BBN bounds from [53, 54]. The coloured lines
indicate the estimated sentitivities of the LHC main detec-
tors (taken from [103–105]) and NA62 [102] along with that
of selected planned or proposed experiments (DUNE [106],
FASER2 [44], SHiP [107, 108] MATHUSLA [43], Codex-b [45])
as well as future lepton colliders [109] or proton colliders [30].

been made in [78], where only the freeze-in and M̄ below
50 GeV were considered. Amongst the various di�erences
between n = 2 and n = 3 discussed in [78], two are most
relevant here. i) Lepton asymmetries can be preserved
from large washout by a flavor hierarchical washout, since
the ratios U2

–i/U2
i with n = 3 are much less constrained by

neutrino oscillation data than for n = 2 [50]. ii) Thermal
e�ects can cause a level-crossing between the Ni dispersion
relations (similar to the well-known MSW e�ect) that
resonantly enhances the asymmetry production, which
cannot be realised in the B ≠ L̄ limit for n = 2. For the
freeze-out (where the Ni are non-relativistic) these two
e�ects appear to play a much smaller role since we find
a large population of points that do not satisfy either
of these two criteria. We instead find that a crucial
element in preventing washout is that one direction in

the ‹Ri flavor space can remain weakly coupled and can
have a much more significant deviation from equilibrium.
This is in contrast to the case with n = 2, where both
reach equilibrium soon after they become non-relativistic
because they form a pseudo-Dirac pair. The deviation
from equilibrium during decays is typically of the order
”ni ¥ ṅeq/≈ , where ≈ ¥ ≈1 ¥ ≈2 is the inverse lifetime
of the two neutrinos ‹R1 and ‹R2 that form the pseudo-
Dirac pair with M2 ƒ M3. If we include a third neutrino
‹R3, its lifetime is not necessarily determined by the
mixing angle U2, it can have a much bigger deviation
from equilibrium. If M3 is very di�erent from M2 and
M1, the B ≠ L̄ symmetry dictates that ‹R1 and ‹R2 form
a pseudo-Dirac pair of mass eigenstates Ni (first two
columns in (4)) with mixings of order U2, while the third
mass eigenstate N3 remains feebly coupled (third column
in (4)). However, in the triple mass-degenerate scenario,
‹R3 can mix with the pseudo-Dirac pair through the mass
term. This explains not only point 1), but also point 3)
because smaller mlightest allow for smaller couplings of ‹R3.
Regarding 2), leptogenesis with thermal initial conditions
is possible for M̄ π v because the enhancement of the
asymmetry due to resonant and flavour e�ects can be
su�cient to overcome the suppression by (M̄/T )2 of the
deviation from equilibrium [86, 110–112].9 Finally, point
4) is a result of the well-known fact that the asymmetries
generated during freeze-in and freeze-out have opposite
signs [115] (cf. [116] for a recent discussion) and partially
cancel each other in the case of vanishing initial conditions.

The much larger range of masses and mixings for which
leptogenesis is feasible for n = 3 compared to n = 2
do not only imply considerably better chances for exist-
ing experiments to discover the Ni, but also imply that
a much larger number of them may be observed. The
price at which this comes is the larger number of model
parameters, which makes the model with n = 3 less pre-
dictive than with n = 2, where in principle all model
parameters can be constrained experimentally [99, 100].
In spite of this, with such a large number of events, one
can perform several consistency checks of the hypotheses
that the model (1) can simultaneously generate the light
neutrino masses and the matter-antimatter asymmetry in
the universe. For instance, if U2 happens to lie near the
current experimental limit, we estimate (using the results
of [104]) that the HL-LHC could observe thousands of
displaced vertex events. This would permit a percent
level determination of the fractions U2

–/U2 (cf. appendix
B of [109]). Moreover, the amount of B ≠ L̄ breaking

9 The late decay of the Ni in this scenario could potentially generate
a lepton asymmetry that greatly exceeds the baryon asymmetry,
which can have interesting phenomenological consequences, in-
cluding enhanced singlet fermion DM production [8] and a�ect
the nature of the QCD transition [113] and primordial black hole
production [114].

[Abada et al. ’18]



Conclusions

In spite of enormous progress in neutrino physics over the past 25 years, 
the origin of neutrino masses remains a mystery

Theoretical arguments strongly suggests that neutrinos should be Majorana 
fermions, but an experimental observation of neutrinoless double beta 
decay is mandatory to validate them

If the new physics at the origin of neutrino masses is light (TeV-scale or 
less), it may yield observable signatures: production of new particles 
coupling to leptons at colliders (possibly with lepton number violating 
signatures), charged lepton flavour violation, non-standard contributions   
to neutrinoless double beta decay… 

If the new physics at the origin of neutrino masses is heavy, leptogenesis 
might be its only observable consequence (beyond neutrino masses)


