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What created more matter than 
anti-matter?

What is the nature of particles 
and forces at the GUT scale?
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Physics
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•Mass ordering?

•Precise LMM structure?

•CP-violation?

•Absolute mass scale?

PDG

•Dirac or Majorana?

3X

i=1

mi  0.2 eV
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It is clear neutrinos much lighter than other 
known fermions 
   

http://pdglive.lbl.gov/DataBlock.action?node=S066MNS
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Simple to distinguish an electron from its antimatter counterpart →electric charge.

⌫
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neutrino 
L = + 1

antineutrino 
L = -1 

The nature of the neutrino is linked to lepton number.

⌫ = C⌫T
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Majorana condition

Lepton Number Violation and Majorana neutrinos 

Neutrino electrically neutral → the anti-neutrino may be “indistinguishable” from neutrino

lepton number conserved → neutrino Dirac fermions

lepton number violated    → neutrino Majorana fermions
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Neutrinoless double beta decay

(A,Z) ! (A,Z + 2) + 2e�
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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me
|m�� |

2 M2

NUCL , (3)

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

|m�� | ⌘

���m1|Ue1|
2 + m2|Ue2|

2 ei↵21 + m3|Ue3|
2 ei(↵31�2�)

��� . (4)

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

31
and �m2

21
and an unknown overall scale set by the lightest

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

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

mNO,m1⇠0

�� '

���
p
�m2

21
sin2✓12 cos2✓13 +

p
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31
sin2✓13ei(↵32�2�)

��� ' 1.1 � 4.2 meV, (5)
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�
↵21
2

�
' 15 � 50 meV, (6)

mm1'm2'm3⌘m0
�� ' m0

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

�� ' (0.29 � 1)m0 , (7)

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

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

|hmi|
IO

�

q
|�m2

32
| cos 2✓12 ' 15 meV . (8)

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

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

8

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
W

Neutrinoless double beta decay, Figure 1

e

e-

-

massive neutrinos mediate this process. 

NDBD gives important information on the properties of neutrinos

as it probes lepton number violation.

Offer important information on masses and possibly CP-violation
7
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Decay rate 
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<latexit sha1_base64="QejhDmfQplmfDw91GfY83VWEWa4=">AAACH3icbVDLSgNBEJz1bXxFPXoZDIKnuBt8HUUPehEUjArZuMxOepMhM7PLTK8Q1vyJF3/FiwdFxJt/4yTm4KugoajqprsrzqSw6Psf3tj4xOTU9MxsaW5+YXGpvLxyadPccKjzVKbmOmYWpNBQR4ESrjMDTMUSruLu0cC/ugVjRaovsJdBU7G2FongDJ0UlXfDY6YUi4pgq9anoRWKhhISvFNRAeAUI9odvLupnd7UoiI0iuqcy35UrvhVfwj6lwQjUiEjnEXl97CV8lyBRi6ZtY3Az7BZMIOCS+iXwtxCxniXtaHhqGYKbLMY/tenG05p0SQ1rjTSofp9omDK2p6KXadi2LG/vYH4n9fIMdlvFkJnOYLmX4uSXFJM6SAs2hIGOMqeI4wb4W6lvMMM4+giLbkQgt8v/yWXtWqwXd05364cHI7imCFrZJ1skoDskQNyQs5InXByTx7JM3nxHrwn79V7+2od80Yzq+QHvI9Pvimi1A==</latexit>

effective majorana mass

Neutrinoless double beta decay

|mee| =
���c213c212m1 + c213s

2
12e

2i(↵31�↵21)m2 + s213e
�2i(�+↵21)m3

���

<latexit sha1_base64="cTwzDw8z+bEPGYXXtZirlw7bRas="></latexit>

8
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Neutrino masses and the matter anti-matter asymmetry

⌘ =
nB

n�
⇠ 6⇥ 10�10

<latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit><latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit><latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit><latexit sha1_base64="L9nuMmTxa+wo/m5FzpIXrLTuR0o=">AAACG3icbVBNSwMxEM36bf2qevQSLIIXy66IehGKXjwq2Fbo1jKbZmswyS7JrFCW/R9e/CtePCjiSfDgvzGtPWjrg5DHezPMzItSKSz6/pc3NT0zOze/sFhaWl5ZXSuvbzRskhnG6yyRibmOwHIpNK+jQMmvU8NBRZI3o7uzgd+858aKRF9hP+VtBT0tYsEAndQp74cc4SSMDbBcd/LTohh8YQ+UgqIIrVD0MEShuKWBf5PvBX7RKVf8qj8EnSTBiFTICBed8kfYTVimuEYmwdpW4KfYzsGgYJIXpTCzPAV2Bz3eclSDm9bOh7cVdMcpXRonxj2NdKj+7shBWdtXkatUgLd23BuI/3mtDOPjdi50miHX7GdQnEmKCR0ERbvCcIay7wgwI9yulN2CywldnCUXQjB+8iRp7FcDvxpcHlRqp6M4FsgW2Sa7JCBHpEbOyQWpE0YeyBN5Ia/eo/fsvXnvP6VT3qhnk/yB9/kNHFmhYw==</latexit>
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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 
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H• How can we ultraviolet complete this operator at tree-level?
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• SU2L invariant term mass term for neutrinos 

�Ld=5 = �
L.HL.H

M<latexit sha1_base64="xnt1PyU6jDkHNbgobOvtM/tgvK0=">AAACFnicbVDLSgMxFM3UV62vqks3wSK46TBTFd0Uim66qFDBPqBThkwm04ZmHiQZoYT5Cjf+ihsXirgVd/6N6WOhrQcuHM659yb3eAmjQlrWt5FbWV1b38hvFra2d3b3ivsHbRGnHJMWjlnMux4ShNGItCSVjHQTTlDoMdLxRjcTv/NAuKBxdC/HCemHaBDRgGIkteQWy2UnRHKIEVONzFV+9SKDVegwvcFHTsARVg2zDnVl6jZziyXLtKaAy8SekxKYo+kWvxw/xmlIIokZEqJnW4nsK8QlxYxkBScVJEF4hAakp2mEQiL6anpWBk+04sMg5roiCafq7wmFQiHGoac7JzeIRW8i/uf1Uhlc9RWNklSSCM8eClIGZQwnGUGfcoIlG2uCMKf6rxAPkc5C6iQLOgR78eRl0q6Y9plZuTsv1a7nceTBETgGp8AGl6AG6qAJWgCDR/AMXsGb8WS8GO/Gx6w1Z8xnDsEfGJ8/i3aeWA==</latexit>

L

L

H

H• How can we ultraviolet complete this operator at tree-level?

N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

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

Mohapatra, Senjanovic

Ma, Roy, Senjanovic,

Hambye

fermionic 
singlet

scalar 
triplet

fermionic 
triplet

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

Schecter, Valle 
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N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

• Type-I seesaw mechanism
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N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

mD = Y⌫v

<latexit sha1_base64="pUt9aKfVTf1hIvPgxB53H584nko=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVil6Eoh48VrAf0i5LNk3b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvEmnImad0ww2krVhSLkNNmOLyZ+s0RVZpF8sGMY+oL3Jesxwg2VvJFcIuu0GPQkQkaBcWSW3ZnQMvEy0gJMtSC4lenG5FEUGkIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZUYkG1n86OnqATq3RRL1K2pEEz9fdEioXWYxHaToHNQC96U/E/r52Y3qWfMhknhkoyX9RLODIRmiaAukxRYvjYEkwUs7ciMsAKE2NzKtgQvMWXl0njrOxVyuf3lVL1OosjD0dwDKfgwQVU4Q5qUAcCT/AMr/DmjJwX5935mLfmnGzmEP7A+fwBPXuRHg==</latexit>

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

✓
0 mD

mT
D MN

◆

<latexit sha1_base64="4YeLbEGvmgD8Z3cVW4/VtCuIRQc="></latexit>

• Type-I seesaw mechanism



Jessica Turner Institute of Particle Physics Phenomenology 16

N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

✓
0 mD

mT
D MN

◆

<latexit sha1_base64="4YeLbEGvmgD8Z3cVW4/VtCuIRQc="></latexit>

find eigenvalues 
of mass matrix 

m⌫ =
Y 2
⌫ v

2

MN
⇠ 0.1 eV

• Type-I seesaw mechanism

mD = Y⌫v

<latexit sha1_base64="pUt9aKfVTf1hIvPgxB53H584nko=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVil6Eoh48VrAf0i5LNk3b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvEmnImad0ww2krVhSLkNNmOLyZ+s0RVZpF8sGMY+oL3Jesxwg2VvJFcIuu0GPQkQkaBcWSW3ZnQMvEy0gJMtSC4lenG5FEUGkIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZUYkG1n86OnqATq3RRL1K2pEEz9fdEioXWYxHaToHNQC96U/E/r52Y3qWfMhknhkoyX9RLODIRmiaAukxRYvjYEkwUs7ciMsAKE2NzKtgQvMWXl0njrOxVyuf3lVL1OosjD0dwDKfgwQVU4Q5qUAcCT/AMr/DmjJwX5935mLfmnGzmEP7A+fwBPXuRHg==</latexit>
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N

νL H

νL H

H H

νL νL

∆

νL H

νL H

Σ

L = Y⌫L�̃N � 1

2
MNN cN

<latexit sha1_base64="5i+1wiHcoCU1M/KkBn2YryYvTQk="></latexit>

✓
0 mD

mT
D MN

◆

<latexit sha1_base64="4YeLbEGvmgD8Z3cVW4/VtCuIRQc="></latexit>

find eigenvalues 
of mass matrix 

m⌫ =
Y 2
⌫ v

2

MN
⇠ 0.1 eV

Seesaw mechanism qualitatively satisfies Sakharov’s conditions!

• Type-I seesaw mechanism
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N

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

19

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

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

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

✏i =
�i � �i

�i + �i
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Thermal leptogenesis 
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Washout and scattering processes 

Thermal leptogenesis 
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Astrophysical BHs require M > 3M�

<latexit sha1_base64="mZF3obv2+gAJUPCOBOAFa/psMIw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexqRU9S9OKlUMF+wHYp2Wy2Dc0mSzIrlNKf4cWDIl79Nd78N6btHrT6YODx3gwz88JUcAOu++UUVlbX1jeKm6Wt7Z3dvfL+QduoTFPWokoo3Q2JYYJL1gIOgnVTzUgSCtYJR7czv/PItOFKPsA4ZUFCBpLHnBKwkt+4xueNfk9FCvrlilt158B/iZeTCsrR7Jc/e5GiWcIkUEGM8T03hWBCNHAq2LTUywxLCR2RAfMtlSRhJpjMT57iE6tEOFbalgQ8V39OTEhizDgJbWdCYGiWvZn4n+dnEF8FEy7TDJiki0VxJjAoPPsfR1wzCmJsCaGa21sxHRJNKNiUSjYEb/nlv6R9VvVq1Yv7WqV+k8dRREfoGJ0iD12iOrpDTdRCFCn0hF7QqwPOs/PmvC9aC04+c4h+wfn4Biw+kIw=</latexit>

For smaller BH mass (between Planck and solar mass scale) require large 
perturbations in the early Universe : bubble collision, collapse of 
density perturbations…

Carr et al, 0912.5297

Hawking, 1975rS ⇠ �C

<latexit sha1_base64="n0b+0j/ZqYPI0LGKiFzhtkRmPmk=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSi6LLYjcuK9gFNCJPJpB06MwkzEyGE+ituXCji1g9x5984bbPQ1gMDh3Pu4d45Ycqo0o7zbVXW1jc2t6rbtZ3dvf0D+/Cop5JMYtLFCUvkIESKMCpIV1PNyCCVBPGQkX44ac/8/iORiibiQecp8TkaCRpTjLSRArsug3tPUQ49ZkIRCor2NLAbTtOZA64StyQNUKIT2F9elOCME6ExQ0oNXSfVfoGkppiRac3LFEkRnqARGRoqECfKL+bHT+GpUSIYJ9I8oeFc/Z0oEFcq56GZ5EiP1bI3E//zhpmOr/2CijTTRODFojhjUCdw1gSMqCRYs9wQhCU1t0I8RhJhbfqqmRLc5S+vkt55071oXt5dNFo3ZR1VcAxOwBlwwRVogVvQAV2AQQ6ewSt4s56sF+vd+liMVqwyUwd/YH3+AIKxlLE=</latexit>

PBHs evaporate by emitting particles
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exp[Ej(p)/TBH]� (�1)2sj
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<latexit sha1_base64="axpPWW9Y9sk7GvWp9zFbbersf9Y="></latexit>

PBHs are totally indiscriminate in their particle production: just need TBH 
to be close to particle mass

Work in collaboration with Yuber Perez Gonzalez:  2010.03565

Primordial Black holes induced leptogenesis 

31

TBH =
1

8⇡GM
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✓
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◆
GeV .
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https://arxiv.org/pdf/2010.03565.pdf
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PBH are formed PBH evaporate

RH neutrinos matter anti-matter 
asymmetry

assume PBH domination
zBH =

MN
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A. PBH evaporate before RH are thermally produced from plasma → PBH evaporation creates an 
initial condition which gets erased by fast interactions in the plasma 

B. PBH evaporation happens during thermal leptogenesis 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A. PBH evaporate before RH are thermally produced from plasma → PBH evaporation creates an 
initial condition which gets erased by fast interactions in the plasma 

B. PBH evaporation happens during thermal leptogenesis 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C. PBH evaporation occurs after thermal leptogenesis era
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D. PBH evaporation occurs way after thermal leptogenesis era

Mi = 104 g �i = 10�3 MN = 1011 GeV
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Mi = 104 g �i = 10�3 MN = 1011 GeV
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MN = 1011 GeV
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For RHN masses 1000 GeV or less, proving there was a existed a PBH dominated Universe 
would place leptogenesis under serious tension

PBHs are the epitome of democratic: they produce gravitons as well as all other 
particle d.o.f
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Half time Summary 

• Leptogenesis is one of the leading explanations of the matter anti-matter asymmetry. Added bonus 
is that light neutrino masses are also explained.

• It is entirely feasible the Universe underwent some non-standard cosmology such as PBH 
domination

• Due to the democratic nature of PBH, all particle degrees of freedoms are produced if the PBH is 
sufficiently hot.

• Non-trivial interplay between leptogenesis era and PBH evaporation. In some regions of the PS 
there is significant enhancement while in the low mass right-handed neutrino regime, heavier PBHs 
produce a giant entropy dump which dilutes the matter anti-matter asymmetry.

• While thermal leptogenesis is a very scale mechanism and therefore difficult to test, future probes of 
ultrahigh frequency GWs could falsify the intermediate scale leptogenesis.

44
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The role of GUTs 
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GUTs can explain apparent arbitrariness of fermion masses and mixing

The role of GUTs

Thanks to 
Ye-Ling Zhou for figure
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GUT prediction 1: proton decay 
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Proton decay from GUTs 
GUTs unify leptons and quarks into common multiplets and as GUTs broken to SM gauge group, 
heavy gauge boson integrated out → BNV interactions i.e. proton decay 

⇤1 > 6.7⇥ 1015 GeV

⇤2 > 3.9⇥ 1015 GeV
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https://arxiv.org/abs/1610.03597
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The next generation of neutrino oscillation experiments are big vats of stuff sitting around for a 
long time (forgive me experimentalists ……)

Super-Kamiokande and JUNO ~ 20 kiloton =) 1033 protons
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Limits (or even finding!) proton decay 
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Nucleon decay limits 
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proton decay in SO(10) 

Gx = G3221 orG421
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2005.13549 in collaboration with  
Stephen King, Silvia Pascoli, and 
Ye-Ling Zhou use PD and GWs to 
examine viable SO(10) GUT breaking 
chains.

https://arxiv.org/abs/2005.13549
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GUT prediction 2: cosmic strings 
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topological defects in GUTs 
Cosmic strings induced via U(1) symmetry breaking are ubiquitously as GUT breaks to SM gauge group.
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Strings intersect to form loops and cusps. Loop loss energy / decay via gravitational radiation 

0511159.pdf

Number of simulations based on velocity-
dependent one scale model Bennett, 
Blanco-Pillado, Bouchet, Martins, Olum, 
Ringeval, Sakellariadou, Shlaer, Shellard, 
Vanchurin, Vilenkin ……


1808.08968.pdf

Cui, Lewicki, Morrissey and Wells


string tension

53

Kibble, Nielsen-Ole


https://arxiv.org/pdf/gr-qc/0511159.pdf
https://arxiv.org/pdf/1808.08968.pdf
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topological defects in SO(10) 

Complete study of topological defects in GUTs 0308134

monopoles and domains walls 
are unwanted topological defects

Gx = G3221 orG421
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introduce a period of inflation
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If do not distinguish monopole and domain wall, we can simplify the plot to the 
following. Deleting any intermediate symmetry may change topological defects, but 

unwanted topological defects are always involved. 
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https://arxiv.org/abs/hep-ph/0308134
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Inflationary period 
• Inflation occurs before string formation → string network will produce its normal “scaling” solution 
→ GW signal has its usual flat form.

• Inflation occurs after string formation → string network  will be exponentially diluted and no GW signal

• Inflation occurs during string formation → diluted string network → GW spectrum has broken power 
law behaviour (Cui, Lewicki, Morrissey) 1912.08832

Diluted by inflation ⇤cs = 1014 GeV
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⇤cs = 1010 GeV

<latexit sha1_base64="pLRZ5fOdjruw+3jbrPRwdSr8qgQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjFd0IRRe6cFHBPqAzlkwmbUOTzJBkhDLMB7jxV9y4UMStH+DOvzGdzkJbDwQO55zLzT1+xKjStv1tFRYWl5ZXiqultfWNza3y9k5LhbHEpIlDFsqOjxRhVJCmppqRTiQJ4j4jbX90OfHbD0QqGoo7PY6Ix9FA0D7FSBupV664NyYcoF7iSg6xSs8d+z5x7NQ9ypQr0kpNyq7aGeA8cXJSATkavfKXG4Q45kRozJBSXceOtJcgqSlmJC25sSIRwiM0IF1DBeJEeUl2TAoPjBLAfijNExpm6u+JBHGlxtw3SY70UM16E/E/rxvr/pmXUBHFmgg8XdSPGdQhnDQDAyoJ1mxsCMKSmr9CPEQSYW36K5kSnNmT50nruOrUqie3tUr9Iq+jCPbAPjgEDjgFdXANGqAJMHgEz+AVvFlP1ov1bn1MowUrn9kFf2B9/gAik5po</latexit>

⇤cs ⌘
p
µ

<latexit sha1_base64="O9SgGaQfQstrCCgXSgIl1oqI/Gs=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkqgrGChYGhSPQhNVHkOE5r1U5S26lURZlZ+BUWBhBi5QvY+BvcNgO0HMnS0Tnn6voeP2FUKsv6Nkorq2vrG+XNytb2zu6euX/QlnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/vJn6nTERksbRg5okxOWoH9GQYqS05JnHzp0OB8jLHMEhlrlDRikdQ0eOhMocnuaeWbVq1gxwmdgFqYICTc/8coIYp5xECjMkZc+2EuVmSCiKGckrTipJgvAQ9UlP0whxIt1sdkoOT7USwDAW+kUKztTfExniUk64r5McqYFc9Kbif14vVeGVm9EoSRWJ8HxRmDKoYjjtBQZUEKzYRBOEBdV/hXiABMJKt1fRJdiLJy+T9nnNrtcu7uvVxnVRRxkcgRNwBmxwCRrgFjRBC2DwCJ7BK3gznowX4934mEdLRjFzCP7A+PwBCZ2bJA==</latexit>

https://arxiv.org/abs/1912.08832
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• Type (a) via SU(5) x U(1) predicts 𝝠pd > 𝝠cs

Neutrino and GW data as a complementary window 

• Type (b) via flipped SU(5) x U(1) predicts 𝝠pd ~ 𝝠cs

• Type (c) via flipped SU(4) x SU(2)L x SU(2)R  predicts 𝝠pd > 𝝠cs

• Type (d) via SU(5) no GWs predicted

Observables
Proton decays

                 observed      non-SUSY contribution indicated

GWs

Observed • types (a) and (c) favoured 

• types (b) and (d) excluded

Marginal
• types (a) and (c) favoured 

• type (d) excluded 

• type (b) allowed if                 not observed and                    
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<latexit sha1_base64="VoXpNjYOSHxsJVOD4JSUvr8vlG8=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmkRZdFF7qsYB/QxDKZTtqhM5MwMxFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7TxAzqrTjfFsrq2vrG5ulrfL2zu7evn1w2FFRIjFp44hFshcgRRgVpK2pZqQXS4J4wEg3mFxP/e4jkYpG4l6nMfE5GgkaUoy0kQZ2xXUeMreRQ+8MepJnN6STD+yqU3NmgMvELUgVFGgN7C9vGOGEE6ExQ0r1XSfWfoakppiRvOwlisQIT9CI9A0ViBPlZ7Pjc3hilCEMI2lKaDhTf09kiCuV8sB0cqTHatGbiv95/USHl35GRZxoIvB8UZgwqCM4TQIOqSRYs9QQhCU1t0I8RhJhbfIqmxDcxZeXSee85tZrjbt6tXlVxFECR+AYnAIXXIAmuAUt0AYYpOAZvII368l6sd6tj3nrilXMVMAfWJ8/tiCTiw==</latexit>

https://arxiv.org/abs/1807.06211
https://arxiv.org/abs/1610.03597
https://arxiv.org/abs/2009.04496
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Summary 

• Proton decay is a smoking gun of GUTs and the next generation of neutrino oscillation experiments 
will probe the ultrahigh GUT scale determination of the proton lifetime.

• Study the interplay of these three scales allows us to determine the viability of various types of  
breaking chains, with recent result from NANOGrav there is a preference for type (a)

• Topological defects are prodigiously produced during GUT symmetry breaking. The undesirable 
kind are monopoles and domain walls which, if existent, must have been inflated away. As defects 
cosmic strings are “well behaved” and can generate GW. 

• Presence/absence  and nature of cosmic strings is determined by the inflationary scale.

• We are entering an exciting era where new observations of GWs from the heavens and proton decay 
experiments from under the Earth can provide complementary windows to reveal the details of the 
unification of matter and forces at the highest energies. 



Thank you!
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