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Course outline

Neutrino oscillations in vacuum and in matter 

Historical introduction and Neutrinos in the Standard Model 

Three-Neutrino phenomenology 

Neutrino physics beyond the Standard Model 
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Historical introduction and Neutrinos in the Standard Model 
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What is a neutrino?

✦ spin 1/2 particle 

✦ massless particle (almost)

✦ neutral 

✦ 3 flavors (mixing)

Anything else?

✦ our body emits 4000 neutrinos/s (40K decay) 

✦ the Universe contains ∼ 330x106 neutrinos/m3

Every second we are traversed by: 

✦ 400x1012 neutrinos from the Sun 

✦ 50x109 neutrinos from natural radioactivity 

✦ 10x109 neutrinos from nuclear power plants

Moreover:
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Neutrino sources
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Neutrino sources
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Why neutrinos are so important?

✦ They can probe environments that other techniques cannot: SN 
explosions, the core of the Sun,... 

✦ Their role is crucial for the evolution of the universe (Big Bang 
Nucleosynthesis, structure formation). 

✦ They could help explaining the  matter-antimatter asymmetry of the 
Universe (leptogenesis mechanism). 

✦ They could be a component of the dark matter of the universe. 

✦ They provide the first evidence for physics beyond the SM!!! 
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However: there are still many open questions in 
neutrino physics

✦ They can probe environments that other techniques cannot: SN 
explosions, the core of the Sun,... 

✦ Their role is crucial for the evolution of the universe (Big Bang 
Nucleosynthesis, structure formation) 

✦ They could help explaining the  matter-antimatter asymmetry of the 
Universe (leptogenesis mechanism) 

✦ They could be a component of the dark matter of the universe. 

✦ They provide the first evidence for physics beyond the SM!!! 

Why neutrinos are so important?
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Historical introduction  

to neutrino physics
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1910-1920: Experiments on radioactive decay of atomic nuclei

The proposal of the neutrino

c"

Meitner and Hahn

Energy and momentum conservation  
⇒ emitted electrons should have a fixed energy

Niels Bohr suggested that energy may not 
be conserved in individual nuclear processes

Chadwick
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1930: Pauli introduced the neutrino to explain the continuous electron spectrum 

The proposal of the neutrino

c"

n → p+ e− + ν̄e

+?
➡ from conservation of angular momentum: spin 1/2
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Fermi theory for weak interactions

1933: Fermi postulated the first theory of nuclear beta decay, the 
theory of weak interactions (in analogy with QED Lagrangian)

➡ new name for particle: neutrino

1932: James Chadwick discovers the neutron (mass similar to proton)

GFn → p + e− + ν̄e Enrico Fermi

ℒβ =
Gβ

2
ψpγαψnψeγαψν + h . c .
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1934: Bethe and Peierls used Fermi theory to calculate the cross section σ 
for the processes:

ν + n → p+ e−

ν̄ + p → n+ e+

Tiny compared with σγp ∼ 10-25 cm2 ) !!!

→ mean free path of neutrinos in water and lead

Where was the neutrino?

Exercises
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Pauli, 1930

Difficult but not impossible!

N = ϕ σ Ntarg Δt

 with a 1000 kg detector and a flux of 1010 ν/s: few ν events/day

→ solar neutrino flux ∼ 7x1010 ν/cm2/s

→ reactor neutrino flux ∼ 1020 ν/s

Event number in a neutrino experiment:

Neutrino: impossible to detect?

Exercises
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First proposals for neutrino detection

1951: Detec'on a+er a nuclear explosion 1953: Prototype at Hanford reactor

Poltergeist Project

Fred Reines and Clyde Cowan

“The Reines-Cowan Experiments-Detecting the Poltergeist”
Los Alamos Science Number 25 1997
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Discovery of the neutrino
1956: First observation of reactor  νe  by Reines and Cowan.

Telegram to Pauli on 12/06/1956

1995: Nobel 
Prize in Physics 

to Reines

2 tanks with 
200 liters H2O  

+ 
40 kg CdCl2

3 scintillator 
layers with PMTs
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Beyond Fermi theory

ℒβ =
Gβ

2
ψpγαψnψeγαψν + h . c .✦ 1933: Fermi theory for β-decay:

Applied to other decays?

ℒβ =
Gβ

2
Jα

NJeα + h . c .

Jα
e = ψeγαψνJα

N = ψpγαψnwith the currents and

vectors under Lorentz 
transformations → Lorentz scalar

✦ 1936: Gamow & Teller proposed the more general  (Lorentz scalar)ℒ

→

ℒ = c1ψpψnψeψν + c2ψpγαψnψeγαψν + c3ψpσαβψnψeσαβψν

+c4ψpγαγ5ψnψeγαγ5ψν + c5ψpγ5ψnψeγ5ψν

 SxS  VxV  TxT

 AxA
 PxP

Assuming 
parity was 
conserved 

in weak 
interactions
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1956: Lee and Yang proposed parity violation in weak interactions

1957: using a radioactive source of 60Co, Chien-Shiung Wu et al. determined 
that weak interaction violates parity conservation maximally.

τ-θ puzzle:
P = (-1)(-1) = +1

P = (-1)(-1)(-1) = -1

(τ+= θ+ = K+)

Parity violation in weak interactions

Lee and Yang, Phys. Rev. 104 (1956) 254.
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Parity violation in Wu experiment

Fewer electrons 
emitted in the 

direction of the 
magnetic field!

Antineutrinos are 
preferably emitted in 

the direction of the field 
(in parallel to their spin)

J=5 J=4 J=5 J=4

Wu et al, Phys. Rev. 105 (1957)1413.
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1958: Goldhaber et al. showed that neutrinos can only be 
emitted with their spin anti-parallel to their momentum 
direction.

1956: Lee and Yang proposed parity violation in weak interactions

1957: using a radioactive source of 60Co, Chien-
Shiung Wu et al. determined that weak interaction 
violates parity conservation maximally:

τ-θ puzzle:
P = (-1)(-1) = +1

P = (-1)(-1)(-1) = -1

(τ+= θ+ = K+)

e-

spin

momentum

Parity violation in weak interactions

1957: Nobel Prize in Physics (Lee & Yang) 

1978: Wolf Prize in Physics (C.S. Wu)

Lee and Yang, Phys. Rev. 104 (1956) 254.
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Goldhaber experiment

Goldhaber, Grodzins and Sunyar, Phys. Rev. 109 (1958) 1015.

‣ Indirect measurement of neutrino helicity in an electron capture experiment

‣ By angular momentum conservation: 
the spin of the photon and the 
neutrino are always opposite 

‣ By momentum conservation: they are 
also emitted back to back

H(γ) = H(ν)

They measured photon polarization (=helicity)

H(γ) = -1 → H(ν)=-1 → neutrino always left-handed 
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Helicity is the projection of spin 
along the momentum direction 

→ Lorentz-invariant only for massless 
particles

Chirality is an asymmetry property: a 
chiral object is not identical to its mirror 
image, cannot be superimposed on it.

→ Lorentz-invariant although not directly 
measurable

→ Handedness = Chirality

Massless particles:  Helicity = Chirality

Massive particles: Chiral states contain contributions from both helicity states

Ultra-relativistic 
particles: 

LH (RH) chiral projection dominated by a - (+) helicity state

Helicity and Chirality

<latexit sha1_base64="RNNPIDffa8cDCxWB2/Du/ixKcXk="></latexit>

PL,R =
1⌥ �5

2
,  L,R = PL,R 

→ directly measurable
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Parity violation in weak interactions: Gamow and Teller construction 
had to be modified to include terms of the form V x A

ψpγαψnψeγαγ5ψν

Besides, these results proved that neutrinos have negative helicity (small mass): 

ψν = PLψν =
1 − γ5

2
ψν

Leptonic current: Jα
e = ψeγαψν → Jα

e = ψeγα(1 − γ5)ψν

ψeγαPLψν = (PLψe)γαPLψνAnd:
Only LH part of electron field 

participates in weak interactions!!

✦ In general, the V-A current: ψγα(gv − gAγ5)ψ

The V-A theory

In general: ψ = PLψ + PRψ → ψLγα(gv − gAγ5)ψL + ψRγα(gv − gAγ5)ψR

V and AV currents preserve chirality
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More than one neutrino flavour?

1962: Discovery of νμ by Lederman, Schwartz and Steinberger 

1988: Nobel Prize in Physics

1959: Pontecorvo suggested the existence of a different neutrino, associated 
to muon decay and proposed an experiment to check it.

νacc + n → p+ (e− orµ− ?)

π+ → µ+ + νµ

νµ + n → p+ µ−

not e-
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More than two neutrino flavours?

1989: LEP measurements of the invisible decay width of Z boson

1978: Discovery of τ at SLAC → imbalance of energy in τ decay suggests the 
existence of a third neutrino.

→ Nν = 2.984 ± 0.008

-

<latexit sha1_base64="T2zY/VCZj9jWym40cxEW/ILrWlI=">AAACM3icbVBLTsMwFHTKr5RfgSUbiwqJDVUCCFgiWMCySPQjmqp6cV+pVTsJtlOpqnIsOAUXQLBCwI474JYsoDCr8cxYejNBLLg2rvvk5GZm5+YX8ouFpeWV1bXi+kZNR4liWGWRiFQjAI2Ch1g13AhsxApBBgLrQf987NcHqDSPwmszjLEl4TbkXc7AWKldrPgXICW0fQmmp+SIh4OU+niX8AHNrBu6R6dSPeikVj2YkgXGabtYcsvuBPQv8TJSIhkq7eKj34lYIjE0TIDWTc+NTWsEynAmMC34icYYWB9usWlpCBJ1azRpntKdbqSo6SGdvH9mRyC1HsrAZsbX6WlvLP7nNRPTPWnZHeLEYMhsxHrdRFAT0fGAtMMVMiOGlgBT3F5JWQ8UMGNnLtj63nTZv6S2X/aOyodXh6XTs2yIPNki22SXeOSYnJJLUiFVwsgDeSHv5MO5d56dV+ftO5pzsj+b5Beczy95aKtg</latexit>

�inv ⌘ �Z � �had � 3�lep

<latexit sha1_base64="S8jUgvIFfcYK/Jj9JyHqBmh0HZI="></latexit>

N⌫ = �inv/�SM(Z ! ⌫i⌫i)
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More than two neutrino flavours?
2000: Discovery of ντ by the DONUT Collaboration.

800 GeV p ⇒ Ds meson (≡cs) → ντ  τ ⇒ τ detected 
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Neutrinos in the Standard 
Model
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Neutrinos in the Standard Model

 no SU(2) neutrino singlets 
in the SM 

Y = Q - I3



Mariam Tórtola (IFIC-CSIC/UValencia) NBI Neutrino School 202529

-

Neutrino interactions with charged 
leptons

✦ CC weak interactions first described by Fermi as point-like 4-fermion vertex.

✦ Neutrinos were first detected through their weak interactions with charged 
leptons, known as  Charged Current  (CC) interactions.

✦ SM: CC interactions are mediated by the vector boson W (W-, W+) 

W’s couple to 
leptons in the 
same doublet
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-

Discovery of Neutral Currents

✦ Neutral Current interactions were first observed in 1973 with Gargamelle 
bubble chamber

<latexit sha1_base64="8ax0xef/mjCkaSyriA+IqoOMf8w=">AAACI3icbVDJSgNBFOxxjXEb9eilMQiCEGYkqMegF08SwSyQCaGn00ma9DL0IoQhn6M/Y06iggf/xZ44B01Sp3qv6sGrihNGtQmCL29ldW19Y7OwVdze2d3b9w8OG1pahUkdSyZVK0aaMCpI3VDDSCtRBPGYkWY8us305hNRmkrxaMYJ6XA0ELRPMTJu1fWrkXRydp1Gwk66EbfwHN7DyEi4VIo4MkPF0yHqKSn0pOuXgnIwA1wkYU5KIEet60+jnsSWE2EwQ1q3wyAxnRQpQzEjk2JkNUkQHqEBaTsqECe6k86STuBpXypohgTO5r/eFHGtxzx2nuxDPa9ly2Va25r+dSelIrGGCOwsTutbBl0BWWGwRxXBho0dQVhR9yXEQ6QQNq7WoosfzoddJI2LcnhZrjxUStWbvIgCOAYn4AyE4ApUwR2ogTrA4AVMwQf49J69V+/Ne/+1rnj5zRH4B+/7B31DpWA=</latexit>

⌫µ +N ! ⌫µ + hadrons
<latexit sha1_base64="sP4MYEsq6USVrklhFHrs3QUhULc=">AAACGHicdZBLS8NAFIUnPmt9RV26GSyCIJZE6mNZdOOygn1AE8NketMOnTyYmQgl9I/on9GV+Fi58984qVloq3d15n7nwpzjJ5xJZVmfxtz8wuLScmmlvLq2vrFpbm23ZJwKCk0a81h0fCKBswiaiikOnUQACX0ObX94mfP2HQjJ4uhGjRJwQ9KPWMAoUXrlmSdOrHF+nTlROvacMMWHGG6PsKNi/B/0zIpVtSaDZ4VdiAoqpuGZ704vpmkIkaKcSNm1rUS5GRGKUQ7jspNKSAgdkj50tYxICNLNJvHGeD+IBVYDwJP3T29GQilHoa89IVEDOc3y5V+sm6rg3M1YlKQKIqotmgUpxzpz3hLuMQFU8ZEWhAqmf4npgAhCle6yrOPb02FnReu4ap9Wa9e1Sv2iKKKEdtEeOkA2OkN1dIUaqIkoekBP6BW9GffGo/FsvHxb54ziZgf9GuPjCx/vn7g=</latexit>

⌫µ + e� ! ⌫µ + e�

✦ The Glashow-Weinberg-Salam model predicted the existence of weak 
interactions mediated by a neutral vector boson, the Z0

Hasert et al, Phys. Lett. B 46 (1973) 138.
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-

Discovery of Neutral Currents

First evidence for Z boson

Hasert et al, Phys. Lett. B 46 (1973) 138.
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⌫µ +N ! ⌫µ + hadrons
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⌫µ + e� ! ⌫µ + e�

✦ Neutral Current interactions were first observed in 1973 with Gargamelle 
bubble chamber

✦ The Glashow-Weinberg-Salam model predicted the existence of weak 
interactions mediated by a neutral vector boson, the Z0
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Charged Current (CC):

Neutral Current (NC):

✦ Interactions conserve total Lepton Number L:

✦ Family lepton numbers Le, Lμ, Lτ are also conserved.
-

  L(l-) = L(ν) = - L(l+) = - L(ν) = 1

in the SM, only LH 
neutrinos and RH 

antineutrinos 
participate in weak 

interactions

Neutrino interactions in the SM
<latexit sha1_base64="CVbwlQan38GepKQuErM30jOjZBo=">AAACMXicbZDLSsNAFIYn9VbrLerSzWARhGJJpKjLohtXUsFeoEnLZDpphk4mYWYilNCn0sfwBepK1J0v4aRGsK1n9Z/zf2eY/3gxo1JZ1tQorKyurW8UN0tb2zu7e+b+QUtGicCkiSMWiY6HJGGUk6aiipFOLAgKPUba3ugm89uPREga8Qc1jokboiGnPsVI6VHfvGv3zqCjIsj6DmJxgHRbgU6kd7InU4cnk9yBjlNq9yrzdCWjefKL9M2yVbVmBZeFnYsyyKvRN1+cQYSTkHCFGZKya1uxclMkFMWMTEpOIkmM8AgNSVdLjkIi3XSWewJP/EhAFRA46/+yKQqlHIeeZkKkArnoZcP/vG6i/Cs3pTxOFOFYI9rzEwZ15ux8cEAFwYqNtUBYUP1LiAMkEFb6yCUd314Muyxa51X7olq7r5Xr1/khiuAIHINTYINLUAe3oAGaAINn8Ao+wKfxZEyNN+P9By0Y+c4hmCvj6xvLdagT</latexit>

W� ! l�↵ + ⌫↵

W+ ! l+↵ + ⌫↵
<latexit sha1_base64="Svz01dXWRVf6OX8cYddEnDiNSZE=">AAAB+nicbVDLSgMxFM3UV62vURcu3ASLUEHKjBR1IxTduKxgH9CWcie9bUOTmSHJCGXsz+hK1J2f4Q/4N6a1C209i8u595xAzgliwbXxvC8ns7S8srqWXc9tbG5t77i7ezUdJYphlUUiUo0ANAoeYtVwI7ARKwQZCKwHw5uJXn9ApXkU3ptRjG0J/ZD3OANjTx33oNACEQ+AXlE8pS2Z2GEgOem4ea/oTUEXiT8jeTJDpeN+troRSySGhgnQuul7sWmnoAxnAse5VqIxBjaEPjYtDUGibqfTAGN63IsUNQOk0/23NwWp9UgG1iPBDPS8Njn+pzUT07tspzyME4Mhsxar9RJBTUQnPdAuV8iMGFkCTHH7S8oGoIAZ21bOxvfnwy6S2lnRPy+W7kr58vWsiCw5JEekQHxyQcrkllRIlTAyJs/kjbw7j86T8+K8/lgzzuzNPvkD5+MbqcCSQA==</latexit>

(↵ = e, µ, ⌧)

<latexit sha1_base64="3bi3H1yI/3/e3mNxiLkMbzpwE3E="></latexit>

LNC = � g

2 cos ✓W

X

↵

⌫↵L�
µ⌫↵LZ

0
µ

<latexit sha1_base64="GPQ6/a+Cpeb3gPAq0j7EHoXKqSI="></latexit>

LCC = � gp
2

X

↵

⌫↵L�
µl↵LWµ + h.c.
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α

α

-
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Neutrino production in the SM

✦ Weak interactions conserve flavour: neutrinos are always 
produced together with their associated charged lepton (e, μ, τ)
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Neutrino detection

✦ Neutrinos are indirectly detected through the detection of their 
associated charged lepton
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Coherent Elastic ν Nucleus Scattering 
(CEvNS)

Freedman, PRD 1974 Cadeddu et al, EPL 143.3 (2023)
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Coherent Elastic ν Nucleus Scattering 
(CEvNS)

✦ Neutral-current process: ν + N(A,Z) → ν + N(A,Z) 


✦ Low neutrino energies (|q| ≤ 1/Rnucleus) such that nucleon 
amplitudes sum up coherently (E≲100MeV)


➡ cross section is enhanced as (Ntarget)2

➡ up to 2 times larger than IBD: one can use kg-size 
detectors!


Freedman, PRD 1974

QSM
V = gp

VZ + gn
v N ∼ gn

V N

dσνN

dEnr

CEvNS

SM

=
G2

FmN

π
F2

W ( | ⃗q |2 ) (1 −
mNEnr

2E2
ν ) (QSM

V )2
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COHERENT Coll. Science 357 (2017) 1123

∝ N2

⇒ smaller detectors!

Coherent Elastic ν Nucleus Scattering 
(CEvNS)

2017: First observed at the 
Spallation Neutron Source 
(Oak Ridge National Lab)
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Nuclear form factor

Weak nuclear charge Axial contribution: 
small for most 

nuclei, it cancels out 
for nuclei with even 
number of p and n

<latexit sha1_base64="NEVpFbyWb3BZXwNrf5NHfwax1zI=">AAACBXicbVDLTsJAFJ36RHxVXbqZQExwAWkJUTcmRDeuDCRCiW1tpsMUJkwfmZmakIa1/oyujLrzB/wB/8YBu1DwrM6959zknuMnjAppGF/a0vLK6tp6YaO4ubW9s6vv7XdFnHJMOjhmMe/5SBBGI9KRVDLSSzhBoc+I5Y8up7p1T7igcXQjxwlxQzSIaEAxkmrl6aW2Z8FzaMPbilltOIJGd3VHDolEnnUMq/Aaup5eNmrGDHCRmDkpgxwtT/90+jFOQxJJzJAQtmkk0s0QlxQzMik6qSAJwiM0ILaiEQqJcLNZlgk8CmIO1QNwNv/2ZigUYhz6yhMiORTz2nT5n2anMjhzMxolqSQRVhalBSmDMobTSmCfcoIlGyuCMKfqS4iHiCMsVXFFFd+cD7tIuvWaeVJrtBvl5kVeRAEcghKoABOcgia4Ai3QARg8gmfwBt61B+1Je9Fef6xLWn5zAP5A+/gGsp6Vbw==</latexit>

QW = [Z(1� 4 sin2 ✓W )�N ]
<latexit sha1_base64="TiUTASBe7QDR40RSscbYglWdxeg=">AAAB+3icbVDLSsNAFJ34rPUVdSO4GSyCq5LUoi6LblxWsA9oYphMJ+3QmSTM3Agl1J/Rlag7/8If8G+c1iy09azOvedcuOeEqeAaHOfLWlpeWV1bL22UN7e2d3btvf22TjJFWYsmIlHdkGgmeMxawEGwbqoYkaFgnXB0PdU7D0xpnsR3ME6ZL8kg5hGnBMwqsA89zeP7mgdDBiToYDNK7FRrZ4FdcarODHiRuAWpoALNwP70+gnNJIuBCqJ1z3VS8HOigFPBJmUv0ywldEQGrGdoTCTTfj5LMMEnUaKw+QHP5t/enEitxzI0HklgqOe16fI/rZdBdOnnPE4zYDE1FqNFmcCQ4GkRuM8VoyDGhhCquPkS0yFRhIKpq2ziu/NhF0m7VnXPq/XbeqVxVRRRQkfoGJ0iF12gBrpBTdRCFD2iZ/SG3q2J9WS9WK8/1iWruDlAf2B9fANVEZM/</latexit>

sin2 ✓W ⇠ 0.23 → neutron contribution 
dominates

✦ Standard Model CEvNS cross section:
Barranco et al, JHEP 2005

Freedman, PRD 1974

✦ New physics may affect the nuclear form factor, weak nuclear charge or add 
new terms to the cross section

Physics potential of CEvNS
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Neutrino masses
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decomposing into its chiral states:

→ OK for most of particles but SM neutrino has only a L-chiral state (no ψR)

→ Dirac mass term

→ not invariant under SU(2)x U(1) gauge invariance: it couples 𝝍L with 𝝍R 

✦ Solved by Higgs mechanism: after SSB, Dirac mass terms appear from 
Yukawa couplings:

<latexit sha1_base64="ZeNJe9SOVa/auI6/UnwwHZkjVj4=">AAAB+HicbVDLTsMwENyUVymvAuLExaJC4lQlqAKOFVw4Fok+pCaqHNdprdpxZDtIJeq/wAkBN76DH+BvcEoO0DKH1ezOrLQ7YcKZNq775ZRWVtfWN8qbla3tnd296v5BR8tUEdomkkvVC7GmnMW0bZjhtJcoikXIaTec3OR694EqzWR8b6YJDQQexSxiBBs7GlSPBPKlNeT7mZ9oNsvLoFpz6+4caJl4BalBgdag+ukPJUkFjQ3hWOu+5yYmyLAyjHA6q/ippgkmEzyifUtjLKgOsvn5M3QaSYXMmKJ5/9ubYaH1VITWI7AZ60UtH/6n9VMTXQUZi5PU0JhYi9WilCMjUZ4CGjJFieFTSzBRzF6JyBgrTIzNqmLf9xafXSad87p3UW/cNWrN6yKIMhzDCZyBB5fQhFtoQRsIZPAMb/DuPDpPzovz+mMtOcXOIfyB8/ENp5mTsA==</latexit>

m  
<latexit sha1_base64="FTCmf5ZOs6i3kpxwtjtBqDsB4IQ=">AAAB/nicbZDLSsNAFIYnXmu9RV12M1gEQSiJFHVZdOPCRRV7gSaEyfSkHTq5ODMplFLQl9GVqDsfwhfwbZy0WWjrWX1z/n/g/L+fcCaVZX0bS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iQTOImgopji0EwEk9Dm0/MFVpreGICSLo3s1SsANSS9iAaNE6ZVnlpxEMuzAQ8qGOGPvBp/M4M4zy1bFmg5eBDuHMsqn7plfTjemaQiRopxI2bGtRLljIhSjHCZFJ5WQEDogPehojEgI0h1PQ0zwURALrPqAp+/f3jEJpRyFvvaERPXlvJYt/9M6qQou3DGLklRBRLVFa0HKsYpx1gXuMgFU8ZEGQgXTV2LaJ4JQpRsr6vj2fNhFaJ5W7LNK9bZarl3mRRRQCR2iY2Sjc1RD16iOGoiiJ/SC3tGH8Wg8G6/G28y6ZOR/DtCfMT5/ABm4lNw=</latexit>

 ⌘  L +  R

Fermion masses in the SM

→ a Dirac mass term for neutrinos can not be built in the Standard Model

✦  In the SM, fermion masses appear in the lagrangian with terms like:

<latexit sha1_base64="xD9CKHyduKnEkI6jJaQJjtE+AHI="></latexit>

�LD = m  = m( L +  R)( L +  R) = m L R +m R L

(1,1,0)(1,1,0)
→
SSB 

<latexit sha1_base64="/EBM6CzJRgkotxZH34w2sU9yQUM=">AAACD3icbVC7TsMwFHV4lvIKMLJYVEgMqEqqChgrWBgYCqIP1ESR4zqtVeeB7VSqrHwE/AxMCNiQ+AH+Bid0gJaz+Piecy2f4yeMCmlZX8bC4tLyympprby+sbm1be7stkWcckxaOGYx7/pIEEYj0pJUMtJNOEGhz0jHH13kemdMuKBxdCsnCXFDNIhoQDGSeuSZx07AEVbjTDninktVyzJ4B51Y7+RPKicR1LvKiuPGMytW1SoA54k9JRUwRdMzP51+jNOQRBIzJETPthLpKsQlxYxkZScVJEF4hAakp2mEQiJcVaTK4GEQcyiHBBb3316FQiEmoa89IZJDMavlw/+0XiqDM1fRKEklibC2aC1IGZQxzMuBfcoJlmyiCcKc6l9CPES6IKkrLOv49mzYedKuVe2Tav26XmmcT4sogX1wAI6ADU5BA1yCJmgBDB7BM3gD78aD8WS8GK8/1gVjurMH/sD4+Aa8up2s</latexit> vp
2
Y  L R

<latexit sha1_base64="tewSSxqDMMB6QLXi+uhY9BlFpX8="></latexit>

�LYukawa = Y  L�̃ R + h.c.
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✦ We build a R-chiral field from a L-chiral field by charge conjugation: 

→ the total neutrino field is:

→ taking the charge conjugate:

neutrino = antineutrino

Majorana mass term:

Ĉ = iγ2γ0

However: this mass term not invariant under weak isospin (IW=1)

Majorana, ∼1930

Majorana neutrino mass

<latexit sha1_base64="nkh7ZxsKLCq3OWhI7xXRJtHfP6I=">AAACFHicbVC7TsMwFHXKq5RXgJHFokJiqhKEgAWpogsDQ0F9SU1bOe5ta9V5YDuVqqi/AT8DEwIWxM7f4IQM0HKmc+851/I5bsiZVJb1ZeSWlldW1/LrhY3Nre0dc3evIYNIUKjTgAei5RIJnPlQV0xxaIUCiOdyaLrjSqI3JyAkC/yamobQ8cjQZwNGidKrnmk7oWS9O+zAfcQmOJ1uuhV8iZ0RUXFl5gT6PHk9TrRZt9Yzi1bJSoEXiZ2RIspQ7ZkfTj+gkQe+opxI2batUHViIhSjHGYFJ5IQEjomQ2hr6hMPZCdOo83w0SAQWI0Ap/Nvb0w8Kaeeqz0eUSM5ryXL/7R2pAYXnZj5YaTAp9qitUHEsQpw0hDuMwFU8akmhAqmf4npiAhCle6xoOPb82EXSeOkZJ+VTm9Pi+WrrIg8OkCH6BjZ6ByV0TWqojqi6BE9ozf0bjwYT8aL8fpjzRnZzT76A+PzG9TFnqk=</latexit>

 R ⌘  C
L = Ĉ 

T <latexit sha1_base64="9+7uwgok0KA8ZW/JZolFprLwg6Q=">AAAB/3icbVC7TsMwFHV4lvIKMMJgUSExVUlVAQtSRRfGItGH1ITqxnVaq3YS2Q5SFXWAn4EJARv/wA/wN7glA7Sc5Z57z7Hkc4KEM6Ud58taWl5ZXVsvbBQ3t7Z3du29/ZaKU0lok8Q8lp0AFOUsok3NNKedRFIQAaftYFSf6u17KhWLo1s9TqgvYBCxkBHQ5tSzj7wh6Kw+wZeYYW8AQsBdJZ9Ozy45ZWcGvEjcnJRQjkbP/vT6MUkFjTThoFTXdRLtZyA1I5xOil6qaAJkBAPaNTQCQZWfzVJM8EkYS6yHFM/2394MhFJjERiPAD1U89r0+J/WTXV44WcsSlJNI2IsRgtTjnWMp2XgPpOUaD42BIhk5peYDEEC0aayoonvzoddJK1K2T0rV2+qpdpVXkQBHaJjdIpcdI5q6Bo1UBMR9Iie0Rt6tx6sJ+vFev2xLln5mwP0B9bHN4u/lRc=</latexit>

Ĉ = i�2�0

<latexit sha1_base64="Runw5UZ7ubEWTfyvSNWDxUZPgR0=">AAACDXicbVBLSwMxGMz6rPW16tFLsAiiUHalqBeh2IuHHqrYB7Trkk2/tqHZB0lWKEt/g/4ZPYl68+If8N+YbfegrXPJZGYCmfEizqSyrG9jYXFpeWU1t5Zf39jc2jZ3dhsyjAWFOg15KFoekcBZAHXFFIdWJID4HoemN6ykfvMBhGRhcKdGETg+6QesxyhRWnLN404kGb7E6eFW8cmU3M4p1fuKaxasojUBnid2RgooQ801vzrdkMY+BIpyImXbtiLlJEQoRjmM851YQkTokPShrWlAfJBOMuk0xoe9UGA1ADy5/84mxJdy5Hs64xM1kLNeKv7ntWPVu3ASFkSxgoDqiPZ6MccqxOk0uMsEUMVHmhAqmP4lpgMiCFV6wLyub8+WnSeN06J9VizdlArlq2yIHNpHB+gI2egcldE1qqE6ougJvaB39GE8Gs/Gq/E2jS4Y2Zs99AfG5w+ulZlY</latexit>

 =  L +  R =  L +  C
L

<latexit sha1_base64="T+2XqYKWbG5Xa7yOAmu2++9Sho8=">AAACGnicbZBLTwIxFIU7+EJ8oS7dNBITjAmZMUTcmBDZuGCBRh4JjKRTLtDQeaTtmJAJ/0T/jK6MuHPjv7EMY6LgXX095zS55zoBZ1KZ5peRWlldW99Ib2a2tnd297L7Bw3ph4JCnfrcFy2HSODMg7piikMrEEBch0PTGVVmfvMRhGS+d6/GAdguGXiszyhRWupmS51AsocKvsL5GXWr+AzHcHcaq3NRYyJXf7RsziyY8eBlsBLIoWRq3ey00/Np6IKnKCdSti0zUHZEhGKUwyTTCSUEhI7IANoaPeKCtKO44ASf9H2B1RBw/P6djYgr5dh1dMYlaigXvZn4n9cOVf/SjpgXhAo8qiPa64ccKx/P7oR7TABVfKyBUMH0lpgOiSBU6WtmdH1rsewyNM4L1kWheFvMla+TQ6TRETpGeWShEiqjG1RDdUTRM3pFU/RhPBkvxpvxPo+mjOTPIfozxuc324ydkg==</latexit>

 C = ( L +  R)
C =  C

L +  L =  

<latexit sha1_base64="pNfOLSxbPqO9HuUSDIujjQs04Tk=">AAAB/3icbVDLSgMxFL3js9bXqEtdBIsgCGVGiroRit24cFHBPqAzDpk004ZmHiQZoQxd6M/oStSd/+AP+Dem7Sy09SySk3vOhZzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw2ZZwKQhsk5rFo+1hSziLaUExx2k4ExaHPacsf1MZ664EKyeLoTg0T6oa4F7GAEaz0yDMPnEQydImcKJ2e3g06md73Nc8sWWVrAjRP7JyUIEfdM7+cbkzSkEaKcCxlx7YS5WZYKEY4HRWdVNIEkwHu0Y6mEQ6pdLNJihE6CmKBVJ+iyfu3N8OhlMPQ154Qq76c1cbD/7ROqoILN2NRkioaEW3RWpBypGI0LgN1maBE8aEmmAimf4lIHwtMlK6sqOPbs2HnSfO0bJ+VK7eVUvUqL6IA+3AIx2DDOVThGurQAAJP8ALv8GE8Gs/Gq/E2tS4Y+c4e/IHx+QMR1pQi</latexit>

 = ⌫ = ⌫L + ⌫CL

<latexit sha1_base64="3fgLNuEqMbMvnbiWGkOphni3go4="></latexit>

�LM =
1

2
m

⇣
⌫CL ⌫L + ⌫L⌫

C
L

⌘

→ solved with a Higgs triplet BUT it is not included in the SM.

→ solved with a dim-5 operator (Weinberg operator) BUT non-renormalizable

Not invariant under 
U(1) transformations

only for neutral 
particles
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Neutrino mass in the SM

Neutrinos are strictly massless in the 
Standard Model!

✦  Since the SM does not contain right-handed neutrinos: a Dirac 
mass term as for the rest of fermions is not allowed. 

✦The SM only contains one Higgs doublet: no Higgs triplet to build 
a Majorana mass term 

✦The SM is renomalizable and, therefore, dim-5 terms as the 
Weinberg operator are not allowed.
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mν ∼ 0 - 1 eV

“For the discovery of neutrino 
oscillations, which shows that 

neutrinos have mass”
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→ decomposing into its chiral states:

→ “sterile” neutrino (singlet under SU(2)xU(1))

✦ 4 components Dirac neutrino: 

Minimal extension SM: add NR

→ after SSB: 

much smaller than other Yukawas !!!

<latexit sha1_base64="9woPjVIL446xLNdMP2MxRSo56sY=">AAACFXicbVBNS8MwAE39nPOr6tFLcAgexmjHUI9DLx5EprgPWEtJs3QLS9OSpMIo+x36Z/Qk6kHw7L8xrT24zXd6ee8l5D0/ZlQqy/o2lpZXVtfWSxvlza3tnV1zb78jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98mfndByIkjfi9msTEDdGQ04BipLTkmXWHJ961U61CJ9K57Jk0l6aZduPdzVpamHpmxapZOeAisQtSAQVanvnpDCKchIQrzJCUfduKlZsioShmZFp2EklihMdoSPqachQS6aZ5tyk8DiIB1YjA/Pw3m6JQykno60yI1EjOe5n4n9dPVHDuppTHiSIc64j2goRBFcFsIjiggmDFJpogLKj+JcQjJBBWesiyrm/Pl10knXrNPq01bhuV5kUxRAkcgiNwAmxwBprgCrRAG2DwBF7AO/gwHo1n49V4+40uGcWdAzAD4+sH57+d+w==</latexit>

⌫L , ⌫L , NR , NR

<latexit sha1_base64="pNfOLSxbPqO9HuUSDIujjQs04Tk=">AAAB/3icbVDLSgMxFL3js9bXqEtdBIsgCGVGiroRit24cFHBPqAzDpk004ZmHiQZoQxd6M/oStSd/+AP+Dem7Sy09SySk3vOhZzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw2ZZwKQhsk5rFo+1hSziLaUExx2k4ExaHPacsf1MZ664EKyeLoTg0T6oa4F7GAEaz0yDMPnEQydImcKJ2e3g06md73Nc8sWWVrAjRP7JyUIEfdM7+cbkzSkEaKcCxlx7YS5WZYKEY4HRWdVNIEkwHu0Y6mEQ6pdLNJihE6CmKBVJ+iyfu3N8OhlMPQ154Qq76c1cbD/7ROqoILN2NRkioaEW3RWpBypGI0LgN1maBE8aEmmAimf4lIHwtMlK6sqOPbs2HnSfO0bJ+VK7eVUvUqL6IA+3AIx2DDOVThGurQAAJP8ALv8GE8Gs/Gq/E2tS4Y+c4e/IHx+QMR1pQi</latexit>

 = ⌫ = ⌫L + ⌫CL
<latexit sha1_base64="CN3mWSbhKYMuOS01j4XwxH3TIdU="></latexit>

�LD = mD⌫⌫ = mD(⌫L +NR)(⌫L +NR) = mD

�
⌫LNR +NR⌫L

�

<latexit sha1_base64="U5qvUuB0i5xb2kfk4XgP4RWEmUE="></latexit>

LYukawa = Y⌫

�
⌫l l

�✓ �0

��

◆
NR + h.c.

<latexit sha1_base64="zEWfBXxvwC6VDOQVsr01NHTJYpc="></latexit>

h�i = 1p
2

✓
v
0

◆

<latexit sha1_base64="7zLkyL3dsyQ9p+uL3tFafyd01Bs=">AAAB9XicbZC7TsMwFIadcivlFsrIYlEhsVAlqFzGChbGItELakPkuKetVTsJtgNUUR8FJgRsvAgvwNvglgzQ8k+fz/9bOucPYs6UdpwvK7ewuLS8kl8trK1vbG7Z28WGihJJoU4jHslWQBRwFkJdM82hFUsgIuDQDIYXE795D1KxKLzWoxg8Qfoh6zFKtBn5dvHGB9xRTMAddp3b9PB47Nslp+xMhefBzaCEMtV8+7PTjWgiINSUE6XarhNrLyVSM8phXOgkCmJCh6QPbYMhEaC8dLr7GO/3Ion1APD0/TubEqHUSAQmI4geqFlvMvzPaye6d+alLIwTDSE1EeP1Eo51hCcV4C6TQDUfGSBUMrMlpgMiCdWmqII53509dh4aR2X3pFy5qpSq51kRebSL9tABctEpqqJLVEN1RNEjekZv6N16sJ6sF+v1J5qzsj876I+sj28oa5Du</latexit>

Ye ' 10�5

✦ From 𝝂 oscillations:

<latexit sha1_base64="qh3qCzJlGsCrywViWuveIgDcVUA=">AAACGXicbVC9TsMwGHT4p/wVGFksKiQGVCVQCgsSAgZGkGiL1JTIMV9bq3YS7C9IVZQngZeBCQEbE2+DWzoA5abz3Vn67sJECoOu++lMTE5Nz8zOzRcWFpeWV4qra3UTp5pDjccy1tchMyBFBDUUKOE60cBUKKER9k4HfuMetBFxdIX9BFqKdSLRFpyhlYJiVQV+lFK/A9Q3dxoz/wwkMqpudoNsz8tzekTdsrtP/R3qK4ZdrTKo50GxZNUh6DjxRqRERrgIiu/+bcxTBRFyyYxpem6CrYxpFFxCXvBTAwnjPdaBpqURU2Ba2bBfTrfasabYBTp8/8xmTBnTV6HNDI4zf72B+J/XTLF92MpElKQIEbcR67VTSTGmg5nordDAUfYtYVwLeyXlXaYZRztmwdb3/pYdJ/XdslctVy4rpeOT0RBzZINskm3ikQNyTM7JBakRTh7JM3kj786D8+S8OK/f0Qln9Ged/ILz8QWWF560</latexit>

m⌫ �
q
�m2

31 = 0.05 eV

<latexit sha1_base64="StTPDnjxPcQrCXHtu59p1hT0vu4=">AAACAXicbVDLSsNAFJ34rPUVdSnIYBFclaQUdSMUdeGygn1IU8JkOmmHzkzizKRQQlb6M7oSdecv+AP+jdOahbae1bn3nAv3nCBmVGnH+bIWFpeWV1YLa8X1jc2tbXtnt6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLyc6K0RkYpG4laPY9LlqC9oSDHSZuXbB9y/gufwzvdEAr1QIpyOstRT91KnlSzz7ZJTdqaA88TNSQnkqPv2p9eLcMKJ0JghpTquE+tuiqSmmJGs6CWKxAgPUZ90DBWIE9VNpzkyeBRGEuoBgdP5tzdFXKkxD4yHIz1Qs9pk+Z/WSXR41k2piBNNBDYWo4UJgzqCkzpgj0qCNRsbgrCk5kuIB8jUoE1pRRPfnQ07T5qVsntSrt5US7WLvIgC2AeH4Bi44BTUwDWogwbA4BE8gzfwbj1YT9aL9fpjXbDymz3wB9bHN0/Glsc=</latexit>

mD = Y⌫
vp
2

<latexit sha1_base64="8vxm8R9cKVVcJLhn/CwcYQ+BIIw=">AAAB/HicbVDLTsMwEHTKq5RXgBPiYlEhcaFKoAKOFVw4Fok+UBMix920Vp0HtoNURYWfgRMCbnwFP8Df4JYcoGVOszuz0s74CWdSWdaXUZibX1hcKi6XVlbX1jfMza2mjFNBoUFjHou2TyRwFkFDMcWhnQggoc+h5Q8uxnrrHoRkcXSthgm4IelFLGCUKL3yzB1HxfjGc6IUO5KFcIdt6zY7tI9Hnlm2KtYEeJbYOSmjHHXP/HS6MU1DiBTlRMqObSXKzYhQjHIYlZxUQkLogPSgo2lEQpBuNokwwvtBLLDqA57Mv70ZCaUchr72hET15bQ2Xv6ndVIVnLkZi5JUQUS1RWtByrEOPG4Cd5kAqvhQE0IF019i2ieCUKX7Kun49nTYWdI8qtgnlepVtVw7z4sool20hw6QjU5RDV2iOmogih7RM3pD78aD8WS8GK8/1oKR32yjPzA+vgH45ZOc</latexit>

! Y⌫ ' 10�13

✦ Higgs mechanism:

Dirac neutrino mass term
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✦ Most general mass term:

not mass eigenstates

→ Diagonalization:

for 
→ seesaw mechanism

≠0 if we add a coupling with Higgs triplet

Minimal seesaw mechanism
<latexit sha1_base64="axXawYOg7ygN8kLpXqkxqvN/9uk=">AAAB+HicbVDLSgMxFM3UV62vUXHlJlgEQSgzUtSNUOzGhYsK9gHtOGTSO21oJjMkGaEO/RddibrzO/wB/8b0sdDWs7j35J4TuPcECWdKO863lVtaXlldy68XNja3tnfs3b2GilNJoU5jHstWQBRwJqCumebQSiSQKODQDAbVsd58BKlYLO71MAEvIj3BQkaJNiPfPuiIFF9hU/1bfDrtD1XfLjolZwK8SNwZKaIZar791enGNI1AaMqJUm3XSbSXEakZ5TAqdFIFCaED0oO2oYJEoLxssv4IH4exxLoPePL+7c1IpNQwCownIrqv5rXx8D+tnerw0suYSFINghqL0cKUYx3jcQq4yyRQzYeGECqZ2RLTPpGEapNVwZzvzh+7SBpnJfe8VL4rFyvXsyDy6BAdoRPkogtUQTeohuqIogy9oHf0YT1Zz9ar9Ta15qzZn330B9bnD6VDkbc=</latexit>

⌫ = ⌫L + ⌫CL
<latexit sha1_base64="vqn43r8xktYI9yk3uRG9e+0pVfw=">AAAB8nicdVDLSsNAFJ3UV62PRl26GSyCIISkhrYbodiNq1LFPqCNYTKdtEMnD2YmQgn9EV2JuvNT/AH/xkmNoKJncTn3nnPhnuvFjAppmu9aYWV1bX2juFna2t7ZLet7+z0RJRyTLo5YxAceEoTRkHQllYwMYk5Q4DHS92atTO/fES5oFN7IeUycAE1C6lOMpBq5erkNz2HbvYanWb1tuXrFNMwloGnUqw3TtBWxa/aZ3YBWLlVAjo6rv43GEU4CEkrMkBBDy4ylkyIuKWZkURolgsQIz9CEDBUNUUCEky4PX8BjP+JQTglc9t+9KQqEmAee8gRITsVvLRv+pQ0T6TeclIZxIkmIlUVpfsKgjGCWH44pJ1iyuSIIc6quhHiKOMJSfamk4n9lhP+TXtWwaoZ9ZVeaF/kjiuAQHIETYIE6aIJL0AFdgEECHsAzeNGkdq89ak+f1oKW7xyAH9BePwC+Wo7m</latexit>

N = NR +NC
R

<latexit sha1_base64="Rvh4yRmPYxV2Lv7aXYHnzNbxQhw="></latexit>

L = LD + LM =
1

2

⇣
⌫L NC

R

⌘✓
0 mD

mD MR

◆✓
⌫CL
NR

◆
+ h.c.

<latexit sha1_base64="Pj9eyGb3gEpZeYmSxXtvAYgfiYw="></latexit>

1

2

�
⌫ N

�✓ M1 0
0 M2

◆✓
⌫
N

◆

<latexit sha1_base64="2xCt2hm9CcR2s+BIJ2oXvbwjXe4=">AAAB93icbZDLTgIxFIY7eEO8jZedm0ZighsyY4i6JOrCJSZyMUAmnXKAhrYzth0SnPAsujLqzvfwBXwbC7JQ8F99Pf/f5Jw/jDnTxvO+nMzS8srqWnY9t7G5tb3j7u7VdJQoClUa8Ug1QqKBMwlVwwyHRqyAiJBDPRxcTfz6EJRmkbwzoxjagvQk6zJKjB0F7kFBBNctzQQ84CG+D1oywSeBm/eK3lR4EfwZ5NFMlcD9bHUimgiQhnKiddP3YtNOiTKMchjnWomGmNAB6UHToiQCdDudbj/Gx91IYdMHPH3/zqZEaD0Soc0IYvp63psM//OaieletFMm48SApDZivW7CsYnwpATcYQqo4SMLhCpmt8S0TxShxlaVs+f788cuQu206J8VS7elfPlyVkQWHaIjVEA+OkdldIMqqIooekTP6A29OyPnyXlxXn+iGWf2Zx/9kfPxDZLkkbo=</latexit>

(mD ' vY⌫)

<latexit sha1_base64="jEx8x6oMtxhE8TL9lV7golkDoU4=">AAACEXicbVDNTgIxGOziH+If6tFLIzHxRHYJUY9EPXghQSM/CYubbvkWGtrdte2akA1PoS+jJ6Pe9AV8GwtiouCcpjPT5JvxY86Utu1PK7OwuLS8kl3Nra1vbG7lt3caKkokhTqNeCRbPlHAWQh1zTSHViyBCJ9D0x+cjf3mHUjFovBaD2PoCNILWcAo0Uby8sWq52BXMQG32A0koanwzm9Ko7TqXY2w6+aqXunHN5KXL9hFewI8T5wpKaApal7+w+1GNBEQasqJUm3HjnUnJVIzymGUcxMFMaED0oO2oSERoDrppNcIHwSRxLoPePL+nU2JUGoofJMRRPfVrDcW//PaiQ5OOikL40RDSE3EeEHCsY7weB7cZRKo5kNDCJXMXIlpn5hdtBkxZ+o7s2XnSaNUdI6K5ctyoXI6HSKL9tA+OkQOOkYVdIFqqI4oekBP6BW9WffWo/VsvXxHM9b0zy76A+v9C9G/m6w=</latexit>

M1 ' m2
D

MR

M2 ' MR

<latexit sha1_base64="Boup05TpYCddJDtrhkkfHaQBsAI=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJiIqroi7cCFXsBdoQJtOTdujk4sxEKKGvoStRdz6ML+DbOK1ZaOu/+ub8/8D5j58IrrRtf1mFhcWl5ZXiamltfWNzq7y901RxKhk2WCxi2fapQsEjbGiuBbYTiTT0Bbb84eXEbz2iVDyO7vUoQTek/YgHnFFtRu6Nd0e6/T4JvSty7pUrdtWeisyDk0MFctW98me3F7M0xEgzQZXqOHai3YxKzZnAcambKkwoG9I+dgxGNETlZtOlx+QgiCXRAyTT9+9sRkOlRqFvMiHVAzXrTYb/eZ1UB2duxqMk1RgxEzFekAqiYzLpTnpcItNiZIAyyc2WhA2opEybC5VMfWe27Dw0j6rOSfX49rhSu8gPUYQ92IdDcOAUanANdWgAgwd4hjd4txLryXqxXn+iBSv/swt/ZH18A7IBjmw=</latexit>

MR � mD :

Minimal extension SM: add NR

→ Dirac & Majorana terms appear simultaneously:
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✦ Provides a “natural” explanation for smallness of neutrino mass:

✦ Can explain baryon asymmetry of the Universe through leptogenesis:

if heavy neutrino decay violates CP:

→ thanks to (B-L) conservation, the lepton asymmetry generated, L,  may 
be transformed into a B asymmetry: 

for mD ∼ 100 GeV and mν ∼ 0.01 - 1 eV  → MR ∼1013 - 1015 GeV !!! 

<latexit sha1_base64="LgtsEkLdn1zwWBk17CX1ZPKZetw=">AAACGnicbVBNS8NAFNz4WetX1aOXxSJ4KCUpYj0W9eClUMWq0MSw2b7Yxd0k3d0IJfSf6J/Rk1hvXvw3bmsEtc5p3pt58GaChDOlbfvDmpmdm19YLCwVl1dW19ZLG5uXKk4lhTaNeSyvA6KAswjammkO14kEIgIOV8Hd8Vi/ugepWBxd6EECniC3EQsZJdqs/FK96TvYVUxAH7uhJDQT/slNbZg1/fMhdiu4gt1+SroYN/3at9FofqlsV+0J8DRxclJGOVp+aeR2Y5oKiDTlRKmOYyfay4jUjHIYFt1UQULoHbmFjqEREaC8bBJwiHfDWGLdAzyZf3ozIpQaiMB4BNE99VcbL//TOqkOD72MRUmqIaLGYrQw5VjHeNwT7jIJVPOBIYRKZr7EtEdMQdq0WTTxnb9hp8llreocVPfP9suNo7yIAtpGO2gPOaiOGugUtVAbUfSIntEIvVkP1pP1Yr1+WWes/GYL/YL1/glh/p5/</latexit>

M1 ' m2
D

MR
, M2 ' MR

<latexit sha1_base64="6ZnENBpRopk0HQdjv+zUdU3UlDc=">AAACIXicbVBbSwJBGJ21m9nN6rGXIQkUQXZDqqeQesinMMgLuCKz46cOzuxuM7OBLP6a+jNFD1G9RH+m0YRM+57Od86ZyzleyJnStv1pJZaWV1bXkuupjc2t7Z307l5NBZGkUKUBD2TDIwo486GqmebQCCUQ4XGoe4PLsV6/B6lY4N/qYQgtQXo+6zJKtKHa6XP3ighBsteuDjDHeVzOYdeHOzzDu4G5YfxAzEc4/7uVR7l2OmMX7MngReBMQQZNp9JOv7idgEYCfE05Uarp2KFuxURqRjmMUm6kICR0QHrQNNAnAlQrnuQc4aNuILHuA57ss96YCKWGwjMeQXRfzWtj8j+tGenuWStmfhhp8KmxGK0bcWzaGNeFO0wC1XxoAKGSmV9i2ieSUG1KTZn4znzYRVA7LjgnheJNMVO6mBaRRAfoEGWRg05RCZVRBVURRY/oGb2jD+vBerJerbcfa8KantlHf8b6+gZ4AKJ9</latexit>

�(N ! l +H) 6= �(N ! l +H)

<latexit sha1_base64="IZbijjg+TPGmTwPGIHvG7hHEPtM=">AAAB9nicbVDLTsMwEHTKq5RXoEcuFhUSpypBFXCsyoVjkehDaqPKcTetVccJtoOIov4KnBBw40P4Af4Gp+QALXOa3Zld7Y4fc6a043xZpbX1jc2t8nZlZ3dv/8A+POqqKJEUOjTikez7RAFnAjqaaQ79WAIJfQ49f3ad670HkIpF4k6nMXghmQgWMEq0aY3sagsPBdzjYWRc+ZKsNR/ZNafuLIBXiVuQGirQHtmfw3FEkxCEppwoNXCdWHsZkZpRDvPKMFEQEzojExgYKkgIyssWx8/xaRBJrKeAF/Vvb0ZCpdLQN56Q6Kla1vLmf9og0cGVlzERJxoENRajBQnHOsJ5BnjMJFDNU0MIlcxciemUSEK1Sapi3neXn10l3fO6e1Fv3DZqzVYRRBkdoxN0hlx0iZroBrVRB1GUomf0ht6tR+vJerFef6wlq5ipoj+wPr4BExmSIw==</latexit>

B 6= B

Minimal seesaw mechanism
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−LD = mD(νLNR +NRνL)Weinberg operator

✦ Effective dim-5 operator for Majorana neutrino mass

S. Weinberg PRL 43 (1979) 1566

<latexit sha1_base64="0gV9whdRoJ9mKyxJoHTTKGDnExQ=">AAACCXicbVC7TsMwFHV4lvIKMLJYVKCyVAmqgLGCpUORikQfUhNVjuu0Vh0nsh2kysoXwM/AhICNlR/gb3BLBmg507n3nGv5nCBhVCrH+bKWlldW19YLG8XNre2dXXtvvy3jVGDSwjGLRTdAkjDKSUtRxUg3EQRFASOdYHw91Tv3REga8zs1SYgfoSGnIcVImVXfPtEeRkw3sgx6nEIvFAhrj5kHBijTNxksNxr1+mnfLjkVZwa4SNyclECOZt/+9AYxTiPCFWZIyp7rJMrXSCiKGcmKXipJgvAYDUnPUI4iIn09y5PB4zAWUI0InM2/vRpFUk6iwHgipEZyXpsu/9N6qQovfU15kirCsbEYLUwZVDGc1gIHVBCs2MQQhAU1v4R4hEwZypRXNPHd+bCLpH1Wcc8r1dtqqXaVF1EAh+AIlIELLkAN1EETtAAGj+AZvIF368F6sl6s1x/rkpXfHIA/sD6+AZsHmYs=</latexit>

L 3 �

M
(LLHH)

⟹
<latexit sha1_base64="TB4bkfvqa7dgdVvC92GxVzwXANE=">AAACAHicbVDLSsNAFJ3UV62vqEsRBovgqiSlqBuh6MaNUME+oIllMp20Q2cmYWZSKCEb/RldibrzG/wB/8ZpzUJbz+rce86Fe04QM6q043xZhaXlldW14nppY3Nre8fe3WupKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYyupnp7TKSikbjTk5j4HA0EDSlG2qx69iHveSKBF9ALJcKpx8xpH2XpTQbH99WeXXYqzgxwkbg5KYMcjZ796fUjnHAiNGZIqa7rxNpPkdQUM5KVvESRGOERGpCuoQJxovx0FiODx2EkoR4SOJt/e1PElZrwwHg40kM1r02X/2ndRIfnfkpFnGgisLEYLUwY1BGctgH7VBKs2cQQhCU1X0I8RKYJbTormfjufNhF0qpW3NNK7bZWrl/mRRTBATgCJ8AFZ6AOrkEDNAEGj+AZvIF368F6sl6s1x9rwcpv9sEfWB/fHt+WCw==</latexit>

m⌫ =
�

M
v2⟹

Majorana 
mass

✦ If Majorana ⇒ masses can be generated via the Weinberg operator

SSB

ΔL=2  ⇒ opens the possibility for 0νββ

M = new physics scale
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⇒ ν masses are generated through mixing with heavy particles.

⇒ They are tree level realizations of the Weinberg operator.

Type-I seesaw 

(right-handed singlet NR)

Type-II seesaw 

(Scalar triplet Δ)

Type-III seesaw 

(Fermion triplet ΣR)

<latexit sha1_base64="2ztbg6YoUr0n3GM3g9gkMte7cE8=">AAACBXicbVC9TsMwGHT4LeUvwMhitUJiqpKqAhakChYWqiL1DzVp5LhOa9VOItupVEWZ4WVgQsDGC/ACvA1u6QAtN53vztJ358eMSmVZX8bK6tr6xmZuK7+9s7u3bx4ctmSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66nfntMhKRR2FCTmLgcDUIaUIyUljyzwD0nTOAlvPdqvQZ0AoFwamfprVfLtATHvbJnFq2SNQNcJvacFMEcdc/8dPoRTjgJFWZIyq5txcpNkVAUM5LlnUSSGOERGpCupiHiRLrprEsGT4JIQDUkcPb+nU0Rl3LCfZ3hSA3lojcV//O6iQou3JSGcaJIiHVEe0HCoIrgdBLYp4JgxSaaICyovhLiIdJDKD1cXte3F8suk1a5ZJ+VKneVYvVqPkQOHIMCOAU2OAdVcAPqoAkweATP4A28Gw/Gk/FivP5EV4z5nyPwB8bHN4EClzw=</latexit>

m⌫ = Y T
N

1

MN
YNv2

<latexit sha1_base64="J1R1u1NzbGN+tyy4c4N0ZRdc2R4=">AAACFHicbZDNSsNAFIUn9b/+RV26GSyCq5KUom6Eoi7cCApWK00bJtObduhMEmYmhRL6GvoyuhJ1I+59G6c1C229q+/ecwbmnCDhTGnH+bIKc/MLi0vLK8XVtfWNTXtr+1bFqaRQpzGPZSMgCjiLoK6Z5tBIJBARcLgL+mdj/W4AUrE4utHDBFqCdCMWMkq0Ofm2K3wvSvEJvve9c+CaeKEkNPNEmu+j7DKndmWEB+2Kb5ecsjMZPAtuDiWUz5Vvf3idmKYCIk05UarpOoluZURqRjmMil6qICG0T7rQNBgRAaqVTaKN8H4YS6x7gCf7b29GhFJDERiPILqnprXx8T+tmerwuJWxKEk1RNRYjBamHOsYjxvCHSaBaj40QKhk5peY9ohpRZseiya+Ox12Fm4rZfewXL2ulmqneRHLaBftoQPkoiNUQxfoCtURRY/oGb2hd+vBerJerNcfa8HK3+ygP2N9fgMa+54s</latexit>

m⌫ = Y�
µ�

M2
�

v2
<latexit sha1_base64="16LtMXgAr8b94ag69RjURKBhNhk=">AAACE3icbVDNSsNAGNzUv1r/oh69LBbBU0lKUS9C0YsXoWL/pGnDZrtpl+4mYXdTKCGPoS+jJ1FP+gC+jdsaQVvnNDszC9+MFzEqlWV9Grml5ZXVtfx6YWNza3vH3N1ryjAWmDRwyELR9pAkjAakoahipB0JgrjHSMsbXU791pgIScOgriYR6XI0CKhPMVJack2Lu04Qw3N45zq3dMBRr+74AuHETpPrTEp/PDjulV2zaJWsGeAisTNSBBlqrvnu9EMccxIozJCUHduKVDdBQlHMSFpwYkkihEdoQDqaBogT2U1mzVJ45IcCqiGBs/fvbIK4lBPu6QxHaijnvan4n9eJlX/WTWgQxYoEWEe058cMqhBOB4J9KghWbKIJwoLqKyEeIj2J0jMWdH17vuwiaZZL9kmpclMpVi+yIfLgAByCY2CDU1AFV6AGGgCDB/AEXsGbcW88Gs/Gy3c0Z2R/9sEfGB9fJHydpQ==</latexit>

m⌫ = Y T
⌃

1

M⌃
Y⌃v

2

Minkovski; Gellman, Ramond, Slansky; 
Yanagida; Mohapatra, Senjanovic.

Schechter, Valle; Lazarides, Shafi, 
Wetterich; Cheng, Li; Mohapatra,…

Foot, Lew, He, Joshi; …

Seesaw mass models
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Inverse seesaw model
Mohapatra and Valle, PRD 34 (1986) 1642

Extended lepton content: 

SU(2) singlets

L=(+1,-1,+1)

✦𝛍 breaks L and generates neutrino mass (massless for 𝛍=0)

✦m𝛎 can be very light even if  M is far below GUT scale:

with 𝛍～ keV and M～103 GeV → m𝛎～eV

<latexit sha1_base64="+2fL1jGZwpQMrCnDFgNCJ+I7+2w=">AAAB8nicbVDLTgJBEJz1ifhg1aOXicQEE0J2DVGPRC8eMcojgZXMDr0wYXZ2Mw8TQvgRPRn15qf4A/6NA+5BwTp0qruqk64OU86U9rwvZ2V1bX1jM7eV397Z3Su4+wdNlRhJoUETnsh2SBRwJqChmebQTiWQOOTQCkfXM731CFKxRNzrcQpBTAaCRYwSbUc9t1DqClPGtjzQMr477blFr+LNgZeJn5EiylDvuZ/dfkJNDEJTTpTq+F6qgwmRmlEO03zXKEgJHZEBdCwVJAYVTOaHT/FJlEish4Dn/W/vhMRKjePQemKih2pRmw3/0zpGR5fBhInUaBDUWqwWGY51gmf5cZ9JoJqPLSFUMnslpkMiCdX2S3kb318Mu0yaZxX/vFK9rRZrV9kjcugIHaMS8tEFqqEbVEcNRJFBz+gNvTvaeXJenNcf64qT7RyiP3A+vgF3+Y9a</latexit>

(⌫, ⌫c, S)

<latexit sha1_base64="CFltVUrJs08VKWcibcq8V6VjQLE="></latexit>

M⌫ =

0

@
0 MD 0

MT
D 0 M
0 MT µ

1

A <latexit sha1_base64="SXxLDncreOj+yWz19merS8/wq54=">AAACCHicbVDNSsNAGNz4W+tf1KOXxVKoB0siRb0IRT14KVToHzRp2Gy37dLdJOxuhBL6AvoyehL15tkX8G3cxhy0dU6zM7PwzfgRo1JZ1pextLyyurae28hvbm3v7Jp7+y0ZxgKTJg5ZKDo+koTRgDQVVYx0IkEQ9xlp++Prmd++J0LSMGioSURcjoYBHVCMlJY8s8g9J4jhJax5N7BU6zWOe8mJPXV4DGsp03qv4ZkFq2ylgIvEzkgBZKh75qfTD3HMSaAwQ1J2bStSboKEopiRad6JJYkQHqMh6WoaIE6km6R1prA4CAVUIwLT9+9sgriUE+7rDEdqJOe9mfif143V4MJNaBDFigRYR7Q3iBlUIZytAvtUEKzYRBOEBdVXQjxCAmGlt8vr+vZ82UXSOi3bZ+XKXaVQvcqGyIFDcARKwAbnoApuQR00AQaP4Bm8gXfjwXgyXozXn+iSkf05AH9gfHwD/GqXWA==</latexit>

m⌫ = MD(MT )�1µM�1MT
D

Low energy seesaw models
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Radiative models
✦ extension of scalar sector of the SM

✦ neutrino masses can be generated through loops

 ⇒ loop suppression accounts for the smallness of mν 

Zee model

 + singlet scalar h+ 

Zee-Babu model

 + extra Higgs doublet H  + singlet scalar k++ 

 + singlet scalar h+ 

Zee, PLB 93 (1980) 389
Zee, NPB 264 (1986) 99;  
Babu, PLB 203 (1988) 132
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✦ Why do fermion masses show these hierarchical relations?

✦ Why quark and lepton mixings are so different?

✦ seesaw models explain the smallness of neutrino masses

However, they can not explain:

θ12 ≃ 13° 
θ13 ≃ 0.2° 
θ23 ≃ 2.4°

θ12 ≃ 34° 
θ13 ≃ 9° 
θ23 ≃ 49°

⇒ One can add new symmetries of leptons to the Standard Model

<latexit sha1_base64="saQW9C3pAVxE+Nl7+Stpa0+OjbA=">AAAB+3icbZDNSsNAFIUn9a/Wv6gbwc1gEVyVRIq6LLpxWcHWQhPCZHrTDp1JwvwIpdSX0ZWoO9/CF/BtnNYI2npX39xzBu45cc6Z0p736ZSWlldW18rrlY3Nre0dd3evrTIjKbRoxjPZiYkCzlJoaaY5dHIJRMQc7uLh1VS/uwepWJbe6lEOoSD9lCWMEm1XkXsgIsAB51hEgTA/pImJ3KpX82aDF8EvoIqKaUbuR9DLqBGQasqJUl3fy3U4JlIzymFSCYyCnNAh6UPXYkoEqHA8SzDBx0kmsR4Anr1/e8dEKDUSsfUIogdqXpsu/9O6RicX4ZiludGQUmuxWmI41hmeFoF7TALVfGSBUMnslZgOiCRU27oqNr4/H3YR2qc1/6xWv6lXG5dFEWV0iI7QCfLROWqga9RELUTRA3pCr+jNmTiPzrPz8m0tOcWfffRnnPcvJK6Tzg==</latexit>

me ⌧ mµ ⌧ m⌧
<latexit sha1_base64="43roridoh2iEktRw25mQ6U2C0oA=">AAACBXicbVC7TsMwFHXKq5RXgJHFaoXEgKoEVcBYwcJYJPqQ2ihyXKe1aieRfYNURZ3hZ2BCwMYP8AP8DU7JAC1n8Tn3nCv5niARXIPjfFmlldW19Y3yZmVre2d3z94/6Og4VZS1aSxi1QuIZoJHrA0cBOslihEZCNYNJte5371nSvM4uoNpwjxJRhEPOSVgRr5dlX56iqU/xAMhzEtzoQsBuQh8u+bUnTnwMnELUkMFWr79ORjGNJUsAiqI1n3XScDLiAJOBZtVBqlmCaETMmJ9QyMimfay+S0zfBzGCsOY4bn+nc2I1HoqA5ORBMZ60cuH/3n9FMJLL+NRkgKLqIkYL0wFhhjnleAhV4yCmBpCqOLml5iOiSIUTHEVc767eOwy6ZzV3fN647ZRa14VRZTREaqiE+SiC9REN6iF2oiiR/SM3tC79WA9WS/W60+0ZBU7h+gPrI9vsSOWtg==</latexit>

mu,md ⌧ mc,ms ⌧ mt,mb

The flavour problem


