
Neutrino masses



Neutrino masses are small

• Neutrino have masses (oscillations)


• Natural scale of fermion masses: ⟨H⟩ ≈ 174 GeV


• Why mν / ⟨H⟩ < 10-12?


• Must have a different origin than me / ⟨H⟩ ≈ 0.3 x 10-5 


• quantitatively larger hierarchy


• family independent


• compelling understanding available
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Reminder: most general mass term with ψ1,...,ψn
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Neutrino masses in QED + QCD

• Elementary L-handed fermions (1 family)


• Most general invariant mass terms:


• Both charged leptons and neutrinos are equally allowed to get a mass term 
(although of different type)
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Neutrino masses in the SM

• Elementary L-handed fermions


• Most general invariant mass terms: none


• After EWSB	 	 	 	 	 	 	 	 	 	 a SM success
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• mν = 0	 in the SM is a nice starting point	 but


• mν ≠ 0	 needs extra ingredients


• 2 main options:


1. the new ingredients live at M » MZ (example: see-saw)


2. the new ingredients live at M ≲ MZ (example: Dirac neutrinos)

general compelling 
understanding of the 

smallness of mν



Option 1: M » MZ



Theorem (reminder)

The effect of any high scale [M » MZ] physics [responsible for 
neutrino masses] can be described at low E by effective interactions 
involving only light [SM] dofs and symmetries (no need to know 
the microscopic theory and dofs) suppressed by M 

Example: SM interactions can be described at E « MZ by effective 
Fermi interaction involving only light fermions
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Neutrino masses

Λ     –

E

mν   – 

SM + eff. 
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• Compelling:


• An elegant, economical, and model-independent understanding of 
the smallness of neutrino masses in terms of the heaviness of the 
scale at which L is violated. 


• What makes neutrinos special?


• They are the only fermions in the SM for which a mass does not 
arise (after EWSB) from a renormalisable interaction with the Higgs 
fields. They turn out to be Majorana. 


• BUT:


• Could not ν have a light νc partner as all other SM fermions?
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Neutrino masses in the SM + νc 

• Elementary L-handed fermions


• Most general invariant mass terms:
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See-saw

νc νc
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X
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Integrate out νc: 

Majorana



exercise
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Theorem (reminder)

The effect of any high scale [M » MZ] physics [responsible for 
neutrino masses] can be described at low E by effective interactions 
involving only light [SM] dofs and symmetries (no need to know 
the microscopic theory and dofs) suppressed by M 

Example: SM interactions can be described at E « MZ by effective 
Fermi interaction involving only light fermions 

If the higher E theory is known, the specific form of the NR 
remnants can be derived 

If the higher E theory is unknown: i) model-independent 
parameterization of NP, ii) the experimental determination of 
effective interactions tells us about the microscopic theory 

• e.g.: Fermi Gamow-Teller Sudarshan-Marshak interaction
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Possible (tree level) origins of aaaaaaa 
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Possible (tree level) origins of aaaaaaa 
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M
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S: SM singlet
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Option 2: M ≲ MZ



Lepton number is “exactly” conserved: hij = 0


Neutrino masses then need an L = -1 neutrino νc


In the SM: 


Needs L and  λN < 10-11: why?

Example: Dirac neutrinos
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Low scale lepton number violation 

singlet neutrino mass M < v (EW scale)


effective description not sound anymore


λ ≈ 10-6 (M/v)1/2



Low-scale origin of L-violation (1)
TeV-scale see-saw


νc with M ≈ TeV


Probe νc through          : 


M ∼ TeV ⇒                                                        

too small for LHC


Unless λ » 10-7 + cancellations in           
(2 or more νc’s)


“magical”, e.g.:                           if


natural, e.g.:


                          have L = 1,              has L = -1 
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Low-scale origin of L-violation (2)
(RP-violating) supersymmetry


Supersymmetry does not guarantee (accidental) L (or B) 
conservation, unlike the SM: Hd ≈ Li


L and B violating terms controlled by RP = (-1)3(B-L)+2s


A small RP breaking:


induces (hij/Λ)LiLjHH, with Λ = m, h ↔ small RP breaking

makes the LSP unstable (could be any susy partner)

W = �U
iju

c
iQjHu + �D

ijd
c
iQjHd + �E

ije
c
iLjHd + µHuHd

+ ���
ijkuc

id
c
jd

c
k + ��

ijkLiQjd
c
k + �ijkLiLje

c
k + µiHuLi

Lsoft = AU
ij ũ
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c
k + (Bµ)iHuL̃i

+ m̃2
QQ̃†Q̃ + (m̃2

i H
†
dL̃i + h.c.) + gaugino masses

~



Majorana o Dirac?



Dirac vs Majorana at the particle level

QFT: each particle p corresponds to an antiparticle p (CPT)


Particle and antiparticle have same mass, spin (opposite 
helicities if m = 0), opposite conserved charges


CPT does not forbid p = p; however this cannot happen if the 
particle is charged or, if s ≠ 0, massless


If Q = 0 and m ≠ 0 a fermion can coincide with its antiparticle 
(Majorana fermion) or be independent of it (Dirac fermion)


Neutrinos are the only known fermions that can be Majorana 
or Dirac, all other known fermions are Dirac


The mass term of a Majorana fermion violates all charges 
carried by the fermion


If neutrinos are Majorana, lepton number is violated

-

-



m = 0


the helicity is an invariant of a 1-particle state (1 dof)


neutrino particles have 1 dof


CC interactions only produce        and         (L chirality)


m ≠ 0


helicity depends on the reference frame, one particle states 
have 2 dofs corresponding to two opposite helicities

|� �⇥ |� +�Majorana: ν = ν
_

Dirac: 

ν

|� +� |� �⇥

_
ν

Dirac vs Majorana at the particle level

|� �⇥ |� +�

not observed 

(R chirality, small mass)



Dirac vs Majorana at the field level

“Majorana”

breaks any charge of ψ 

�

m

2
��Most general mass term:

mij

2
�i�j

�i “L” fermions

example: ψ = νL 
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breaks lepton number 

mij symmetric



Dirac vs Majorana at the field level

Most general mass term:
mij
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Dirac vs Majorana in the interaction

The difference shows up only in the m ≠ 0 case:

• Dirac (m = 0)

• Majorana (m = 0)

In oscillations, once the O(m/E) terms have been neglected:

• the helicity does not play a role

• there is no L-violation

• oscillation formulae are identical for Dirac and Majorana ν’s

⌫L|0i = |⌫�i ⌫L|0i = |⌫+i

⌫L|0i = |⌫�i ⌫L|0i = |⌫+i



The difference shows up only in the m ≠ 0 case:

• Dirac (m ≠ 0)

• Majorana (m ≠ 0)

In oscillations, once the O(m/E) terms can be neglected:

• the helicity does not play a role

• there is no L-violation

• oscillation formulae are identical for Dirac and Majorana ν’s

Dirac vs Majorana (particle content)

⌫L|0i = |⌫�i+O (m/E) |⌫+i ⌫L|0i = |⌫+i+O (m/E) |⌫�i

⌫L|0i = |⌫�i+O (m/E) |⌫+i ⌫L|0i = |⌫+i+O (m/E) |⌫�i



0ν2β decay

Kine
mati

cal
ly f

orb
idde

n

Violates lepton number 
Needs Majorana neutrinos



0ν2β decay

(A,Z)! (A,Z + 2) + 2e�; e.g.: 76Ge! 76Se + 2e�
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Depends on 
- Phases 
- Nuclear matrix elements 
- Dirac vs Majorana

|mee| < O (1)⇥ 0.2 eV (Heidelberg-Moscow) ! O (1)⇥ 0.01 eV (Genius)
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Figure 13: Combined 3⌫ analysis of oscillation and nonoscillation data, in the planes charted
by any pair among the absolute mass observables (m�, m��, ⌃). Bounds from 0⌫�� are
derived from KamLAND-Zen data and NME estimates. Bounds from cosmology refer to the
representative “weak” limit described in the text. The allowed bands correspond to N� = 2
(solid) and N� = 3 (dotted), for both NO (blue) and IO (red), taken as separate cases. If
the ��

2
IO�NO di↵erence in Eq. (18) were included, the IO bands would disappear.

uncertainties a↵ecting the ⇤CDM+⌃model were lumped in a dominant parameter Alens (with significant
covariance with ⌃), that was optionally left free to vary around its standard value (Alens = 1), in order
to improve the overall fit of Planck lensing data [262].

In the work [35], a total of 6+6 data sets (with and without free Alens) were thus considered.
In combination with oscillation data, upper limits at 2� were obtained for these 12 cases, mostly in
the sub-eV range for the ⇤CDM+⌃ model, with somewhat weaker results for ⇤CDM+⌃+Alens variant.
Allowance was given for di↵erent (non-degenerate) neutrinos masses, inducing small di↵erences between
the overall �2 in NO and IO at small ⌃. Interestingly, NO was generally favored over IO, although only
by a fraction of ��

2 unit in typical cases. These results (in particular, the numerical values in Table II
of [35]) are confirmed by including the updated oscillation data discussed above, and are not repeated.

Among the twelve cases reported in [35], we discuss here only the two cases labelled 1 and 6 in
the ⇤CDM+⌃ model. They provide representative example of “weak” cosmological upper limits (just
below the eV scale), and “strong” cosmological upper limits (in the sub-eV range). The corresponding
�
2 functions are taken from [35] for both NO and IO, and provide the following 2� upper limits:

“weak” limit : ⌃ < 0.72 (NO) or ⌃ < 0.80 (IO) at 2� , (20)

“strong” limit : ⌃ < 0.18 (NO) or ⌃ < 0.20 (IO) at 2� . (21)

As already emphasized, we discuss NO and IO separately, and do not consider anymore the marginalized
“any ordering” case [35], which would display only NO regions (and no IO region) up to 3�.

23



Neutrino masses are small

• Neutrino have masses (oscillations)


• Natural scale of fermion masses: ⟨H⟩ ≈ 174 GeV


• Why mν / ⟨H⟩ < 10-12?


• Must have a different origin than me / ⟨H⟩ ≈ 0.3 x 10-5 


• quantitatively larger hierarchy


• family independent


• compelling understanding available
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Neutrino (lepton) flavour parameters



• Quark sector


• Lepton sector, including neutrino masses (Majorana for definitess)
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jµ†
c,lep = UijeiL�µ⇥jL

Physical flavour parameters in the lepton sector
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unphysical physical
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jµ†
c,lep = UijeiL�µ⇥jL

Physical flavour parameters in the lepton sector

me, mµ, m⇤ , m⇥1 , m⇥2 , m⇥3 , ⌅23, ⌅12, ⌅13, ⇤, �, ⇥
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e.g.: 

m1 ≈ m2 > m3 

(inverse 
hierarchical) 

m1 ≈ m2 ≈ m3 

(degenerate) 

Standard labeling of eigenstates

1

2

3
Normal

3

2

1

e.g.: 

m1 < m2 ≪ m3 

(hierarchical) 

m1 ≈ m2 ≈ m3 

(degenerate) 

m1 ≈ m2 < m3 

(neither)

uniquely defines the labeling

by definition;        can have both signs

normal

inverted

0 < �m2
12 < |�m2

23|

�m2
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to oscillations
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double-beta decay

beta decay

cosmology
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Guidelines for theory:



Thank you 
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