
@Silvia Pascoli

INSS 2013

Beijing
09-12 August 2013

Silvia Pascoli

IPPP - Durham University

Neutrino mass 
models

1
Friday, 9 August 13



@Silvia Pascoli

Outline
1. Present knowledge of neutrino masses

2. Questions for the future: How we will 
measure neutrino masses

3. Neutrino masses beyond the Standard 
Model: Dirac, Majorana and Dirac
+Majorana masses

4. Models of masses BSM:
Dirac masses
see saw type I
see-saw type II
see-saw type III
extended-type see-saw models2
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C o n t r a r y t o w h a t 
expected in the SM, 
neutrinos oscillate: after 
being produced, they can 
c h a n g e t h e i r 
“flavour”.

The facts: Neutrinos oscillate

3

⌫1

Light orange
= 

muon neutrino

Dark orange
= 

electron neutrino
⌫2

⌫1 ⌫1

⌫2 ⌫2

Neutrino oscillations imply that neutrinos 
have mass and they mix.

First evidence of physics beyond the SM.

See Kayser’s lectures
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31

for NO and �m2

32

for IO.

– 4 –

All oscillation parameters are 
measured with good precision, 
except for the mass hierarchy and 
the delta phase. One needs to 
check the 3-neutrino paradigm 
(sterile neutrino?).

NuFit: M. C. Gonzalez-Garcia et al., 1209.3023
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�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires:         and the ordering. 
Masses are much smaller than the other 
fermions.

mmin
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Present status of neutrino masses
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Neutrino mixing
Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
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Large angles

CPV?

Flavour states
Mass states

Mixing angles are much larger than in the 
quark sector.6
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1. What is the nature of neutrinos? 

2. What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

3. Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of delta.

4. What are the precise values of mixing 
angles? Do they suggest a underlying pattern?

5. Is the standard picture correct? Are there 
NSI? Sterile neutrinos? Other effects?

•

•

•

•

•

Phenomenology questions for the future
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Neutrinos can be Majorana or Dirac particles. In the SM 
only neutrinos can be Majorana because they are neutral.

Majorana particles 
are indistinguishable 
from antiparticles.

Dirac neutrinos are 
labelled by the lepton 
number.

The nature of neutrinos is linked to the conservation of 
Lepton number. This information is crucial to 
understand the origin of neutrino masses and it 
can be linked to the existence of matter in the Universe.                9
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Figure 1: Predictions for |hmi| at 2 �. Blue (green) corresponds to regions

compatible with CP-conservation and inverted (normal) mass ordering, red

is the CP-violating area.

1

Klapdor-Kleingrothaus et al. MPLA A21 (2006)

KamLAND-Zen+EXO, 90%C.L.

Planck+WP+highL

GERDA, CUORE, Majorana, SNO+, SuperNEMO, COBRA, NExT ... sensitivity

Tuesday, 25 June 13

Testable in 
neutrinoless 
double beta 
decay

Nature of Neutrinos

GERDA

See Yang’s lectures

Friday, 9 August 13



Neutrino mass ordering (hierarchy)
- use matter effects in neutrino oscillations

- vacuum oscillations in reactors:
JUNO will be able to determine
the mass ordering

- neutrinoless double beta decay10

Neutrino masses
Future long baseline 
experiments: LBNE, 
LBNO, T2HK, nuFact

Thanks to A. 
Rubbia; LAGUNA-

LBNO

K. Sakashita

ORCANeutrino Physics Prospects for neutrino oscillation physics

Figure 7: Statistical significance per bin of the di↵erence between NH and IH for one year of PINGU
data from ⌫

µ

induced events, binned in neutrino energy (bin width �E
⌫

= 1 GeV) and cosine of
the zenith angle (bin width � cos ✓

z

= 0.05). In the left (right) pannel neutrino energy and angular
reconstruction resolutions of 2 (4) GeV and 11.25� (22.5�) have been assumed. Figures from [76].

panels in Fig. 6 are based on a water Cerenkov detector, but similar results can be achieved in large
(100 kt scale) liquid argon detectors [58]. We mention also that atmospheric data from such big
detectors (including also the sub-GeV samples) provide excellent sensitivity to the octant of ✓23 (see
e.g. [68]) through the e↵ects discussed already in the context of present data in section 2.3.

4.3 Atmospheric neutrinos – ice

The IceCube neutrino telescope in Antarctica is able to collect a huge amount of atmospheric neutrino
events. Due to the high energy threshold those data are not very sensitive to oscillations, although
they provide interesting constraints on non-standard neutrino properties, see e.g. [71]. With the so-
called DeepCore extension [72] a threshold of around 10 GeV has been achieved and first results on
oscillations of atmospheric neutrinos have been presented [73], see [74] for a study on the neutrino
mass hierarchy. With a further proposed extension of the IceCube detector called PINGU [75] the
threshold could be even lowered to few GeV, opening the exciting possibility of a multi-mega ton
scale detector exploring the matter resonance region. The most straight forward type of events will
be muons without charge identification, and one has to rely on the huge statistic in order to identify
the e↵ect of the mass hierarchy. Below we discuss some results obtained recently in [76] focusing on
the muon signal. Signatures from ⌫

e

and ⌫
⌧

induced events have also been studied in [76].
In order to identify the di↵erence between normal and inverted mass hierarchy again a crucial issue

will be the ability to reconstruct the neutrino energy and direction. In Fig. 7 the di↵erence between
event numbers for NH and IH (weighted by the statistical error), binned in neutrino energy E

⌫

and
zenith angle ✓

z

are shown for two assumptions on the reconstruction abilities. In the left pannel, with
better resolutions, we can observe clearly the e↵ects of the matter resonance. We note also that in
di↵erent regions in the E

⌫

� cos ✓
z

plane the di↵erence between NH and IH changes sign. This means

beam) and ⌫µ ! ⌫e (superbeam) oscillations, which allows to break the mass hierarchy degeneracy already at first order

in the parameter A (see Eq. 5), which works already at the distance of 130 km [69], see also [70].
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Akhmedov, 
Razzaque, 
Smirnov, 

1205.8071
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Figure 1: θ13, MH, and CPV discovery potential as fraction of true δCP as a function of the true sin2 2θ13

for the normal hierarchy (upper row) and inverted hierarchy (lower row) at the 90% CL. Note the different

vertical scales in the different panels.

hierarchy. In Fig. 1 we show for a given true value of sin2 2θ13 (horizontal axis) and a given
true hierarchy (upper row normal, lower row inverted) the fraction of all possible true values
of δCP for which the discovery can be achieved at the 90% confidence level. Hence, a fraction
of δCP of unity (or 100%) for a given sin2 2θ13 corresponds to a discovery for any possible
value of δCP.

The θ13 discovery potential (cf., left panels of Fig. 1) of the reactor experiments does
not depend on δCP since by convention this phase does not appear in the disappearance
probability Pee. Furthermore, the probability is given to good approximation by an effective
2-flavor expression: P react

ee ≈ 1 − sin2 2θ13 sin2(∆m2
31L/4E). Thanks to the large exposure,

Daya Bay will have the best discovery potential among the reactor experiments of sin2 2θ13 =
0.0066 at the 90% CL, compared to 0.018 for RENO and 0.033 for Double Chooz.2 In
contrast, the νµ → νe appearance probability relevant for the beam experiments shows a

2Let us mention that the Daya Bay assumptions of a systematical error of 0.18%, fully uncorrelated
among all detectors is more aggressive than for other reactor experiments. For example, if the systematic
error is at the level of 0.6%, such as assumed in Double Chooz, the Daya Bay sensitivity of sin2 2θ13 = 0.0066
deteriorates to sin2 2θ13 $ 0.01. If on the other hand the systematic error is 0.38% and assumed to be fully
correlated among modules at one site the limit would sin2 2θ13 $ 0.012 [36]. See also the discussion in
Ref. [30].
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T2K and NOvA

Huber at al., 
2009

Atmospheric nus: ORCA, PINGU, INO

 Hierarchy earlier ? �
2) LBL Reactor neutrinos �
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Extremely challenging: 20kton, 2-3% energy resolution, 1% linearity in energy scale, �
error on |Δm2

23|�

Petcov et al�

$Qian, Dwyer, McKeown, Vogel, Wang, Zhang arXiv:1208.1551 �

Petcov et al., 2001

●

See Kayser’s lectures

Friday, 9 August 13



Absolute mass scale
- KATRIN studies the end point of the beta decay 
spectrum
Current bound:

- cosmology. The Early Universe is
sensitive to the sum of neutrino
masses due to their gravitational 
effects. They are a component of 
HDM and their presence smooths
out the density perturbations.
Current bound: 

- neutrinoless double beta decay
A measurement of |<m>| can 
identify a region for m.
Current bound: 

KATRIN%at%a%Glance%

The&KATRIN&Experiment&33&Diana&Parno& 6%

Images:&Karlsruhe&InsGtute&of&Technology&

11

6

Planck+WP+lensing Planck+WP +lensing Planck+WP+lensing
(+HST) +DR8 (+HST) +DR9 (+HST)

Σmν [eV ] < 1.11 (0.22) < 0.98 (0.23) < 0.39 (0.23)

TABLE IV: 95% CL upper bounds on Σmν in a ΛCDM model from the different data combinations considered here, with
(without) the HST prior on the Hubble constant H0. The results with DR8 (DR9) data sets include the shot noise (the
systematic corrections) parameters.
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FIG. 1: Left panel: the red contours show the 68% and 95% CL allowed regions from the PLANCK data set in the (
∑

mν ,
w) plane, while the blue and green contours show the impact of the addition of the DR9 BAO signature and the full shape
of DR9 galaxy clustering measurements respectively. The magenta contours depict the combination of PLANCK with DR9
galaxy clustering data and SNLS3 measurements. Right panel: as in the left panel but in the (

∑
mν , Ωk) plane (note the

absence of the case with SNLS3 data in the analyses presented in this figure).

ence for w < −1, allowing therefore for a larger neutrino
mass. We also investigate the impact of adding Super-
novae Ia luminosity distance constraints to the combina-
tion of PLANCK and DR9 galaxy clustering data sets:
while the impact on the sum of the neutrino mass bound
is negligible, the errors on the dark energy equation of
state parameter w are reduced by a factor of three.

C. Curvature and massive neutrinos

We present here the constraints on neutrino masses
in the context of a non flat universe, allowing for a non
negligible curvature component, see Tab. I for the priors
adopted in the curvature component. Table VI shows our
constraints for the PLANCK data set, PLANCK plus
DR8 angular power spectrum data and PLANCK plus
DR9 galaxy clustering measurements with and without
a prior on the Hubble constant H0 from HST. In this non
flat model, DR8 angular clustering measurements com-
bined with PLANCK reduce the constraint on

∑

mν ,
from

∑

mν < 1.36 eV to
∑

mν < 0.92 eV (both at
95% CL). This constraint is very similar to the one ob-
tained if the BAO DR8 geometrical information is used,

∑

mν < 0.80 eV. Adding the HST prior to DR8 angular
power spectrum measurements improves significantly the
constraints: the 95% CL upper limit is

∑

mν < 0.33 eV.

DR9 3D power spectrum measurements greatly im-
prove the results from the PLANCK data set: when
combined with our basic PLANCK dataset, the 95% CL
bounds without the HST prior are

∑

mν < 0.35 eV
with systematic uncertainties. If HST data is included
as well in the analysis, the former 95% CL bound trans-
lates into

∑

mν < 0.26 eV. These limits are better than
those obtained from the combination of the PLANCK
data set with the DR9 BAO measurement, which is
∑

mν < 0.47 eV without the HST prior. Therefore,
this non flat model, together with the wCDM one, is a
working example in which constraints from full shape 3D
power-spectrum measurements provide significant extra
information than those from BAO signature alone.

Figure 1, right panel, shows the 68% and 95% CL
allowed regions in the (

∑

mν , Ωk) plane from the
PLANCK data set described in Sec. III, and from the
combination of the former data set with DR9 BAO mea-
surements, and DR9 galaxy clustering information. No-
tice that the neutrino mass constraint arising from the
clustering measurements is more powerful than those ob-

Giusarma et 
al., 1306.5544

●

KATRIN
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Figure 1: Predictions for |hmi| at 2 �. Blue (green) corresponds to regions

compatible with CP-conservation and inverted (normal) mass ordering, red

is the CP-violating area.

1

Klapdor-Kleingrothaus et al. MPLA A21 (2006)

KamLAND-Zen+EXO, 90%C.L.

Planck+WP+highL

GERDA, CUORE, Majorana, SNO+, SuperNEMO, COBRA, NExT ... sensitivity

Tuesday, 25 June 13

GERDA

X

i

m2
i |Uei|2 < 2.2 eV2

Troitzk and Mainz

X

i

mi < few 0.1eV

X

i

miU
2
ei < 0.2� 0.3 (0.6� 1) eV

See Yang’s and Adams’ 
lectures
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The ultimate goal is to 
understand

- where do neutrino 
masses come from?

- why there is leptonic 
mixing? and what is at the 

origin of the observed 
structure?

Friday, 9 August 13
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Neutrino physics gives a new perspective on physics BSM.

This information is complementary with the one 
from flavour physics experiments and from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so much 
lighter?
and why their hierarchy is at 
most mild?

Why leptonic mixing 
is so different from 
quark mixing?

13
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@Silvia Pascoli14

Useful formalism

We will use gamma matrices

The most used representations are the Pauli-Dirac, Weyl 
and Majorana ones. In the Weyl representation we have

Then we define

{�µ, �⌫} = 2gµ⌫

�0 =

✓
0 �1
�1 0

◆
, �i =

✓
0 �i

��i 0

◆

�5 ⌘ i�0�1�2�3 =

✓
1 0
0 �1

◆

 R ⌘ 1 + �5

2
 =

✓
⇠
0

◆
See Xiangdong Ji’s 

lectures
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Charge conjugation

This operation changes a field in its charge-conjugate 
(opposite quantum numbers but same chirality):

Properties: 
In Weyl representation: 
Let’s apply it to a left-handed field

We find that it behaves as a right-handed field!

C = i�2�0

( L)
c = ( c)R

@Silvia Pascoli15

 c = C ̄T = i�2 ⇤

( L)
c = i�2 ⇤

L = i

✓
0 �2

��2 0

◆✓
0
⌘⇤

◆
=

✓
i�2⌘⇤

0

◆

Exercise
using the properties of the C 

matrix, show that this equation is 
true independently of the 

representation of the gamma 
matrices.

C�↵TC† = ��↵ , CC† = 1 , CT = �C

Friday, 9 August 13
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What kind of masses 
can neutrinos have?

Friday, 9 August 13



⌫L ! ei(+1)↵⌫L
⌫R ! ei(?)↵⌫R

@Silvia Pascoli17

Neutrino masses

A mass term for a fermion connects a left-handed field 
with a right-handed one. For example the “usual” Dirac 
mass

Dirac masses
This is the simplest case. We assume that we have two 
independent Weyl fields: 
and we can write down the term as above.

Does it conserve lepton number?

m ( ̄R L + h.c.) = m  ̄ 
Exercise

check this formula

⌫L , ⌫R

LmD = �m⌫(⌫̄R⌫L + h.c.)

Friday, 9 August 13



⌫L ! ei↵⌫L
⌫R ! ei↵⌫R

LmD ! LmD

@Silvia Pascoli18

Neutrino masses

A mass term for a fermion connects a left-handed field 
with a right-handed one. For example the “usual” Dirac 
mass

Dirac masses
This is the simplest case. We assume that we have two 
independent Weyl fields: 
and we can write down the term as above.

This conserves lepton number!

m ( ̄R L + h.c.) = m  ̄ 
Exercise

check this formula

⌫L , ⌫R

LmD = �m⌫(⌫̄R⌫L + h.c.)
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Diagonalize a Dirac mass term

If there are several fields, there will be a Dirac mass 
matrix. 

This requires two unitary mixing matrices to diagonalise it

and the massive states are

@Silvia Pascoli19

LmD = �⌫̄Ra (mD)ab ⌫Lb + h.c.

nL = U †⌫L nR = V †⌫R

mD = V mdiagU
†

This is the mixing matrix which enters in neutrino 
oscillations. So the form of the mass matrix determines 
the mixing pattern.
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Majorana masses
If we have only the left-handed field, we can still write 
down a mass term, called Majorana mass term. We use 
the fact that

then the mass term is

This breaks lepton number!

⌫L ! ei↵⌫L
⌫R ! ei↵⌫R

⌫̄cL⌫L = (C⌫̄TL )
†�0⌫L = ⌫̄⇤LC

†�0⌫L

= ⌫TL�
0⇤C†�0⌫L = �⌫TLC

�1⌫L

LmM ! e2i↵LmM

@Silvia Pascoli20

( L)
c = ( c)R

Exercise
Show that these two 
formulations are 
equivalent.Hint:

LmM / �MM ⌫̄cL⌫L + h.c. = MM⌫TLC
�1⌫L
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Diagonalize a Majorana mass term

If there are several fields, there will be a Majorana mass 
matrix. We can show that it is symmetric.

This implies that only one unitary mixing matrix is 
required to diagonalise it

⌫TLMMC�1⌫L = (⌫TLMMC�1⌫L)
T

= �⌫TLM
T
MC�1,T ⌫L = ⌫TLM

T
MC�1⌫L

@Silvia Pascoli21

In fact:

MM = MT
M

MM = (U †)TmdiagU
†
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The massive fields are related to the flavour ones as

and the Lagrangian can be rewritten in terms of a 
Majorana field

with

A Majorana mass term (breaks L) leads to Majorana 
neutrinos (breaks L).

LM = �1

2
n̄c
LmdiagnL � 1

2
n̄Lmdiagn

c
L = �1

2
�̄mdiag�

@Silvia Pascoli22

� ⌘ nL + nc
L ) � = �c

nL = U †⌫L
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Dirac + Majorana masses
If we have both the left-handed and right-handed fields, 
we can write down three mass terms:
- a Dirac mass term
- a Majorana mass term for the left-handed field and
- a Majorana mass term for the right-handed field.

What do we expect the massive neutrinos to 
be? 
Dirac, Majorana, both?

@Silvia Pascoli23

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.
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Dirac + Majorana masses
If we have both the left-handed and right-handed fields, 
we can write down three mass terms:
- a Dirac mass term
- a Majorana mass term for the left-handed field and
- a Majorana mass term for the right-handed field.

This breaks lepton number, in both the 
Majorana mass terms.

The expectation is that, as lepton number is not 
conserved, neutrinos will be Majorana particles.
Let’s prove it.

@Silvia Pascoli24

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.
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We start by rewriting

with

Then, we need to diagonalise the full mass matrix, and we 
find the Majorana massive states, in analogy to what we 
have done for the Majorana mass case.

The difference is that 

LmD+M = �1

2
 ̄c
LM L + h.c.

 L ⌘
✓
⌫L
⌫cR

◆
and M ⌘

✓
MM,L mT

D
mD MM,R

◆

⌫̄cLm
T
D⌫cR = ⌫̄RmD⌫L

� ⌘ nL + nc
L ) � = �c

@Silvia Pascoli25

LmD+M = �1

2
⌫̄cLMM,L⌫L � 1

2
⌫̄RMM,R⌫R � ⌫̄RmD⌫L + h.c.

In fact

and one can use
Exercise

Show that these two 
formulations are 
equivalent.

nL = Uj⌫L + Uk⌫
c
R

Not unitary Mixing between mass states and 
sterile neutrinos
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@Silvia Pascoli26

Summary of neutrino mass terms

Dirac masses

LmD = �m⌫(⌫̄R⌫L + h.c.)

This term conserves lepton number.

Majorana masses

LmM / �MM ⌫̄cL⌫L + h.c. = MM⌫TLC
�1⌫L

Lepton number is broken -> Majorana neutrinos.

Dirac + Majorana masses

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.

This term breaks lepton number.

Friday, 9 August 13



27

Can neutrino masses 
arise in the SM? and if 

not, how can we extend 
the SM to generate 

them?
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Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing:

● like the other fermions as there are no right-handed 
neutrinos.

Solution:   Introduce         for Dirac masses

● they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
Solution: Introduce an SU(2) scalar triplet or gauge 
invariant non-renormalisable terms (D>4). This term 
breaks Lepton Number.

meēLeR m� �̄L�R

�R

M�T
L C�L

28
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L = �y⌫L̄ · H̃⌫R + h.c.

L =

✓
⌫L
eL

◆
and H̃ =

✓
H0,⇤

�H�

◆

If we introduce a right-handed neutrino, then a lepton-
number conserving interaction with the Higgs boson 
emerges.

Thanks to 
H. Murayama

Dirac Masses

29

This term is 
- SU(2) invariant and 
- respects lepton number

See also Xiangdong 
Ji’s lectures

with
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@Silvia Pascoli30

Tiny couplings!

When the neutral component of the Higgs field gets a vev, 
a Dirac mass term for neutrinos is generated.

It follows that

L⌫H = �y⌫(⌫̄L, ¯̀L) ·
✓

H0⇤

�H�

◆
⌫R + h.c.

= �y⌫(⌫̄LH
0⇤ � ¯̀

LH
�)⌫R + h.c.

= �y⌫
vHp
2
⌫̄L⌫R + h.c.+ . . .

H0 ! vHp
2
+ h0

y⌫ ⇠
p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12
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@Silvia Pascoli

Many theorists consider this explanation of neutrino 
masses not satisfactory. We would expect this 
Yukawa couplings to be similar to the ones in the 
quark sector:

1. why the coupling is so small????
2. why the mixings are large? (instead of small as in 
the quark sector)
3. why neutrino masses have at most a mild hierarchy 
if they are not quasi-degenerate? instead of what 
happens to quarks?

Dirac masses are strictly linked to lepton number 
conservation. But this is an accidental global 
symmetry. Should it be conserved at high scales?
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@Silvia Pascoli

There are models which address the problem of the 
smallness of the couplings. 

Extra-D models

In these models all gauge-interacting fields are in the SM 
brane. Right-handed neutrinos are singlets and therefore 
will be in the bulk. 

The overlap of the wavefunctions (which are 
normalised) of the left-handed and right-handed 
neutrinos leads to a small Yukawa coupling.

SM brane

⌫L⌫R

bulk

See e.g. Arkani-Hamed et al., 2002; Grossman and 
Neubert, 2000. Models with warped extra-D....
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Majorana Masses

D=5 term

If neutrino are Majorana particles, a Majorana mass can 
arise as the low energy realisation of a higher 
energy theory (new mass scale!).

33

In order to have an SU(2) invariant mass term for 
neutrinos, it is necessary to introduce a Dimension 5 
operator (or to allow for new scalar fields, e.g. a scalar 
triplet):

Lepton number
violation!
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L / GF (ēL�µ⌫L)(⌫̄L�
µeL) LSM / g⌫̄L�

µeLWµ ) GF / g2

m2
W

?

e f f e c t i v e 
theory

S t a n d a r d 
Model:
W exchange

H

H

Neutrino mass
New theory:
new particle 
e x c h a n g e 
with mass M

34
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H

H

H

H

H

H

H H

Fermion
singlet Scalar

triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

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

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

Ma, Roy, Senjanovic, 
Hambye

35
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The simplest see saw mechanism: type I

 Introduce a right handed 
neutrino N (sterile 
neutrino)
 Couple it to the Higgs 
and left handed neutrinos

The Lagrangian is
breaks lepton number

Friday, 9 August 13



����
�� mD

mD M � �

���� = 0

�2 �M��m2
D = 0

When the Higgs boson gets a vev, Dirac masses will be 
generated and the mass matrix will be (for one generation)

This is of the Dirac+Majorana type we discussed earlier. So 
we know that the massive states are found by diagonalising 
the mass matrix and the massive states will be Majorana 
neutrinos.
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One massive state remains very heavy, the light neutrino 
masses acquires a tiny mass!

Mixing between active neutrinos and heavy neutrinos will 
emerge but it will be typically very small

and can be related to neutrino masses

m⌫ ' m2
D

M
⇠ 1GeV2

1010 GeV
⇠ 0.1 eV

�1,2 =
M ±

p
M2 + 4m2

D

2
'

M
M�M

2 � 4m2
D

4M = �m2
D

M

tan 2✓ =
2mD

M
Relevant for tomorrow’s 
discussion.
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It is necessary to introduce more than one sterile 
neutrino. (With one only, two masses will be zero)

It is possible to invert this matrix and express the 
Yukawa couplings in terms of the low energy 
measurable parameters.

U⇤d1/2m d1/2m U † ' �yT⌫ d
�1/2
M d�1/2

M y⌫v
2
H

U⇤d1/2m RTRd1/2m U † ' �yT⌫ d
�1/2
M d�1/2

M y⌫v
2
H

y⌫ ' 1

vH
d1/2M Rd1/2m U †

m⌫ = U⇤dmU † ' �yT⌫ M
�1
R y⌫v

2
H

Measurable

MeasurableUnknown

Casas, 
Ibarra, 2001
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@Silvia Pascoli

Can we determine the high energy parameters from 
low energy measurements in experiments?
Parameter counting.

At high energy there are 6 extra real parameters and 
3 phases. So in a model independent way there is no 
direct connection.

However, in specific models of neutrino masses and 
flavour structure, the number of parameters will be 
reduced and a direct connection can be there.
See other lectures.

7 – THE THEORY: Leptogenesis

Leptogenesis

δ α  α
3121

High energy parameters Low energy parameters

MR 3 0

λ 9 6

dm 3 0

U 3 3

9 parameters are lost, of which 3 phases. In a model-independent way there
is no one-to-one connection between the low-energy phases and the ones
entering leptogenesis. [see, e.g., S.P., MPLA]
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@Silvia Pascoli

Pros and cons of type I see-saw models

Pros:
- they explain “naturally” the smallness of neutrino 
masses.
- can be embedded in GUT theories!
- neutrino masses are a indirect test of GUT 
theories
- have several phenomenological consequences 
(depending on the mass scale), e.g. leptogenesis, LFV

Cons:
- the new particles are typically too heavy to be 
produced at colliders (but TeV scale see-saws)
- the mixing with the new states are tiny
- in general: difficult to test

Friday, 9 August 13



L� / y�L
TC�1�i�iL+ h.c.

�i =

0

@
�++

�+

�0

1

A

m⌫ ⇠ y�v�

@Silvia Pascoli

See saw type II

HH

We introduce a Higgs triplet which 
couples to the Higgs and left handed 
neutrinos. It has hypercharge 2.

with

Once the Higgs triplet gets a vev, 
Majorana neutrino masses arise: 

Cons: why the vev is very small?
Pros: the component of the Higgs triplet could tested 
directly at the LHC.
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T =

✓
T 0 T+

T� �T 0

◆
LT / yT L̄�H · T + h.c.

@Silvia Pascoli

See saw type III

We introduce a fermionic triplet 
which has hypercharge 0.

with

Majorana neutrino masses are 
generated as in see-saw type I:

Pros: the component of the fermionic triplet have 
gauge interactions and can be produced at the LHC 
Cons: why the mass of T is very large?

m⌫ ' �yTTM
�1
T yT v

2
H

H

H

Fermion
triplet T
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@Silvia Pascoli

Extensions of see-saw models

In see-saw type I typically the smallness of 
neutrino masses is related to a very heavy mass 
scale and/or small Yukawa couplings. Models in 
which it is possible to lower the mass scale, 
keeping large Yukawa couplings have been studied.

Let’s introduce two right-handed singlet 
neutrinos.

L = Y L̄ ·HN1 + Y2L̄ ·HN c
2 + ⇤N̄1N2 + µ0NT

1 CN1 + µNT
2 CN2
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@Silvia Pascoli

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

Depending on the assignment one can have different 
lepton numbers:

N1=1, N2=1: 

N1=0, N2=-1:

N1=1, N2=0:

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A
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This implies that neutrino masses require

●               (= standard see-saw plus light sterile neutrino)

●

Small neutrino masses associated to small breaking of L.

 Three interesting  limits:
● Inverse see-saw:
Two quasi-Dirac neutrinos with large mixing

m⌫ ' v2H
⇤2

µY T
1 Y1

@Silvia Pascoli

doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions for n = n0 = 1 and M̃
1

= M̃
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

M̃
1

6= M̃
2

studied here, leaves the seesaw limit (M̃i � m̃D) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on the seesaw

limit. Notice, however, that this does not necessarily mean that M̃i have to be at the GUT

or the TeV scale and can be considerably lighter [25–27].

IV. LIGHT NEUTRINO MASSES AND 0⌫�� DECAY

For M̃i � m̃D, the light neutrino mass matrix is given at tree level by

mtree ' �mT
DM

�1mD ' v2

2(⇤2 � µ0µ)

�
µY T

1

Y
1

+ ✏2µ0Y T
2

Y
2

� ⇤✏(Y T
2

Y
1

+ Y T
1

Y
2

)
�
, (12)

where mD and M are the 2 ⇥ 3 Dirac and 2 ⇥ 2 Majorana sub-matrices respectively in

Eq. (8) for n = n0 = 1. Here, we have performed the standard “see-saw” mD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the “ee” element of this e↵ective mass matrix as

Alight /
3X

i=1

miU
2

eiM0⌫��(0) ⇡ �
�
mT

DM
�1mD

�
ee
M0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ0Y

2e � 2⇤Y
1e)

2(⇤2 � µ0µ)
v2M0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ

0Y
2e � 2⇤Y

1e) = 0 . (14)

This condition is fulfilled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0⌫�� decay phenomenology is

studied.

9

Y v, µ0

Y v, ⇤, µ, and/or Y2v and/or µ0

• Inverse seesaw limit (ISS limit): ⇤ � µ0, mD. This limit corresponds to one of the

Minimal Flavour Violation models (MFV) studied in Ref. [16]. It is also related to the

case analyzed in Ref. [6], where a di↵erent parameterization is used. In this case the

heavy neutrino spectrum is quasi-degenerate, forming a quasi-Dirac pair:

m
4

⇡ �m
5

⇡ M̃
1

⇡ �M̃
2

⇡ ⇤, Ue4 ⇡ Ue5 ⇡ Y
1ev/2⇤,

�M̃ ⌘ |M̃
2

|� |M̃
1

| ⇡ µ0,
(20)

and we can expect lepton number violating processes such as neutrino less double beta

decay to be controlled by µ0.

If all the heavy neutrinos are located below the 0⌫�� scale, a cancellation driven by

Eq. (3) is expected at tree level, as we have already mentioned. This cancellation applies in

general as long as all the heavy neutrinos are in the light regime, including the two limits

distinguished above.

The approximation made in Eq. (16), M0⌫��(mI) / 1/m2

I , does not apply if one of the

heavy neutrinos (or both) is lighter than (or close to) ⇠ 100 MeV. However, as we have

already commented, we will not restrict the analysis to any particular value of the sterile

neutrino masses. This is the reason why we have made use of a numerical computation for

the NME in which no approximation for the neutrino mass dependence has been considered.

Notice, for instance, that the phenomenology for heavy masses around 100 MeV can be very

interesting and the approximation M0⌫��(mI) / 1/m2

I is not very accurate in that region.

In summary, at tree level the light neutrino masses are independent of µ0 (and ⇤) for

✏ = µ = 0, being actually zero. However, lepton number violation processes such as 0⌫��

decay are sensitive to these parameters and µ0 in particular. The idea behind Ref. [6, 7] is to

exploit this apparent decoupling between the heavy and light contributions in order to have

a measurable e↵ect in the 0⌫�� decay coming from the heavy side. In the following, we will

check if a heavy dominant contribution is really possible once the relevant corrections and

experimental constraints are taken into account.

V. HIGHER ORDER CORRECTIONS IN THE SEESAW EXPANSION

Only the leading order in mD/M has been considered in the expansion performed in

Eq. (12). We now check if the higher order corrections may induce any relevant e↵ects

11

Gavela et al., 0906.1461; Ibarra, 
Molinaro, Petcov, 1103.6217⇤ � µ, µ0

Small parameter

0
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@Silvia Pascoli

● Extended see-saw:

One very heavy neutrino, one light sterile neutrino and 
light neutrino masses. Differently from the standard see-
saw, the mixing with the light sterile neutrino can induce 
cancellations in the neutrino masses. For example, for 
Y2=0, no neutrino masses at leading order. 

● Linear see-saw:

Two quasi-Dirac neutrinos with large mixing. Neutrino 
masses are controlled by        .
Large mixing between sterile neutrinos and light 
neutrinos and TeV scales are allowed.

Of course, it may also be satisfied for other choices of parameters, but ✏ = µ = 0 is the

most stable one under radiative corrections and higher order terms in the expansion, as we

will show later. From now on we will assume that this cancellation condition is fulfilled.

Obviously, setting ✏ and µ to zero leads to vanishing tree level active neutrino masses as

well. However, the light neutrino masses can be generated at one-loop as we will see.

One could naively think that taking into account Eq. (3) would lead us to the same

cancellation for the heavy neutrinos (see Eq. (2)), however, the dependence of the NME on

mI avoids a complete cancellation, if the heavy neutrinos are not very degenerate.

When the heavy neutrinos are above the 0⌫�� scale, m
4

,m
5

� 100 MeV, the heavy

contribution to the 0⌫�� decay amplitude can be approximated as

Aextra /
extraX

I

mIU
2

eIM0⌫��(mI) / �
�
mT

DM
�3mD

�
ee

(16)

= v2
�
µ3 + ⇤2(2µ+ µ0)

�
Y 2

1e � 2✏⇤
�
⇤2 + µ02 + µ2 + µµ0�Y

1eY2e +
�
µ02 + ⇤2(µ+ 2µ0)

�
✏2Y 2

2e

2 (⇤2 � µµ0)3
,

which reduces to

Aextra /
v2µ0Y 2

1e

2⇤4

. (17)

if the light neutrino contribution is cancelled (✏ = µ = 0). Apparently, the above expression

indicates that for large values of µ0 and/or small enough ⇤ the heavy neutrinos may give a

relevant contribution to the 0⌫�� decay at tree level. At this point two interesting limits of

Eq. (8) arise:

• Extended seesaw limit (ESS limit): µ0 � ⇤, mD. In view of Eq. (17), this possibility

appears quite appealing. This limit matches the so-called extended seesaw models [28]

and corresponds to a hierarchical spectrum for the heavy neutrinos:

m
4

⇡ M̃
1

⇡ �⇤2/µ0, Ue4 ⇡ Y
1ev/

p
2⇤,

m
5

⇡ M̃
2

⇡ µ0, Ue5 ⇡ Y
1ev/

p
2µ0,

(18)

where we also show the corresponding mixing with the active neutrinos. In this regime,

the lightest of the two heavy neutrinos dominates the heavy contribution. Moreover,

for large enough values of µ0, m
4

becomes lighter than 100 MeV, the NME takes its

maximum value and the heavy contribution to the 0⌫�� decay becomes independent

of ⇤:

Aextra / U2

e4m4

M0⌫��(0) ⇡ �Y 2

1ev
2

2µ0 M0⌫��(0) . (19)

10

Kang, Kim, 2007; Majee et al., 2008; 
Mitra, Senjanovic, Vissani, 1108.0004µ0 � ⇤, µ

µ = µ0 = 0, Y2v small

Y2v

Malinsky, Romao, Valle, 2005
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

The new Standard Model will contain 
● new particles at a new physics scale 
● new interactions.

L⌫ = y L̄ ·H new
48

Coupling with the dark sector. Neutrinos can be a portal to 
new physics:

GUT see-saw I

TeV see-saw I (small couplings)

see-saw II
see-saw III
extended-type seesaws

See-saw I (tiny couplings)
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis

Indirect signals 
(proton decay)

49

Tomorrow we will look at how to test and 
distinguish different models.

Direct signals in 
colliders

Peak searches

Neutrinoless double 
beta decay

Kinks in beta 
decay

Nu oscillations
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@Silvia Pascoli

Summary

1. Neutrinos have masses and a wide experimental 
programme will measure them with precision. 

2. Neutrino masses beyond the Standard Model: 
Dirac, Majorana and Dirac+Majorana masses

3. We have looked at models of masses BSM:
Dirac masses
see saw type I
see-saw type II
see-saw type III
extended-type see-saw models

50
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