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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass
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What will you learn from this lecture?

●  What do we know about neutrino parameters?

● Dirac vs Majorana neutrinos

● How to test the nature of neutrinos and measure 
their masses

● What type of masses neutrinos can have

● What extensions of the SM can lead to neutrino 
masses



3

Plan of lecture II

●  What do we know about neutrino parameters?

● Dirac vs Majorana neutrinos

● How to test the nature of neutrinos and measure 
their masses

● What type of masses neutrinos can have

● What extensions of the SM can lead to neutrino 
masses
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NuFIT 1.0 (2012)

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 –

NuFit 3.0: M. C. Gonzalez-Garcia et al., 
1611.01514

See also F. Capozzi et al., 1703.04471
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Current status of neutrino parameters

3 sizable mixing 
angles

2 mass squared 
differences

● neutrinos have mass 
● neutrinos mix (Misaligned 

flavour and massive states)

First evidence of physics 
beyond the Standard Model.
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�m2
s � �m2

A implies at least 3 massive neutrinos. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. There is a hint in favour of NO 
based mainly on atmospheric events.

mmin

5
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• normal ordering (NO): m1 < m2 < m3, i.e., �m2
31 > 0,

• inverted ordering (IO): m3 < m1 < m2, i.e., �m2
32 < 0.

The best-fit values for the atmospheric mass-squared splitting di↵er slightly
for the two orderings due to subleading e↵ects in the oscillation prob-
abilities. From a recent global fit to neutrino oscillation data we have
�m2

31 = 2.524+0.039
�0.040⇥10�3 eV2 (for NO), �m2

32 = �2.514+0.038
�0.041⇥10�3 eV2

(for IO). The two possible mass ordering schemes are illustrated in Fig. 1.
The values of the mixing angles determine the flavour content of the three
mass eigenstates, given by |U↵i|2, which in the figure are represented by
the relative size of the colored bands. As the phase � is poorly constrained,
it has been varied between 0 and 180� in each coloured band.

Fractional flavour content of mass eigenstates

Ne
utr
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 m
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s s

qu
are

d
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3

Fig. 1. Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧) of the three mass eigenstates
⌫i, as determined by the current best-fit values of the mixing angles5 and varying �
from 0 (bottom of each coloured band) to 180� (top of coloured band), for normal and
inverted mass ordering schemes on the left and right, respectively. The di↵erent colours
correspond to the ⌫e fraction (yellow), ⌫µ (green) and ⌫⌧ (blue).

Given the constraints imposed by oscillation data, for each ordering
the three neutrino masses can be expressed in term of just one unknown
parameter, the lightest neutrino mass mMIN . The values of the three light
neutrino masses are shown in Fig. 2 as a function of mMIN . As can be seen
in the figure, three di↵erent limiting cases can be easily distinguished:

• Normal Hierarchical (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧
m3, with m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p
|�m2

31|.
• Inverted Hierarchical (IH). In the limit mMIN ! 0, for IO we have instead
m3 ⌧ m1 < m2, with m1,2

⇠=
p
|�m2

32| and m3 ⌘ mMIN .
• Quasi-Degenerate (QD). For large values of mMIN (mMIN �

p
|�m2

31|)
the three mass eigenstates are almost degenerate, m2

j ' mMIN , j = 1, 2, 3.

F. Capozzi et al., 1703.04471; See 
also SK, talks at ICHEP 2016 and 
NOW 2016
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Phenomenology questions for the future

What is the nature of neutrinos? Dirac vs Majorana? 
 

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

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

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

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

•

•

•

•

•
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What is the nature of neutrinos? Dirac vs Majorana? 
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Neutrinoless dbeta decay

LBL: T2K, NOvA, 
DUNE, T2HK, 
ESSnuSB, Daedalus, 
nuFACT..., PINGU, 
ORCA, INO, JUNO

reactor SBL and MBL, 
atm, LBL, ...

MINOS+, MicroBooNE, SoLid,  ...

Phenomenology questions for the future



@Silvia Pascoli

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?

•

•

•

•

•

8

Phenomenology questions for the future
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Plan of lecture II

●  What do we know about neutrino parameters?

● The nature of neutrinos: Dirac vs Majorana 
neutrinos

● How to test the nature of neutrinos and measure 
their masses

● What type of masses neutrinos can have

● What extensions of the SM can lead to neutrino 
masses



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 
t h e l e p t o n 
number.

The nature of neutrinos is linked to the 
conservation of the Lepton number (L). This 
information is crucial in understanding the Physics 
BSM: with or without L-conservation? and it can be 
linked to the existence of matter in the Universe.                10

Nature of neutrinos: Dirac vs Majorana



Charge conjugation 

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

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

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

@Silvia Pascoli11

 c = C ̄T = i�2 ⇤

Exercise 
using the properties of C, 

show that this equation is true 
independently of the 

representation of the 
gamma matrices.

C = i�2�0

( L)
c = ( c)R

( L)
c = i�2 ⇤

L = i

✓
0 �2

��2 0

◆✓
0
⌘⇤

◆
=

✓
i�2⌘⇤

0

◆

C�↵TC† = ��↵ , CC† = 1 , CT = �C



Majorana fields 

A Majorana field satisfies the Majorana condition

Majorana particles have 2 degrees of freedom:

and, with respect to Dirac particles, the propagators

 =  c

 =
1

(2⇡)3/2

Z
1

2E

�
u
s

(p)a
s

(p)eipx + ⇠v
s

(p)a†
s

(p)e�ipx

�
d3p

 (x1) ̄
T (x2) = �S(x1 � x2)C  ̄

T (x1) ̄(x2) = C

†
S(x1 � x2) (x1) 

T (x2)

12
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Plan of lecture II

●  What do we know about neutrino parameters?

● Dirac vs Majorana neutrinos

● How to test the nature of neutrinos and measure 
their masses

● What type of masses neutrinos can have

● What extensions of the SM can lead to neutrino 
masses



Neutrinoless double beta decay, (A, Z) → (A, Z+2) + 2 
e, tests the nature of neutrinos. It violates L by 2 units.

The half-life time depends on neutrino properties

Mixing angles (known) CPV phases (unknown)
14

Neutrinoless double beta decay



The predictions for |<m>| depend on the neutrino 
mass spectrum

● NH (m1<<m2<<m3): |<m>| ~ 1-5 meV

● IH (m3<<m1~m2): 10 meV < |<m>| < 50 meV

● QD (m1~m2~m3): 44 meV < |<m>| < m1

Predictions for betabeta decay

15

Exercise 
Choose one of the neutrino 

mass spectra and compute |<m>|, 
using the latest values of the 

oscillation parameters
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MIN SP from Nakamura, Petcov review in PDG

Present bounds: 
GERDA-II 

KamLAND-Zen 

Sensitivity of current 
generation: GERDA, 

KamLAND-ZEN, EXO, 
CUORE, SuperNEMO, 

SNO+, Majorana, 
COBRA...

Plans for next 
generation 

experiments

Wide experimental program for the 
future: a positive signal would indicate 
that L is violated!16
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Determining neutrino masses with neutrinoless dbeta decay

●

●

If |<m>| > 0.2 eV, then 
the neutrino spectrum is 
QD. The measurement of 
m1 is entangled with the 
value of the Majorana 
phase.

l If no signal for |<m>|
~10 meV, then only NO 
is allowed. 
l If LBL experiments find 
IO, neutrino are Dirac 
particles (without fine-
tuned cancellations).  

NO

QD

17



Experimental searches of betabeta decay

Basics of neutrinoless double beta decay

Basics of neutrinoless double beta decay
Modes of —— decay:

(Z , A) æ (Z + 2, A) + 2e≠ + 2‹̄e (2‹——)

(Z , A) æ (Z + 2, A) + 2e≠ (0‹——)

Total decay rate of 0‹——:
�0‹/ ln 2 = (T 0‹

1/2)
≠1 = |Mee |2

---M0‹
---
2
G0‹(Q, Z )

Mee =
q

i
U2

ei mi

M0‹ : nuclear matrix element
G0‹ (Q, Z): phase space factor

W

‹L

‹L

W

dL

dL

uL

e≠
L

e≠
L

uL

Q

N(E )

E

0‹——2‹——
6

-

0‹—— in colored seesaw model

Michael Duerr (MPIK) LNV New Physics and 0‹—— NOW2012, 10 Sep 2012 4

Neutrinoless double beta 
decay can be tested in nuclei in 
which single beta decay is 
kinematically forbidden but 
double beta decay (A, Z) → (A, 
Z+2) + 2 e + 2 v is allowed.

18
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen, PRL 117 (2016)

9

Feature

࿑㧠�

with NaI, for example, will become possible. This 

future upgrade is called as KamLAND2-Zen, and 

initially KamLAND2-Zen is planned to contain 1,000 

kg of enriched 136Xe which will be dissolved in the LS 

at 80% higher concentration by pressurizing Xenon 

up to 1.8 bar (balances with 10 m LS depth). The 

expected sensitivity is about 20 meV, covering the 

inverted hierarchy.
 Some challenging developments are also going 

on. Scintillating film, for example, will be effective 

to improve the BiPo tagging efficiency in the mini-

balloon, and an imaging device will be useful to 

distinguish multi-vertexes events such as 10C and 

multi-compton gamma rays. Employing these 

technologies, it may be possible to access the normal 

hierarchy. Among these future plans, pressurizing 

Xenon is cost effective and an intermediate phase 

with 800 kg of Xenon before KamLAND2-Zen 

is considered. Currently, 450 kg of Xenon is in 

hand and additional procurement is going on. The 

estimated sensitivity with this phase is about 30 – 

40 meV, in the middle of the inverted hierarchy.

Rapid growth in neutrino research has created a 

very special observational environment. The ultra-

low radioactivity environment established at a huge 

underground cavity, with ultra clean materials, are 

developing a new research field of rare phenomena 

search. The target mass of the double beta decay 

study has already exceeded 300 kg; it was only up 

to 10 kg just a few years ago. By using an existing 

apparatus, the project can keep costs down and 

have very high scalability. The start-up time can be 

also reduced. For a detailed study, measurements 

with various nuclei and of angular distribution are 

necessary. But such high technology apparatuses 

often become expensive and single purpose. For the 

continuous growth of research, a strategy of starting 

and finding with a general-purpose detector at first 

and then deepening the research with a dedicated 

detector seems to be beneficial.

Figure 5.  Schematic of the KamLAND2-Zen detector (left) 
and photomultipliers with light concentrators 
(right).

Closing

EXO-200 location, at 
the WIPP Site, USA

GERDA

O.Cremonesi,-,06/06/2014,,,Neutrino,2014,@,Boston,,USA

CUORE-0
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1 CUORE tower
• 52 TeO2 5x5x5 cm3 bolometers 
• 13 floors of 4 crystals each 
• total mass: 39 kg (11 kg of 130Te)

Goals:
• Proof of concept of CUORE detector in all stages
• Test and debug of the CUORE tower assembly line
• Test of the CUORE DAQ and analysis framework
• Operating as independent experiment while CUORE 

is under construction
• Demonstrate potential for DM detection

• All detector components manufactured, cleaned and stored 
with same protocols defined for CUORE

• Assembled with the same procedures of CUORE:
- dedicated class 1000 clean room  (underground building)
- all steps of the assembly (crystal gluing, mounting, 

cabling, bonding) performed under nitrogen inside 
special glove boxes.

• Operated inside the 25-year-old Cuoricino cryostat at 
LNGS.

• Low temperature roman lead shield

CUORE-0



Liquid Scintillators

KamLAND-Zen and SNO+
L. Winslow at Neutrino 2014

The Bolometers

CUORE will be the 
coldest 1m3 in the 
universe when its 
complete.

CUORE 
bolometer 
with cc 

 6 TAUP2013 Asilomar, 2013  

AMoRE detector technology

CaMoO4 
 - Scintillating  crystal    
 - High Debye temperature: TD = 438 K,  C ~ (T/TD)3 
 - 48Ca, 100Mo 0νββ candidates 
 - AMoRE uses 40Ca100MoO4 w. enriched  100Mo and deplete
d 48Ca   

40Ca100MoO4 + MMC

MMC (Metallic Magnetic Calorimeter) 
 - Magnetic temperature sensor (Au:Er) + SQUID    
 - Sensitive low temperature detector with highest resolut
ion 
 - Wide operating temperature  
 - Relatively fast signals 
 - Adjustable parameters in design and operation stages 

CaMoO4 

Light sensor MMC 

MMC phonon  
sensor 
 <10-50 mK>

Low Temp. Detector 
Source = Detector AMoRE

The Liquid TPC

nEXO

nEXO 
5ton of Xe

High Pressure Gas TPC

NEXT

NEXT 
5ton of Xe

MAGIX 
5ton of Xe

Germanium Detectors

Majorana/GERDA

Majorana 
uses Ge

GERDA 
uses Ge

Scintillating Crystals

CANDLES

CANDLES 
uses Ca

The Trackers

SuperNEMO and DCBA

SuperNEMO 
and DCBA

19



As we know only mass squared differences, we need 
to establish the mass ordering and the mass scale.

20

Determination of neutrino masses

●  Mass ordering:
    - Neutrinoless double beta decay (with some caveats).
    - Neutrino oscillations relying on matter effects 
(atmospheric neutrinos, long baseline neutrino 
oscillations)
    - Neutrino oscillations in vacuum (reactor neutrinos)

● Value of masses:
   - beta decay
   - neutrino cosmology



Atmospheric neutrino oscillations are sensitive to the mass 
ordering. This requires large number of events, good energy 
and angular resolution and, possibly, charge discrimination. 
Petcov et al.;  Akhmedov, Smirnov et al.; Gandhi et al.; Mena et al.; Schwetz et al.; Koskinen; 
Gonzalez-Garcia et al.; Barger et al.; .........

Atmospheric neutrinos and the ordering

PINGU in IceCube, 
ORCA in KM3Net, 

ICAL at INO21

Neutrino 2014

Darren R. Grant
for the IceCube-PINGU collaboration

Future atmospheric measurements 
with PINGU

© [2011] The Pygos Group PINGU
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neutrino experiments. However, several important issues should be noted.
First, unlike in the case of long-baseline facilities, at atmospheric neutrino
experiments the distance that the neutrino has traveled through the Earth
is not fixed: however, it can be easily inferred from the angle at which the
neutrino enters the detector. Thus, angular reconstruction is an important
requirement for this type of experiments. Second, atmospheric neutrinos
can pass not only through the Earth’s mantle but also through its core
where the matter density (and, consequently, the matter potential) is much
larger. In this case, in addition to the MSW e↵ects discussed earlier, new
enhancements of the oscillation probability can arise due to the presence of
di↵erent densities and of step functions in the density profile.62 An example
showing the impact of the neutrino mass ordering on the ⌫µ ! ⌫µ oscilla-
tion probability for atmospheric neutrinos is shown in Fig. 4, as a function
of the neutrino energy and zenith angle. The left (right) panel corresponds

Fig. 4. Oscillograms of neutrinos crossing the Earth, in the ⌫µ ! ⌫µ oscillation channel.
The x-axis shows the cosine of the zenith angle (neutrinos that cross the Earth have
cos ✓ = �1), while the y-axis shows the neutrino energy in log scale (in GeV). Red
regions correspond to values of ✓ and E which give Pµµ = 1; as the colors change,
this probability is reduced reaching 0 for the purple regions. The left (right) panel
corresponds to NO (IO).

to NO (IO). The colors indicate the value of the Pµµ probability, going
from one (red regions) to zero (purple regions). The e↵ect of the matter
resonance is largest for neutrinos with energies between 5 and 10 GeV and
trajectories with cos ✓ . �0.6, as can be seen from the comparison between
the two panels.

NOW 2016 -- Neutrino mass hierarchy – Aart Heijboer

sensitivity PINGU

Current global
Fit 

- ~3 sigma in 4 yr over full allowed range (δ=0)

32

NOW 2016 -- Neutrino mass hierarchy – Aart Heijboer

• ~3σ MH sensitivity in 3 years

• PINGU & ORCA very similar

• The combination of NH and upper 
octant of θ

23
would significantly 

improve sensitivity  

• For IH, sensitivity is essentially           

independent of θ
23

• The value of δ
cp

has small but non-

negligible impact on sensitivity

• Best case scenario (NH and θ
23

=48°)          

could achieve >5σ by mid 2021 (1.5 years)

3 yrs

Sensitivity - ORCA

33

ORCA

ORCA

P. Coloma and SP,  World Scientific



Long baseline neutrino oscillation experiments (T2K, 
NOvA, DUNE, T2HK) study the subdominant channels 

Long baseline oscillations and the ordering

22
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A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac, where Hvac is the Hamiltonian in

vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short

L = 1300 km
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)

Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and



The probability is sensitive to

l CP-violation (U complex)
l Matter effects

23

Currently running are Superbeams:

Goals: get some information about the mass 
hierarchy and open the hunt for CP-violation.
l In July 24 2010, first T2K event was seen in 
SK! 7 sigma evidence for theta13 July 2013.
l NOvA has also presented data.

T2K: off-axis
L= 295 km

NOvA: off-axis
L=810 km

Future long baseline neutrino experiments



● Matter effects modify the oscillation probability as 
discussed and are stronger the longer the baseline.

● The determination of CPV and of the mass ordering are 
entangled (problem of degeneracies).

●●●
24

P. Ballett et al., 1612.07275

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–20

Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of

Ò
�‰2 = 5 for

100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of

Ò
�‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the

optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design.

Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di�erent values of ◊23,
◊13, and �m2

31 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,
and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o�set by the leptonic CP asymmetry, and where, independently, sin2 ◊23 takes on a
value at the low end of its experimentally allowed range.

Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of �‰2

values will appear due to statistical fluctuations. It is usually assumed that the �‰2 metric follows
the expected chi-squared function for one degree of freedom, which has a mean of �‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of

Ò
|�‰2|. In assessing the

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case, �‰2 is
reported as the expected sensitivity, where �‰2 is representative of the mean value of �‰2 that

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

DUNE CDR



Petcov, Piai, hep-ph/0112074, Choubey, 
Petcov, Piai, hep-ph/0306017, Goshal, 
Petcov, 1208.6473; see also Ciuffoli et al.; 
Qian et al.

The JUNO reactor experiment is considering detectors at 
~60 km to perform this measurement.
Excellent energy resolution is needed.

Thanks to the “unexpectedly large” value of theta13, it 
might be possible to establish the neutrino mass ordering 
from neutrino oscillations within this decade at some 
confidence level.

Reactor neutrinos and the ordering

Neutrino Physics Prospects for neutrino oscillation physics

that a worse resolution can easily wash out the e↵ect. This is evident also from the right pannel, where
a worse resolution has been assumed, leading to reduced significances per bin. Therefore, aiming for
good energy and angular reconstruction will be an important goal in the design of the PINGU project.

Fig. 7 shows the quantity S
i

⌘ (N IH
i

� NNH
i

)/
q
NNH

i

, where NNH
i

(N IH
i

) is the number of µ-like

events in the case of NH (IH) in a given bin i. Hence, S
i

corresponds to the statistical significance (in
number of standard deviations) per bin. In the absence of systematical errors the total significance

is given by
qP

i

S2
i

, and the configurations considered in Fig. 7 would lead to sensitivities at the

level of 16� (left pannel) or 7� (right pannel) [76]. Hence, considering only statistical errors, excellent
sensitivity to the mass hierarchy is obtained already after one year of PINGU data. Those very
promising results are yet to be supported by detailed studies on the achievable energy and angular
reconstruction as well as realistic investigations of systematical uncertainties.

4.4 Mass hierarchy from reactors

All the possibilities to identify the neutrino mass hierarchy discussed above are based on the matter
e↵ect in oscillations due to ✓13. In [77] an alternative has been pointed out, based on oscillations of
reactor neutrinos, where matter e↵ects are negligible. The three-flavour survival probability of ⌫̄

e

in
vacuum is easily obtained as

P
⌫e!⌫e = 1� cos4 ✓13 sin2 2✓12 sin

2

✓
�m2

21L

4E

◆

� sin2 2✓13


cos2 ✓12 sin2

✓
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31L

4E

◆
+ sin2 ✓12 sin2

✓
�m2

32L

4E

◆�
. (11)

The spectrum of reactor experiments ranges from neutrino energies of about 1.3 MeV to 12 MeV with
a peak around 4 MeV. Consider now a baseline L ' 60 km. Then we obtain for the arguments of the
oscillating terms:

�m2
21L

4E
⇡ ⇡

2

✓
E

4MeV

◆�1

,
|�m2

31|L
4E

⇡ |�m2
32|L

4E
⇡ 50

✓
E

4MeV

◆�1

. (12)

Hence, considering the spectrum obtained in a reactor experiment at about 60 km, the first term in
Eq. 11 gives a “slow” oscillation in 1/E, with a large amplitude of cos4 ✓13 sin2 2✓12 ⇡ 0.8. These
are the oscillations due to the “solar” frequency as observed by the KamLAND experiment. For an
experiment at 60 km the first minimum of the survival probability occurs close to E ⇠ 4 MeV, at the
peak of the expected number of events.

The terms in the second line of Eq. 11 lead to fast oscillations in 1/E (see Eq. 12) on top of
the slow “solar” oscillation, with a small amplitude proportional to sin2 2✓13 ⇡ 0.1. As evident from
Eq. 11 there are actually two fast frequencies, one due to �m2

31 and one due to �m2
32, which di↵er

by �m2
21 (about 3%). The sensitivity to the mass hierarchy appears as follows. First, note that

depending on the hierarchy we have |�m2
31| > |�m2

32| for NH or |�m2
31| < |�m2

32| for IH. Second,
the amplitudes of the two fast frequencies are di↵erent because of the non-maximal value of ✓12: the
amplitude of the �m2

31-frequency is sin2 2✓13 cos2 ✓12 ⇡ 0.07 while the one of the �m2
32-frequency is

sin2 2✓13 sin2 ✓12 ⇡ 0.03. Hence, if an experiment can measure the fast frequencies and find out which
one of the two fast frequencies has the larger amplitude (the larger or the smaller frequency) the mass

16

25
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4.4. Reactor neutrinos

A di↵erent way in which neutrino oscillation experiments can be sensitive
to the neutrino mass ordering is through the observation of the interfer-
ence pattern in the oscillation probabilities between the solar and the at-
mospheric contributions to the oscillation amplitude. For example, the
oscillation probability in the ⌫̄e ! ⌫̄e channel can be written as69

Pee = 1� c413 sin
2 2✓12 sin

2

✓
�m2

21L

4E

◆
+ (19)

� sin2 2✓13


c212 sin

2

✓
�m2

31L

4E

◆
+ s212 sin

2

✓
�m2

32L

4E

◆�
.

While the first and second terms correspond to the solar and atmospheric
contributions to the probability, the interference among the two is given by
the last term. Thus, if the three contributions are distinguishable, the mass
ordering can be determined simply by comparing the size of the �m2

31 and
�m2

32 ⌘ �m2
31��m2

21 oscillation frequencies. The two last terms in Eq. 19
can be in principle distinguished by studying the evolution of the oscillation
probability as a function of L/E. However, this requires a detector with an
energy resolution roughly at the �m2

21/�m2
31 ⇠ 3% level. It should also

be noted that the impact of the interference term on the observable event
rates will be suppressed by sin2 2✓13 ⇠ 0.1. The e↵ect of the mass ordering
on the expected number of events at a medium-baseline reactor experiment
is illustrated in Fig. 5. Here, we show the product of the flux, inverse

NO
IO

L = 55 km

2 3 4 5 6 7 8
En HMeVL

f
â
s
â
P e

e

Fig. 5. Normalized distribution of the number of events as a function of the neutrino
energy (in MeV), for a reactor experiment with a baseline L = 55 km.

P. Coloma and SP,  World Scientific
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The electron spectrum in beta decays depends on 
neutrino masses as

2 – Neutrino masses

Direct mass measurement

• Direct mass searches in tritium beta decay experiments.

The differential decay rate is:
dΓ

dEe
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Neutrino%Mass%from%3H%Decay%

•  E0%=%18.58%keV%
•  t½%=%12.3%years%

The&KATRIN&Experiment&33&Diana&Parno& 4%

3He%
e]%

νe%

24 C. Weinheimer / Progress in Particle and Nuclear Physics 57 (2006) 22–37

Fig. 1. Expanded β spectrum around its endpoint E0 for m(νe) = 0 (dashed line) and for a arbitrarily chosen neutrino

mass of 1 eV/c2 (solid line). The offset between the two curves explains what the “m(νe)” is: the average over all neutrino

mass states with their contribution according to the neutrino mixing matrix U (see Eq. (2)). In the case of tritium, the

gray shaded area corresponds to a fraction of 2× 10−13 of all tritium β decays.

experiment, the Heidelberg–Moscow experiment using five low background, highly enriched

and high resolution 76Ge detectors in the Gran Sasso underground lab, has claimed evidence

for having observed neutrinoless double β decay. Recently new data and a re-analysis of the

old data have been presented [12] showing a line at the position expected for neutrinoless

double β decay with 4σ significance. Due to the uncertainties of the nuclear matrix element
[7] this signal translates into 0.1 eV/c2 ≤ mee ≤ 0.9 eV/c2. Clearly, this as yet unconfirmed

result requires further checks, which are under way by several experiments [8].

• Direct neutrino mass determination
In contrast to the other methods, the direct method does not require further assumptions.

The neutrino mass is determined using the relativistic energy–momentum relationship.

Therefore m2(ν) is the observable in most cases.

The non-observation of a dependence of the arrival time on energy of supernova neutrinos

from SN1987a gave a generally accepted upper limit on the neutrino mass of 5.7 eV/c2 [13].

Unfortunately nearby supernova explosions are too rare and too little understood to allow a

further improvement to a sub-eV sensitivity on the neutrino mass.

Therefore, the investigation of the kinematics of weak decays – and with respect to

eV and sub-eV sensitivities – the electron energy spectrum of a β decay is still the most

sensitive model-independent and direct method to determine the neutrino mass. The β

spectrum exhibits the value of a non-zero neutrino mass, when the neutrino is emitted non-

relativistically. This is the case in the vicinity of the endpoint E0 of the β spectrum where

nearly all decay energy is given to the β electron. Therefore, the mass of the electron neutrino

is determined by investigating precisely the shape of the β spectrum near its endpoint E0 (see
Fig. 1). From Fig. 1 it is clearly visible that the main requirement for such an experiment is

to cope with the vanishing count rate near the endpoint by providing the strongest possible

signal rate at lowest background rate. Additionally, to become sensitive to the neutrino mass

dependent shape of the β spectrum a high energy resolution on the order of eV is required.

Tritium is the standard isotope for this kind of study due to its low endpoint of 18.6 keV, its

rather short half-life of 12.3 y, its super-allowed shape of the β spectrum, and its simple

E]E0%(eV)%

N
%(a
rb
.%u
.)% mν = 0 eV

mν =1 eV

3H%

C.&Weinheimer&
Prog.&Nuc.&Part.&Phys.&&&
57&(2006)&22&

C. Weinheimer, PNPP 2006

m� ⇠
q

|Uei|2m2
i ⇠ m0

Direct mass measurements
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      beta decay experiments: Troitsk and Mainz
They provide the most stringent limit (95% CL):

Searches with cryogenic bolometers using

MIBETA (Milano/Como):

MANU:                                         ;   MARE-1 and MARE-2

KATRIN started operations in Oct 2016. It will reach a 
sensitivity down to m<0.2 eV and a 5-sigma discovery of 
m=0.35 eV.

Project 8 aims at measuring the beta spectrum by cyclotron 
radiation emission spectroscopy. It can reach a sensitivity to 
m= 40 meV.

m0 < 2.3 eV m0 < 2.05 eV
Kraus et al., EPJC Aseev et al.,  

3H

187Re

m0 < 15.6 eV at 90% C.L.
Sisti et al., 
NIMA 520

m0 < 26 eV Gatti, NPB91

•

•

•

•
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Two main techniques to probe the matter density:
● observing the distribution of biased tracers
● gravitational lensing 3

Probe Current!
mν (eV)

Forecast!
mν (eV)

Key Systematics Current Surveys Future Surveys

CMB Primordial 1.3 0.6 Recombination WMAP, Planck None

CMB Primordial +
Distance

0.58 0.35 Distance measure-
ments

WMAP, Planck None

Lensing of CMB ∞ 0.2− 0.05 NG of Secondary
anisotropies

Planck, ACT [39],
SPT [96]

EBEX [57], ACTPol,
SPTPol, POLAR-
BEAR [5], CMBPol
[6]

Galaxy Distribution 0.6 0.1 Nonlinearities, Bias SDSS [58, 59], BOSS
[82]

DES [84], BigBOSS [81],
DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]

Lensing of Galaxies 0.6 0.07 Baryons, NL, Photo-
metric redshifts

CFHT-LS [23], COS-
MOS [50]

DES [84], Hy-
per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]

Lyman α 0.2 0.1 Bias, Metals, QSO
continuum

SDSS, BOSS, Keck BigBOSS[81], TMT[99],
GMT[89]

21 cm ∞ 0.1− 0.006 Foregrounds, Astro-
physical modeling

GBT [11], LOFAR
[91], PAPER [53],
GMRT [86]

MWA [93], SKA [95],
FFTT [49]

Galaxy Clusters 0.3 0.1 Mass Function, Mass
Calibration

SDSS, SPT, ACT,
XMM [101] Chan-
dra [83]

DES, eRosita [87], LSST

Core-Collapse Super-
novae

∞ θ13 > 0.001∗ Emergent ν spectra SuperK [98],
ICECube[90]

Noble Liquids, Gad-
zooks [7]

Table I: Cosmological probes of neutrino mass. “Current” denotes published (although in some cases controversial, hence the
range) 95% C.L/ upper bound on

!
mν obtained from currently operating surveys, while “Reach” indicates the forecasted 95%

sensitivity on
!

mν from future observations. These numbers have been derived for a minimal 7-parameter vanilla+mν model.
The six other parameters are: the amplitude of fluctuations, the slope of the spectral index of the primordial fluctuations, the
baryon density, the matter density, the epoch of reionization, and the Hubble constant.
∗ If the neutrinos have the normal mass hierarchy, supernovae spectra are sensitive to θ13 ∼ 10−3. The inverted hierarchy
produces a different signature, but one that is insensitive to θ13.

A. Primordial Cosmic Microwave Background

In the first row of Table I, we report the constraints obtained using 2-point statistics of the CMB: temperature and
polarization auto-spectra and the temperature-polarization cross-spectrum. Massive neutrinos increase the anisotropy
on small scales because the decaying gravitational potentials enhance the photon energy density fluctuation (see, e.g.,
[21, 48]). Also, the sound horizon, which dictates the position of the acoustic peaks, shifts due to the slightly different
expansion history caused by massive neutrinos. The current WMAP 7-year dataset constrains the sum of neutrino
masses to 1.3 eV at 95% c.l. [44] within the standard cosmological model, ΛCDM. Planck data alone will constrain
Σmν to 0.6 eV at 95% C.L. (see, e.g., [19]). This constraint should be considered as the most conservative and
reliable cosmological constraint on neutrino masses. A tighter constraint on the neutrino masses can be obtained by
combining CMB observations with measurements of the Hubble constant H0 and cosmic distances such as from Type
Ia supernovae and Baryon Acoustic Oscillations (BAO). The WMAP7+BAO+H0 analysis of [44] reports a constraint
of 0.58 eV at 95% C.L., while a constraint about a factor 2 smaller could be achieved when the Planck data will be
combined with similar datasets.
The key theoretical systematics in confronting the CMB predictions with data have been overcome. The physics is

linear, so all codes agree with the requisite precision. Precise constraints require careful treatment of many of the ex-
cited states of hydrogen during recombination [62], but here too recent advances [4] have attained the precision needed
to extract accurate information from Planck. There are uncertainties associated with the distance measurements given
by H0 and BAO, but again these seem to be under tighter control.

K.N. Abazajian et al., 
1103.5083

Neutrino masses from cosmology

X

i

mi < 0.66 eV

Planck Coll., 1303.5076

Most precise determination of masses in future. Problem 
of underlying cosmological model and systematic errors.28
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Plan of lecture II

●  What do we know about neutrino parameters?

● Dirac vs Majorana neutrinos

● How to test the nature of neutrinos and measure 
their masses

● What type of masses neutrinos can have

● What extensions of the SM can lead to neutrino 
masses
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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?
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@Silvia Pascoli

Neutrinos give 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?

31
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What kind of masses can 
neutrinos have? 



⌫L ! ei(+1)↵⌫L
⌫R ! ei(?)↵⌫R

@Silvia Pascoli33

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.)

Neutrino masses in the nuSM lagrangian
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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.)

Neutrino masses in the nuSM lagrangian

LmD ! LmD
⌫L ! ei↵⌫L
⌫R ! ei↵⌫R



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 Pascoli35

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.



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 Pascoli36

( L)
c = ( c)R

Exercise 
Show that these two 
formulations are 
equivalent.Hint:

LmM / �MM ⌫̄cL⌫L + h.c. = MM⌫TLC
�1⌫L



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 Pascoli37

In fact:

MM = MT
M

MM = (U †)TmdiagU
†



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 Pascoli38

� ⌘ nL + nc
L ) � = �c

nL = U †⌫L



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 Pascoli39

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.



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.

@Silvia Pascoli40

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.

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.



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
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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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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.
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Plan of lecture II

●  What do we know about neutrino parameters?

● Dirac vs Majorana neutrinos

● How to test the nature of neutrinos and measure 
their masses

● What type of masses neutrinos can have

● What extensions of the SM can lead to neutrino 
masses
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Can neutrino masses arise in 
the SM? and if not, how can 

we extend the SM to 
generate them? 



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
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Neutrino masses in the SM and beyond



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

46

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

with
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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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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?

48
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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....49



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!).

50

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!



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

51



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

52
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l Introduce a right 
handed neutrino N 
(sterile neutrino) 
l Couple it to the Higgs 
and left handed neutrinos 

The Lagrangian is
breaks lepton number

Models of neutrino masses BSM

See-saw type I
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����
�� mD

mD M � �

���� = 0

�2 �M��m2
D = 0

When the Higgs boson gets a vev, Dirac masses will be 
generated. 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



@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

56



L� / y�L
TC�1�i�iL+ h.c.

�i =

0

@
�++

�+

�0

1

A

m⌫ ⇠ y�v�

@Silvia Pascoli

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.  

See-saw type II

57



T =

✓
T 0 T+

T� �T 0

◆
LT / yT L̄�H · T + h.c.

@Silvia Pascoli

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

See-saw type III
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Models in which it is possible to lower the mass scale 
(e.g. TeV or below), keeping large Yukawa couplings have 
been studied. Examples: inverse and extended see-saw.

Let’s introduce two right-handed singlet neutrinos.

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

1 CN1 + µNT
2 CN2

Extensions of the see saw mechanism

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

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

Small neutrino masses emerge due to cancellations 
between the contributions of the two sterile neutrinos 
(typically associated to small breaking of some L).

See e.g. Gavela et al., 0906.1461; 
Ibarra, Molinaro, Petcov, 
1103.6217; Kang, Kim, 2007; Majee 
et al., 2008; Mitra, Senjanovic, 
Vissani, 1108.0004; Malinsky, 
Romao, Valle, 2005
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GUT theories and the see-saw mechanism

60

6 15. Grand Unified Theories

Figure 15.1: Gauge coupling unification in non-SUSY GUTs on the left vs. SUSY
GUTs on the right using the LEP data as of 1991. Note, the difference in the
running for SUSY is the inclusion of supersymmetric partners of standard model
particles at scales of order a TeV (Fig. taken from Ref. 24). Given the present
accurate measurements of the three low energy couplings, in particular αs(MZ),
GUT scale threshold corrections are now needed to precisely fit the low energy data.
The dark blob in the plot on the right represents these model dependent corrections.

when is the SUSY breaking scale too high. A conservative bound would suggest that the
third generation quarks and leptons must be lighter than about 1 TeV, in order that the
one loop corrections to the Higgs mass from Yukawa interactions remains of order the
Higgs mass bound itself.

At present gauge coupling unification within SUSY GUTs works extremely well. Exact
unification at MG, with two loop renormalization group running from MG to MZ , and
one loop threshold corrections at the weak scale, fits to within 3 σ of the present precise
low energy data. A small threshold correction at MG (ϵ3 ∼ - 3% to - 4%) is sufficient
to fit the low energy data precisely [25,26,27]. 2 This may be compared to non-SUSY
GUTs where the fit misses by ∼ 12 σ and a precise fit requires new weak scale states in

2 This result implicitly assumes universal GUT boundary conditions for soft SUSY
breaking parameters at MG. In the simplest case we have a universal gaugino mass M1/2,
a universal mass for squarks and sleptons m16 and a universal Higgs mass m10, as motivated
by SO(10). In some cases, threshold corrections to gauge coupling unification can be
exchanged for threshold corrections to soft SUSY parameters. See for example, Ref. 28
and references therein.

June 18, 2012 16:19

S. Rabi, PDG

The SM has a very complex gauge structure (3 gauge 
couplings) and charge assignments for the fields. 
GUT aim at providing a unified picture.

Due to the renormalisation of the couplings, they “run” 
and unify at a very high energy scale, typically        GeV.
Ingredients: gauge group (only 1 group and 1 coupling), 
fermion reps, Higgs sector, symmetry breaking.

1016



✓
H0

H�

◆
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Let’s make a parallel with the SM.

1. Gauge group: SU(2)L x U(1)Y

2. Choose representations of the group and assign 
the fermions to it.
SU(2) singlet:  e.g.

SU(2) doublet:  e.g.

3. Introduce a scalar Higgs sector. This breaks the 
symmetry to a subgroup. To break SU(2)L, the scalar 
needs to be a doublet and to preserve U(1)em it 
needs to have a neutral component.

eR, uR, dR
✓

⌫L
eL

◆
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4. H0 gets a vev and the symmetry is broken

5. Invariance w.r.t. the gauge group dictates the type 
of terms in the Lagrangian: both the gauge 
interactions and the Yukawa ones.
E.g.  

6. Masses for the gauge bosons, the Higgs field and 
the fermions result from it and depend on vH.

SU(2)LxU(1)Y

U(1)em

L⌫H = �y⌫(⌫̄L, ¯̀L) ·
✓

H0⇤

�H�

◆
⌫R + h.c.



✓
⌫R
eR

◆
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Left-right models

This is a very simple model in which the see-saw can 
be naturally embedded.

1. Gauge group:                SU(2)L x SU(2)R x U(1)B-L

2. Fermion assignment:

and so on for the quarks.

✓
⌫L
eL

◆
Doublet,   singlet,    -1

Singlet,    doublet,    -1
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3. Introduce a scalar Higgs sector. 
As we want to break the symmetry from SU(2)L x 
SU(2)R x U(1)B-L to SU(2)L x U(1)Y,  the Higgs needs 
to be a singlet of SU(2)L and transform non-trivially 
w.r.t. SU(2)R. We take a triplet of SU(2)R.

4. The symmetry is broken

The EW breaking is a achieved by a Higgs boson, 
doublet of SU(2)L and SU(2)R.

✓
⇠+/

p
2 ⇠++

⇠0 ⇠ + /
p
2

◆

SU(2)LxSU(2)RxU(1)B-L

SU(2)LxU(1)Y



5. Invariance of the Yukawa couplings

6. Masses for neutrinos

Remembering that vxi >> vH, the usual see-saw 
structure has emerged and neutrino mass will be 
given by

@Silvia Pascoli65

Usual Dirac mass term

L / y1vH ⌫̄R⌫L + . . . + y⇠v⇠ ⌫̄
c
R⌫R + h.c.

Majorana mass term 
for N

L / y1L̄RHLL + . . . + y⇠L̄
c
Ri�2⇠LR + h.c.

m⌫ ' (y1vH)2

2y⇠v⇠
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SO(10) GUT models

SO(10) contains SU(2)L x SU(2)R x U(1)B-L and a 
right-handed neutrino and can easily implement the 
see-saw mechanism.

The leptons and quarks belong to the same 
representation, their masses come from the same 
source and will be related.

The scale of breaking (and consequently the mass for 
the right-handed neutrino) is at a very high energy 
scale: see-saw naturally implemented.

1. Gauge group:                SO(10) 
only one gauge coupling g!!!



f(16)L =

✓✓
⌫L
eL

◆
,

✓
uL

dL

◆
,

✓
⌫cR
ecR

◆
,

✓
uc
R

dcR

◆◆
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2. Fermion assignment:

Quarks and leptons belong to the same representation! 
Their behaviour is related.
The right-handed neutrino is present and belongs also 
to this representation.

3. Introduce a scalar Higgs sector. 
We want to break the symmetry from SO(10) to 
SU(2)L x SU(2)R x U(1)B-L.  This is achieved using a 
Higgs in the 45-representation.
There are also other useful scalar representations: 
H(10), H(120), H(126)... Some of their components can 
also get vevs.



L / g10f(16)f(16)H(10) + g126f(16)f(16)H(126)

@Silvia Pascoli68

4. The symmetry is broken.

SU(2)LxSU(2)RxU(1)B-L

SU(2)LxU(1)Y

SO(10)

5. Invariance of the Yukawa couplings
Neutrino masses require two fermions (so 2 f(16)).

f(16)⌦ f(16) = f(10) + f(120) + f(126)



6. Masses for neutrinos

Once the H(10) gets a vev, Dirac masses emerge for 
the quarks and leptons. They are related

This relation is in conflict with data. So we need to 
introduce also H(126) to give a large mass to the 
right-handed neutrino: 

The usual see-saw structure is present.

This relation can be relaxed via H(10)+H(126), a direct 
Majorana mass and/or a specific structure for MN.

m⌫ ⇠ g210v
2
H

g126v126
/ m2

q ) m⌫e : m⌫µ : m⌫⌧ = m2
u : m2

c : m2
t
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Usual Dirac mass term

Majorana mass term 
for N

Mu(GUT ) = Md(GUT ) = Ml(GUT ) = M⌫(GUT )

MN = g126v126



The see-saw can emerge naturally in GUTheories: e.g. 
SO(10). They provide the necessary elements: N, large 
M and L violation. 

They typically lead to proton decay and to relations 
between quark and lepton masses.

SO(10)

SU(4)PSxSU(2)LxSU(2)R

SU(3)CxSU(2)LxU(1)Y

SU(3)CxSU(2)LxSU(2)RxU(1)B-L

SU(5)
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Radiative masses 
If neutrino masses emerge via loops, in models in which 
Dirac masses are forbidden, there
is an additional suppression.
Some of these models have 
also dark matter candidates.

R-parity violating SUSY 
In the MSSM, there are no neutrino masses. But it is 
possible to introduce terms which violate R (and L).

The bilinear term induces mixing between neutrinos 
and higgsino, the trilinear term masses at loop-level.

Other models of neutrino masses

m⌫ / g2

16⇡2
f(M,µ2

�)

V = . . . � µH1H2 + ✏iL̃iH2 + �0
ijkL̃iL̃jẼk + ...
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See Ma, PRL81; also e.g. Boehm et al., 
PRD77; ...

See e.g.  Aulakh, Mohapatra, PLB119; Hall, Suzuki, NPB231; Ross, Valle, PLB151; Ellis et al., 
NPB261; Dawson, PRD57, ...
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV

? ? ?



Complementarity with other searches

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis

Indirect signals 
(proton decay)
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There are many (direct and indirect) signatures of 
these extensions of the SM.

Direct signals in 
colliders

Peak searches

Nuless 2beta decay
Kinks in beta 

decay

Establishing the origin of neutrino masses requires to 
have as much information as possible about the masses 
and to combine it with other signatures of the models.
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Summary
1. Neutrinos have masses and a wide experimental 

programme aims at measuring them.

2.  Neutrinos can be Dirac or Majorana particles. 
Neutrinoless double beta decay is the most 
sensitive test.

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

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