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FIG. 4: Results of the analysis in the plane charted by (sin2 θ23, ∆m2), all other parameters being marginalized away. From
left to right, the regions allowed at 1, 2 and 3σ refer to increasingly rich datasets: LBL accelerator + solar + KamLAND data
(left panels), plus SBL reactor data (middle panels), plus SK atmospheric data (right panels). Best fits are marked by dots.
The three upper (lower) panels refer to normal (inverted) hierarchy.
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FIG. 5: As in Fig. 4, but in the plane (sin2 θ23, sin
2 θ13).
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FIG. 4: Results of the analysis in the plane charted by (sin2 θ23, ∆m2), all other parameters being marginalized away. From
left to right, the regions allowed at 1, 2 and 3σ refer to increasingly rich datasets: LBL accelerator + solar + KamLAND data
(left panels), plus SBL reactor data (middle panels), plus SK atmospheric data (right panels). Best fits are marked by dots.
The three upper (lower) panels refer to normal (inverted) hierarchy.

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0

50

100

150

200

250

300

350

400

0.3 0.4 0.5 0.6 0.7
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0

50

100

150

200

250

300

350

400

0.3 0.4 0.5 0.6 0.7
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0

50

100

150

200

250

300

350

400

0.3 0.4 0.5 0.6 0.7
0.00

0.01

0.02

0.03

0.04

0.05

0.06
0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0

50

100

150

200

250

300

350

400

0.3 0.4 0.5 0.6 0.7
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0

50

100

150

200

250

300

350

400

0.3 0.4 0.5 0.6 0.7
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0

50

100

150

200

250

300

350

400

0.3 0.4 0.5 0.6 0.7
0.00

0.01

0.02

0.03

0.04

0.05

0.06
LBL Acc + Solar + KL + SBL Reactors + SK Atm

23θ2sin 23θ2sin 23θ2sin

23θ2sin 23θ2sin 23θ2sin

13θ2
si

n
13θ2

si
n

σ1 
σ2 
σ3 

N
orm

al H
ierarchy

Inverted H
ierarchy

FIG. 5: As in Fig. 4, but in the plane (sin2 θ23, sin
2 θ13).
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).
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With the discovery of theta13 and its subsequent 
accurate measurement, all oscillation parameters 
are known with very good precision, except for the 
mass hierarchy and the delta phase. 
One needs also to check the 3-neutrino paradigm 
(not discussed) in view of LSND, MiniBooNE and 
the reactor anomaly.4

7

TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the 3ν
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that ∆m2 is defined herein as
m2

3− (m2
1 +m2

2)/2, with +∆m2 for NH and −∆m2 for IH. The CP violating phase is taken in the (cyclic) interval δ/π ∈ [0, 2].
The overall χ2 difference between IH and NH is insignificant (∆χ2

I−N = +0.3).

Parameter Best fit 1σ range 2σ range 3σ range

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10
−1 (NH or IH) 3.08 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.44 2.38 – 2.52 2.30 – 2.59 2.22 – 2.66

∆m2/10−3 eV2 (IH) 2.40 2.33 – 2.47 2.25 – 2.54 2.17 – 2.61

sin2 θ13/10
−2 (NH) 2.34 2.16 – 2.56 1.97 – 2.76 1.77 – 2.97

sin2 θ13/10
−2 (IH) 2.39 2.18 – 2.60 1.98 – 2.80 1.78 – 3.00

sin2 θ23/10
−1 (NH) 4.25 3.98 – 4.54 3.76 – 5.06 3.57 – 6.41

sin2 θ23/10
−1 (IH) 4.37 4.08 – 4.96 ⊕ 5.31 – 6.10 3.84 – 6.37 3.63 – 6.59

δ/π (NH) 1.39 1.12 – 1.72 0.00 – 0.11 ⊕ 0.88 – 2.00 —

δ/π (IH) 1.35 0.96 – 1.59 0.00 – 0.04 ⊕ 0.65 – 2.00 —

IV. COVARIANCES OF OSCILLATION PARAMETERS

In this Section we show the allowed regions for selected couples of oscillation parameters, and discuss some interesting
correlations.
Figure 4 shows the global fit results in the plane charted by (sin2 θ23, ∆m2), in terms of regions allowed at 1, 2

and 3σ (∆χ2 = 1, 4 and 9). Best fits are marked by dots, and it is understood that all the other parameters are
marginalized away. From left to right, the panels refer to increasingly rich datasets, as previously discussed: LBL
accelerator + solar + KamLAND data (left), plus SBL reactor data (middle), plus SK atmospheric data (right). The
upper (lower) panels refer to normal (inverted) hierarchy. This figure shows the instability of the θ23 octant discussed
above, in a graphical format which is perhaps more familiar to most readers. It is worth noticing the increasing
(sin2 θ23, ∆m2) covariance for increasingly nonmaximal θ23 (both in first and in the second octant), which contributes
to the overall ∆m2 uncertainty. In this context, the measurement of ∆m2 at SBL reactor experiments (although
not yet competitive with accelerator and atmospheric experiments [15]) may become relevant in the future: being
θ23-independent, it will help to break the current correlation with θ23 and to improve the overall ∆m2 accuracy in
the global fit.
Figure 5 shows the allowed regions in the plane (sin2 θ23, sin

2 θ13). Let us consider first the left panels, where a
slight negative correlation emerges from LBL appearance data, as discussed in [4]. The contours extend towards
relatively large values of θ13, especially in IH, in order to accommodate the relatively strong T2K appearance signal
[17]. However, solar + KL data provide independent (although weaker) constraints on θ13 and, in particular, prefer
sin2 θ13 ∼ 0.02 in our analysis. This value is on the “low side” of the allowed regions and is thus responsible for the
relatively high value of θ23 at best fit, namely, for the second-octant preference in both NH and IH. However, when
current SBL reactor data are included in the middle panels, a slightly higher value of θ13 (sin2 θ13 " 0.023) is preferred
with very small uncertainties: this value is high enough to shift the best-fit of θ23 from the second to the first octant
in NH, but not in IH. Finally, the inclusion of SK atmospheric data (right panels) provides in our analysis an overall
preference for the first octant, which is however quite weak in IH. Unfortunately, as previously mentioned, the current
hints about the θ23 octant do not appear to be particularly stable or convergent.
Figure 6 shows the allowed regions in the plane (sin2 θ13, δ/π), which at the focus of current research in neutrino

physics. In the left panels, with respect to previous results in the same plane [4], there is now a more marked preference
for δ ∼ 1.5π, where a compromise is reached between the relatively high θ13 values preferred by the T2K appearance
signal, and the relatively low value preferred by solar + KL data. In the middle panel, SBL reactor data strengthen
this trend by reducing the covariance between θ13 and δ. It is quite clear that we can still learn much from the
combination of accelerator and reactor data in the next few years. Finally, the inclusion of SK atmospheric data in
the right panels also adds some statistical significance to this trend, with a slight lowering of the best-fit value of δ.
Figure 7 completes our discussion by showing the allowed regions in the plane (sin2 θ23, δ/π). The shapes of

the allowed regions are rather asymmetrical in the two θ23 octants, which are physically inequivalent in the flavor
appearance phenomenology of accelerator and atmospheric neutrinos. Therefore, reducing the octant degeneracy will
also help, indirectly, our knowledge of δ. Eventually, more subtle covariances may be studied in this plane [35], but
we are still far from the required accuracy.

F. Capozzi et al., 1312.2878
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Present status of (standard) neutrino 
physics

�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
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Measuring the masses requires:         and the ordering . mmin
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Neutrino mixing
Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions

|⇥�⇤ =
�
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LCC = � g⇧
2

�

k�

(U�
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0 0 1
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CPV is a fundamental question to answer, possibly 
related to the origin of the baryon asymmetry.

Large angles

CPV?
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⌫ = C⌫̄T

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

7

Majorana condition

The nature of neutrinos is linked to the 
conservation of the Lepton number (L).

 This is crucial information to understand the 
Physics BSM: with or without L-
conservation?  

 Lepton number violation is a necessary condition 
for Leptogenesis. 

Nature of Neutrinos: Majorana vs Dirac 
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@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?

•

•

•

•

•

Phenomenology questions for the future

8
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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 
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•
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•
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Neutrino oscillations are not sensitive to the absolute 
mass scale. However, via matter effects they can 
establish the mass ordering.

 Direct mass searches in beta decays: model-
independent but feasible only for QD spectrum.

 Neutrinoless double beta decay: if dominant 
mechanism is light neutrino masses.

 Neutrino masses from cosmology by probing the 
DM distribution (observing the distribution of biased 
tracers and/or gravitational lensing)

•

•

•

Absolute values of neutrino masses
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d�i

dEe
= C|M |2pe(Ee +me)(Ee � E0)

q
(Ee � E0)2 �m2

iF (Ee)

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
=

∑

i

|Uei|
2 dΓi

dEe
(mi) with

dΓi

dEe
= C|M |2pe(Ee+me)(Ee−E0)

√

(Ee−E0)2 − m2
i F (Ee)

with

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

m0 < 2.3 eV m0 < 2.05 eV
Kraus et al., EPJC 40 Aseev et al.,  PRD 84

3H

187Re

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

m0 < 26 eV Gatti, NPB91

Use of tritium beta decay
E0 = 18.58 keV
t = 12.3 yrs

•

•
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KATRIN is in the 
commissioning phase. Data 
taking will start in late 2015.
It will reach a sensitivity down 
to m<0.2 eV and a 5-sigma 
discovery of m=0.35 eV.

The%Future%
•  March:%Connect%main%spectrometer%and%
detector%system%

•  April:%Begin%commissioning%main%spectrometer%
– Transmission%measurement%with%electron%gun%

•  2014:%Comple=on%of%tri=um%sec=ons%
•  Late%2015:%Begin%data]taking%for%neutrino%mass%

The&KATRIN&Experiment&33&Diana&Parno& 13%

Advances in High Energy Physics 27
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of

G.&Drexlin&et&al.,&&&&&&&&&&&&&
Adv.&High&Energy&Phys.&
2013&(2013)&293986&

KATRIN
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Neutrinoless double beta decay, (A, Z) → (A, Z+2) + 2 e, 
will test the nature of neutrinos. 

This process has a special role in the study of neutrino 
properties as it probes lepton number violation and can 
provide information on neutrino masses and (possibly) 
on CP-violation.

Neutrinoless double beta decay

14

2 – Neutrino masses

(ββ)0ν -decay

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

The half-life time depends on neutrino properties

                   : the effective Majorana mass parameter

                      : the nuclear matrix elements. They 
need to be computed theoretically.

Mixing angles (known) CPV phases (unknown)

15

2 – Neutrino masses

The half-life time, T1/2
0ν , of the (ββ)0ν -decay can be factorized, for light

Majorana neutrinos, as:
[

T1/2
0ν (0+ → 0+)

]−1

∝ |MF − g2
AMGT |

2 |<m>| 2

• |<m>| is the effective Majorana mass parameter:

|<m>| ≡ | m1|Ue1|2 + m2|Ue2|2eiα21 + m3|Ue3|2eiα31 | ,

• |MF − g2
AMGT | are the nuclear matrix elements (NME). They need to be

evaluated theoretically.

The extracted value of |<m>| from a measurement of T1/2
0ν requires the

knowledge of NME.

•

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

● NH (m1<<m2<<m3): |<m>| ~ 2.5-3.9 meV

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

● QD (m1~m2~m3): 44 meV < |<m>| < m1

Predictions for betabeta decay
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SP from Nakamura, Petcov review in PDG
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��m1 cos2 �12 + m2 sin2 �12e
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Klapdor-Kleingrothaus
claim 2002 and 2006

Past bounds:
Heidelberg-Moscow,

IGEX, Cuoricino and NEMO3

Next generation: CUORE, 
SuperNEMO, SNO+, NExT,  

COBRA...

Future experiments: ~1 ton

Wide experimental program for the 
future: a positive signal would indicate 
that L is violated!

Current generation: 
GERDA, KamLAND-
ZEN, EXO, CUORE-0
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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.

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

NO

QD
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Neutrinoless double beta decay can also be mediated 
by other LNV mechanisms. 

● Light sterile neutrinos

● Heavy sterile neutrinos

● R-parity violating SUSY

● Extra dimensional models

● Left-Right models

 Other mechanisms

Figure 3: 0νββ in the LRSM: Light (left) and heavy (right) neutrino exchange.

(νL, νc
L)

T ,

M =

(

ML MD

MT
D MR

)

, (20)

with Majorana and Dirac mass entries of the order ML ≈ yMvL, MR ≈ yMvR and MD =

yDv. Here yM,D are Yukawa couplings and vL is the VEV of the left Higgs triplet, which

together with the other vacuum expectation values satisfies vLvR = v2. The mass matrix

(20) is diagonalized by a mixing matrix of the form

U =

(

U W

W T V

)

, (21)

with the 3 × 3 block matrices U and V describing the mixing among the light and heavy

neutrinos, respectively, whereas W yields left-right mixing between the light and heavy

states.

4.1.1 Neutrinoless Double Beta Decay

In the LRSM, several mechanisms can contribute to 0νββ as shown in Figs. 3, 4 and 5. The

contributions in Figs. 3 and 4 are of the same diagramatical form with the exchange of either

light or heavy neutrinos as well as light and heavy W bosons. Diagram 3 (left) describes the

standard mechanism of light neutrino exchange, with the effective mass mee = |
∑

i U
2
eimνi|,

saturating current experimental bounds if the light neutrinos are degenerate at a mass scale

mν1 ≈ mee ≈ 0.3 − 0.6 eV. Correspondingly, diagram 3 (right) describes the exchange of

heavy right-handed neutrinos. In the classification of Section 3, this is a realization of

the short-range operator with the effective coupling εRRz
3 . Assuming manifest left-right

symmetry, i.e. gR ≡ gR, in terms of the LRSM model parameters it is given by

εRRz
3 =

3
∑

i=1

V 2
ei

mp

mNi

m4
WL

m4
WR

, (22)
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Neutrinoless double beta decay

●  Contribution of a single neutrino to the amplitude of            decay:

     

mass of propagating
neutrino

NMELepton mixing
matrix

N

Deppisch, Hirsch, Pas, 1208.0727
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Figure 2: Different contributions to the general double beta rate: The contributions (a) - (c)

correspond to the long range part, the contribution (d) is the short range part (from [21]).

(a) corresponds to the mass mechanism.

3.1 Long–Range Part

This subsection is essentially based on reference [21]. We consider first the long–range part

of neutrinoless double beta decay with two vertices, which are pointlike at the Fermi scale,

and exchange of a light neutrino in between. The general Lagrangian can be written in

terms of effective couplings εαβ , which correspond to the pointlike vertices at the Fermi scale

so that Fierz rearrangement is applicable,

L =
GF√
2
{jµV−AJ

†
V−A,µ +

′

∑

α,β

εβαjβJ
†
α}, (2)

with the combinations of hadronic and leptonic Lorentz currents J†
α = ūOαd and jβ = ēOβν

of defined helicity, respectively. The operators Oα,β are defined as

OV−A = γµ(1− γ5), OV+A = γµ(1 + γ5),

OS−P = (1− γ5), OS+P = (1 + γ5), (3)

OTL
=

i

2
[γµ, γν ](1− γ5), OTR

=
i

2
[γµ, γν ](1 + γ5).

The prime indicates the sum runs over all contractions allowed by Lorentz–invariance,

except for α = β = (V − A). Note that all currents have been scaled relative to the

strength of the ordinary (V − A) interaction.

〈mν〉 <∼ 0.35 eV, while the 136Xe gives 〈mν〉 <∼ 0.34 eV.
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Figure 2: Different contributions to the general double beta rate: The contributions (a) - (c)

correspond to the long range part, the contribution (d) is the short range part (from [21]).

(a) corresponds to the mass mechanism.

3.1 Long–Range Part

This subsection is essentially based on reference [21]. We consider first the long–range part

of neutrinoless double beta decay with two vertices, which are pointlike at the Fermi scale,

and exchange of a light neutrino in between. The general Lagrangian can be written in

terms of effective couplings εαβ , which correspond to the pointlike vertices at the Fermi scale

so that Fierz rearrangement is applicable,

L =
GF√
2
{jµV−AJ

†
V−A,µ +

′

∑

α,β

εβαjβJ
†
α}, (2)

with the combinations of hadronic and leptonic Lorentz currents J†
α = ūOαd and jβ = ēOβν

of defined helicity, respectively. The operators Oα,β are defined as

OV−A = γµ(1− γ5), OV+A = γµ(1 + γ5),

OS−P = (1− γ5), OS+P = (1 + γ5), (3)

OTL
=

i

2
[γµ, γν ](1− γ5), OTR

=
i

2
[γµ, γν ](1 + γ5).

The prime indicates the sum runs over all contractions allowed by Lorentz–invariance,

except for α = β = (V − A). Note that all currents have been scaled relative to the

strength of the ordinary (V − A) interaction.

〈mν〉 <∼ 0.35 eV, while the 136Xe gives 〈mν〉 <∼ 0.34 eV.
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M2
i � p2

In most cases the new mechanisms (with heavy 
particles) are subdominant as the NME for heavy 
particles suppress their contribution.Nuclear Matrix Element (NME)

Data available @ 
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat  

● Two different 
regions separated
by nuclear scale

● Mild dependece
on the nuclei

Nuclear Matrix Element (NME)

Data available @ 
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat  

● Two different 
regions separated
by nuclear scale

● Mild dependece
on the nuclei

The NME behaviour changes at p~100 MeV, the scale 
of the process.

m2
i ⌧ p2
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As of early 2012: limits & claim
Klapdor-Kleingrothaus et al.

NIM A 522 (2004) 
PLB 586 (2004)

•71.7 kg year - Bgd 0.11 / (kg y keV)
• 28.75 㼼 6.87 events (bgd:~60)
• Claim:4.2V evidence for 0Qȕȕ
• (0.69–4.18) x1025 y (3V)
• Best fit: 1.19 x1025 y (NIMA 522/PLB 
586)
• PSA analysis (Mod. Phys. Lett. A21):

(2.23 + 0.44 – 0.31)x1025 y (6V) 
(but analysis & results flawed …)

• Tuebingen/Bari group (PRD79):
mee /eV = 0.28  [0.17-0.45] 90%CL 

Significance and T1/2 depend on bgd discription:
• Strumia & Vissani Nucl.Phys. B726 (2005) 
• Chkvorets, PhD dissertation Univ. HD, (2008):
using realistic background model
� peak significance reduced to 1.3V,  
�T1/2 = 2.2x1025 y

� Claim must be scrutinized with 
76Ge AND other isotopes

A.M. Rotunno, TAUP09

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 proceeds 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.

B. Schwingenheuer, Annalen
der Physik, August 22, 2012

Recent up date: NME’sB. Schwingenheuer, Annalen 
der Physik, 2012

Depending on treatment of 
background, from 4.2 to 1.3 sigma

NMEs
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The new generation of experiments is 
already taking data (EXO, KamLAND-
ZEN, CUORE, GERDA,...) and more 
powerful ones are planned (e.g., NExT, 
SNO+, SuperNEMO, COBRA,...)!!

KamLAND-Zen
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FIG. 4: MS (top) and SS (bottom) energy spectra. The
best fit line (solid blue) is shown. The background com-
ponents are 2νββ (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows (none in the SS spectrum).
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FIG. 5: Energy spectra in the 136Xe Qββ region for MS (top)
and SS (bottom) events. The 1 (2)σ regions around Qββ are
shown by solid (dashed) vertical lines. The 0νββ PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

loss of efficiency for γ- and β-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes β-
α decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of ββ events are MS. The MC simulation predicts that
82.5% of 0νββ events are SS. Using a maximum like-
lihood estimator, the SS and MS spectra are simultane-
ously fit with PDFs of the 2νββ and 0νββ of 136Xe along
with PDFs of various backgrounds. Background models
were developed for various components of the detector.
Results of the material screen campaign, conducted dur-
ing construction, provide the normalization for the mod-
els. The contributions of the various background com-
ponents to the 0νββ and 2νββ signal regions were esti-
mated using a previous generation of the detector simula-
tion [8]. For the reported exposure, components found to
contribute < 0.2 counts (0νββ) and < 50 counts (2νββ),
respectively, were not included in the fit. For the current
exposure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral
shapes and/or small contributions. A possible energy off-
set and the resolution of the γ-like spectra are parameters
in the fit and are constrained by the results of the source
calibrations. The fraction of events that are classified
as SS for each of the γ-like PDFs is constrained within
±8.5% of the value predicted by MC. This uncertainty
is set by the largest such deviation measured with the
source calibration spectra. The SS fractions for β- and
ββ-like events are also constrained in the fit to within
±8.5% of the MC predicted value. As a cross-check, the
constraint on the 2νββ SS fraction is released in a sep-
arate fit of the low background data. The SS fraction is
found to agree within 5.8% of the value predicted by the
MC simulation.
The ββ energy scale is a free parameter in the fit, so

that it is constrained by the 2νββ spectrum. The fit re-
ports a scale factor of 0.995 ± 0.004. The uncertainty is
inflated to ± 0.006 as a result of an independent study of
the possible energy scale differences between γ- and ββ-
like energy deposits. The 2νββ PDF is produced using
the Fermi function calculation given in [16]. Tests using
a slightly different spectral form [17] were performed and

EXO-200 
location, at the 
WIPP Site, USA, 
1585 m.w.e.

EXO-200 reported the first results summer 
2012, T(0nu) >1.6 10^25 yrs for Xe136.
First GERDA results: July 2013 1307.4720.
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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 !lm, for example, will be effective 

to improve the BiPo tagging ef!ciency 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 !eld 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 !nding with a general-purpose detector at !rst 

and then deepening the research with a dedicated 

detector seems to be bene!cial.

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

Closing

GERDA
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FIG. 2. Limits (90% C.L.) on T 0⌫
1/2 of 76Ge (this work)

and 136Xe [14, 15] compared with the signal claim for 76Ge of
Ref. [11] (68% C.L. band). The lines in the shaded gray band
are the predictions for the correlation of the half-lives in 136Xe
and in 76Ge according to di↵erent NME calculations [27–33].
The selection of calculations and the labels are taken from
Ref. [34].

tected, none of them within Q�� ± �E . The model (H1),
which includes the claimed 0⌫�� signal from Ref. [11],
gives in fact a worse fit to the data than the background-
only model (H0): the Bayes factor, namely the ratio of
the probabilities of the two models, is P (H1)/P (H0) =
0.024. Assuming the model H1, the probability to ob-
tain N0⌫ = 0 as the best fit from the profile likelihood
analysis is P (N0⌫ = 0|H1)=0.01.

The Gerda result is consistent with the limits by
HdM and Igex. The profile likelihood fit is extended
to include the energy spectra from HdM (interval 2000-
2080 keV; Fig. 4 of Ref. [8]) and Igex (interval 2020-
2060 keV; Table II of Ref. [9]). Constant backgrounds for
each of the five data sets and Gaussian peaks for the sig-
nal with common 1/T 0⌫

1/2 are assumed. Experimental pa-

rameters (exposure, energy resolution, e�ciency factors)
are obtained from the original references or, when not
available, extrapolated from the values used in Gerda.
The best fit yields N0⌫ = 0 and a limit of

T 0⌫
1/2 > 3.0 · 1025 yr (90% C.L.). (4)

The Bayes factor is P (H1)/P (H0) = 2 · 10�4; the claim
is hence strongly disfavored.

Whereas only 76Ge experiments can test the claimed
signal in a model-independent way, NME calculations can
be used to compare the present 76Ge result to the recent

limits on the 136Xe half-life from KamLAND-Zen [14]
and EXO-200 [15]. Fig. 2 shows the experimental re-
sults, the claimed signal (labeled “claim (2004)”) and the
correlations for di↵erent predictions, assuming that the
exchange of light Majorana neutrinos is the leading mech-
anism. Within this assumption, the present result can be
also combined with the 136Xe experiments to scrutinize
Ref. [11]. The most conservative exclusion is obtained
by taking the smallest ratio M0⌫(136Xe)/M0⌫(76Ge)'
0.4 [32, 33] of the calculations listed in Ref. [34]. This
leads to an expected signal count of 23.6±5.6 (3.6±0.9)
for KamLAND-Zen (EXO-200). The comparison with
the corresponding background-only models [35] yields a
Bayes factor P (H1)/P (H0) of 0.40 for KamLAND-Zen
and 0.23 for EXO-200. Including the Gerda result, the
Bayes factor becomes 0.0022. Also in this case the claim
is strongly excluded; for a larger ratio of NMEs the exclu-
sion becomes even stronger. Note, however, that other
theoretical approximations might lead to even smaller ra-
tios and thus weaker exclusions.

The range for the upper limit on the e↵ective elec-
tron neutrino mass m�� is 0.2 - 0.4 eV. This limit is
obtained by using the combined 76Ge limit of Eq. 4, the
recently re-evaluated phase space factors of Ref. [36] and
the NME calculations mentioned above [27–33]. Scaling
due to di↵erent parameters gA and rA for NME is obeyed
as discussed in Ref. [37].

In conclusion, due to the unprecedented low back-
ground counting rate and the good energy resolution in-
trinsic to HPGe detectors, Gerda establishes after only
21.6 kg·yr exposure the most stringent 0⌫�� half-life
limit for 76Ge. The long-standing claim for a 0⌫�� signal
in 76Ge is strongly disfavored, which calls for a further
exploration of the degenerate Majorana mass scale. This
will be pursued by Gerda Phase II aiming for a sensi-
tivity increased by a factor of about 10.
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See talks by Agostini, di 
Domizio.
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The ultimate goal is to 
understand

- where do neutrino 
masses come from?

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

origin of the observed 
structure?
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Neutrino physics gives a new perspective on physics BSM.

This information is complementary with the one 
which comes 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 do neutrinos have 
mass? and why are they 
so much lighter?

Why leptonic mixing 
is so different from 
quark mixing?
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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.

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

L⌫ = y L̄ ·H new

25

Thanks also to P. Hernandez
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m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

26

See-saw mechanism type I
 Introduce a right handed neutrino N
 Couple it to the Higgs

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT theories and  
can also explain the baryon asymmetry via leptogenesis.
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

27

For smaller Yukawa couplings or cancellations, small masses 
can arise from new physics at the TeV scale: in principle 
testable at the LHC by looking at same-sign dileptons.

See-saw type I, 
production is 
very suppressed:

Gauge B-L:  pp → Z' → N N

See-saw type II: Scalar Triplets

Triplet see-saw. 

Left-Right models via WR

Inverse or extended see-saw 
models

R-parity violating SUSY

•

•

•

•

Atre et al., 0901.3589

•

•29
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

2829

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

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 (proton 
decay, LHC searches...). CLFV plays a special role. 

e
⌫i

W

µ

�

Many models of neutrino masses give raise to sizable LFV:
models at the TeV scale with large mixing (e.g. Inverse 
seesaw), Radiative neutrino mass models, SUSY GUT see-saw 
models, Extra D, extra Higgs etc.

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53
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A wide experimental programme is taking place: in 
addition to oscillation experiments, direct mass searches 

and neutrinoless double beta decay experiments.

The ultimate goal is to understand the origin of neutrino 
masses (and the new physics scale) and of mixing.

Conclusions

The discovery of neutrino 
oscillations has opened a 
new perspective: neutrino 
have masses and mix 
implying new physics 
beyond the Standard 
Model of Particle Physics.
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In the Early
Universe

As the temperature drops, 
only quarks are left:

The excess of quarks can be explained by Leptogenesis 
(Fukugita, Yanagida): the heavy N responsible for neutrino 
masses generate a lepton asymmetry.

Observing L violation 
and CPV would constitute a 
strong hint in favour of 

leptogenesis as the 
origin of the baryon 

asymmetry.
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The problem of flavour

Mixing in the leptonic sector is very different from the 
quark one: angles are large (even       !) and there can be 
new sources of CP-violation. Neutrinos provide a different 
perspective on the flavour problem.

Why three generations?

Why the angles have the values 
measured?

What is the origin of CPV?

�13

Various approaches can be adopted:  Flavour symmetries; 
Anarchy; Quark-lepton complementarity...
It is crucial to measure with precision the mixing 
parameters to unveil any underlying pattern.
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