
What we know (from 𝜈 osc.):

• Neutrino flavour eigenstates differ 

from their mass eigenstates

• Neutrinos oscillate, hence they 

must have mass

• Mixing angles and Δ𝑚2 values 

known (with varying accuracies)

What we don’t know:

• Normal or inverted hierarchy?

• Absolute mass scale? (only     

upper limits)

• Dirac or Majorana particle?

• CP violating phase in mixing 

matrix? Now first hints from T2K

• Existence of  sterile neutrinos?



How “to weight” neutrinos?

Neutrino Oscillations

Cosmology

Direct Beta Decay Endpoint

Double Beta Decay

120 meV

100 meV

1.1 eV

50 meV

20-50 meV

0.2 eV

Present

sensitivity

Future 

sensitivity

(a few year scale)

Cosmology (CMB + LSS)

Neutrinoless Double Beta Decay

Single Beta Decay

Tools



𝛽 decay

• Event: 𝐴, 𝑍 → 𝐴, 𝑍 + 1 + 𝑒− + ҧ𝜈𝑒

• Observable: 𝑚𝛽 = σ𝑘 𝑈𝑒𝑘
2𝑚𝑘

2

• Model-dependent: NO

• Dirac or Majorana: both

• Present stage: <2.2 eV (MAINZ - TROITSK) 

<1.1 eV (KATRIN)

• Sensitivity expts

next generation: 0.2 eV 



 (MeV)

Direct Neutrino Mass Experiments

 (keV)

e (eV)

• Techniques
– Electron neutrino:  

• Study Ee end point for 
3H→3He + e + e−

– Muon neutrino: 

• Measure P in 
→ decays

– Tau neutrino: 

• Study n mass in 
→ (n)  decays

(Also, information from 
Supernova time-of-flight)



0𝜈𝛽𝛽 decay

• Event: 𝐴, 𝑍 → 𝐴, 𝑍 + 2 + 2𝑒−

• Observable: 𝑚𝛽𝛽 = σ𝑘𝑈𝑒𝑘
2 𝑚𝑘 (*)

• Model-dependent: YES

• Dirac or Majorana: Majorana

• Present stage: <100 meV

• Sensitivity expts

next generation: 20-50 meV

(*) Possible cancellations due to the 

presence of  Majorana phases



Cosmology

• Event: CMB anisotropies, LSS

• Observable: 𝑚𝑐𝑜𝑠𝑚𝑜 = σ𝑘𝑚𝑘

• Model-dependent: YES, strongly

• Dirac or Majorana: both

• Present stage: <120 meV (CMB+LSS) 

• Sensitivity expts

next generation: 50 meV



Complementarity of  

cosmology, single and double 𝛽 decay 

Cosmology, single and double 𝛽 decay measure different combinations

of  the neutrino mass eigenvalues, constraining the neutrino mass scale

In a standard three active neutrino scenario:
cosmology

simple sum

pure kinematical effect

beta decay

incoherent sum of 

real neutrino 

double beta decay

coherent sum

virtual neutrino

Majorana phases

𝑚𝑐𝑜𝑠𝑚𝑜 = ෍

𝑘=1

3

𝑚𝑘

𝑚𝛽 = ෍

𝑘=1

3

𝑈𝑒𝑘
2𝑚𝑘

2

𝑚𝛽𝛽 = ෍

𝑘=1

3

𝑈𝑒𝑘
2 𝑚𝑘 = ෍

𝑘=1

3

𝑈𝑒𝑘
2𝑒𝑖𝛼𝑘 𝑚𝑘



0m2

23 

0m2

23 

Inverted hierarchy

Normal hierarchy

A.Strumia, F.Vissani, Neutrino masses and mixings and... , hep-ph/0606054v2

0.2 eV
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Neutrino mass determination from:

•cosmology

•β decay

•0νββ decay



In the early Universe the particles were in thermal equilibrium 

The equilibrium number density of  

Fermi (Bose) particles of  the type i

The equilibrium energy density 

In the ultra-relativistic case kTi≫ mi , μi

The total energy density 

Effective number of  degrees of  

freedom of  ultra-relativistic particles 

Early Universe – Neutrino Decoupling 

𝑑3𝑝 = 4𝜋𝑝2𝑑𝑝 = 4𝜋𝑝𝐸𝑑𝐸

Neutrino decouples from plasma at 𝑇 ≈ 1 MeV. When the temperature 

drops, e± begin to annihilate. The released energy heats up only γ’s 

because neutrinos are decoupled. Thus, after the decoupling of  photons 

their temperature will be higher than the neutrino temperature.

photons and neutrinos are the most abundant particles in the Universe 



Measurements on Ω𝜈 give info on 𝑚𝑐𝑜𝑠𝑚𝑜 = σ𝑚𝜈

𝜌𝜈
𝜌𝛾

=
7

8

𝑔𝜈
𝑔𝛾

𝑇𝜈
𝑇𝛾
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Precision cosmology

•Measurements of differences 

in the temperature of the 

cosmic microwave 

background (CMB) – the 

radiant heat remaining from 

the Big Bang – across the sky 

•The early fluctuations of 

universe density imprinted on 

the cosmic microwave 

background measured with 

the WMAP satellite 

•The Planck apparatus shows 

agreement with the WMAP 

results on the density and 

distribution of matter in the 

Universe. 

•The visible structure of the universe has been formed out by 

fluctuations at the very early stage. Due to the large 

abundance of relic neutrinos and their low masses they 

acted as hot dark matter: neutrinos have smeared out 

fluctuations at small scales. 



Precision cosmology

•Approaches to estimate the 

absolute neutrino mass scale

•SDSS is a multi-filter imaging 

and spectroscopic redshift 

survey using a dedicated 2.5-

m wide-angle optical telescope 

at Apache Point Observatory 

in New Mexico, United States.

•SDSS map of the large-scale 

structure of the universe 

•The Sloan Digital Sky Survey 

has been working for more 

than 15 years to make the 

most detailed three-

dimensional maps of the 

Universe, with deep multi-

color images of one third of 

the sky, and spectra for more 

than three million 

astronomical objects. 



• Neutrinos are (after γ's) the second 

most abundant particle species in the 

universe

• As part of the hot dark matter, 

neutrinos have a significant influence 

on structure formation

For large Σmν values fine grained 

structures are washed out by the

free streaming neutrinos

Large Scale Structures (LSS)





• Pl18 = Planck 2018 data

• high-l temperature + polarization 

likelihood (TT,TE,EE)

• low-l polarization (low E)

• CMB lensing spectrum likelihood 

(lensing) based on lensing extraction 

from quadratic estimators

• BAO refers to measurements of  the 

BAO scale (and hence of  the angular 

diameter distance) 

• R18 refers to the distance ladder local 

measurement of  the Hubble scale 

from cepheids and supernovae

• Pantheon refers to the supernovae 

Type Ia compilation

Neff = 3.045 is the 

Standard Model 

reference value

• Neff=0 is excluded at high CL. We need a neutrino background to explain CMB observation

• No evidence for extra radiation from CMB only measurements

• Neff=4 begins to be inconsistent 

Conclusions:



Neutrino mass determination from β decay 

𝐴
𝑍𝑋 → 𝐴

𝑍+1𝑌 + 𝑒− + ҧ𝜈𝑒



Main experimental approaches



Historical hints of Tritium measurements



Neutrino mass
Direct neutrino mass determination 

• Neutrino mass from tritium 𝛽-decay: early experiments 

• Results of tritium 𝛽-decay experiments on the observable 

𝑚2(𝜈𝑒).The experiments at Los Alamos, Zurich, Tokyo, 
Beijing, and Livermore used magnetic spectrometers; the 
tritium experiments at Mainz and Troitsk applied 

electrostatic spectrometers of the MAC-E-Filter type. 
• The negative values of 𝑚2(𝜈𝑒) have no physical meaning. 

The main reasons: 
✓ Some experiments (also Mainz) used as tritium source a 

film of molecular tritium quench condensed onto 

aluminum or graphite substrates. Although the film was 
prepared as a homogenous thin film with flat surface, 

detailed studies showed that the film was not stable: it 
underwent a temperature-activated roughening transition 
into an inhomogeneous film by forming microcrystals. 

Thus, unexpected large inelastic scattering probabilities 
were obtained, which were not taken into account in 

previous analyses. This extra energy losses were only 
significant when analyzing larger energy intervals below 
the endpoint. 

✓ The missing experimental 

broadening with Gaussian 
width 𝜎. One expects a shift of 
the result on 𝑚2(𝜈𝑒) of Δ𝑚2(𝜈𝑒) ≈ 

−2𝜎2, which gives rise to a 
negative value of 𝑚2(𝜈𝑒) 



Neutrino mass
Direct neutrino mass determination 

• Cryobolometers: measurements of 187Re 𝛽-spectrum

• MANU expt. used a single metallic rhenium 

crystal of about 1.6 mg as absorber read 
out by a neutron transmutation doped 
(NTD) germanium thermistor

• The residuals of the theoretically expected 
187Re 𝛽-spectrum that has been fitted to the 

data exhibit effects of a 𝛽-environmental 
fine structure (BEFS) modulation most 
clearly visible at low electron energies

• MiBeta. The experiment has been carried out with 

an array of eight AgReO4 thermal detectors operating 
at T=100 mK 

• An average energy resolution FWHM= 28.5 eV was 

achieved. The analysis of the spectrum near the 
endpoint resulted in an upper limit 𝑚(𝜈𝑒) < 15 eV at 

90% CL.

• MARE. 187Re and 163Ho efforts towards sub-eV 

neutrino mass. 

• Kurie plot of the experimental 187Re 𝛽- spectrum 

obtained by the MiBeta collaboration



Neutrino mass
Direct neutrino mass determination 

• Cryobolometers: electron capture (EC) decays of 163Ho

• A promising alternative to 𝛽-decay measurements is the study of electron capture (EC) decays of 163Ho to 

measure the neutrino mass. The considered decay process is

• The deexcitation spectrum of the intermediate state 163Dy∗𝑖 is given by a series of lines at energies 𝐸𝑖 which 
correspond to the dissipated binding energy of the electron hole in the final atom. The 𝑄-value of the reaction is 

given by the mass difference of parent and daughter nucleus in the ground state. Like the electron energy 
spectrum in 𝛽-decays, this spectrum depends on the square of the neutrino mass.

• The use of 163Ho is favored due to its very low 𝑄-Value in the range of 2.3 keV to 2.8 keV.

• By the investigation of the electron capture of 163Ho two upper limits on the average mass of the electron 
neutrino 𝑚(𝜈𝑒) < 225 eV at 95% C.L. and of 𝑚(𝜈𝑒) < 490 eV at 68% C.L. were set. 

(a) Deexcitation 

spectrum of 163Ho 
for 𝑄 = 2.5 keV. 

(b) zoom into the 

endpoint region of 
spectrum with effect 

of a 0.5 eV neutrino 
mass (red dashed 
line)



KATRIN
• Experimental site at Karlsruhe

• Tritium beta decay

• Foreseen sensitivity for neutrino mass in 

5 years (eff. 3 y of data): 0.2 eV



KATRIN
MAC-E filter concept

• Works as high energy pass filter

• It builds the integral spectrum of electron with energy larger than eV.

• The B Field transfer transversal impulse in longitudinal one at the center

• Electron guided by the B field

• Large acceptance: 2π

• Energy of analysis by electric 

retarding field

• Variable E field (V<30kV at the 

center)





KATRIN results 2020

After corrections for the detector’s responses



0.2 eV
(estimated
sensitivity)

Sensibilità dei futuri esperimenti sulla misura

diretta della massa del neutrino (e.g. KATRIN)

𝑚𝛽

1.1 eV
(present limit)



Doppio decadimento β
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 –Disintegration
Suggested in general form by Maria Goepper 

Mayer just one year after the Fermi theory of beta 

decay. 

M.Goeppert-Mayer, The John Hopkins University

(Received May, 20 , 1935)

From the Fermi theory of − disintegration the probability of simultaneous emission 

of two electrons (and two neutrinos) has been calculated. The result is that this 

process occurs sufficiently rarely to allow a half-life of over 1017 years for a nucleus, 

even if its isobar of atomic number different by 2 were more stable by 20 times the 

electron mass

In 1935, Maria Goeppert-Mayer predicted the existence of the 2 decay 

process, allowed in the SM framework. Double beta decay (2νββ) is a nuclear 

transition in which an initial nucleus (Z,A) decays to (Z+2,A) emitting two 

electrons and two antineutrinos. This transition occurs regardless of whether 

neutrinos are their own antiparticles or not, i.e. Majorana or Dirac. 2νββ has 

been observed in a number of experiments.

Note: β+β+ decay exists too... 



Decay modes for Double Beta Decay (DBD)





0 with Majoron
(light neutral boson)

never observed –  > 1022 y


Processes  and  would imply new physics 
beyond the Standard Model
violation of total lepton number conservation

How many candidate nuclei?
Case of 2− processes →

(A,Z) → (A,Z+2) + 2e- + 2e

(A,Z) → (A,Z-2) + 2e+ + 2e

(A,Z) + ea → (A,Z-2) + e+ + 2e

(A,Z) + 2ea → (A,Z-2) + 2e

(A,Z) → (A,Z+2) + 2e-

(A,Z) → (A,Z-2) + 2e+

(A,Z) + ea → (A,Z-2) + e+

(A,Z) + 2ea → (A,Z-2) + 

2 Double Beta Decay (2)
allowed by the Standard Model

already observed –  ~1018 – 1021 yr

neutrinoless Double Beta Decay (0)
never observed except 

Klapdor’s meas. -  ∼ 1025 yr



Double Beta Decay and neutrino physics

Diagrams for the three processes discussed above:

Standard process

two “simultaneous” beta decays

0-DBD

a virtual neutrino is exchanged 

between the two electroweak lepton vertices

DBD with Majoron emission

A Majoron couples to the 

exchanged virtual neutrino

DBD is a second order weak transition very low rates



Neutrino properties and 0-DBD

d

d

u

u

e-

e-

W-

W- e

a LH neutrino (L=-1)

is absorbed at this vertex

e a RH antineutrino (L=1)

is emitted at this vertex

in pre-oscillations

standard particle physics 
(massless neutrinos), 

the process is forbidden because

neutrino has not the correct
helicity / lepton number

to be absorbed 
at the second vertex

▪ IF neutrinos are massive DIRAC particles:

Helicities can be accommodated thanks to the finite mass,

BUT Lepton number is rigorously conserved

0-DBD 

is forbidden

▪ IF neutrinos are massive MAJORANA particles:

Helicities can be accommodated thanks to the finite mass,

AND Lepton number is not relevant

0-DBD 

is allowed

m  0

  
Observation of 0-DBD



DBD and Majorana neutrinos
m  0

  
Observation of  0-DBD

Schechter Valle 
theorem:

Majorana 
particle

m = ||Ue1|
2m1 + ei1 |Ue2|

2m2 + ei2 |Ue3|
2m3|

1/ = G(Q,Z) gA
4 |Mnucl|

2m 2

Neutrinoless

 decay 
rate

Phase 

space

Nuclear 

matrix 
elements

Effective 

Majorana mass

Axial vector 

coupling 
constant

Neutrino mass hierarchy

direct inverted

M

[eV]

Lightest neutrino mass [eV]

➢ This generation of  experiments will start 

to explore the IH region

➢ Possibly, the next generation will be 

necessary to complete the IH region 

exploration

➢ DH still far from now 

Nuclear matrix elements uncertainties 

Needed different nuclei



Electron sum energy spectra in DBD

The shape of the two electron sum energy spectrum enables to

distinguish among the three different discussed decay modes

The Majoron spectrum is a continuum with maximum close to Q
(phase space for a particle decaying to three light objects)

Q ~ 2-3 MeV for the most promising nuclides

additional signatures:

▪ single electron energy distribution

▪ angular distribution

sum electron energy / Q

two neutrino DBD

continuum with maximum at ~1/3 Q

neutrinoless DBD
peak enlarged only by 

the detector energy resolution



Matrix elements and T1/2 expectations 

The differences among the 

nuclear models remain an 

open question 

Expected 0ν2β half-lives 

for 50 meV effective 

neutrino mass and different 

Nuclear Matrix Elements 

calculations

1028 yr



Needed sensitivity for inversed hierarchy







DBD: geochemical expts

The main disadvantage of such method is 
impossibility to distinguish between the two-
neutrino and neutrinoless 2β decay modes, 
therefore λ𝛽𝛽 is the total probability of 2ν2β and 
0ν2β decay modes: 
𝜆𝛽𝛽 = 𝜆2𝜈 + 𝜆0𝜈. 
Thus the sensitivity of such experiments to 0ν2β 
process is limited by half-life of the two-neutrino 
2β decay. 



Direct counting: measurement of  2𝛽decay events

❑ calorimetric (source = detector)

❑ with passive source (source ≠ detector)



Common to 

all tecnhiques

and experiments

Cooperation

Background sources

▪ Natural radioactivity of materials 

(source itself, surrounding structures)

▪ Neutrons

▪ Cosmogenic induced activity (long living)

▪ 2  Double Beta Decay



Common to 

all tecnhiques

and experiments

Cooperation

Background sources

▪ Natural radioactivity of materials 

(source itself, surrounding structures)

▪ Neutrons

▪ Cosmogenic induced activity (long living)

▪ 2  Double Beta Decay

Levels of < 1 Bq / kg are required 

for some materials at the ton scale

Understanding U/Th and  210Pb contamination

Purification techniques

Quality control procedure to establish:

diagnostic is a problem by itself 

(traditional gamma counting not sufficient)
Improve alternative techniques:

- ICPMS

- Neutron Activation Analysis

- “Ad hoc” bolometers for alpha self-counting

- Full prototype used to measure contamination
(BiPo detector)



Common to 

all tecnhiques

and experiments

Cooperation

Background sources

▪ Natural radioactivity of materials 

(source itself, surrounding structures)

▪ Neutrons

▪ Cosmogenic induced activity (long living)

▪ 2  Double Beta Decay

Two main sources

- Activity in the rock and in surrounding materials

(, n) processes  [0,10] MeV spectrum

 can be shielded

- High-energy  induced

complicated problem

 depth

 appropriate shielding / coincidence techniques
 reliable simulations



Common to 

all tecnhiques

and experiments

Cooperation

Background sources

▪ Natural radioactivity of materials 

(source itself, surrounding structures)

▪ Neutrons

▪ Cosmogenic induced activity (long living)

▪ 2  Double Beta Decay

Choice of materials

Storage of materials underground

Partial or full detector realization underground
(Ge diodes)



Experimental approaches to direct searches

Two approaches for the detection of the two electrons:

e-

e-

Source  Detector



▪ scintillation

▪ solid-state devices

▪ gaseous, liquid detectors

▪ cryogenic bolometers

High efficiency

Energy resolution

e-

e-

source

detector

detector

Source  Detector



▪ scintillation

▪ gaseous TPC

▪ gaseous drift chamber with magnetic   

field and calorimetry

Event reconstruction

Low efficiency

Low energy resolution

☺ neat reconstruction of event topology

 difficulties for large source mass

☺ several candidates with the same 

detector

☺ very large masses possible

☺ very high energy resolution

☺ Possible indication of event topology

 constraints on detector materials



Techniques



Experimental sensitivity

N 0n =
NT

t
te; NT =

MNA

A
a t =T1/2 / ln2sapendo che: 

T1/2 = ln2
NA

A
aeMt

1

N 0n

N 0n < 2.3

N 0n <1.64 MtBDE

(90% CL)

(90% CL)

mass of the element in the detector 



Experimental overview
-decay Projects

+ Efforts on ++ … and much more 



Shallow deep at Irvine



6.8 sigma

Modern Physics Letters A

21 (2006) 1547

KKDC result
2001 – Evidence for 0 peak at 2039keV

KKDC used five 76Ge crystals, with a total of 10.96 kg of mass, 

and 71 kg-years of data (1990–2003)

0.2% or better energy resolution

0.1 < m < 0.9 eV 
Refined analysis in 2006 

Two different methods of pulse shape analysis 

neuronal net approach,

selection by a new method comparing measured pulses with a library of pulse shapes of point-like events calculated from 

simulation of the electric field distribution in the detectors 

Phys. Lett. B 586 (2004) 198

  

T1 /2

0n
(

76
Ge) = 2.23-0.31

+0.44
´10

25
y



New Germanium 
Experiments



GERDA

• GERmanium Detector Array

• At LNGS

• Germanium Diodes

– Inherited from HM, IGEX

• Cu cryostat filled with LAr

• 3m thick Čerenkov H2O shield



Fondo un fattore ~10 inferiore agli 
esperimenti di HdM e IGEX

La regione tra 2019 e 2049 keV
è esclusa dalla definzione dei tagli 
(blinded analysis)

Eventi 2

chiaramente visibili

𝑇1/2
2𝜈 = 1.84−0.08

+0.09 (𝑓𝑖𝑡)−006
+0.11 (𝑠𝑦𝑠𝑡) × 1021yr



• Background level ≈ 10−3 cts/(keV · kg · yr), which is the 

world-best if weighted by the narrow energy-signal region 

of germanium detectors. 

• Combining Phase I and II data we find no signal and 

deduce a new lower limit for the half-life of 5.3 × 1025 yr

at 90 % C.L. 

• Sensitivity of 4.0 × 1025 yr is competitive with 

experiments with significantly larger isotope mass.

• For light Majorana neutrino exchange and a nuclear matrix 

element range for 76Ge between 2.8 and 6.1, the Gerda half-

life limit converts to mββ <0.15–0.33 eV (90% C.L.).

•

GERDA - Fase II: 
arXiv:1703.00570



Majorana

• 500kg enriched Ge 

Segmented detectors

• Based on IGEX technology 

– background reduced by >50

– cosmogenic n spallation

• 10 years → T1/2>4 1027 years

<m> ~ 0.03-0.04 eV



Majorana Demonstrator

Start data taking in 2016





130Te as a DBD emitter
➢ high natural isotopic abundance (I.A. = 33.87 %)

➢ high transition energy ( Q = 2530 keV )

➢ encouraging theoretical calculations for 0−DBD lifetime

➢ already observed with geo-chemical techniques ( incl = (0.7 - 2.7)  1021 y)

➢ 2 DBD decay observed by a precursor bolometric experiment (MIBETA)

and by NEMO3 at the level  = (5 - 7)  1020 y

M  50 meV    2x1026 y

Cuoricino experiment

The bolometric technique for 130Te

Heat sink

T  10 mK

Thermal coupling

G  4 nW / K = 4 pW / mK

Thermometer

NTD Ge-thermistor
R  100 M

dR/dT  100 k

Energy absorber

TeO2 crystal
C  2 nJ/K  1 MeV / 0.1 mK 

 Temperature signal: T = E/C  0.1 mK for E = 1 MeV

 Bias: I   0.1 nA  Joule power  1 pW
Temperature rise  0.25 mK

 Voltage signal: V = I  dR/dT  T  V = 1 mV for 

E = 1 MeV
 Signal recovery time:  = C/G  0.5 s

 Noise over signal bandwidth (a few Hz): Vrms = 0.2 μV

Energy resolution (FWHM):  keV scale



CUORE: Cryogenic Underground 

Observatory for Rare Events

CUORE setup 

988 TeO2 5x5x5 cm3 crystals            
(750 g each)

Detector Mass: 741 kg TeO2
130Te mass (natural i.a.) :

206 kg of 130Te

Array: 19 towers                                  

In Hall A of LNGS

130Te good DBD candidate: high natural abundance (34.2 %), reasonably high Q-value (2528 keV)

TeO2 is a compound with good mechanical and thermal properties containing 130Te

5x5x5 cm3 TeO2 crystals have a high detection efficiency for 0νββ events: ~87.4%

Searching for neutrinoless double beta decay of 130Te

CUORE background goal: 0.01 counts/kg keV y

CUORE Hut

CUORE-0 Hut



CUORE first phase: CUORE-0
1 CUORE-like tower of 13 planes - 4 crystals each 

52 TeO2 5x5x5 cm3 crystals

Detector Mass: 39 kg TeO2
130Te mass (natural i.a.): 11 kg of 130Te

CUORE-0 assembly performed in N2 atmosphere inside the 
new CUORE clean room following all the stages and using all 

the equipment developed for CUORE

Gluing of thermistor to crystals was
performed with the new CUORE
gluing semi-automatic machine

The assembly of the tower was done
with the CTAL (CUORE Tower Assembly
Line) providing radioactivity control
and reproducible protocols



CUORE results 2020
❑

130Te 2𝛽

❑ M1: multiplicity 1; 𝛴2: M1+M2

❑ 𝑇1/2
2𝜈 = 7.9 ± 0.1 𝑠𝑡𝑎𝑡 ± 0.2(𝑠𝑦𝑠𝑡) ×

1020yr

❑ 𝑇1/2
0𝜈 > 3.2 × 1025yr (90% CL)



LUCIFER



β/γ’s 

0
ν
D

B
D

LUCIFER: some results
• 431g ZnnatSe crystal operated for 22 

days. 

‣ ΔE@2615 keV = 13 keV FWHM

‣ α background entirely identified via 

light pulse shape.

0νDBD

β/γ spectrum

‣ One β/γ event above 2615 keV, in 

coincidence with several hits in 

nearby detectors (μ-spallation).

‣ Easily to tag via coincidence 

analysis in an array, or via a μ-veto.



3
 m

B (25 G)

20 sectors Source: 10 kg of  isotopes
cylindrical, S = 20 m2, 60 mg/cm2

Tracking detector:

drift wire chamber operating 

in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H2O

Calorimeter:

1940 plastic scintillators

coupled to low radioactivity PMTs 

Magnetic field: 25 Gauss

Gamma shield: Pure Iron (18 cm)

Neutron shield: borated water
+ Wood

The NEMO3 detector

Fréjus Underground Laboratory  : 4800 m.w.e.

Background: natural radioactivity, mainly 214Bi et  208Tl ( 2.6 MeV)

                         Radon, neutrons (n,),  muons, ()

Able to identify e−, e+,  and 



During installation AUGUST 2001



NEMO-3



100Mo 6.914 kg
Q = 3034 keV

 decay isotopes in NEMO-3 detector

82Se 0.932 kg
Q = 2995 keV

116Cd 405 g
Q =  2805 keV

96Zr 9.4 g
Q = 3350 keV

150Nd 37.0 g
Q =  3367 keV

Cu 621 g

48Ca 7.0 g
Q = 4272 keV

natTe 491 g

130Te 454 g
Q = 2529 keV

 measurement

External bkg 

measurement

  search (All enriched isotopes produced in Russia)

F. Piquemal (CENBG)                                                                                                                             Nuppec Bordeaux, November 7-8 2006                



NEMO-3 results

2𝜈







T1/2(0) > 1 x 1024 yr (90% C.L.)



SuperNEMO project



EXO 200 (2 decay of 136Xe) 



EXO 200 first results
136Xe → 136Ba + 2e- + (2νe);

Q = 2479 keV



KAMLAND-Zen



KAMLAND-Zen

13 tons of liquid scintillator 
loaded with 300 kg of 136Xe  
contained in a nylon balloon 
immersed in 1 kton scintillator 
of the KamLAND set-up

Full spectrum

Zoom in the region of DBD

KamLAND-Zen coll., Phys.Rev.Lett.110:062502,2013



SNO+



NEXT COBRA

MOON DCBA





Many  decay modes of several isotopes have been
investigated by DAMA and DAMA+INR-Kiev

Scintillator Isotopes

CaF2(Eu) Ca-40, Ca-46, Ca-48
CeF3 Ce-136, Ce-138, Ce-142
BaF2 Ba-130
ZnWO4 Zn-64, Zn-70, W-180, W-186
CeCl3 Ce-136, Ce-138, Ce-142
CdWO4 Cd-108, Cd-114
106CdWO4 Cd-106
116CdWO4 Cd-116
Liq. Xe Xe-134, Xe-136

Sample Isotopes

Ru Ru-96; Ru-104
Os Os-184; Os-192
Pt Pt-190, Pt-198
Dy2O3 Dy-156, Dy-158
100MoO3 Mo-100
Cd Cd-106

❑ Active source technique

❑ Passive source technique

DAMA − Search for  decays

Many 2, + and 2+ decays investigated
→ observation (complementary to 2-) of 0 mode 

could help to distinguish among the mechanisms 
of 02 decay (non-zero neutrino mass or right-
handed admixtures in weak interactions)

→ Possibility to study resonant enhanced 2 decay



• Many competitive limits obtained on lifetime of 2+, + and 2 processes

• First searches for resonant 0 decays in some isotopes

(40Ca, 64Zn, 96Ru, 106Cd, 108Cd, 130Ba, 136Ce, 138Ce, 
180W, 190Pt, 184Os, 156Dy, 158Dy, …).

Search for  decay modes in various isotopes at DAMA and STELLA 
set-ups

New observations:

ARMONIA: 22β- decay 100Mo→100Ru(01
+) NPA846(2010)143

AURORA: 22β- decay 116Cd→116Sn PRD98(2018)092007

Nd2O3-HPGe: 22β- decay 150Nd→150Sm(01
+) NPAE19(2018)95

DAMA limits

Previous limits
DAMA observed

90% C.L.

2+ 2-

(partial list)

DAMA and DAMA/Kiev





2 physics with enriched 116CdWO4 crystal scintillators

J.D. Vergados, H. Ejiri, F. Simkovic, 
RPP 75 (2012) 106301 
– m = 50 meV

116Cd – one of the best 

candidates to search for 

20 decay:

• Q2β = 2813.5(13) keV

•  = 7.5%

• promising theoretical 

calculation 

• isotopic enrichment in 

large amount by cheap 

centrifugation method

The most sensitive 02 experiments (90% C.L.):

- Solotvina, F.A. Danevich et al., PRC 68 (2003) 035501 – T1/2 > 1.7 1023 yr

- NEMO-3, R.B. Pahlka et al., Phys. Proc. 37 (2012) 1241 – T1/2 > 1.3 1023 yr



Aurora experiment 

PRD98(2018)092007

• to study 2β decay of 116Cd with 
116CdWO4 scintillators enriched 

at 82%

• at Gran Sasso in DAMA/R&D

• two cadmium tungstate crystals 

(580 g and 582 g)



Aurora experiment (0𝜈2𝛽)
PRD98(2018)092007

✓ New improved limits for 02β decay of  116Cd to excited levels of  116Sn: limT1/2  1020−1022 yr

and  decays  with majoron(s) emission: limT1/2  1021−1022 yr

✓ Main background, internal 228Th, can be reduced 35 times by re-crystallization and sensitivity 

T1/2=5  1023 yr can be reached in 5 yr







106CdWO4

CdWO4

CdWO4

Experiment to search for 2 decay of 106Cd with 

a 106CdWO4 crystal scintillator (enriched in 
106Cd to 66%) in coincidence with two large 

CdWO4 detectors in closed geometry is in data 

taking. After 14064 h, the sensitivity to 2+

is on the level of  T1/2 > 3×1021 yr (theoretical 

predictions: 1020 − 1022 yr)

106Cd in DAMA/CRYS



106Cd in DAMA/CRYS (latest results)



Other double beta decay searches

• Search for 2β decays of  96Ru and 104Ru by ultra-
low background HP Ge γ spectrometry

• Investigation of  rare nuclear decays with BaF2

crystal scintillator contaminated by radium

EPJA42(2009)171
PRC87(2013) 034607

Analysis of  Bi-Po events (half-life of  212Po; search for 2 decay of  212Pb); 

search for  and 2 decay of  222Rn; search for 2 decay of  226Ra

EPJ A 50 (2014) 134

• Search for 2βdecay of  136Ce and 138Ce NPA930(2014)195
Deeply purified CeO2 sample (732 g) in HPGe (STELLA facility), T=1900 h

• Study of  2 decay of  150Nd to the excited states of  150Sm
A deeply purified Nd2O3 source (2.381 kg) was installed in GeMulti (4 HPGe 

~220 cm3 each) on 10 Feb 2015. 𝑇 Τ1 2 2𝜈2𝛽 = 4.7−1.9
+4.1 stat ± 0.5 syst × 1019yr

• Purification of Ce, Nd and Gd for low bckg experiments 
Liquid-liquid extraction technique to purify CeO3, Nd2O3 and Gd2O3 from U/Th

• A new kind of  scintillator detector: SrI2(Eu) crystal scintillator. 

R&D in progress NIMA670(2012) 10

• First search for rare decays of  Osmium by low 

background HPGe detector EPJ A 49(2013)24

• ZnWO4 crystal scintillators (low bckg and large 

volume): double beta decay modes in Zn and W 

isotopes PLB658(2008)193, NPA826(2009)256, 

NIMA626-627(2011)31, JPG: NPP 38(2011)115107

• Search for long-lived superheavy eka-tungsten 

with radiopure ZnWO4 crystal scintillator Phys. 
Sc. 90 (2015) 085301





Armonia
(meAsuReMent of twO-NeutrIno ββ decAy of 100Mo to the 

first excited 0+
1 level of 100Ru )

• 100MoO3 sample (mass of 1199 g, enriched in 100Mo at 99.5%) installed in the 4 low-
background HP Ge detectors facility (4 HP Ge - about 225 cm3 each - mounted in one 
cryostat) located in the underground Ge facility of the National Laboratory of Gran Sasso

• Aim: to measure the 22 decay of 
100Mo to the the first excited 0+

1

level of 100Ru at E=1130.5 keV

• 18120 h of measurements, 8 events are present in the 
coincidence spectrum, the measured half life is:

for 100Mo →100Ru*   decay, in agreement with previous 
results, while the old limit T1/2 >1.2 x 1021 yr is not confirmed.

NPA 846 (2010) 143 

• To point out the evidence of the decay 
searched for, an analysis considering the 
coincidence spectrum between any two HP Ge 
detectors in the set-up have been performed.  

1-dim sum spectrum

coincidence spectra





DAMA/Ge and STELLA facility ongoing

GeMulti (4 HPGe 220 cm3 each)
Highly purified Nd2O3 (2.38 kg) in measurement (so far 16375 h) to

investigate the 2 decay of 150Nd to the first 0+ 740.5 keV excited

level of 150Sm:

  with energies 334.0 keV and 406.5 keV in coincidences in

two HPGe observed;

 T1/2=[4.8+4.1
-1.9(stat)  0.5 (syst.)]  1019 yr

The experiment will run at least one more year.

Preliminary results published.

BEGe

118 g of ultra-pure Os in measurement to study rare  and  decays of Os isotopes.

New limits on  decay of 184Os and 186Osm to the excited levels of 180,182W:

T1/2theoretical expect.)

Further plans: installation of the Os sample inside BEGe cryostat, to improve the

detection efficiency

Future plans: First Experiments to search for  decays of 144Sm, 168Yb, 154Sm and 176Yb to the excited levels of daughter

nuclei are in progress with highly purified samples installed on HPGe detectors of the STELLA facility, and more

GeCris

326 g of deeply purified Er2O3, measured over 1934 h to search for the first time for 2 and + of 162Er to the 

ground state and to several excited levels of 162Dy:

 No effect was observed: T1/2 limits on the level of  1017 yr at 90% C.L.

 Improved limit on  decay of 170Er to 83.4 keV excited level of 170Yb: T1/2 > 4.1  1017 yr.  Paper published.

PRELIMINARY

Thin source of ultrapure 
osmium

BEGe detector
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Exciting times for neutrino masses:

▪ degeneracy will be deeply probed

▪ discovery potential in case of
inverted hierarchy

(HM,CUORICINO, NEMO)
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Conclusions 

PLANCK +

larger surveys

KATRIN, MARE CUORE, GERDA, etc.
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