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Why are we searching for neutrinoless double beta decay?

Key question: Is the neutrino its own antiparticle? (Majorana or Dirac particle?)

•Search for New Physics. Neutrinoless double beta decay (0νββ) is a hypothetical 
process forbidden within the Standard Model (SM) of particle physics. Its observation 
would be the first direct and indisputable proof of physics beyond the SM.

•Testing lepton number conservation. Unlike the allowed two-neutrino decay (2νββ), 
which produces two antineutrinos, 0νββ decay emits no neutrinos at all. This directly 
violates the fundamental law of lepton number conservation – a key requirement for 
explaining why matter dominates over antimatter in the Universe.

•A direct path to the nature of neutrinos. Observing 0νββ decay is the only known 
practical way to prove that the neutrino is a Majorana particle, i.e., identical to its own 
antiparticle.

Current status: Experiments (CUORE, LEGEND, AMoRE) are pushing the limits of 
sensitivity, trying to detect a single event with a half-life exceeding 10²⁶ years. 2



What would the discovery of neutrinoless double beta decay give us?

Fundamental consequences for physics and cosmology:

•  Proof that the neutrino is a Majorana particle. This would mean that neutrinos and antineutrinos 
are the same particle. The discovery would confirm Ettore Majorana’s hypothesis, put forward back in 
1937.

•  Observation of lepton number violation. This would be the first observed process to violate this 
fundamental law. Such violation is one of the key conditions (the Sakharov conditions) for generating 
the matter–antimatter asymmetry in the early Universe.

•  Key to the matter–antimatter asymmetry. It would explain why matter survived after the Big 
Bang while antimatter almost completely vanished. Lepton-number-violating processes like 0νββ 
could have created the excess of matter in the young Universe.

•  Measurement of the absolute neutrino mass scale. The rate of 0νββ decay depends directly on 
the neutrino mass. The discovery would allow precise measurement of this fundamental quantity (at 
the ~10 meV level) and determination of the neutrino mass hierarchy (normal or inverted).

•  A window to “new physics”. Even establishing stricter limits on 0νββ (a null result) rules out 
many theoretical models beyond the SM and guides future searches. 3



Two-neutrino double beta decay (2νββ)
Two-neutrino double beta decay is a rare 

weak nuclear process that has been 
observed.
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• "Extremely rare: Half-lives of 10
19
–10

24

years (longest ever measured)

• "Nuclear structure probe: Tests wavefunction 

overlap predictions (QRPA, IBM-2 models)

• "Measured in 10+ isotopes: 48Ca, 82Se, 100Mo, 130Te, 
136Xe (most studied)



Neutrinoless double beta decay(0)

In search of a theoretical process:
(A,Z) → (A, Z+2) +2e-

• In contrast to : (A,Z) → (A, Z+2) +2e-+2 ҧ𝜈𝑒

Why Study Neutrinoless Double Beta Decay?
Key Fundamental Questions:

1. Lepton number violation (∆L=2)
Would prove neutrinos are Majorana particles

2. Neutrino mass nature (Dirac or Majorana?)
Majorana neutrinos imply new physics beyond 

Standard Model
3. Absolute mass scale

Measure or constrain the lightest neutrino mass (m₁)
4. Mass hierarchy type

Normal / Inverted / Quasi-degenerate ordering
5. CP violation in leptonic sector

Links to matter-antimatter asymmetry in the universe

1937 year
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Sensitivity to Neutrino Mass

6

• Axes:

▪ X: Lightest neutrino mass (m_lightest) — sets the absolute scale
▪ Y: Effective Majorana mass (m_ββ) — direct observable in 0νββ decay

• Theoretical bands (from oscillation data):

▪ Upper band: Inverted Ordering (IO) — robust lower bound ~15–18 meV
▪ Lower band: Normal Ordering (NO) — can vanish due to Majorana phase cancellation
▪ Width comes from unknown CP phases & nuclear matrix element uncertainties

• Experimental overlays:
▪ Red-crimson exclusion: 0νββ limits (KamLAND-Zen, CUORE) cut into parameter space
▪ Cosmology cap: Planck + BAO limit on mν squeezes the right-hand side of the plot

• Strategic roadmap:
▪ Next-generation experiments aim to cover the entire IO band (sensitivity ~15 meV)
▪ No signal → IO strongly disfavoured; neutrino likely a Dirac particle

▪ Signal found → mββ value reveals mass ordering: high (>20 meV) → IO; low → NO



The most interesting isotopes from an experimental point of view and their key featuresс

There are 35 isotopes in nature that are capable of double beta decay.

48Ca, 70Zn, 76Ge, 82Se, 86Kr, 94Zr, 96Zr, 98Mo, 100Mo, 104Ru, 110Pd, 114Cd, 116Cd, 122Sn, 124Sn, 128Te, 130Te, 134Xe, 136Xe,
142Ce, 146Nd, 148Nd, 150Nd, 154Sm, 160Gd, 170Er, 176Yb 186W, 192Os, 198Pt, 204Hg



Golden and Silver Isotopes (large Qββ value)

8from Andrea Giuliani, GDR Neutrino meeting, May 29-30 2017 



The goal of the experiment

• The case of a non-zero background:
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• The case of a “zero” background:
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Andrea Giuliani, 10.53941/pac.2026.100006

https://doi.org/10.53941/pac.2026.100006
https://doi.org/10.53941/pac.2026.100006
https://doi.org/10.53941/pac.2026.100006


Experimental methodology: two main approaches

Thin-Foil Sources
The electrons are detected using a variety 
of techniques, including scintillators, TPCs 
(time projection chambers), drift chambers, 
and semiconductor detectors.

The sum of the energies of two electrons is measured 
Signature: peak at the Q decay value
Detectors: Scintillators, HPGe, bolometers

Experiments:

76Ge  - GERDA, MAJORANA DEMONSTRATOR, LEGeND, CDEX
136Xe - EXO200, nEXO, KamLAND-Zen 
100Mo - AMoRE, LUMINEO (CUPID-Mo)
130Te – CUORE, SNO+
82Se – CUPID-0
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Classification of “Source = Detector” Technologies
for 0νββ Search
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Technology Detection Principle Key Isotopes Leading Experiments

Semiconductor detectors High-purity enriched Ge diodes; 
ionisation measured

⁷⁶Ge GERDA, MAJORANA 
DEMONSTRATOR 

→ LEGEND

Bolometers
(cryogenic calorimeters)

Crystals operated at mK; heat 
(phonon) readout, often with light 

for particle ID

¹³⁰Te (TeO₂), ⁸²Se 
(ZnSe), ¹⁰⁰Mo 

(Li₂MoO₄)

CUORE, CUPID, AMoRE

Liquid scintillators Isotope-loaded organic liquid 
scintillator; scintillation light 

detected

¹³⁶Xe, ¹³⁰Te KamLAND-Zen, SNO+

Time Projection Chambers 
(TPCs)

Liquid or gaseous isotope serves as 
sensitive volume; ionisation + 

scintillation
 (or electroluminescence) allow 3D 

track reconstruction

¹³⁶Xe, ⁸²Se, ¹³⁶Ba 
(daughter) tagging 

possible

EXO-200 → nEXO (liquid 
Xe), NEXT (high-pressure 

gas Xe)



Bolometers in nutshell
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AMoRE Detector



Effective 2ν2β nuclear matrix elements for the “magnificent nine” isotopes.
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Andrea Giuliani, 10.53941/pac.2026.100006

https://doi.org/10.53941/pac.2026.100006


Search for neutrinoless double beta decay 96Zr
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A. Leoncini MEDEX 2023

β- and ββ-decays of ⁹⁶Zr
Presented: Decay energy (Q-value) 
and selected excited states of ⁹⁶Nb

H Heiskanen, M T Mustonen and J Suhonen, 

doi:10.1088/0954-3899/34/5/005

Q = 17 keV

Q = 119 keV

• Qββ = 3,35 МэВ
• Interesting from a theoretical point of view –
• Isotopic abundance - 2,8 %

𝑻 Τ𝟏 𝟐~ 𝑸𝜷𝜷
𝟓
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Search for neutrinoless double beta decay 96Zr



Isotope-loaded organic liquid scintillator
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Which isotopes can be loaded in a liquid scintillator:
1) Nd (Nd-150) - scintillator is being developed at INR RAS and 

KBSU
2) Zr (Zr-96, Zr-94) - scintillator is being developed at INR RAS 

and KBSU
3) Te (Te-130, Te-128) - scintillator is being developed at JINR

N. A. Ushakov, New large-volume detector at the Baksan 
Neutrino Observatory: Detector prototype, doi:10.1088/1742-

6596/1787/1/012037



ZICOS
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Development of a Liquid Scintillator Prototype Detector for 
0νββ Decay Search in ¹⁵⁰Nd
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As a prototype for a large-scale detector, we are developing a detector within the framework of 
the "New methods for investigating double beta decay without the use of neutrinos" project 
(FZZR-2022-0004). The goal of this project is to construct a novel scintillation detector for the 

search for neutrinoless double-beta decay in 150Nd, 96Zr

Schematic representation of the detector prototype

1 – Copper; 
2 – Quartz cell filled with liquid scintillator; 
3 – Plexiglass light guides; 
4 – PMT in a light-protective casing made of 
PETG plastic; 
5 – PETG cell stand; 
6 – adapters for optical connection of quartz 
cell and light guides, material PETG plastic; 
7 – adapters for optical connection of light 
guides and photomultiplier tubes, material 
PETG plastic;



Elements of a low-background liquid scintillation detector
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Quartz cell filled with 
neodymium-containing liquid 

scintillator

1. - quartz cell wrapped with VM2000 reflector + fluoroplastic tape, 
2. - light guides wrapped with VM2000 reflector + fluoroplastic tape, 
3. - stand for quartz cell, PETG material, 
4. - adapters for optical connection of quartz cell and light guides, PETG material, 
5. - adapters for optical connection of light guides and PMT (not shown in the photo), 

PETG material.



Detector Arrangement Inside Low-Background Shielding
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1. - copper, 
2. - quartz cell, 
3. - light guides, 
4. - adapters for optical connection 

of quartz cell and light guides, 
PETG material, 

5. - adapters for optical connection 
of light guides and photomultiplier 
tube, PETG material, 

6. - photomultiplier tube in a light-
protective casing made of PETG 
plastic



Experimental Setup (Full Assembly)
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Thank you very much for your 
attention!
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Back up slides
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Подземные лаборатории БНО ИЯИ РАН



0νββ as a "Black Box"
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Ultra-low background gamma-spetrometer «СНЕГ»
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Characteristics of HPGe detector

Detector Ge-76

Type of crystal Coaxial
Type of semiconductor P-type

Mass, g 896

External diameter, mm 65

Height, mm 54

The thickness of the dead 

layer, mm

2

The effective mass, g 680

The wall thickness of the 

cryostat, mm

1

The ratio Peak / Compton 

(1332 keV)

45.4

The energy resolution, keV 

(1332 keV) 
3.5

Low-background shield is consists of: 80 mm of 
polyethylene, 1 mm of cadmium (Cd), 150 mm of lead (Pb) 

and 180 mm of copper (Cu)
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