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• Some aspects connected with neutrino physics

• Description of nuclear double beta decay

• 2 neutrinos and neutrinoless double beta decay

• Neutrinoless double beta decay mechanisms

• Nuclear matrix elements

• Experimental approaches and sensitivities

• Present experimental status and future perspective
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What we know:

• neutrinos are massive fermions

• there are 3 active neutrino flavors (να)

• neutrino flavor states are mixtures of mass states (νk)

Precision measurements of neutrino parameters: available and ongoing

Atmospheric /
Accelerator

Reactor /
Accelerator

Solar /
Reactor

This is an interesting picture but still uncomplete
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• What is the absolute neutrino mass scale? 
Is the lightest ν massless? 
Hierarchical or degenerate?

• What is the neutrino mass ordering? 
Normal (m1<m2  ≪ m3) or inverted (m3 ≪ m1 <m2)?

• Are neutrinos Dirac or Majorana particles?
Lepton number violation, neutrinoless double beta decays,…..

• What is the origin of neutrino masses and flavor mixing? 
See saw mechanisms, flavor symmetries, ...

• Is there CP violation in the lepton sector? 
What is the value of the Dirac CP-violating phase δ?

Neutrino Physics is an important test of the Standard Model of Particles Physics

Neutrino masses are strictly linked (directly or indirectly) to all the above questions

This is a crucial question not only to neutrino 
properties but also on our knowledge on the 
Standard Model of Particles Physics and the 
description of the Universe



What we know on neutrino masses
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absolute mass scale

mass hierarchies

Normal Hierarchy (NH) Inverted Hierarchy 
(IH)

Two main questions are directly related to neutrino masses:
• absolute mass scale: i.e. mass of the lightest ν
• degenerate (m1 ≈ m2 ≈ m3) or hierarchical masses (m1 < m2 ≪ m3 or m3 ≪ m1 <m2)

Neutrino oscillation experiments are blind to the first but can solve the second 
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Cosmology 
(CMB+LSS+...)

Neutrinoless Double 
Beta decay

Beta decay 
end-point

observable mΣ=Σkmνk mββ=∣ΣkmνkUek
2∣

mβ=(Σkmνk
2∣Uek∣

2)1/

2

present sensitivity ≈ 0.1 eV ≈ 0.1 eV 0.7 eV
future sensitivity 0.01 eV 0.01 eV 0.2 eV

model dependency ↓ yes ↓ yes ↑ no 

systematics ↓ large  yes ↓ large 

Three complementary approaches

• Different sensitivities

• Related to different models

• Complementary pro and cons



Nuclear Double Beta Decay (DBD)
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Very rare nuclear decay that occurs in 
even-even nuclei

(A,Z) → (A,Z+2) + 2e- (+X)

2νββ decay: X=2ν
•allowed within Standard model,

• 2nd order process in Fermi theory

•observed for 12 isotopes:
• 48Ca, 76Ge, 82Se, 96Zr, 100Mo,116Cd, 128,130Te, 136Xe, 150Nd and 238U

•First double beta plus decay: 130Ba

•T2νββ
1/2 ∼ 10(19−25) y

•Important (?) constraint for nuclear matrix element calculation
0νββ decay (neutrinoless DBD): X=ø
→ violates lepton number by 2 units

→ Current bounds:

• T0νββ
1/2  > ∼1025 y

• mν ≤ O(0.1 − 0.5) eV

→ Observation implies Physics beyond the Standard Model 

→ Favorite mechanism: virtual neutrino exchange



Neutrinoless DBD
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It can be considered as a black box diagram with only few constraints. 
In principle any theory satisfying the constraints must be taken into account to fill the box.

(A,Z) → (A,Z+2) + 2e−

Have very strong implications

• Lepton Number  non conservation

• Beyond the Standard model of Particle Physics

It was originally proposed in the framework of the weak interactions (Furry 1939) as a possible 
mode of the nuclear double beta decay proceeding through the exchange of a virtual neutrino. 
Since then, it is considered as a unique tool to  check

• Majorana nature of the neutrino 

and can provide relevant information on

• Absolute ν mass scale

• Neutrino mass hierarchy

• CP violation in the leptonic sector

Such a mission has become particularly compelling after the evidence of neutrino oscillations.



Neutrinoless DBD models??

03/07/2023
Ezio Previtali

9

• Many models beyond SM with lepton number violation can contribute!

• Constraints on the model parameters

• Left-right symmetric models 

• R-parity violating ...

• R-parity conserving supersymmetric models

• [...]

• Light neutrinos

One example: left-right symmetric model

• Nonstandard contributions when: 

• Exchange of a massive neutrino

• Constraints on the model parameters:



Neutrinoless DBD mass mechanism
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RH antineutrino (L=1) is emitted at one vertex
LH neutrino (L=-1) is absorbed at the other vertex

▪ Majorana particle

▪ Helicity flip (neutrino mass dependence)

Exchange of a light Majorana neutrino
ββ-2ν

ββ-0ν

 

Nuclear Matrix ElementPhase space factor

Effective Neutrino Mass Nuclear Factor of Merit

• Amplitude proportional 
to coherent sum 
(“effective mass”):

• Majorana phases imply 
that cancellations are 
possible



Phase Space Factor
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• G0ν accurate calculation for all ββ nuclei, it contains kinematics and atomic physics

• It allow the determination of 2νββ spectra

Primakoff
Rosen



Phase Space Factor
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The Phase Space Factors were completed 
calculated for all the DBD nuclei 

Differences between various authors 
impact in a negligible amount on the 
decay amplitude

Higher transition DBD energy will be 
translated in a favorable Phase Space and 
consequently in a high Phase Space Factor



Nuclear Matrix Elements
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Nuclear matrix elements needed in low-energy new physics searches

• Nuclear structure calculation of the initial and final states:
Shell model, QRPA, IBM, Energy-density functional Ab 
initio many-body theory GFMC, Coupled-cluster, 
IMSRG...

• Lepton-nucleus interaction:
Hadronic current in nucleus: phenomenological, effective 
theory of QCD



Nuclear Matrix Element Models
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Density Functional Theory & Related Techniques: Mean-field-like theory plus relatively simple (e.g. RPA or 
GCM) corrections in very large single-particle space with phenomenological interaction.

Shell Model: Partly phenomenological interaction in a small valence single-particle space — a few orbitals near 
nuclear Fermi surface — but with arbitrarily complex correlations.

Interacting Boson Model: Truncation of shell model to collective pairs followed by replacement of pairs by 
bosons, with phenomenological boson interaction.

Ab Initio Calculations: Start from a well justified two-nucleon + three-nucleon Hamiltonian, then solve full 
many-body Schr¨odinger equation to good accuracy in space large enough to include all important correlations. 
At present, works pretty well in with A up to about 50.



Nuclear Matrix Element Calculations
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Large difference in nuclear matrix 
element calculations: factor  2 - 3

EDF: large NMEs

QRPA: wider range

NSM: small NMEs

IMSRG ab initio
48Ca NME: quite small

Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301 



Axial vector coupling constant
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After discussing the level of (relative) agreement between the different nuclear matrix elements, one 
should consider their (absolute) agreement with experiments. This is the realm of  the 
renormalization of the axial vector coupling constant gA in nuclei. (gA = 1.269 for free nucleon)

Theory deficiencies in MGT fixed adjusting gA (“queching”)

• A well-known problem for single β decay where gA,eff ~ 0.7 gA 

• A crucial problem for extraction of the neutrino mass.

• gA appears to the fourth power in the half-life!



gA renormalization
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Origin of the renormalization:
• Limited model space (limiting factor is the size of the matrices (>109))
• Missing hadronic degrees of freedom, Δ,… (incomplete knowledge of the decay process)

It appears in different nuclear processes

• Beta-

• Beta+

• EC

• but specially 2νββ
depending on the NME

▪ IBM-2 0.6-0.5
▪ QRPA 0.7-0.6
▪ NSM 0.8-0.7

The question is: will this be also the case for 0νββ???



Nuclear Matrix Element Calculations
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• Nuclear matrix elements (M0ν) for 0νββ decay candidates as 
a function of mass number A. 

• All the plotted results are obtained with the assumption that 
the axial coupling constant gA (~1.27) is unquenched and are 
from different nuclear models.

• QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use 
of several different treatments of short-range correlations



Nuclear Matrix Element Summary
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IBM-2*: J. Barea, J. Kotila, and F. Iachello, Phys. 
Rev. C 91, 034304 (2015).

QRPA-Tu *: F. Simkovic, V. Rodin, A. Faessler, 
and P. Vogel, Phys. Rev. C 87, 045501 (2013).

ISM: J. Menendez, A. Poves, E. Caurier, and F. 
Nowacki, Nucl. Phys. A 818, 139 (2009).



NL-DBD and neutrino oscillations
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Thanks to the information from oscillations mee can 
be expressed in terms of three unknown quantities:

▪ the mass scale, represented by the mass of the 
lightest neutrino mmin 

▪ the two Majorana phases. 

It is then common to distinguish three mass patterns:

▪ normal hierarchy (NH), where m1 < m2 < m3 

▪ inverted hierarchy (IH) where m3 < m1 < m2 

▪ quasi-degenerate pattern (QD), where the 
differences between the masses are small with 
respect to their absolute values



NL-DBD and neutrino oscillations
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NL-DBD and gA renormalization
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Neutrinoless DBD Experimental Signature

02/07/2023 Ezio Previtali 23

2νββ : (A,Z)🡪(A,Z+2)+2e+2ν
continuum spectrum with maximum at about 1/3 Q

0νββ : (A,Z)🡪(A,Z+2)+2e
peak enlarged only by the 
detector energy resolution

Experimental Background

Experimentally a peak will be produced by the sum of 
the energy acquired by two electrons in the decay

Two neutrinos decay and experimental background 
could interfere with the peak identification

Additional signatures:
• Single electron energy spectrum

• Angular correlation between the two electrons

• Daughter nuclear species

• Track and event topology

• Time Of Flight

Moreover, to study NME systematics:
• measure as many as possible different isotopes



Experimental Sensitivity
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We need high 
isotopic abundaces

We need high energy 
resolution detectors 

(critical also for 
background)

We need very massive 
detectors

(1 ton scale)

We need very low 
radioactive background

with no ββ-0ν decay observed 
Nββ ≤ (bkg⋅ΔE⋅ M ⋅tmeas)½  at 1σ

If bkg = 0  🡪 



DBD Nuclei
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Many DBD Nuclei
We must select some
What are the best ones?

Some experimental aspects 
must be considered



DBD Nuclei selection
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Isotopic Enrichment needed !!! 

Higher Q 🡪 lower background


