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II. Neutrino oscillations as a single Feynman diagram

(QFT formalism, nu-antinu oscil.)

II. The 0nbb-decayexperiments, status and perspectives

(Gerda/Majorana/Legend, EXO, KamLAND-Zen, NEXT, CUORE,
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III. n-mass 0nbb-decay mechanisms
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V. The 0nbb-decayNMEs, current status

(nuclear structure approaches, uncertainties, contact term)
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(b-decay, 2nbb-decay, muon capture, DCE heavy-ion reactions)
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Standard Model

(an astonishing successful 

theory,

based on few principles)

nôsoscillations experiments

Ý tiny neutrino masses (!)

Ý Beyond SM physics  (!)

nis a special particle in SM:

Å It is the only fermion that does not carry electric charge

(like g, g, H0 )

ÅThere are only left-handed nôs(neL, nmL, ntL)

Å n-masscan not be generated with any renormalizable

coupling with the Higgs fields through SSB

, etc
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Fundamentalnproperties

The observation of neutrino oscillations has opened a new excited era in neutrino physics and 

represents a big step forward in our knowledge of neutrino properties

After 93/67years we know

Å3 families of light

(V-A) neutrinos:

ne, nm, nt
Ånare massive: 

we know mass

squareddifferences

Årelation between

flavor states

and massstates

(neutrino mixing)

No answer yet

ÅAre n Dirac or

Majorana?

ÅIs there a CP violation

in nsector? 

ÅAre neutrinos stable?

ÅWhat is the magnetic

moment ofn? 

ÅSterile neutrinos?

ÅStatistical properties

ofn? Fermionic or

partly bosonic?
Currently main issue

Nature, Mass hierarchy, 

CP-properties, sterile n

ne

nm
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Ettore Majorana

Teoria simmetrica dell'elettrone e del positrone 

(A symmetrictheoryof electronsand positrons). 

Il Nuovo Cimento, 14: 171ï184, 1937.) 171

Majorana fermions

Steve Weinberg

n-mass generation 

via d=5 eff. oper.

related to unknown

high energy scale (GUT?) 

nis its own

antiparticle

Bruno Pontecorvo

Inversebeta processesand 

nonconservationof leptoncharge

Zhur. Eksptl'. i Teoret. Fiz.

34, 247 (1958)

nź anti-n oscillation
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Global neutrino

oscillations analysis
(PRD 101, 116013 (2020))

3 mixing angles

CP-phase

3 neutrino masses, 2 mass squared differences
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Neutrino oscillations
(Quantum Mechanics Approach)

Source Detector

Process is governed by 

the oscillation probability

Rev. Mod. Phys.

59, 671 (1987)
961 citations

(inspire hep)
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Neutrino oscillations
(within QFT, Walter Grimus

approach revisited )

e-Print: 2212.13635[hep-ph]

The neutrino emission and detection are identified with 

the charged-current vertices of a single 

second-order Feynman diagramfor the underlying process,

enclosing neutrino propagation between these two points.

Integration over time variables results 

in energy conservationand

energy denominator 

https://arxiv.org/abs/2212.13635
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Neutrino propagation

Energy conservation
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Amplitude (there is no factorization of source and detector!)

Energy conservation

Momentum conservation 

at source
Momentum conservation 

at detector

Lepton current
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Master formula 

Two normalization volumes:

i) source;

ii) Detector.
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An example:
e-Print: 2212.13635[hep-ph]

Standard QM 

approach 

New QFT

approach

(no decoherence,

no factorization of 

two processes) 

https://arxiv.org/abs/2212.13635
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neutrino ź antineutrinos 

oscillations 

Amplitude proportional to n-mass
Oscillation probability

Nuovo Cim. 14,

322 (1937) 

Secondorder process

with real intermediate neutrinos

Replacement: Particular process:

Production rate
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Effective Majorana mass mbb
can be strongly suppressed (?!) é

For L=0 
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Symmetry 14, 1383 (2022) 

Dependence of mL
eeon mlightest and L/E



Majorana n-mass => Lepton number violation 

Majorana Neutrinos

Á LN violating

Á ɜ=  ɜc

Á ɜ = ɜL + (ɜL)c 

The absence of the RH nýelds in

the SM is the simplest, most 

economical scenario. The n-masses

and mixing are generated by the

L-number violating Majorana

mass term coming from  dimension-5

effective Weinberg operator:
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Nuclear

double-b

decay
(even-even nuclei, 

pairing int.)

0nbb

2nbb
Two-neutrino double-bdecay ïLN conserved

(A,Z) Ÿ (A,Z+2) + e- + e- + ne + ne

Goepert-Mayer ï1935. 1st observation in 1987

Neutrinolessdouble-bdecay ïLN violated

(A,Z) Ÿ (A,Z+2) + e- + e- (Furry 1937)

Not observed yet. Requires massive Majorana nôs

Phys. Rev. 56, 1184 (1939) 

Phys. Rev. 48, 512 (1935) 

Nuovo Cim. 14, 322 (1937) 



18

0nbb-decay 
(LNV at ºGUT scale, exchange of three light n)(A,Z) Ÿ (A,Z+2) + e- + e-

Effective Majorana mass 

can be evaluated. It depends on 

m1, m2, m3,  q12, q13, a1, a2
(3 unknown parameters: m1/m3, a1, a2

and n-mass hierarchy)

Uei

Uei

mi

NME must be evaluated

using tools of nuclear theory

Phase space factor

well understood
?
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Effective Majorana

n-mass mbb
(prediction 

due n-oscillations)

Constraint from cosmology

S= m1 + m2 + m3

< 0.90 eV

< 0.26 eV (Planck coll.)

< 0.12 eV

Contrary,  the constraint from

0nbb-decay (KLZ)

mbb< 0.036-0.156 eV

implies

S< 0.12 eV



GERDA, MAJORANA

Ge crystal

0n bbdecay

isotopes

and

experiments

CUPID-0

ZnSe

scintillating

crystal

CUORE

TeO2 crystal

Aurora

CdWO4 crystal

EXO, KamLAND -Zen

Liquid Xe

20

Candidates Qbb(MeV) N.A. (%)

48CaŸ48Ti 4.268 0.187

76GeŸ76Se 2.039 7.8

82SeŸ82Kr 2.998 8.8

96ZrŸ96Mo 3.356 2.8

100MoŸ100Ru 3.034 9.7

110PdŸ110Cd 2.017 11.7

116CdŸ116Sn 2.813 7.5

124Sn Ÿ124Te 2.293 5.8

130TeŸ130Xe 2.528 34.1

136XeŸ136Ba 2.458 8.9

150NdŸ150Sm 3.371 5.6

CANDLE

CaF

scintillating 

crystal

Amore

CaMoO4 crystal

SuperNEMO

Se source foil
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Experiment Isotope Exposure 

[kg yr ]

T0n
1/2[1025 yr ] mbb[meV]

Gerda 76Ge 127.2 18 79-180

Majorana 76Ge 26 2.7 200-433

CUPID-0 82Se 5.29 0.47 276-570

NEMO3 100Mo 34.3 0.15 620-1000

CUPID-Mo 100Mo 2.71 0.18 280-490

Amore 100Mo 111 0.095 1200-2100

CUORE 130Te 1038.4 2.2 90-305

EXO-200 136Xe 234.1 3.5 93-286

KamLAND -Zen 136Xe 970 23 36-156

Leading limits in each 0nbbisotope

A monoenergeticpeak at the Q-value is searched for.

Need a large amount of decay isotope and low radioactive environment
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KamLAND -Zen

1 ton-class 136Xe0nbbexperiment

reaching IH region

Large volume 

liquid scintillator detector

LS: 30.5 m3, 136Xe: 677 kg 

KamLAND -Zen 400 and KamLAND -Zen 800combined results

Limit: T 0ɜ
1/2 > 2.3 × 1026 year (90%C.L.), mbb< 36ï156meV

(gA=1.27, NME = 1.11-4.77 are assumed)

Currently, the most strict 0nbblimit
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LEGEND-200

Å Builds on the past successes of the 

MAJORANA DEMONSTRATOR 

and GERDA 

Å Low-risk approach to meeting 

background and sensitivity goals 

Å LEGEND-200: start data taking in 2022

LEGEND

1 ton-class 76Ge0nbbexperiment

LEGEND-1000 is a next-generation

Experiment aiming for unambiguous 

discovery of 0ɜɓɓ with 1028 years of 

sensitivity targeting 10 years of exposure

Å in Conceptual Design phase  

Å 20x reduction to LEGEND-200 

background goal

Å Next-generation R&D efforts including

Germanium Machine learning in progress 



Criticalities:
Á2nbb
Á Surface 

events

CUORE + CUPID-Mo 

­ CUPID: 1 ton-class 100Mo0nbbexperiment
CUPID-Mo

CUPID-0 ­ CUPID ­ CUPID Reach / CUPID-1T  
CUORE

CUPIDςLNGS, Italy
Concept
Á Single module: Li2100MoO4 

45Ҏ45x45 mm ς~280g
Á 57 towers of 14 floors with 

2 crystals each - 1596crystals
Á~240 kg of 100Mo with 

>95%enrichment
Á~1.6Ҏ1027 100Mo atoms
Á Bolometric Ge light detectors 

as in CUPID-Mo, CUPID-0

CUPID is built on successful CUPID-Mo + CUORE

Li2MoO4 scintillating 
bolometer technology, 
with demonstration of 
energy resolution, crystal 
radiopurity  and a
rejection

Ton-scale bolometric 
experiment is 
possible
Electronics and data 
analysis tools
Reuse CUORE 
infrastructure

J. Ouellet, TAUP 2021

arXiv:1907.09376

CUPID sensitivity
Data driven background model
Á Information from CUPID-Mo, CUPID-0
Á CUORE background model (same infrastructure!)
Projected background index: 1×10-4 c/(keVkg y)
Critical background component: random coincidence of 
2nbbevents (100Mo fastest 2nbbemitter: T1/2 = 7.1×1018 y)

1.1×1027 mbb< 12 ς20 meV10 y discovery sensitivity 

Possible follow-up of CUPID
CUPID-reach - Samesensitive mass and cryostat as CUPID
Background improvementby factor 5 
2.3 × 1027 y  ­mbb< 7.9 ς14 meV
CUPID-1T- 1 ton isotope ­ new cryostat
Background improvementby factor 20
9.2 × 1027 y  ­mbb< 4.0 ς6.9 meV

2
4

prototype 
tower

Small scale 
demonstrators
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nEXO

5 ton-class 136Xe0nbbexperiment

EXO-200,  1st 100 kg-class  0nbb-experiment,

excellent background-essential for nEXO design,

Sensitivity increased linearly with exposure.

nEXO, discovery 0nbbexperiment, 

reaches sensitivity of 1028 yr in 6.5 yr data taking,

probes mbbdown to 15 meV, scalable experiment.

isotope mbb[meV]

90% excl.

sensitivity

mbb[meV]

3 s discovery

potential

Legend 76Se 8.2 11.1

CUPID 100Mo 11.1 12.0

nEXO 136Xe 12.9 15.0



See-saws

A natural theoretical way
to understand why 

3 n-masses  are very small .

Type -II Seesaw

Type -I Seesaw: a right -handed Majorana neutrinos is added into the 
SM. 

Light nmass  º(mD/mLNV ) mD

Heavy nmass ºmLNV

Planck

1019 GeV

GUT

1016 GeV

TeV

LHC

103 GeV

Fermi

10-6 GeV

keV

hot DM

10-6 GeV

Different motivations for the LNV scale L
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Majorana neutrino mass eigenstate N

with arbitrary mass mN mixed with 3 active neutrinos (UeN)

General case 

Particular  cases 

light nexchange

heavy nexchange
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Interpolating

formula

PRD 90 (2014) 096010] 



PRD 90 (2014) 096010

PRD 102 (2020) 095016

Direct search limits:

sterile-neutrino.org

Sterile n

(Uen, mN)

|U
e

N
|2

Constraints

from 

Direct 

Searches

are less

Stringent

as those

from 

0nbb
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Effective LNV parameter within LRS model

(due interpolating formula)

Mixing of 3 light

and 3 heavy neutrinos

generally parametrized

with 15 angles + 15 phases

The 0nbb-decay within L-R symmetric theories  (interpolating formula) 
(D-M mass term, see-saw, V-A and V+A int., exchange of heavy neutrinos)

The dominanceof

light and heavy

n-mass contributions to 

0nbb-decay rate can not be 

establishedby observing this

process at different nuclei. 
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<p2> only weakly depends on A

PRD 98, 015003 (2018) 

Supported by detailed analysis:

Degeneracies of particle

and nuclear physics 

uncertainties in 0nbb-decay

PRD 92, 093004 (2018) 

As a consequence

contributions to 

0nbbdecay rate

from light and heavy

neutrino  mass

mechanisms 

can not be 

distinquished.
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6x6 PMNS see-saw n-mixing matrix
(the most economical one)

Assumption about heavy neutrino masses M i (by assuming see-saw)

Proportional

Inverse

proportional

Heavy Majorana mass  MR 
bbdepends on the ñDiracò CP violating phase d

MR
bbdepends on

ñDiracò CP phased

unlike ñMajoranaò 

CP phases a1 and a2

PRD 98, 015003 (2018) 

z - see-saw 

parameter

The mixing for heavy nfollows from the unitarity of U
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Contribution from exchange of heavy neutrino to 0nbb-decay rate might be large

Inverse proportional Proportional

m0 constrained from bottom.



mlightest
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Schechter, Valle: PRD 1982

Light n-mass mechanism can be strongly suppressed: mbb< 1 meV

Å It is not possible to discover 0nbb with 10-100 ton-class experiment

Å It should be a subject of theory to justify it 

Å There might be a dominance of other 0nbb mechanisms

0nbbgoverned by

exotic mechanisms 

Any 0nbbmech. generates 

a small correction to n-mass

mbbmech.

strongly 

suppressed

m
b
b
[e

V
]
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mass mechanism: d=5

short range: d=9 (d=11)

long range: d=7

Weinberg, 1979
Babu, Leung: 2001

de Gouvea, Jenkins: 2007

Amplitude for 

(A,Z)Ÿ(A,Z+2)+2e-

can be divided into:

Valle

Beyond the SM physics



7/26/2023 Fedor Simkovic 36

Quark Condensate Seesaw Mechanism

for Neutrino Mass

The SM gauge-invariant effective operators

This operator contributes to the Majorana-neutrino

mass matrixdue to chiral symmetry breaking via

the light -quark condensate.

L ~a few TeV

we get the neutrino mass

in the sub-eV ballpark

After the EWSB and ChSBone arrives

at the Majorana mass matrix of 

active neutrinos

PRD 103, 015007 (2021).



Neutrino spectrum (NH) !!!

2 meV < m1 < 7 meV

9 meV < m2 < 11 meV

50 meV < m2 < 51 meV

Prediction for mb
9 meV < mb < 12 meV

Prediction for cosmology (S)

62 meV < m1 +m2 +m3 < 69 meV7/26/2023

The genuine QCSS scenario

(predicts NH and n-mass spectrum)

(a) PRL 112, 142503 (2014). (b) PLB 453, 194 (1999).
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Six Quasi-Dirac neutrinos and 0nbb-decay 

Symmetry 12, 1310 (2020).

Dirac-Majorana mass term

MD - 3x3 complex matrix (18 real numb.)

M L,R - 3x3 symmetric matrix (12 real numb.)

(42 parameters)

Diagonalization: 6x6 unitary mixing matrix

(15 mixing angles plus 15phases) 

6 eigenvalues:

3 Dirac masses m1,2,3, 3 mass splitting e1,2,3

Product of 3 unitary matrices.

A and S mix exclusively active

and sterile neutrino flavors, each

given by 3 angles and 3 phases. 

Xgiven by 9 angles and 9 phases, 

small parameters. 

|M L,R| « |MD | 
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Simplified Quasi-Dirac neutrino mixing scheme

(6x6 generalization of the PMNS matrix) 

3 Dirac masses and 1 universal Majorana mass 

splitting  eOscillation probabilities among

active neutrinos
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Quasi-Dirac neutrinos

and constraints on neutrino masses 
The survival probability of 

electron antineutrinos

Restriction from 

Daya-Bay data (3s):

Survival probabilities 

with non-zero e are 

the same 3n cases.

Tritium b-decay

Cosmology

0nbb-decay
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Quasi-Dirac neutrino oscillations at different distances
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Direct probe of Majorana nature 

of heavy neutrino (or HNL) 

at LHC

Keung-Senjanovicprocesses:

pp Ÿ WRŸ eNŸ 2e2j 

or 

pp Ÿ WRŸ mN Ÿ 2m2j 

JHEP 03 (2022) 152
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Around 1637, Pierre de Fermat wrote

in the margin of a book that

the more general equation 

an + bn = cn

had no solutions in positive integers if n

is an integer greater than 2.

The proof was published by

Andrew Wiles in 1995. After 358years

Some long-standing tasks of humanity é 

After 

85
years

1937

n-ton-class 0nbbexp.

with discovery potential

KamLAND -Zen 800

SNO+

LEGEND

nEXO

NEXT

CUPID

etc

After 

?
years

If mbb< 1 meV,

what 

technology is

needed for

observation

of 0nbb?
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0nbbdecayNMEs

PRC 70, 033012  (2004) 

Before: 2004 (factor 10uncertainty)

few groups, 2 nuclear structure methods: 

Nuclear Shell Model, QRPA

Present: 2022 (factor 2-3) 

Recognized priority task in nuclear physics 

many groups, many nuclear structure methods: 

Nuclear Shell Model, QRPA, PHFB, IBM, EDF

Attempts (light nuclear systems): 

Ab initio calculations by different

approaches ïNo Core Shell Model,

Greenôs Function Monte Carlo, 

Coupled Cluster Method, Lattice QCD

etc

Additional problems:

+ Effective weak coupling constant

geff
Aº0.4 ï1.27  (factor å 3)

+ contact term (factor å 2 )
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Evaluation of the 0nbb-decay NMEs calculation - Approximations needed

The nuclear w. f. of 

(A,Z), (A,Z+1)*, (A,Z+2)

Many-body methods 

of choice:  

The 0nbbnuclear transition operators 

(F, GT, and tensor type): ! Isospin, and spin-isospin symmetries

(MFclå0, MGTcl strongly suppressed): 

Nuclear Shell Model (Madrid -Strasbourg, Michigan, Tokyo): Relatively small model space

(1 shell), all correlations included, solved by direct diagonalization

QRPA (Tuebingen-Bratislava-Calltech, Jyvaskyla, Chapel Hill, Lanzhou): Several major

shells, only simple correlations included

Interacting Boson Method (Yale-Concepcion): Small space, important proton-neutron

Pairing correlations missing

Projected Hartree-Fock-BogoliubovMethod (Lucknow): Several major shells, missing GT 

proton-neutron residual interaction.

Energy Density Functional theory (Madrid, Beijing): >10 shells, important proton-neutron

pairing missing

An initio approaches:

+ Transiton operators involving complete set of states

of intermediate nucleus

+ Transition operators in closure approximation ïjust

two-body operators

+ Chiral effective field theory two-body transition

operators with contact term 

+ 

Initial 0 + g.s.: (T, T)

Final  0+ g.s.: (T-2, T-2)   Ý DT = 2 (!)

Till now, this issue addressed only within the QRPA
PRC 98, 064325 (2018)
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unquenched gA

0nbb-decay 

NME

status 2022 

All

models

missing

essential

physics

Impossible

to assign

rigorous

uncertainties

Differencies:

Å Many-body approxim.

Å Size of the m.s.

Å Residual interactions 
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Chiral effective-field theory approach ïcontact term

Assuming that the0nbb process is mediated by a light-Majorana-neutrino exchange, a systematic analysis in

chiral effective field theory shows that already at leading order a contact operator is required to ensure

renormalizability of the amplitude for nn -> pp + eeprocess. Without the strong 1S0 short range interaction

(which appears universally in all nuclear potentials) there would be no need of contact term.

Nuclear

matrix 

element

Standard

type

contrib.

n-potential (< Eaver.> = 0).

Contact

term

contrib.

regularized with

a dipole form-factors

PRL 126, 172002  (2021)

PPNP 112, 1037  (2020)
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NSMQRPA

Magnitude of the contact term  0nbb-decay NME PLB 823, 136720 (2021)

Short-range

Long-range

Regularized with Gaussian

(maybe better with dipole form-f. like weak magn. contr.)  

Open urgent questions:

Å A correspondenceof the standard and the chiral field theory formalisms. Is contact term involved in the

standard mechanism (completeness é).

Å What is the magnitudeof the contact term NME? Can it be large? Justification with other phenomenology

needed ïpion and heavy-ion DCX, etc.


