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Around 1637, 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 corrected proof
was published by

Andrew Wiles in 1995. 

After 358 years
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Symmetric Theory of Electron and Positron
Nuovo Cim. 14 (1937) 171

CNNP 2018, Catania, October 15-21, 2018
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Nuclear double-β decay
(even-even nuclei, pairing int.)

0νββ

2νββ

Two-neutrino double-β decay – LN conserved
(A,Z) → (A,Z+2) + e- + e- + νe + νe

Goepert-Mayer – 1935. 1st observation in 1987

Neutrinoless double-β decay – LN violated
(A,Z) → (A,Z+2) + e- + e- (Furry 1937)
Not observed yet. Requires massive Majorana ν’s

Phys. Rev. 56, 1184 (1939) 

Phys. Rev. 48, 512 (1935) 

Nuovo Cim. 14, 322 (1937) 
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Fundamental ν properties

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 90/64 years
we know

• 3 families of light
(V-A) neutrinos:
νe, νµ, ντ

• ν are massive: 
we know mass
squared differences

• relation between
flavor states
and mass states
(neutrino mixing)

No answer yet

• Are ν Dirac or
Majorana?

•Is there a CP violation
in ν sector? 

• Are neutrinos stable?
• What is the magnetic

moment of ν? 
• Sterile neutrinos?
• Statistical properties
of ν? Fermionic or
partly bosonic?

Currently main issue

Nature, Mass hierarchy, 
CP-properties, sterile ν

νe

νµ
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0νββ-decay (traditional picture) (A,Z) → (A,Z+2) + e- + e-

Effective Majorana mass 
can be evaluated. It depends on 

m1, m2, m3,  θ12, θ13, α1, α2
(3 unknown parameters: m1/m3, α1, α2)

Uei

Uei

mi

NME must be evaluated
using tools of nuclear theory

Phase factor
well understood?

0νββ-0νββ-
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Cosmological measurements

Tritium β-decay

0νββ-decay

Σ = m1+m2+m3

mβ < 1.1 eV (KATRIN) 

Σ < 0.90 eV
< 0.26 eV (Planck coll.)
< 0.12 eV
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0νββ –half lives for NH and IH with included uncertainties in NMEe

NH

IH

NH: IH:

unquenched gA (gA=1.27)

Lightest ν-mass equal to zero
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After 84 years …
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A generation of Majorana neutrino mass,
0νββ-decay mechanisms  
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Standard Model
(an astonishing successful theory,

based on few principles)

However, we know that ν’s do have mass from the ν-oscillation experiments! 
=> Thus the neutrino mass indicates that there is something new = BSM physics! 
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Weinberg, 1979: d=5
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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)→(A,Z+2)+2e-

can be divided into:

Valle 

Beyond the SM physics
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Quark Condensate Seesaw Mechanism
for Neutrino Mass

The SM gauge-invariant effective operators

This operator contributes to 
the Majorana-neutrino
mass matrix due to chiral
symmetry breaking via

the light-quark condensate.

Λ ∼ a few TeV
we get the neutrino mass
in the sub-eV ballpark

After the EWSB and ChSB one arrives
at the Majorana mass matrix of 

active neutrinos

A. Babič, S. Kovalenko, M.I. Krivoruchenko , 
F.Š.,  arXive:1911.12189
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⁄𝐺𝐺F 2

𝜀𝜀𝛼𝛼𝛼𝛼 =
⁄𝑔𝑔𝛼𝛼𝛼𝛼2 ΛLNV2

⁄𝐺𝐺F 2

≈
⁄𝑀𝑀𝛼𝛼𝛼𝛼 �𝑞𝑞𝑞𝑞 0

⁄𝐺𝐺F 2

The literature lacks
the limits on this class

of non-standard
interactions



New features: 
IH excluded, limits ε <  10-8

2 meV < m1 < 7 meV
9 meV < m2 < 11 meV

50 meV < m2 < 51 meV

9 meV < mβ < 12 meV

62 meV < m1 +m2 +m3 < 69 meV
9/29/2021 Fedor Simkovic

The genuine QCSS scenario with no fine-tuning A. Babič, S. Kovalenko, 
M.I. Krivoruchenko , F.Š, 
arXiv: 1911.12189 [hep-ph]

(a) discussed earlier in
S.Kovalenko, 
M.I. Krivoruchenko, F.Š., 
PRL 112, 142503 (2014).

(b) discussed earlier in
H. Päs, M. Hirsch,
S. Kovalenko 
PLB 453, 194 (1999).

Neutrino
spectrum

Prediction for cosmology

Prediction for Kathrin

ε+
ee ε−

ee
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Different 0νββ-decay scenarios

If 0νββ is observed the ν is 
a Majorana particle

Schechter, Valle: PRD 1982

ν mass
mechanism

long-range

short-range p

p

n

n

e-

e-

Can we say 
something about

content 
of the black box?

Considering
i. Sterile ν
ii. Different LNV scales
iii. Right-handed currents
iv. Non-standard 

ν-interactions
v.     …. 
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Left-handed neutrinos: Majorana neutrino mass eigenstate N
with arbitrary mass mN

General case 

Particular  cases 

Faessler, Gonzales, Kovalenko, F. Š., PRD 90 (2014) 096010] 

light ν exchange

heavy ν exchange
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Interpolating
formula

Faessler, Gonzales, Kovalenko, F. Š., PRD 90 (2014) 096010] 



9/29/2021 Fedor Simkovic 23

Interpolating formula is justified
by practically no dependence <p2> on A
A. Babič, S. Kovalenko, M.I. Krivoruchenko , 

F.Š.,  PRD 98, 015003 (2018) 

Detailed analysis:
Degeneracies of particle

and nuclear physics 
uncertainties in 0νββ−decay

E. Lisi, A. Rotunno, F.Š., 
PRD 92, 093004 (2018) 
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Effective LNV parameter within LRS model
(due interpolating formula)

Mixing of light and heavy neutrinos

The 0νββ-decay within L-R symmetric theories 
(interpolating formula) 

(D-M mass term, see-saw, V-A and V+A int., exchange of heavy neutrinos)
A. Babič, S. Kovalenko, M.I. Krivoruchenko , F.Š.,  PRD 98, 015003 (2018) 

The dominance of
light and heavy

ν-mass contributions to 
0nbb-decay rate can not be 
established by observing this
process at different nuclei. 
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3x3 block matrices U, S, T, V are
generalization of PMNS matrix 

6x6 neutrino mass matrix

Basis

Assumptions:
i) the see-saw structure  
ii)  mixing between different generations is neglected

6x6 matrix: 15 angles, 10+5 CP phases
3x3 matrix:   3 angles,  1+2   CP phases

6x6 PMNS see-saw ν-mixing matrix
(the most economical one, prediction for 

mixing of heavy neutral leptons)

6x6 matrix: 3 angles, 1+2 CP phases, 1 see-saw par.
see-saw 

parameter

A. Babič, S. Kovalenko, M.I. Krivoruchenko , F.Š.,  PRD 98, 015003 (2018) 
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6x6 PMNS see-saw ν-mixing matrix
(the most economical one)

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

Proportional

Inverse
proportional

Heavy Majorana mass  MR 
ββ depends on the “Dirac” CP violating phase δ

MR
ββ depends on

“Dirac” CP phase δ
unlike “Majorana” 
CP phases α1 and α2

A. Babič, S. Kovalenko, M.I. Krivoruchenko , F.Š.,  PRD 98, 015003 (2018) 
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Inverted spectrum Normal spectrum 

See-saw
scenario

A. Babič, S. Kovalenko, M.I. Krivoruchenko , F.Š.,  PRD 98, 015003 (2018) 
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The 0νββ-decay NMEs – current status 
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0νββ
decay
NMEs

Bahcall, Maruyama, 
Pena-Garay,

PRC 70, 033012 
(2004) 

2004 (factor 10)
few groups, 2 nuclear
structure methods: 
Nuclear Shell Model,
QRPA

2019 (factor 2-3)
many groups, many nuclear
structure methods: 
Nuclear Shell Model, QRPA,
Interacting Boson Model, Energy
Density Functional

Attempts (light nuclear systems): 
Ab initio calculations by different
approaches – No Core Shell Model,
Green’s Function Monte Carlo, 
Coupled Cluster Method, Lattice QCD

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, Prague): Several
shells, only simple correlations included
Interacting Boson Method (Yale-Concepcion): Small space, important proton-neutron
Pairing correlations missing
Energy Density Functional theory (Madrid, Beijing): >10 shells, important proton-neutron
pairing missing
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Ab Initio Nuclear Structure
(Often starts with chiral effective-field theory)

Moore’s law: exponential growth in computing power

ab initio

DFT

collective
models

A. Schwenk,
P. Navratil,
J. Engel,
J. Menendez

Nucleons, pions. Sufficient below
chiral symmetry breaking scale.
Expansion of operators in power
of Q/Λχ. Q=mπ or typical nucleon
momentum.

Calculation for the  
hypothetical 0νββ decay:
10He → 10Be + e- + e-

masses, spectra
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unquenched gA

0νββ-decay 
NME

status 2019 

All 
models
missing
essential
physics

Impossible
to assign
rigorous

uncertainties



9/29/2021 Fedor Simkovic

Quenching of gA (q = geff
A /gfree

A)

Should gA be quenched in medium?
Missing wave-function correlations
Renormalized operator?
Neglected two-body currents?
Model-space truncations?
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CVC hypothesis
gV =1 at the quark level
gV =1 at the nucleon level
gV =1 inside nuclei

Quenching in nuclear matter: geff
A = q gfree

A

gA =1 at the quark level
gfree

A =1.27 at the nucleon level
geff

A = ? inside nuclei

Quenching of gA

W-

−e
eν

n

p

n

p
−e

eν

ISM: (geff
A )4 ≃ 0.66 (48Ca), 0.66 (76Ge), 0.30 (76Se), 0.20 (130Te) and 0.11 (136Xe)

IBM: (geff
A )4 ≃ (1.269 A−0.18)4 = 0.063

QRPA: (geff
A )4 = 0.30 and 0.50 for 100Mo and 116Cd

Faessler, Fogli, Lisi, Rodin, Rotunno, F. Š,
J. Phys. G 35, 075104 (2008).
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Quenching of gA (from exp.: T1/2
0ν up 2.5 x larger)

(geff
A )4

= 1.0

gA
4 = (1.269)4=2.6

Cross-section for charge exchange reaction:

Pauli blocking

Strength of GT trans. (approx. given by Ikeda sum rule =3(N-Z))
has to be quenched to reproduce experiment.
Using                                 agrees with data76

32Ge44 ⇒
Sβ

− − Sβ
+ = 3(N-Z) = 36
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Quenching of gA -IBM (T1/2
0ν suppressed up to factor 50)

(geff
A )4 ≃ (1.269 A−0.18)4 = 0.063 (The Interacting Boson Model). This is an

incredible result. The quenching of the axial-vector coupling within the IBM-2
is more like  60%. 

It has been determined
by theoretical prediction
for the 2νββ-decay half-
lives, which were based

on within closure
approximation

calculated 
Corresponding NMEs,

with the measured
half-lives.

J. Barea, J. Kotila, F. Iachello, PRC 87, 014315 (2013). 
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Ab initio calculations
(light nuclear systems)

including meson-
exchange 

currents do not need 
any “quenching” 
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Improved description of the 0νββ–decay rate
(and novel approach of fixing gA 

eff)

Let perform
Taylor expansion

We get

The gA
eff can be deterimed with measured half-life and ratio

of NMEs and calculated NME dominated by transitions through
low lying states of the intermediate nucleus (ISM)

F. Š, R. Dvornický, D. Štefánik, A. Faessler, PRC 97, 034315 (2018).
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The  running sum of the 2νββ–decay NMEs (QRPA)
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ξ13 tell us about importance of higher lying states of int. nucl. 

ξ13 can be determined phenomenologically
from the shape of energy 

distributions of emitted electrons

Šimkovic, Šmotlák, Semenov
J. Phys. G, 27, 2233, 2001

100Mo

HSD: ξ13=0

ξ13≈1 (large)
Possible due to
a large cancellation
of contributions 
through  lower and
higher lying states
of (A,Z+1).
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MGT-3 have 
to be calculated

by nuclear
theory - ISM 

KamLAND-Zen Coll. (+J. Menendez, F.Š.),
Phys.Rev.Lett. 122, 192501 (2019)

The  gA
eff can be deterimed with measured half-life and ratio

of NMEs ξ31 and calculated NME dominated by transitions through
low lying states of the intermediate nucleus.
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Engel, Vogel, Faessler, F.Š., PRC 89 (2014) 064308
See also: Menendez, Gazit, Schwenk, PRL 107 (2011) 062501

Quenching of gA , two-body currents and QRPA
(Suppression of the 0νββ-decay NME of about  20%)

But, a strong suppression of 2νββ-decay half-life,  (gA
eff = gAδ(p=0) = 0.7-1.0) 

Effect of
momentum

transfer

Relevant:
muon capture
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Muon capture rates evaluated within QRPA

New formalism
(derivation as 
by 0νββ-decay

F. Š, R. Dvornický, P. Vogel, PRC 102, 034301 (2020).
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In agreement with soft quenching
Zinner, Langanke, Vogel PRC 74, 024326 (2006) 
Marketin, Paar, Niksic, Vretenar PRC 79,   054323 
(2009)
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Jokiniemi, Suhonen,
PRC 100, 014619 (2019)
(Strong quenching needed)

F.S., Dvornicky, Vogel
PRC 100, 014619 (2019)

Contradicting results: 
Strong quenching
Jokiniemi, Suhonen, 
PRC 100, 014619 (2019)
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WE are at
the beginning
of the Beyond

Standard Model
Road…0νββ

people often overestimate what will happen in the next two years
and underestimate what will happen in ten (Bill Gates)

Thank You!

ν’s, the
Standard

Model
misfits
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