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𝛽𝛽-decay: History

JYU. Since 1863.

/ 1930’s: The idea of double 
beta decay was suggested 
by Eugene Paul Wigner as a 
second-order weak transition 
between isobars differing by 
two units in atomic number

/ 1935: Assuming the emission 
of two electrons and two 
neutrinos Maria Goeppert-
Mayer made the first 
theoretical estimate of the 
extremely low rates for this 
process τ1/2 > 1020yr
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𝛽𝛽-decay: History
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/ 1937: Ettore Majorana 
demonstrated that all results of beta 
decay theory remain unchanged if 
neutrino is its own antiparticle 
(Majorana particle)

/ 1939: Wendell H. Furry proposed 
that if neutrinos are Majorana 
particles, then double beta decay 
could proceed without the emission 
of any neutrinos (0𝜈𝛽𝛽)

/ In 1940’s the predicted half-lives 
were of the order of 1015−16 years, 
and 0𝜈𝛽𝛽 was thought to be more 
likely to occur than 2𝜈𝛽𝛽
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𝛽𝛽-decay: History
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/ 1948: Edward L. Fireman tried to 
measure the 𝛽𝛽-decay half-life of 
124Sn with Geiger counter, without 
success (τ

1/2

!"##
>3 x 1015yr)

/ 1950: 𝛽𝛽-decay half-life of 
1.4x1021yr for 130Te was measured 
by geochemical methods

/ 1956: Parity violation in weak 
interactions was established and it 
became clear that 2𝜈𝛽𝛽-decay
would be much more likely to occur 
than 0𝜈𝛽𝛽-decay
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𝛽𝛽-decay: History
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/ 1987: First observation of 2𝜈𝛽𝛽-decay in laboratory by Elliott, 
Hahn, and Moe: τ

1/2

!"##
(82Se)=1.1!".$%".& x 1020yr

/ Since then, 2𝜈𝛽𝛽-decay has been observed in laboratory in 12 
different nuclei in several different experiments, with half-lives of 
1018−22yr

/ 2001: A sub-group of the Heidelberg-Moscow experiment 
claimed first evidence for 0𝜈𝛽𝛽-decay. This remains unconfirmed.
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And now…
/ 0𝜈𝛽𝛽-decay remains unobserved and continues to 

intrigue both theorists and experimentalists
/ It has unique potential for neutrino physics, beyond 

Standard Model physics, and the understanding of 
matter-antimatter asymmetry of the universe.

/ It remains the most sensitive probe to test lepton 
number and to answer the following open questions:
/ What is the absolute neutrino mass scale?
/ Are neutrinos Dirac or Majorana particles?
/ How many neutrino species are there?

/ Current experiments are reporting lower half-life 
limits up to the order of 1026 yr
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Theoretical ingredients
/ The half-life triggered by a single mechanism may be generically 

expressed

/ G is the phase space factor which varies depending on the 
decaying nucleus, Q-value of the decay, as well as the, mechanism  
of the decay

/ M is the nuclear matrix element which is calculated using chosen 
theoretical model. The model gives the wave functions of the initial 
and final states, and they are connected by proper transition 
operator, that varies depending on the mechanisms of the decay

/ The coupling constant 𝜀 parametrizes the underlying particle 
physics dynamics and contains the physics beyond standard model
/ Different for different mechanisms: exchange of light or heavy 

neutrino, emission of Majoron(s), contribution of sterile 
neutrino(s)…
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Calculation of phase space factor G
/ The key ingredient for the evaluation of phase space factors are the 

electron wave functions

/ To simulate realistic situation, we take radial functions that satisfy Dirac 
equation 

/ And potential that takes into account the finite nuclear size and the 
electron screening
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Calculation of phase space factor G

/ Example: Zd = 62,𝜖 = 2.0 MeV, and R = 6.38 fm (vertical line)

WF1 = leading finite-size Coulomb
WF2 = exact finite-size Coulomb
WF3 = exact finite-size Coulomb with electron screening
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Calculation of phase space factor G

/ The combinations fjk of energy dependent electron wavefunctions 
are integrated over the available kinetic energy to obtain phase 
space factors

/ From these one also obtains:

/ Single electron spectrum:

/ Energy dependent angular correlation:

Can be compared with experimental data!
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Calculation of nuclear matrix element M
/ The double beta decay nuclear matrix elements are calculated by

connecting the initial and final state wavefunctions with proper
transition operator depending on the mechanism and mode of the
decay: 

/ Three types of NMEs: Fermi, Gamow-Teller and tensor
/ Six types of form factors:
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Calculation of nuclear matrix element M

/ The wavefunctions are calculated in nuclear models, such as the 
quasiparticle random phase approximation, QRPA, the nuclear shell 
model, NSM, energy density functional theory, EDF and the 
microscopic interacting boson model, IBM-2

/ Recent ab initio calculations: multi-reference version of the similarity
renormalization group IMSRG and coupled-cluster CC theory.

/ The fact that 0𝜈ββ -decay is a unique process, and there is no direct 
probe which connects the initial and final states other than the 
process itself makes the prediction challenging for theoretical 
models.

/ The reliability of the used wavefunctions, and eventually M(0𝜈), must 
be then tested using other available relevant data. 
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Nuclear model: IBM-2

/ Why IBM-2?
/ The interacting boson model has been one of the most

successful models in reproducing collective features of 
the low-lying levels of medium, as well as heavy nuclei

/ Extensive studies of several isotopic chains available in 
literature

/ Can be used in any nucleus and thus all nuclei of interest 
can be calculated within the same model making it easier 
to recognize model dependent uncertainties
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Nuclear model: IBM-2

/ In IBM-2 the very large shell model 
space is truncated to states built from 
pairs of nucleons with J = 0 and 2

/ These pairs are assumed to be 
collective and are taken as bosons

/ The Hamiltonian is constructed 
phenomenologically and two- and four 
valence-nucleon states are generated 
by a schematic interaction

/ The fermion operators are mapped onto 
a boson space and the matrix elements 
of the mapped operators are then 
evaluated with realistic wavefunctions
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Nuclear model: IBM-2
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Mapping:
Wavefunctions:



Standard mass mechanism

/ After the discovery of neutrino 
oscillations, attention has been 
mostly focused on the mass 
mechanism of 0𝜈𝛽𝛽-decay, wherein 
the three species of neutrinos have 
masses mi and couplings to the 
electron neutrino Uei

/ Obtained information on mass 
differences and their mixing
leaves two possibilities: Normal
and inverted hierarchy
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/ The effective light neutrino mass is constrained 
by atmospheric, solar, reactor and accelerator 
neutrino oscillation experiments

Normal:

Inverted:
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/ In this case, the inverse decay rate 
is given by

/ The physics beyond standard 
model is proportional to average 
light neutrino mass

JYU. Since 1863.NEWS 2022 2022

Standard mass mechanism



Standard mass mechanism
/ Phase space factors:

/ Neutrino potential:

/ Nuclear matrix element:
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Standard mass mechanism
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Summary of current
situation: 

M. Agostini et al.
arXiv:2202.01787 

(2022)

/ IMSRG and CC smaller than NSM NMEs, EDF theory the largest, and IBM 
and QRPA somewhere in between

/ Still large differences between the different models but some of them can be 
explained by model dependent quenching of gA

/ NME + PSFs: can be compared with experimental half-life limits

https://arxiv.org/search/hep-ex?searchtype=author&query=Agostini%2C+M
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Experimental aspects: 𝜏1/2
Current lower half-life limits coming from different experiments:
_____________________________________________________
Experiment nucleus τ1/2 m𝜈
--------------------------------------------------------------------------------
Majorana 76Ge > 2.7 x 1025yr < 0.21 eV
GERDA 76Ge > 1.8 x 1026yr < 0.079 eV
CUPID-0 82Se > 3.5 x 1024yr < 0.33 eV
NEMO-3 100Mo > 1.1 x 1024yr < 0.44 eV
CUORE 130Te > 2.2 x 1025yr < 0.14 eV
EXO-200 136Xe > 5.0 x 1025yr < 0.12 eV
KamLAND-Zen 136Xe > 2.3 x 1026yr < 0.052 eV
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76Ge: Majorana: Alvis S I et al. 2019 PRC 100 025501; GERDA: M. Agostini et al. 2020 PRL 125 252502
82Se: CUPID-0: Azzolini O et al. 2019 PRL 123 032501 
100Mo: NEMO-3: Arnold R et al. 2015 PRD 92 072011 
130Te: CUORE: D.Q Adams et al. Nature 2022 604 53–58
136Xe: EXO-200: G. Anton et al. 2019 , PRL 123 161802;  KamLAND-Zen: S. Abe et al. 2022 arXiv:2203.02139



Theory+Experiments: Limits on 𝒎𝝂
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NEMO-3: Arnold R et al. 2015 PRD 92 072011; CUPID-0: Azzolini O et al. 2019 PRL 123 032501; 
Majorana: Alvis S I et al. 2019 PRC 100 025501; CUORE: D.Q Adams et al. Nature 2022 604 53–58;
EXO-200: G. Anton et al.2019 , PRL 123 161802; , GERDA: M. Agostini et al. 2020 PRL 125 252502; 
KamLAND-Zen: S. Abe et al. 2022 arXiv:2203.02139
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Mass mechanism: Heavy neutrinos
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/ It might also be that there are heavy neutrinos, 𝒎𝝂𝒉𝒆𝒂𝒗𝒚 >>1GeV
/ Neutrino potential: 

/ Half-life:

/ Effective heavy neutrino mass is not 
constrained by experiments, and only model
dependent limits of 𝒎𝝂𝒉𝒆𝒂𝒗𝒚 can be set

/ If both light and heavy neutrino exchange
contribute, the half-lives are given by

Short-range



JYU. Since 1863.

Cause of worry: Quenching of gA
/ It is well known from single beta decay and electron capture that 

gA is renormalized in models of nuclei. Two reasons for this are:
/ The omission of non-nucleonic degrees of freedom
/ The limited model space in which the calculations done

/ The former effect is not expected to be present in 0𝜈ββ-decay 
/ The average neutrino momentum is ∼100 MeV, while in 2𝜈ββ-

decay is of the order of 1–2 MeV
/ The latter effect instead appears both in 0νββ and 2𝜈ββ-decays
/ 2𝜈ββ may be used to get an idea of the model dependent

quenching, but
/ In 2𝜈ββ only the 1+ (GT) multipole contributes. In 0𝜈ββ all 

multipoles 1+ , 2− ,...; 0+ , 1− ,... contribute. Some of which 
could be even unquenched

/ This is a critical issue: gA enters the equations to the power of 4!
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Quenching of gA

/ Effective value of gA is a work in progress!
/ Studies using effective field theory (EFT) to estimate the effect of non-

nucleonic degrees of freedom (two-body currents)
/ Measures of both single and double charge exchange reaction 

intensities 
/ Comparison of the shapes of the calculated and measured spectra of 

forbidden non-unique beta decays

/ Three suggested scenarios are:

/ Free value: 1.269

/ Quark value: 1

/ Even stronger quenching:
gA,eff < 1
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General description

/ The underlying interaction does not have to be as simple as standard 
neutrino mass mechanism

/ General Lagrangian can be written in terms of effective couplings 𝜀
corresponding to the point like vertices at the Fermi scale:  

ℒ0𝜈𝛽𝛽 = ℒLR+ ℒSR
/ Long range mechanisms include standard light neutrino exchange, 

light sterile neutrinos, left-right models, SUSY models…
/ Short range mechanisms include heavy neutrino exchange, heavy 

sterile neutrinos…
/ Mechanisms where additional light states are either mediating the 

decay or are emitted in it (e.g., Majorons) are also possible
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Short-range mechanisms

/ Short-range transitions with no mediating particle lighter than 
≈100 MeV.

/ For short-range mechanisms neutrino potential is defined as

/ In this case 0𝜈ββ-decay probes lepton number violating 
physics around the TeV scale

/ The most prominent scenario where this kind of operator is 
generated is through the inclusion of heavy sterile neutrinos 
[Simkovic et al. PRC60 (1999) 055502]
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/ Altogether 18 nuclear matrix elements to be calculated for 
each double beta decay candidate nucleus
/ 8 Compound NMEs

/ 4 x 2 PSFs
/ In this case the full inverse 0𝜈ββ-decay half-life is then given 

by

Short-range mechanisms

NEWS 2022 2022

Standard light neutrino exchange (LR)
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/ Example of normalized single electron spectra and angular correlation

/ The two electrons preferably share the available kinetic energy equally
/ Only a small difference between the f11 and f66 case, with the latter having 

a slightly flatter profile, that is unlikely to be distinguishable experimentally
/ The term f16, corresponding to an interference between mechanisms 1, 2, 

3 and 4, 5 has a significantly flatter profile
/ In view of the opposite sign for 11 and 66 measurements of the angular 

correlation would allow a discrimination of the two types of mechanisms
NEWS 2022 2022
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Long-range mechanisms
/ Long-range transitions proceed through the exchange of 𝜈𝑙𝑖𝑔ℎ𝑡
/ 3 different neutrino potentials corresponding to 3 terms of 

mi terms                                               

𝜔 terms

k terms
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Long-range mechanisms
/ Altogether there are 18 x 3 NMEs to be calculated for each double beta 

decay candidate nucleus
/ In addition, for rank-1 tensors under rotation several new terms appear 
/ 14 x 2 PSFs
/ Examples:

/ Light sterile neutrinos
/ 1 x 2 PSFs
/ 1 compound NME

/ LR models
/ 11 x 2 PSFs
/ 14 compound NMEs

/ SUSY models
/ 10 x 2 PSFs
/ 12 compound NMEs
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Sterile neutrinos
/ Neutrinos with no standard model interaction
/ If there are sterile neutrinos, the equation for half-life is different…

/ Nuclear matrix element: 

function containing physics beyond standard model:

and neutrino potential all depend on sterile neutrino mass

JYU. Since 1863.NEWS 2022 2022
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Sterile neutrinos
/ Several types of sterile neutrinos have been suggested: 

Light sterile neutrinos: mN ∼ 1eV or at keV mass range, 
heavy sterile neutrinos: mN ≫ 100 MeV

/ Limits

JYU. Since 1863.

Known neutrinos Unknown light sterile 𝜈

Unknown heavy sterile 𝜈 Unknown heavy neutrinos

eV keV

PRD 92 (2015) 093001 
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Sterile neutrinos
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/ Example: Light 4th neutrino:
mass m4=1 eV and |Ue4|2=0.03

/ The effect: adds to the
effective mass a contribution
of 30 meV

/ Makes the spread of the
allowed values larger

/ Improves the possibility
to detect it in the next
generation experiments
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Sterile neutrinos
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/ Example: Heavy sterile neurino

/ The light shaded areas: allowed
given the current limits from 0νββ
decays searches in 76Ge and 136Xe

/ Defining effective operator scale

gives
/ The dark shaded area: sensitivity

from future searches at 
T1/2(76Ge)= 1028yr



Left-right models
/ Non-zero contributions

/ The differential rate for these models is obtained by combining  matrix 
elements 

with appropriate phase space factors
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Left-right models

/ Half-life:
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Left-right models

Limits from experimental half-life limits
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[1] CUORE, PRL 124, 1022501 (2020); [2] GERDA PRL 125, 252502 (2020); 
[4] KamLAND-Zen PRL 117, 082503 (2016); [5] NEMO-3 PRD 92, 072011 (2015); 
[7] CUPID-0 PRL 123, 032501 (2019)



Left-right models

Limits on the combination
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SUSY models
/ The half-life depends on four non-zero parameters

/ The differential rate for these models is obtained by combining 
the matrix elements 

with appropriate phase space factors
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SUSY models
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SUSY models

/ Limits from experimental half-life limits
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[1] CUORE, PRL 124, 1022501 (2020); [2] GERDA PRL 125, 252502 (2020); 
[4] KamLAND-Zen PRL 117, 082503 (2016); [5] NEMO-3 PRD 92, 072011 (2015); 
[7] CUPID-0 PRL 123, 032501 (2019)
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Majoron emitting 0𝜈𝛽𝛽
/ Requires the emission of one or two additional massless bosons, 

Majorons ⟹ similarities with 2𝜈ββ
/ There are many different models with different spectral index n 

and different number of emitted majorons

/

/ Experimental limits on 𝜏1/2 give information about the Majoron-
neutrino coupling constant
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Majoron emitting 0𝜈𝛽𝛽
/ Different types on nuclear matrix elements:

/ M1

/ M2

/ M3
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Same as for 𝜈light
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Majoron emitting 0𝜈𝛽𝛽
/ Differential decay rate

/ Summed electron spectrum: 
shape makes the different
Majoron emitting modes
experimentally recognizable

NEWS 2022 2022JPCS 2156 (2022) 012233
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Majoron emitting 0𝜈𝛽𝛽
/ Limits on majoron-neutrino coupling constant for different models PRC 103 (2021) 044302

May 2022SPRING 2022

[Gerda, EPJ+ 130(2015) 139]

[CUORE, PLB557 (2003) 167]

[NEMO3, PRL107 (2011) 062504]

[EXO-200, PRD90 (2014) 092004]

[KamLAND-Zen, PRC86 (2012) 021601(R)]
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Majoron emitting 0𝜈𝛽𝛽
/ Limits on majoron-neutrino coupling constant for different models PRC 103 (2021) 044302

May 2022SPRING 2022

SMALL MUCH 
WEAKER 
LIMITS 

COMPARED TO 
m=1, n=1 models

SMALL

LARGE LARGE
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Majoron emitting 0𝜈𝛽𝛽
/ Fresh limits for 82Se on majoron-neutrino coupling constant

[CUPID-0, (2022) arXiv:2209.09490v1]
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Conclusions

/ Even though many milestones in the research of double beta decay has been 
achieved, 0𝜈𝛽𝛽 remains yet to be observed and fully understood.

/ Observation of 0𝜈𝛽𝛽 would clarify many fundamental aspects of neutrino physics
/ lepton number non-conservation
/ neutrino nature: whether the neutrino is a Dirac or a Majorana particle
/ absolute neutrino mass scale
/ the type of neutrino mass ordering (normal or inverted)

/ We do not yet know what is the mechanisms of 0𝜈ββ-decay. Number of different 
mechanisms can trigger 0𝜈ββ–decay and several mechanisms may contribute with 
different relative phases.

Joint effort of theory and experiments (i) to interpret the data, 
(ii) to identify new good candidates to study

SPRING 2022NEWS 2022 2022



JYU. Since 1863.

Thanks to my collaborators
Francesco Iachello

Yale University, USA

Frank Deppisch
University College London, UK

Lukas Graf
University of California, USA

Jose Barea
University of Concepcion,Chile

Lorenzo Pagnanini (CUPID)
Gran Sasso Science Institute, Italy

Jacopo Ferretti
University of Jyväskylä, Finland

NEWS 2022 2022



JYU. Since 1863.

THANK YOU!
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