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Neutrinoless Double Beta Decay
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Figure 2.3: Feynman diagrams for 2⌫�� decay (a) and hypothesized 0⌫�� decay (b), assuming
in the latter case a light Majorana neutrino exchange (one of several theorized possibilities).

2.0.1 The effective Majorana mass

The half-life of the 0⌫��, mediated by the Majorana neutrino exchange, can be written
as [43]
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where G
0⌫ is the Phase Space Factor (PSF), it can be calculated with high precision from

the Q-value of the decay and the nuclear charge in the final state, M0⌫ is the Nuclear
Matrix Element (NME), it contains the information on the nuclear structure and its value
changes depending on the adopted nuclear model; finally m�� is the effective Majorana
mass defined as a linear combination of the neutrinos masses weighted with the electronic
coefficients of the PMNS matrix,
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where the Majorana phases ↵ and � appear in the mass definition. The experimental
measure of T

0⌫
1/2 allows to estimate m�� but only combining the results from different

isotopes it is possible to overcome the NME uncertainties and obtain a trusted value. The
results combination is also able to uncover other mechanisms behind the 0⌫�� different
from the light Majorana neutrino exchange, as pointed out in [54].

The 0⌫�� has not yet been observed, only lower limits on its half-life have been
obtained, that result in an upper limits for m�� as reported in Tab. 2.4.

It only occurs if neutrino is a Majorana particle 


Forbidden by Standard Model: violation of B-L


Matter creation (no anti-matter balancing)


Insights on the neutrino mass

Effective Majorana Mass



Neutrinoless Double Beta Decay
The international effort to observe neutrinoless double beta decay is increasing and new 

experiments are growing.


AMORE 🇰🇷 🇨🇳 🇩🇪 🇺🇦🇹🇭🇮🇩🇵🇰 
CUPID 🇮🇹 🇺🇸 🇫🇷 🇷🇺 🇨🇳 🇺🇦 
KamLAND-ZEN 🇯🇵 🇺🇸 🇳🇱  
LEGEND 🇩🇪 🇺🇸 🇷🇺🇨🇳 🇮🇹 🇬🇧 🇨🇳 🇨🇭 
nEXO 🇺🇸 🇨🇦 🇩🇪 🇷🇺 🇰🇷 
NEXT 🇪🇸 🇺🇸 🇵🇹 🇮🇱 
SNO+ 🇨🇦 🇩🇪 🇵🇹 🇬🇧 🇺🇸 🇲🇽
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Neutrinoless Double Beta Decay

76Ge (GERDA) - Phys. Rev. Lett., 125:252502, 2020
82Se (CUPID-0) - Phys. Rev. Lett., 129(11):111801, 2022 
100Mo (CUPID-Mo) - Eur. Phys. J. C, 82(11):1033, 2022
136Xe (KamLAND-Zen) - Phys. Rev. Lett., 130(5):051801, 2023 
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A single experimental limit on the half-life… …due to the uncertainty on the NME… …results in a wide interval!

Also the isotope down-selection is affected by this uncertainty!

Rev.Mod.Phys. 95 (2023) 2, 025002

arXiv2404.04453 

arXiv2404.04453 

A. Strumia and F. Vissani, hep-ph/0606054 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.111801
https://link.springer.com/article/10.1140/epjc/s10052-022-10942-5
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051801
https://arxiv.org/abs/2404.04453
https://arxiv.org/abs/2404.04453
https://arxiv.org/abs/hep-ph/0606054
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Data-driven improvements of Nuclear Models
Double Charge Exchange  (DCE) Ordinary Muon Capture (OMC)

See Clementina Agodi’s talk on 
NUMEN
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Two-neutrinos Double Beta DecayPoS(NEUTEL2015)047

Quenching of gA and its impact in double beta decay F. Iachello
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Figure 3: Current limits to ⟨mν⟩ from CUORICINO [25], IGEX [18], NEMO-3 [26], KamLAND-Zen [19],

EXO [20], and GERDA [21], and most recent IBM-2 Argonne SRC nuclear matrix elements and gA = 1.269

[3]. The value of Ref. [17] is shown by X . The figure is in logarithmic scale.
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Figure 4: Value of gA,e f f extracted from experiment for IBM-2 and ISM.

This possibility requires a fine tuning which is quite unlikely.

(3) Other scenarios (Majoron emission, ...) and new mechanisms (sterile neutrino exchange,...)

must be considered [27].

For the scenario 3, Majoron emission, 0νββφ decay suggested in [28], the inverse half-life is

given by
[

τ0νββφ
1/2

]−1
= G0νφ |M0ν |

2 |⟨g⟩|2 , (6.3)

where g is the effective Majoron coupling constant. The NME for this scenario are the same as for

1 and 2. The PSF have been recalculated recently [29]. The best limit with IBM-2, KBI PSF, and

J. Barea, J. Kotila, F. Iachello, Phys.Rev.C 91 (2015) 3, 034304

Precision Spectral Shape Studies of 2νββ

136Xe (KamLAND-Zen) -  Phys.Rev.Lett. 122 (2019) 19, 192501

82Se (CUPID-0) - Phys.Rev.Lett. 131 (2023) 22, 222501

100Mo (CUPID-Mo) - Phys.Rev.Lett. 131 (2023) 16, 162501


+

Using the improved description of 2νββ presented in

F. Šimkovic et al. - Phys.Rev.C 97 (2018) 3, 034315  


=

Deeper comparison with theory

Effective nuclear matrix elements as a function of gA 

gA modeling based on experimental  
2νββ half-lives only

https://doi.org/10.1103/PhysRevC.91.034304
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.192501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.222501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.162501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.034315


the nuclear-level diagram
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Forbidden transitions in NLDBD

Forbidden β-decays are interesting for 
NLDBD since it proceeds through 

forbidden virtual β-transitions involving 
the excited states in the intermediate 
nucleus with high multi-polarities.

Caveat for extrapolation to NLDBD:


only 1+ states of the intermediate nucleus 
partecipate in the 2vββ (apparently only 
the first - Single State Dominance)


β-decays and 2vββ feature a lower 
transferred momentum with respect to  
NLDBD
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39Ar in Ar-based detector

•  Background in rare event search 
 Background source in dark matter search


40K, 42Ar, 39Ar, Pb isotopes

 Ingredients in NLDBD background modeling


90Sr/90Y, 210Bi, 40K

 Background in Neutrino experiment


210Bi


• Low Q-value decays 
Cosmic Neutrino Background detection => 151Sm, 171Tm

Neutrino mass => 115In decay on 115Sn*

210Bi in Liquid Scintillators

171Tm shape 
factor

Further Motivations

 Phys.Rev.C 105 (2022) 4, 045501

https://doi.org/10.1103/PhysRevC.105.045501


Forbidden Beta Decays:  
Indium-115



Indium-115 Q-value Half-life Classification

496 keV 4.41x1014 yr  9
2

+
→

1
2

+

ΔJΔπ = 4+

Very good experimental conditions: 
High natural abundance i.a. = 95.71%

Embedded in crystal as InI, InO, LiInSe2

Excellent radiopurity levels

New low-background measurements needed! 
10

Situation in *2022* 
Only three historical measurements:


G.B. Beard and W. H. Kelly, PR 122 (1961) 1576 
T1/2 = (6.9 ± 1.5) x 1014 yr

Threshold 50 keV

No spectral shape  

D. E. Watt, R. N. Glover, Phil.Mag 7, 105 (1962)  
T1/2 = (5.1 ± 0.4) x 1014 yr

No spectral shape 

L. Pfeiffer et al., PRC 19 (1979) 1035 
T1/2 = (4.41 ± 0.25) x 1014 yr

Spectral shape but with not clear background subtraction 

Threshold not clear 



A new measurement (MIT/Berkeley/CNRS)
LiInSe2 operated as cryogenic calorimeter

Excellent performance but high rate at low energy

High analysis threshold (160 keV)

3

FIG. 2. LiInSe2 detector events with 3� cut bands, analysis
and trigger thresholds superimposed. The corresponding rise
times were collected in 10 keV energy bins running between
20-450 keV and then each bin of rise times were individually
fit to a Gaussian. The cut band was then defined by inter-
polating between the individual 3� profiles cuts as a function
of energy. Outside of the 20–450 keV energy range, the cut
values were kept constant due to large uncertainties in the
profile fit parameters as a result of non-Gaussian parameter
distributions or low statistics at the low/high energy ranges
respectively.

pulse shape variable profiles across each energy bin. We
also employ a coincidence cut that enforces a single-event
criterion. We require that an event is included in the final
spectrum if it appears on both the LiInSe2 and the LD
detectors within 20 ms and no other events are recorded
on the LiInSe2 detector within a broader 600 ms window.
Over the region of 160–500 keV, we find a cut e�ciency
of (47.6 ± 0.2)%, dominated by the LD single-event cri-
terion. The 160 keV threshold was selected as the lowest
energy where multiple event pile up was well handled by
the autoconvolution background component. The result-
ing events that pass all the above cuts are then compiled
into the input LiInSe2 spectrum as shown in Fig. 3.

To extract gA/gV from the measured LiInSe2 spec-
trum, we follow a procedure similar to [59–62] and de-
compose it into various components: a model-dependent
signal component from the �-decay of 115In which will
depend on gA/gV , an untagged pile-up component, and
other radioactive background contributions. The fit is
implemented using the Bayesian Analysis Toolkit pack-
age [63], which implements a Markov Chain Monte-Carlo
(MCMC) to sample the full joint posterior. We perform
this decomposition on the spectrum in Fig. 3, which has
a binning of 5/30 keV below/above 530 keV respectively
up until the analysis cut-o↵ at 1520 keV. This binning
scheme allows for the fitting of as many broad spec-
tral/peak features as possible present in the experimental
data while maintaining the highest possible statistics per
bin in the region beyond 530 keV. Despite the low trig-
ger threshold of the LiInSe2 crystal, we implement an
analysis threshold of 160 keV to avoid low-energy pile-
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FIG. 3. Spectral fit to the collected LiInSe2 spectrum over
the region 160–1520 keV. Component normalizations and the
115In spectral shape correspond to the best-fit values for
the Interacting Shell Model (ISM) exhibiting a �2 value of
160 with 101 degrees of freedom. Fits to the Microscopic
Quasi-particle-Phonon Model (MQPM) and Interacting Bo-
son Model (IBM) result in similar reconstructions. The bot-
tom panel displays Data/Fit ratios for the reconstruction,
along with 1� (purple), 2� (red) and 3� (yellow) fit cred-
ibility regions. The spectrum is binned by 5 keV up until
530 keV and by 30 keV above 530 keV in order to maintain
reasonable statistics per bin above the 115In endpoint.

up events which are di�cult to separate in time and can
distort the spectrum.
To implement the MCMC, we define our binned likeli-

hood as:

L =
Y

i

Pois

0

@ki;
X

j

aj�ij

1

A , (1)

enumerating bins by i and fitted components by j. Here,
ki is the number of observed counts within a given bin,
�ij is the normalized density of the jth component within
the ith bin, and aj are the fitted normalizations for the
di↵erent components. The densities � corresponding to
115In are gA/gV -dependent.
A numerical calculations for the structure of 115In are

performed using ISM [64–66], IBM [67] and MQPM [68].
The resulting �-decay spectrum is generated as a func-
tion of energy for each of these structural models taking
gA/gV as an input. We generate a library of 200 discrete
�-decay spectra for gA/gV uniformly spaced across the
range 0.6 < gA/gV < 1.3 and then perform an interpo-
lation for the spectral shape for gA/gV values not in our
library. Each 115In spectrum is then convolved with an

11

Phys. Rev. Lett. 129, 232502 (2022) 

Theory ≠ Experiment

https://doi.org/10.1103/PhysRevLett.129.232502


In-115 by ACCESS
Cryogenic calorimeter 

Indium Iodine (InI) crystal - m = 1.91 g  - 7x7x7 mm3

Semiconductor sensor (CUPID-0 like)

Calibration source with 232Th 


Very good performance 
138 hours of stable data taking

Energy threshold of 3.4 keV 

Energy resolution of 3.9 keV FWHM @ 238.6 keV

12

New Theoretical 
templates of the 115In 

spectrum which sample 
the (gA, sNME) plane 

ACCESS webpage

17/04/20, 19:04Word Art

Pagina 1 di 1https://wordart.com/create

Eur.Phys.J.Plus 138 (2023) 5, 445

https://link.springer.com/article/10.1140/epjp/s13360-023-03946-x
https://sites.google.com/gssi.it/access


In-115 by ACCESS - Best Fit
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https://arxiv.org/abs/2401.16059 
soon on PRL

Bayesian fit based on BAT with 5 free parameters:

2 bkg components due to the calibration source

half-life of 115In

gA in the range [0.60, 1.39]

sNME in the range [-5.9, 5.9]


Different values of gA for different models

Lower quenching (gA ≈ 1)

sNME not fixed


Stable and precise evaluation of T1/2

Theory ≠ Experiment for T1/2

https://arxiv.org/abs/2401.16059


In-115 by ACCESS - Matched Fit
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The solution in the (gA, sNME) plane is given by the interception of the red line (exp.) and the half-life ellipse (theory). 

For each value of sNME, we run the fit to choose the best value of gA  (red points).

gA values compatible with the best fit

sNME fixed by the ellipse interception 
to similar values

Theory = Experiment for T1/2

Bias from previous T1/2 in the ellipse



In-115 by ACCESS

15

Outcomes:


Stable and precise estimate of T1/2

Evaluation of the spectral shape


gA quenching still needed but reduced (wrt slide 11)

Positive solutions (sNME>0) are always favored

sNME fixed only with the T1/2 match

Theoretical T1/2 compatible with experimental one



In-115: measurement comparison

16

See details in J. Kostensalo, E. Lisi, A. Marrone and J. Suhonen, arXiv 2405.11920 

Very useful comparison:


AC24 and LE22 fully compatible

PF79 very different (possible 
issues in the background 
subtraction)

https://inspirehep.net/literature/2788152


Theory progress: an example

17
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FIG. 2. Theoretical and experimental normalized �-spectra of 94Nb (a), 99Tc (b),113Cd (c) and 115In (d) as a function
of the electron kinetic energy Te. The theoretical spectra are calculated with the bare operator (blue dashed line), the SM
e↵ective operator (continuous black line), and using the quenching factors for gA extracted from Eq. (34) (green dashed line)
(see text for details). The red dots corresponds to experimental values, where they are available [20, 41, 54, 57].

It is worth mentioning that in Refs. [13, 41, 58] the au-
thors carried out a study of the sensitivity of their calcu-
lated spectra upon the renormalization of the axial cou-
pling constant, and they found a noticeable dependence
of their results on the choice of the quenching factor q.

Now, in order to reach a better insight of the results, we
analyze the di↵erent components of the shape factor de-
fined in Eq. (7). This factor can be divided in three com-
ponents, the vector, axial and vector-axial terms, namely

C(we) = CV (we) + CA(we) + CV A(we), (34)

where CV contains the coupling constant g2V , CA contains
g
2
A and CV A contains gV · gA.
The integrated shape functions C̃k are reported in Ta-

ble V, as well as the total value C̃ (see Eq.(7)) for all the
decays under investigation. As can be seen, at variance
with what was observed in Ref. [14], for all the decays
C̃V A is positive and therefore it is summed in phase with
the vector and axial components.

Actually, such a result is a consequence of the CVC
theory, since if we do not use the CVC relations to deter-
mine the relativistic form factor, the mixed terms C̃V A

for the cases under investigation become negative, and

very close in absolute value to the sum of the correspon-
dent vector and axial components. This is similar to the
results reported in Ref. [14], and such a feature highlights
the relevance of this form factor, as it was also discussed
in other papers [34, 36, 39–41].

Even though it is small compared to the other form fac-
tors, the relativistic one is relevant do determine C(we),
and, therefore, shapes and half-lives, since, at variance
with non-relativistic form factors, it enters the quantity
MK(ke, k⌫) of Eq. (9) without any suppression coe�-
cient (for the explicit expression of MK(ke, k⌫) see Table
4 in Ref. [33]).

The positive values of C̃V A explain the stability of the
shape with respect to the renormalization of the decay
operators. In fact, without using the CVC relations, as
a consequence of the delicate balance of the vector, ax-
ial and vector-axial terms, it is obtained a shape of the
energy spectrum that is very sensitive to the renormal-
ization procedure.

G. De Gregorio, R. Mancino, L. Coraggio, N. Itaco, Phys.Rev.C 110 (2024) 1, 014324 

In a recent paper, the data presented were 
used as a term of comparison with 
theoretical calculations within the 


Realistic Shell Model.


Very good match of the spectral shape ➡

without gA quenching 

Half-life systematically underestimated 

(factor of 2 - 8) 


⬇
log(ft) log(ft) log(ft)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.014324


Summary
Forbidden beta decays, and in particular their spectral shape, challenge the nuclear models

Nuclear models and computation techniques improved a lot

Renewed experimental efforts ongoing to provide novel high-quality data

Mapping the spectral shape of several forbidden β-decays in terms of effective nuclear 
parameters

We could shed light on the nuclear physics behind the phenomenological gA quenching 
and try to avoid it

18



Backup slides



Forbidden β-decays

Transition ΔL ΔJ Δπ log10 ft
Fermi 

“super-allowed” 0 0 0 3-4

Gamow- Teller 
“allowed” 0 0,1 0 3 - 10

Forbidden n n, 
n+1 0/1 5 -10 (1st) 

22-24 (4th)

K 1 2 3 4 5

ΔJ 0,1,2 2,3 3,4 4,5 5,6

Δπ -1 1 -1 1 -1

Forbidenness index

β
Δπ = (−1)ΔJ Δπ = (−1)ΔJ−1

Forbidden non-unique Forbidden unique*

As a rule of thumb, each degree of forbidenness gives 5-6 orders of magnitude in ~T1/2  
See B. Singh et al., Nucl. Data Sheets 84 (1998) 487.

⃗J = ⃗L + ⃗S

log10 ft = log10( f(Z, E0) ⋅ T1/2)

* defined by only one nuclear matrix element 20

https://www.sciencedirect.com/science/article/pii/S0090375298900151


Spectral shape description - 1 

Being E the total energy of the election, while P and Q the momenta of the electron and the anti-
neutrino, respectively.

C(E) ➡ empirical correction function

C1(E) = 1 +
a1

E
+ a2E + a3E2 + a4E3

Forbidden Non-unique

Forbidden Unique

C1 = P2 + c1Q2

C(E) = C1 ⋅ C2 C2 = P4 + c1Q2P2 + c2Q4

1st

2nd

numerically calculated

21

S(E) = C(E) ⋅ Sall(E) Sall(E) ∝ F(Zd, E) ⋅ (Qβ − E)2



The “shape factor” encodes the nuclear-structure information and can be decomposed into 
vector, axial-vector, and vector-axial-vector parts:

JOEL KOSTENSALO, MIKKO HAARANEN, AND JOUNI SUHONEN PHYSICAL REVIEW C 95, 044313 (2017)

FIG. 7. The same as Fig. 2, but for the fourth-forbidden
nonunique decays of 113Cd, 115Cd, and 115In.

initial state to a 9/2+ final state. The decay of 87Rb is
experimentally measurable and thus another candidate for
application of the spectrum-shape method. Unlike in the case
of 99Tc, the dependence is fairly simple: when gA decreases,
the low-energy intensity increases, and the intensity at larger
energies decreases.

The results for fourth-forbidden decays, all nonunique, are
presented in Figs. 7 and 8. The transitions are split into two
groups according to their basic features. The first one consists
of the decays of 113Cd, 115Cd, and 115In shown in Fig. 7. The
transitions of 113Cd and 115In are experimentally measurable
and have been studied extensively (see Refs. [17,24,38,42]).
The spectra show a distinctive hump when gA ≈ gV. Interest-
ingly, the behavior is similar to that of 99Tc [see Fig. 5(c)].
These decays have one common feature: the 9/2+ state is
either the initial or final state. For 113Cd and 115In the effect
of varying the weak axial-vector coupling constant is in line
with the results of Ref. [24]. However, in the earlier study [17]
the turning point of the MQPM spectrum of 113Cd was found
to be at gA ≈ 0.9 and for 115In at gA ≈ 0.95. It seems that
the use of a larger model space for neutrons in this study and

FIG. 8. The same as Fig. 2, but for the fourth-forbidden
nonunique decays of 97Zr, 101Mo, 117Cd, and 119In.

in Ref. [24] has a notable effect on the shape of the electron
spectrum. In Ref. [42] the electron spectra of these decays
were calculated with the proton-neutron variant of MQPM
with the free-nucleon values gV = 1.0 and gA = 1.25. The
shapes of the resulting spectra are nearly identical, which
further supports the results of this paper.

To see whether the strong dependence of the shape factor on
the weak coupling constants of the fourth-forbidden nonunique
decays is limited to the three neighboring nuclei, 113Cd, 115Cd,
and 115In, four further fourth-forbidden nonunique ground-
state-to-ground-state transitions were studied. These were the

044313-8

Phys. Rev. C 95, 044313 (2017)

Template spectra can be produced within Nuclear 
Models as a function of nuclear parameters (gA) 

or with different approximations, and then 
compared with experimental data.      

numerically calculated

22

Spectral shape description - 2 

C(E) ➡ empirical correction function

S(E) = C(E) ⋅ Sall(E) Sall(E) ∝ F(Zd, E) ⋅ (Qβ − E)2
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Shape Function: gA and sNME

s-NME l-NME

Mn/p = neutron/proton mass       K = order of forbiddenness
Z = atomic number of the daughter nucleus

R = atomic radius        W0 = Q-value

Formula valid only in the ideal case:
infinite valence spaces
perfect nuclear many-body theory

l-NME fixed by the nuclear calculations
sNME is treated as free parameter

Integrated 
shape function

C̃ = ∫
Qβ

0
S(E) ⋅ dE

Shape Function
S(E) = C(E) ⋅ p ⋅ E ⋅ (Qβ − E)2 ⋅ F(Zd, E)

T1/2 =
6289

C̃
Decay half-life

C(E) = g2
VCV(E) + g2

ACA(E) + gVgACVA(E)
Shape Function Decomposition

Nuclear Matrix Elements enter the Shape Functions!
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NLDBD vs Heavy Ion DCER Credits to 
Horst Lenske



25

Ab initio calculations
(100Sn) P. Gysbers et al, Nature Phys. 15 (2019) 5, 428-431

Ab initio calculations including 2 
body currents improve the match 

with the half-life for Gammow-
Teller transitions.


it is unclear what’s happen for 
spectral shape and for 

forbidden decay. 

https://doi.org/10.1038/s41567-019-0450-7


In-115 by ACCESS: Full Numerical Results
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ACCESS

https://sites.google.com/gssi.it/access

Eur.Phys.J.Plus 138 (2023) 5, 445

Next steps with increasing challenges:

113Cd with natural CdWO4

99Tc with Li2MoO4, Na2Mo2O7 irradiated at nuclear reactor / doped

move from semiconductor sensors (NTD) to superconductive sensors (TES)


better threshold, energy resolution and detection efficiency (pile-up)
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Beyond ACCESS:

37Cl with irradiated NaCl irradiated at nuclear reactor

97Zr with irradiated ZrO2 irradiated at nuclear reactor

https://sites.google.com/gssi.it/access
https://link.springer.com/article/10.1140/epjp/s13360-023-03946-x

