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Current bounds on the neutrino Majorana mass are affected by significant uncertainties in the nuclear
calculations for neutrinoless double-beta decay. A key issue for a data-driven improvement of the nuclear
theory is the actual value of the axial coupling constant gA, which can be investigated through forbidden β
decays. We present the first measurement of the 4th-forbidden β decay of 115In with a cryogenic calorimeter
based on indium iodide. Exploiting the enhanced spectrum-shape method for the first time to this isotope,
our study accurately determines simultaneously spectral shape, gA, and half-life. The interacting shell
model, which best fits our data, indicates a half-life for this decay at T1=2 ¼ ð5.26� 0.06Þ × 1014 yr.
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Introduction—The search for neutrinoless double-beta
decay (0νββ) is a crucial part of our quest to understand the
deepest mysteries of the Universe [1]. The observation of
this phenomenon would require a paradigm shift from the
standard model of elementary particles and would reshape
our understanding of the fundamental building blocks of
matter. 0νββ is an extremely rare process where two
neutrons (protons) in the nucleus are simultaneously trans-
formed into protons (neutrons), with the emission of just
two electrons (positrons) in the final state. If we observe
this process, it would indicate that neutrinos are Majorana
particles, which means they are their own antiparticles. The
half-life of this process (T0ν

1=2) could provide insights into

the absolute mass scale of neutrinos, which is still an
unsolved issue in particle physics. Moreover, 0νββ is a
lepton-number-violating transition, and its observation
would support exciting theoretical frameworks in which
leptons played a crucial role in creating the matter or
antimatter asymmetry in the Universe [2,3]. The next-
generation experiments in this field are designed to
approach half-lives of the order of 1027–1028 yr. The
current most stringent limit is set on 136Xe by
KamLAND-Zen at 2.3 × 1026 yr (90% C.L.) [4]. This
limit can be converted into a constraint on the effective
Majorana mass (mββ), which is the new-physics parameter
governing 0νββ, by using the formula

mββ ¼
me

g2A ·M0ν ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T0ν
1=2 · G0ν

q ; ð1Þ

where me is the electron mass, G0ν the phase space factor,
M0ν the nuclear matrix element (NME), and gA the axial
coupling constant. While G0ν can be precisely calculated
for each isotope [5,6], nuclear calculations of M0ν are
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affected by large uncertainty and depend on whether or not
the free-nucleon value of gfreeA ¼ 1.276 41 [7] measured in
the neutron decay holds also in nuclear decays [1]. For
these reasons, a single limit on T0ν

1=2 results in a range of
limits for mββ determined by the largest and smallest
NMEs, e.g., mββ < 36–156 meV in the KamLAND-Zen
analysis [4]. This uncertainty not only limits the conversion
of the half-life into mββ in case of discovery, but also
severely affects the isotope selection for next-to-next
generation experiments. It is well known that isotopes
with lower Q values (Qββ) are disfavored by lower G0ν ∝
Q5

ββ and larger background [1], but this precious informa-
tion could be misleading if the NME landscape is unclear.
Therefore, a data-driven improvement of nuclear models is
essential to ensure that theoretical and experimental efforts
in the 0νββ sector are not nullified [8].
Data and physical processes that could help clarify the

puzzle include single and double-charge exchange reac-
tions [9–13], ordinary muon captures [14,15], two neutrino
double beta decays [16,17], and forbidden nonunique β
decays [18]. In particular, the latter are very interesting to
investigate the origins of the quenching of gA, being the
shape of the forbidden nonunique β-decay spectrum highly
dependent on the ratio of gA=gV [19]. Here gV ¼ 1 is the
weak vector coupling, whose value is set by the conserved
vector current (CVC) hypothesis [20]. This dependence is
enabled by the subtle balance between the vector and the
axial-vector parts of the β-decay spectral shape function
[18]. In this context, several isotopes have been studied
such as 113Cd [21–23], 99Tc [24], and 115In [25] using the
so-called spectrum-shape method (SSM) [26]. This theo-
retical framework matches with high precision the spectral
shape of experimental data. However, the simultaneous
prediction of the decay half-life is often far from being
compatible with the measured values. Improvements of the
models in this direction have been done during the last
years within the so-called enhanced SSM theory [27–29],
where the small relativistic NME (sNME) enters as an
additional parameter, facilitating the adjustment of both
partial half-life and spectral shape.
In this Letter, we present the first application of the

enhanced SSM on 115In. The measurement has been
performed with a cryogenic calorimeter based on indium
iodide (InI) crystal in the framework of the ACCESS
project [30,31].
β decay and sNME—In the enhanced SSM, the sNME

enters as a free parameter of the model, together with gA, in
order to fit the experimental β-decay spectral shape and
half-life simultaneously. In the nuclear-structure calcula-
tions, the sNME includes contributions outside the nucleon
major shell(s), where the proton and neutron Fermi surfaces
lie. In particular, the sNME stems from the small compo-
nent of the relativistic nucleon wave function. Moreover, in
spite of its smallness, it can have a notable influence on the

β-decay half-lives and electron spectral shapes through the
related large phase-space factor. In an ideal case, namely,
diagonalizing the full nuclear Hamiltonian for all nucleons
within an infinite nuclear configurations Hilbert space, the
value of the sNME is connected to the value of the so-called
large vector NME (l-NME), by the CVC hypothesis [27]. In
typical nuclear models, its value cannot be computed in a
reliable way, therefore it is reasonable to determine the
sNME through data. Additionally, the deviation between
the measured sNME value and the CVC calculation
quantifies the impact of model approximations. More
details can be found in Refs. [32–34].
Detector setup and data analysis—Following the design

principles outlined in Ref. [30], we conduct measurements
on a 7 × 7 × 7 mm3 (InI) crystal. The crystal has a
mass mInI ¼ ð1.91� 0.01Þ g and it is equipped with a
neutron transmutation doped (NTD) germanium thermistor
(3 × 2 × 0.5 mm3) to record particle interactions within its
lattice. The detector rests on a copper holder connected to the
mixing chamber of the CUPID R&D dilution refrigerator
[35] installed in Hall A of the Laboratori Nazionali del Gran
Sasso, Italy. The setup is cooled down to approximately
16 mK. During the whole data-taking process, we use a
thoriated wire as a permanent 232Th calibration source
mounted close to the detector. Periodic calibrations with
external sources would have been more difficult due to the
small size of the crystal and the presence of a lead shield in
the cryostat. We estimate the amplitude of the acquired
thermal pulses by applying the optimum filter [36]. We then
perform a stabilization of the detector thermal gain due to
temperature drifts by using the 238.6 keV γ-ray line of 212Pb
within the decay chain of 232Th in the source [37].
Consequently,we calibrate in energy the stabilized spectrum
using the most prominent peaks visible in the data. We
observe an energy resolution of 3.9 keV (FWHM) at
238.6 keV. The detection threshold, defined as 5 times
the baseline root-mean square, is estimated to be 3.4 keV.
The criteria for selecting the events are based on rejecting
noisy acquisition time intervals andwindows that havemore
than one triggered pulse, which is commonly known as a
distinguishable pileup. Additionally, we apply pulse-shape
cuts requiring a constant selection efficiency as a function of
the energy. This is mandatory to avoid any possible
distortion in the spectral shape due to analysis. The overall
analysis cut efficiency is ϵ ¼ ð52.2� 0.3Þ%, where the
distinguishable pileup cut dominates.
Data modeling and spectral fit—The study of the 115In β-

decay shape and the estimation of its half-life can be
achieved through a background decomposition of the
collected data. For this purpose, the geometry of the
experimental setup is implemented into a GEANT4-based
[38] simulation. We included electromagnetic and hadronic
processes by using the QGSP_BERT_HP physics list. In
the following, we define as signal the β spectrum of the
115In [Qβ ¼ 497.489ð10Þ keV [39] ], and as background all
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the remaining contributions required to explain the energy
spectrum measured by the InI crystal. For the signal, we
generate electrons uniformly distributed in the crystal.
Their energy spectrum is sampled from templates obtained
within three different theoretical frameworks: Interacting
Shell Model (ISM) [40], Microscopic Quasiparticle-
Phonon Model (MQPM) [41], and Interacting Boson-
Fermion model (IBFM-2) [42]. These templates are
calculated for values of gA and sNME, which vary in
the range [0.60, 1.39] and ½−5.9; 5.9� and with steps of 0.01
and 0.1, respectively. If needed, we use linear spline
interpolation to increase the template fine structure. The
most prominent background comes from the thoriated wire
used as a calibration source. In order to account for a
possible breaking of the secular equilibrium, we separately
simulate the partial decay chain from 232Th to 228Ac and the
remaining one starting from 228Th. Any other potential
background contribution, whether from the crystal or the
cryogenic setup [43], is smaller than the statistical uncer-
tainty associated to the bin counts. The Monte Carlo
simulations undergo a postprocessing step that takes into
account the effects of unresolvable pileup and finite energy
resolution. The fit is performed in the energy range of
[80, 800] keV. At lower energies, the data reconstruction is
not satisfactory, while at higher energies the statistics is
scarce. A uniform binning of 10 keV is chosen to avoid
systematic effects due to the peak line shape.
We assume that the number of observed counts ni in the

ith bin follows the Poisson probability distribution:

PðnijνiÞ ¼
νnii · e−νi

ni!
; ð2Þ

where νi is the number of expected events in the same bin. ν
consists of a linear combination of the signal template
SðgA; sNMEÞ and background simulations Bj, where
j ¼ 1, 2 identifies the 232Th and 228Th contributions from
the calibration source. We introduce the normalization
factors NS and NB;j, proportional to the half-life of 115In
(T1=2) and to the activities of the background components,
respectively. The expected number of events for each bin
can be expressed as

νi ¼ NSðT1=2Þ · SðgA; sNMEÞi þ
X

j¼1;2

NB;j · ðBjÞi: ð3Þ

The likelihood can be therefore written as

LðdatajT1=2; gA; sNME; NB;jÞ ¼
Y

i

Pðni; νiÞ: ð4Þ

The fit includes five free parameters: three are continuous
(T1=2 and NB;j with j ¼ 1, 2), while the remaining two are
discrete, namely, gA and sNME. The two latter parameters
identify the theoretical template to be picked at every
step of the Markov-chain Monte Carlo used for the

posterior sampling. We assume uniform prior probability
distributions for all these parameters. Additionally, as a
nuisance parameter, we introduce the analysis cut efficiency
ϵ with a Gaussian prior probability distribution, in order to
include its uncertainty and the correlations induced on the
other fit parameters.
The 115In half-life can be expressed as

T1=2 ¼
lnð2Þ · t ·mInI · NA · IA

MInI · Ndecays
; ð5Þ

where t ¼ 128.8 h is the measurement time, NA the
Avogadro constant, IA ¼ ð95.719� 0.052Þ% [44] the
natural isotopic abundance of 115In, MInI ¼ 241.72 g=mol
the molar mass of InI, and Ndecays the total number of 115In
decays during t. The explicit dependence of Ndecays on the
other parameters is Ndecays ¼ ½ðNS · NMCÞ=ϵ�, where NMC

corresponds to the total number of simulated 115In β decays
building SðgA; sNMEÞ.
We use the Bayesian analysis toolkit (BAT) [45] to

perform the statistical inference as well as the posterior
sampling and marginalization. For each fit, we quote the
median of the marginalized posterior as an estimator of the
best value of the parameter at issue. The interval defined by
[16, 84]% quantiles is used to evaluate the uncertainty.
From this analysis, we also extract an experimental
spectrum of 115In β decay suitable for nuclear model
comparison [33,46].
Analysis results—We perform the data reconstruction by

using two different fit methods. The first is the best fit,
which determines the configuration that best matches the

FIG. 1. Top: Experimental spectrum (blue dots) and best fit
result (orange solid line) obtained within the interacting shell
model, which results to be the most suitable to describe the data.
The fit model is a linear combination of the 115In β-decay
template spectrum (green dashed line), and the contributions
from the thorium calibration source (red dashed line). The χ2 and
the number of degrees of freedom Ndof are reported. Bottom: Fit
residuals normalized to the statistical uncertainty.
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data by letting both gA and sNME vary. Figure 1 depicts the
data reconstruction through the best fit method achieved by
using the ISM model. The second method, referred to as
matched half-life fit, tests the core of the sNME approach,
namely, the joint prediction of spectral shape and half-life.
We vary the value of gA while fixing sNME, treating it as a
free parameter of the model. We then select the sNME by
comparing the fit result with the known half-life T�

1=2 in the
ðgA; sNMEÞ parameter space, where the trend of T�

1=2 is
predicted by the nuclear model being studied. The value of
T�
1=2 has been obtained as an average of previous mea-

surements [25,47–49], weighted for their uncertainties, and
is T�

1=2 ¼ ð5.14� 0.06Þ × 1014 yr. This method is illus-
trated in Fig. 2 for the three nuclear models.
The results for the two fit techniques in the three

theoretical frameworks are summarized in Table I, where
the positive sNME solutions are reported. Negative sol-
utions are disfavoured based on the reduced chi-square χ2red,
and the resulting half-life is not compatible with T�

1=2 [33].
Therefore, our discussion will focus on the positive sNME
solutions.

Considering the best fit method, we study the systematic
effects due to the fit assumptions. The half-life values
exhibit perfect agreement when changing the nuclear
model. Conversely, gA and sNME are strictly related to
the approximations done within a specific theoretical
framework, therefore we do not expect them to coincide
for different models. Moreover, we reiterate the best fit by
assuming secular equilibrium in 232Th decay chain con-
tained in the calibration source. We also study the binning
effect by changing the bin width to 20 keVand varying both
the upper energy limit to 550 and 1000 keV and the lower
energy threshold to 150 keV. We do not include a test with
an energy threshold below 80 keV since we cannot have a
satisfactory reconstruction of the background below this
energy. All the tested fit assumptions result in values for gA,
sNME, and half-life that are fully compatible within 1σ

FIG. 2. Identification of the optimal sNME values with the matched half-life fit for ISM (left), MQPM (center), and IBFM-2 (right),
respectively. The main plot reports as colored bands the half-life T�

1=2 together with its uncertainties, and as red points the value of gA that
best fit the data for a fixed value of sNME. The uncertainty on the latter is fixed by the template fine structure, while the one on gA is the
[16, 84]% quantile interval from the Bayesian fit. Each inset shows the half-life dependence on the other two parameters of the theory,
together with the fit results, in a wider sNME interval.

TABLE I. Results for the two fit methods and the three
considered nuclear models on the parameters of interest gA,
sNME, and T1=2. The reduced chi-square χ2red is also reported as
an estimator of the goodness of fit.

Model gA sNME [fm3] T1=2=1014 χ2red

Best fit
ISM 0.964þ0.010

−0.006 1.75þ0.13
−0.08 5.26� 0.06 1.55

MQPM 1.104þ0.019
−0.017 2.88þ0.49

−0.71 5.26� 0.07 1.65
IBFM-2 1.172þ0.022

−0.017 0.81þ0.52
−0.24 5.25� 0.07 1.66

Matched
ISM 0.965þ0.013

−0.010 1.10� 0.03 5.20� 0.07 1.78
MQPM 1.093þ0.009

−0.007 0.90� 0.03 5.05� 0.06 2.32
IBFM-2 1.163þ0.036

−0.010 1.10� 0.03 5.28� 0.06 1.67

FIG. 3. Theoretical energy spectrum of 115In β decay. The
orange solid line corresponds to the best model fit (ISM) of the
experimental data taken above 80 keV. The shaded band includes
the variation of the three models considered within the 68%
uncertainty interval for gA and sNME. In the inset, we compare
the half-life obtained here and in past works.
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with the ones reported in Table I. In light of this, we pick as
an overall half-life the one coming from the best fit of the
ISM model, which shows the highest goodness of fit. We
report in Fig. 3 the theoretical spectral shape of 115In β
decay obtained from the ISM best fit. We also show the
uncertainty band obtained by varying gA and sNME within
the 1σ contour of the joint posterior for the three models.
Discussion—The 115In β-decay measurement here pre-

sented improves the accuracy level of the most recent
analysis in Ref. [25]. Indeed, different models reproduce
as best fit the same half-life with compatible spectral shapes
[33]. Moreover, this study has improved the energy thresh-
old by a factor of two compared to Ref. [25]. This is a
crucial step to reduce the model dependency of the results,
since at energies ≲100 keV different models predict
different spectral shapes. As pointed out in Ref. [50], a
lower threshold is essential to reduce the impact of
low-energy spectral shape extrapolations and make the
half-life determination more reliable, especially when an
additional free parameter is present. This measurement
also confirms a noteworthy discrepancy with the spectral
shape reported in Ref. [47], which could be affected by
important systematic uncertainties due to the background
subtractions.
Considering the best fit method, we consistently achieve

a robust data reconstruction, obtaining a χ2red in the range
[1.55, 1.66]. The signal-to-background ratio of the col-
lected data limits the possibility of precisely determining gA
and sNME simultaneously within a single nuclear model.
The sNME has a weaker impact on the spectral shape,
therefore it is affected by a relatively high uncertainty,
sometimes larger than 20%. We observe a clear preference
for positive sNME solutions, aligning with the CVC
predictions (i.e., 6.01 fm3 for ISM, 10.25 fm3 for
MQPM, and 2.53 fm3 for IBFM-2). In particular, the
experimental values are consistently about one-third of
the CVC ones indicating that the presently used models are
not perfect many-body frameworks for 115In as required by
the exact CVC relation. The strong bias for the positive
values of the sNME significantly helps in selecting the
correct spectral shape when it strongly depends on sNME
value, as in some cases discovered in the β-decay shape
survey in Ref. [34].
For the three models, we obtain different values of gA,

still, they all strongly reject the free-nucleon hypothesis
with a significance of at least 4.7σ. We can determine the
half-life of the 115In β decay with an accuracy of Oð1%Þ
and all the obtained half-lives are fully compatible with
each other. Furthermore, these values are in agreement with
T�
1=2 within 1.4σ, regardless of the theoretical model.

However, the half-lives predicted by the models for the
best fit parameters are 2.37 × 1014 yr (ISM), 8.52 ×
1013 yr (MQPM), and 7.93 × 1014 yr (IBFM-2), far from
the ones obtained with the fit.

It is therefore interesting to compare the best fit out-
comes with those of the matched half-life fit, investigating
how the matching of the predicted half-life impacts the
results. In the cases of ISM and IBFM-2, the fit quality
mildly worsens and the physical parameters gA and T1=2 are
compatible, affirming the reliability and robustness of this
method. By construction, the theoretical predictions on the
half-lives agree with T�

1=2 and are compatible within 1σ

with the measured half-life. Conversely, the matched fit
approach for the MQPM makes the model unable to
describe the spectral shape. Moreover, the resulting half-
life in this case is not compatible within 2σ with both
theoretical predictions and all the other half-life determi-
nations. This makes the joint prediction of spectral shape
and half-life less reliable for this method.
The value of gA reported for 115In in Ref. [25] are

significantly smaller than the ones obtained in the current
work. It seems that usage of the sNME degree of freedom
not only improves the agreement between experimental and
theoretical values of the half-life, but also shifts gA to
bigger values. The same happens in 113Cd for MQPMwhen
going from the analysis in Ref. [22] to the one in Ref. [23],
while for ISM and IBFM-2 the two results remain com-
patible. The analysis based on the spectral moments
method in Ref. [51] applies a technique somehow similar
to the matched half-life fit of this work. Even if applied on
113Cd data, the results quoted in terms of gA are very close
to this work. These findings deserve careful examination
and further insights in future nuclear-model computations.
It is crucial that such calculations include predictions of β-
decay spectral shapes based on the preferred values of the
sNME within the enhanced SSM framework. In conclu-
sion, the present study, as also those in Refs. [23,51], point
to a moderate quenching of gA in the highly forbidden β
transitions. This, in turn, would suggest that both the
allowed and forbidden virtual transitions in the 0νββ decay
are quenched in a similar fashion and no separate quench-
ing is needed for each multipole, making the evaluation of
the 0νββ NMEs much easier. This hypothesis could work at
least for 0νββ nuclei close to the mass region
A ¼ 113–115, i.e., for the 0νββ NMEs of 110Pd, 112Sn,
114Cd, and 116Cd. However, further β-spectral studies in
other mass regions and for transitions of various forbidd-
enness should be carried out in order to validate the above
hypothesis.
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