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ABSTRACT: Nuclear matrix elements (NME) are a crucial input for the interpretation
of neutrinoless double beta decay data. We consider a representative set of recent NME
calculations from different methods and investigate the impact on the present bound on the
effective Majorana mass mgg by performing a combined analysis of the available data as
well as on the sensitivity reach of future projects. A crucial role is played by the recently
discovered short-range contribution to the NME, induced by light Majorana neutrino
masses. Depending on the NME model and the relative sign of the long- and short-range
contributions, the current 30 bound can change between mgg < 40 meV and 600 meV. The
sign-uncertainty may either boost the sensitivity of next-generation experiments beyond
the region for mgg predicted for inverted mass ordering or prevent even advanced setups to
reach this region. Furthermore, we study the possibility to distinguish between different
NME calculations by assuming a positive signal and by combining measurements from
different isotopes. Such a discrimination will be impossible if the relative sign of the long-
and short-range contribution remains unknown, but can become feasible if mgg 2 40 meV
and if the relative sign is known to be positive. Sensitivities will be dominated by the
advanced "®Ge and '35Xe setups assumed here, but NME model-discrimination improves if
data from a third isotope is added, e.g., from ¥°Te or 1%Mo.
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1 Introduction

One of the most fundamental questions in particle physics is whether neutrinos are Dirac or
Majorana particles. If they were Majorana particles, we might observe neutrinoless double
beta decay (0v(3/3), the lepton-number violating decay of a nucleus with mass number A

and charge number Z:
(A, Z) — (A, Z +2) +2e . (1.1)

Currently, this is the only known feasible way to prove the Majorana property of neutrinos
and a lot of experimental as well as theoretical efforts have been put towards its discovery,
see e.g. refs. [1, 2] for recent reviews. Apart from its fundamental role to test whether lepton
number is conserved or not, this process provides also information on the absolute size of
the neutrino mass, complementary to alternative probes from nuclear beta decay [3, 4],
cosmology [5, 6], and maybe a future supernova observation [7-9]. Here, we only consider
the simplest mechanism of eq. (1.1) due to light neutrino exchange. One can refer to
refs. [10, 11] for different effects involving sterile neutrinos in neutrino mass models.
However, the relation between the Ov3/3 decay rate and the neutrino mass is subject
to large theoretical uncertainties, as it requires the knowledge of nuclear matrix elements
(NME). With T'y and (77}/2)a standing, respectively, for the Ov33 decay rate and its half
life of a given nucleus labeled by the index «, we have
Fa(mﬁﬁv Mai)

Da = Talmgs, Mo;) = =220 = G, | Meil* m3s, (1.2)
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where we also introduce I'y (mpg, My;) as the inverse half life of Ov3f for later calculation,
G is commonly known as the Phase-Space Factor (PSF) [12, 13] and encloses the kinematics
of the decay, M,; denotes the NME where the index ¢ labels different nuclear models for the
NME calculations, and mgg is the effective Majorana mass, which is related to fundamental
neutrino properties by

mgg = ZUgjmj ) (1.3)
J

The sum runs over light neutrino mass states (light compared to the typical energy scale of
the process, which is of order MeV), with Ue.; being an element of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix and m; are the Majorana masses of the neutrino
mass states. In particular, if the three-neutrino mass spectrum has the so-called inverted
mass ordering (IMO), neutrino oscillation data predicts a minimal allowed range for mgg,
by assuming that the lightest neutrino mass is zero:

14meV < mgg < 49meV (minimal IMO range), (1.4)

where the interval emerges due to the unknown Majorana phases in Ue; and includes the
30 range for the oscillation parameters [14]. The mgg range in eq. (1.4) provides a specific
benchmark goal for the next generation of Ovf35 projects.

It is clear from eq. (1.2), that information on mgg can only be extracted from a
measurement of I', if the NME is known. Different techniques are applied for the calculation
of NME and the corresponding results differ by factors of a few, see refs. [2, 15, 16] for
reviews. Recently it has been noticed [17, 18], that in addition to the known long-range
contribution of light neutrino masses to the NME, also a short-range contribution to the
NME appears at leading order in chiral-perturbation theory. Its presence is required for a
consistent renormalization of the amplitude. This new contribution is not related to heavy
lepton-number violating beyond-standard model physics inducing Ov33 decay (see e.g. [13])
but appears already in the minimal scenario, with only light Majorana neutrino masses being
present. In our work we consider only the light Majorana neutrino exchange mechanism,
while new short-range contributions may also appear in beyond-standard model scenarios,
for example the heavy neutrino exchange mechanism, e.g. [2, 11]. This new short-range
contribution introduces an additional uncertainty on the value of the NME. Apart from its
numerical value, also the relative sign of long- and short-range contributions is not known,
which can lead either to positive or negative interference. This can have substantial impact
on the interpretation of experimental results in terms of neutrino masses [19].

In this paper we first consider present constraints on Ov33 obtained by the GERDA [20]
and MAJORANA [21] collaborations based on "°Ge, the CUORE collaboration [22] from
139Te and by the KamLAND-Zen [23] and EXO-200 [24] collaborations from *®Xe. For a
given model for the NME, the results from different isotopes can be combined to provide a
joint constraint on mgg. We will study the dependence of the combined constraint on the
different NME models and highlight the impact of the short-range contribution.

Then we study several planned future Ov33 projects and investigate their discovery
reach for mgg as a function of NME models, with and without taking into account the



short-range contribution. Assuming that future projects can establish a positive signal for
Ovp3S, the combination of measurements from different isotopes, in principle may allow to
discriminate between NME models. We study this question quantitatively and investigate
which NME models could be excluded or established by 053 observations of next-generation
of experiments.

The outline of the paper is as follows. In section 2 we give a brief overview of the
different NME calculations and the recently discovered short-range contribution due to
light Majorana neutrino masses. In section 3 we present the global analysis of current Ov503
results and study the impact of NME models on the combined upper bound on mgg. In
section 4 we introduce a set of advanced next-generation experiments and investigate their
sensitivity to mgg as a function of the different NME models, whereas in section 5 we address
the question whether a combination of several future experiments using different isotopes
can experimentally distinguish between different NME calculations, assuming a positive
signal has been observed. We conclude in section 6. The appendix provides supplementary
information on the NME discrimination power of different combinations of next-generation
experiments. Through out this paper we assume that light Majorana neutrino masses are
the only mechanism responsible for Ov 33 decay.

2 Nuclear models and nuclear matrix elements

Uncertainties on 0v33 NME calculations derive mainly from the nuclear theory side. In
fact, even when Ovf55 can be observed someday, NMEs can only be obtained via numerical
methods [15, 16]. Different groups performing refined many-body simulations based on
the Nuclear Shell Model (NSM) [25-28], the Quasiparticle Random-Phase Approximation
(QRPA) [29-33], the Energy-Density Functional theory (EDF) [34-36] and the Interacting
Boson Model (IBM) [13, 37] provide, for each relevant isotope, the NME value according to
the respective model.

Refs. [17, 18] pointed out a new contribution to NME, required to obtain a consistent
renormalization of the Ov3 S amplitude due to light-neutrino exchange. A contribution due
to short-range interaction (SRI) has to appear at leading order to cancel divergences of the
standard long-range part, see also [19, 38, 39]. We parameterize the total NME for a given
nucleus o and the specific nuclear model calculation 7 as

Mg = M 4 M = ME"(1 4 nai), 21

where M tlx(;ng (Mghorty denotes the long-range (short-range) contribution to the NME, and

we have defined hort
shor

MS:
Nai = long

M,

, (2.2)

expressing the relative impact of the short-range contribution to OvB3. Since both its value
and sign are unknown, the correction due to the short-range term could either enhance or
suppress the expected decay rate.

We summarize the various long-range NME calculations which we are going to use in
our study in table 1, following the review [2]. All models assume the free/bare value of



Nuclear Model Index [Ref.] "®Ge %2Se 1Mo 139Te 130Xe

N1[25] 289 273 - 276 2.28
N2 [25] 307 290 - 296 245
NSM N3[26] 337 319 - 179 163

N4 [26]  3.57 339 - 193 1.76
N5 [27, 28] 2.66 2.72 224 316 2.39

1.37  1.55

] 500 - -
Q2[30] 526 373 390 4.00 2091

[
[
QRPA Q3[31] 485 461 587 467 2.72
Q4[32] 312 286 - 2.90 1.11
Q5[32] 340 3.13 - 322 118
Q6 [33] - - - 405  3.38
El [34] 460 422 508 513 4.20
EDF E2[35] 555 4.67 659 641 477
E3[36] 6.04 530 648 489 4.24
B 11 [37] 514 419 384 396 3.25

12 [13] 6.34 521 5.08 415 3.40

Table 1. Compilation of M Loing values for light Majorana neutrino exchange calculated with different

nuclear models from [2]. These results have been obtained by assuming the bare value of the axial

coupling constant gfL{ee = 1.27. Each model is identified through an index, given in the second column.

the axial-vector coupling strength ggee = 1.27 measured in neutron beta decay [40]. We

parameterize the g4 quenching by introducing a parameter ¢, defined by

gt = g gfiee, (2.3)

which may modify the NMEs by a factor ¢> and the decay rate by ¢*, leading to another
uncertainty in the interpretation in terms of mgg. We assume that the quenching parameter
is equal for different isotopes, but depends on the NME model considered. The deviation
of g‘j‘ﬁ from the free-nucleon value gi{ee appears due to nuclear many-body effects and
nuclear-medium effects [41]. For example, for the NSM, the quenching factor ¢ ~ 0.7 — 0.8
is needed to reconcile related theory and experiments [2]. Given a fixed decay rate of 0v3s3,
a smaller ¢ will obviously lead to a larger mgg. In the following numerical calculation, we
will consider the product of mgg and ¢? to include the quenching uncertainty.

The variation in M'°"® shown in table 1 of about a factor three highlights the nuclear
theory uncertainties. With few exceptions among the considered isotopes, the NMEs
obtained by different techniques follow a common trend: NSM models tend to give the
smallest NMEs, while EDF the largest, with the IBM and QRPA somewhere in between.

Concerning the contribution of SRI, currently the rough evaluations for the ratio
Nai is available only for a limited number of nuclear models: the NSM [25-27] and the
QRPA [29-33] ones. Depending on the isotope and on the nuclear model assumed, different



NSM  QRPA
% %

Ge 1542 32-73
82Ge 1541  30-70
100\ o - 49-108
130me 1747 34-77
136%e  17-47  30-70

Isotope

Table 2. Estimated ranges for the ratio of short-range to long-range contributions to the NME;,
|nail, depending on the isotope and nuclear model assumed [19].

ranges are estimated for this contribution, which we summarize in table 2 [19]. For both
NSM and QRPA, the standard matrix element M %" is larger than the new term Mshort
(maybe except for 1°°Mo), but in both models the contribution of the SRI is sizable, which
can considerably affect the Ov 3 rates expected in current and future experiments, as we
will show below.

While currently there is no consensus on the sign of the SRI contribution, there are some
indications that n, is positive [2, 17, 42, 43]. In our analysis we will take a phenomenological
approach and investigate the implications of both possibilities. According to the figure 10
in ref. [2], the sign of SRI for different Ov(3/ isotopes should be the same depending
on the sign of a coupling constant gY, where the unknown value of g\ also induces
part of the uncertainty on the SRI contribution and needs to be determined from lepton-
number violating data (real or synthetic) [19], see [44, 45] for lattice-QCD calculations.
The uncertain value of gN introduces a correlated variation of the SRI contributions for
different isotopes, which accounts for part of the ranges given in table 2. In our fit we ignore
this correlation and allow to vary the |n;| for different isotopes independently within the
quoted uncertainties. A negative value of g\ (which corresponds to positive SRI for all the
isotopes) is indicated in recent refs. [39, 42, 43, 46]. Below we consider both, negative and
positive signs for the SRI contribution, in order to highlight the importance to determine
this sign.

3 Results from current Ov33 experiments

So far, experiments agree with the null-signal hypothesis, placing lower limits on the isotopes
half-life 77 /5 which translates into upper bounds on the effective Majorana mass mgg for
a given NME. Current experiments, with different detector design and techniques, place
limits on the Ov343 half-life T}/, of different isotopes, like Ge (by the GERDA [20] and
MAJORANA [21] collaborations), **Te (by the CUORE collaboration [22]) and '*¢Xe
(by the KamLAND-Zen [23] and EXO-200 [24] collaborations). Here we will combine
these results and investigate the dependence of the joint limit on mgg for the adopted
NME models.



Nuclide Experiment ar b, Cr T19;32 /10%6yr

e GERDA 0.000 4871 0.000 1.8 [20]
MAJORANA  0.000 2.246  0.000  0.83 [21]
130e CUORE 0.257 —0.667 0.433  0.22 [22]
136y, KamLAND-Zen 14315  0.000 0000 2.3 [23]
EX0-200 0.443 —0.342 0.066  0.35 [24]

Table 3. Values of the a,., b, ¢, coefficients we obtained and used to parameterize the Ax? for each

experiment according to eq. (3.1). Current 90% C.L. lower limits on the isotope lifetime, T19/027 in

026

units of 10°° yr are also reported.

As for most of the experiments no explicit likelihood function is available, we follow the
approach of [47, 48] (see also [49, 50]) and parameterize Ax?(I'y) as a quadratic function:

AXE(To) = ar Ta)? + b, To + ¢ (3.1)

where the coefficients a,., b, ¢, can be derived for each experiment labeled by r, depending on
the available information. This ansatz is based on the fact that the number of signal events
is proportional to the inverse half life I In the case of a background free experiment we
expect the Ax? to depend linearly on Ty (as it is the case for GERDA and MAJORANA),
whereas in the presence of sizeable background we expect a quadratic shape. If experiments
report only upper bounds, the best fit point is assumed to be located at [, = 0. This is
the case if the upper bound coincides with the sensitivity of the experiment.! Then the
coefficients are chosen such that we can reproduce the reported 90% C.L. on T, for each
experiment, for which we adopt the prescription Ax? = 2.706. Thus, based on the 90%
upper limit of I',, given by the experiments, we derived their sz(fa) with the a,, b, ¢,
shown in table 3. More details about the derivation are as follows:

e For GERDA and MAJORANA, we first have a, = 0 and ¢, = 0 due to the linear
dependence of Ax2(T'y) on 'y and best-fit point at Iy = 0. We specify T19/02 as the
90% C.L. lower bound of the Ov3f half life given by the experiment. Then b, can be
obtained according to Ax2(I'%°) = b, = 2.706 with T'% = 1/T19/02.

« In the case of CUORE, ref. [22] reports a best fit for Ty, denoted by T'Pf. This lead us
to Ax2(T%) = a,(T'% — T2 = 2.706 and we then obtain the coefficients a,, by, ¢,

for CUORE by solving this equation.

e Similarly, for EXO-200 we have the best fit of 2.7 events from the likelihood profile of
the Ov33 events, see figure 6.9 in [51]. Together with the I'*® for EXO-200 [24], we
can directly get the coeflicients.

IThis is a good approximation e.g., for latest GERDA results. We thank B. Schwingenheuer for private
communication on this topic.
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Figure 1. Ax? profiles for current experiments as a function of the 0v3f inverse half time (bottom
abscissa) and half-life (top abscissa) of related isotope. The dashed line indicates Ax? = 2.706,
which we use as the prescription to match 90% C.L. limits.

« We assume the T = 0 for KamLAND-Zen according to the latest results in [23] and
derive the coefficients from the equation Ax?(I'"?) = a,.(I'?)? = 2.706.

Our numbers which we report in table 3 agree well with the ones derived in [47, 48] except
for the MAJORANA and KamLAND-Zen ones, for which we updated the coefficients due
to the latest results from [21, 23]. In figure 1, we show the resulting Ax? profiles of current
data, both on the inverse half-life and half-life of each isotope.

Given a value for the NME, the g4 quenching ¢, and the PSF, we can use eq. (1.2) to
translate Ax2(T'y) into Ax2(mgs), which then can be combined by summing the individ-
ual contributions:

Xiot(mpg) = > Axi(mpgg), (3.2)

AX%ot(mﬁﬁ) = Xgot(mﬁﬁ) - X%ot,min . (33)

Figure 2 shows the 30 upper bound on q2m,35 from the combined current experiments,
determined by requiring AxZ,(mgs) = 9. Here, the impact of the short-range contribution
is investigated. We consider NME calculations from the NSM and QRPA, showing the upper
bounds got by ignoring (dots) or considering (triangles/squares) the contribution coming
from SRI, taken with negative/positive relative sign. Symbols represent the boundary
values, while the vertical lines connect the upper and lower bounds got by varying |n,| in
the whole range of table 2. Strongest bounds, obtained for EDF models and QRPA with
positive SRI contribution, touch already the IMO band, whereas the weakest bounds emerge
from QRPA models with negative SRI. Note that by combining the data from various
isotopes we are making use of the complementary dependence on the NMEs such that for
each NME calculation the optimal bound is obtained, see [48, 50] for recent discussions.
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Figure 2. Upper bounds on ¢?>mggs at 30 C.L. obtained by combining current experiments listed in
table 3, both considering and neglecting the contribution of SRI, for the NSM and QRPA models in
table 1. Triangles (squares) include the contribution of SRI taken with negative (positive) sign, and
vertical lines connect the upper and lower values obtained by varying n, in the range of table 2.
For the EDF and IBM models, no short-range data are available and results considering only the
long-range contribution are presented. The coloured area indicates the IMO region for ¢? = 1.

Figure 2 highlights also the rather dramatic effect which the short-range contribution
to the NME can have on the upper bound on mgg (note the logarithmic scale), which can
vary by up to a factor 10 in some cases. Note that, for each of the NME calculations among
N1-N5 and Q1-Q6, the q2m55 limits between the two squares and between the two triangles
indicated by the solid lines is obtained by adopting a fixed SRI sign for all isotopes.

The g4 quenching factor ¢ enters as multiplicative factor as qzmgg; it is therefore
actually this product which is constrained by data. In order to translate the results shown
in figure 2 into a bound on mgg alone, a value for ¢ needs to be assumed. Note that for
q? different from one, the relative location of the upper bounds and the IMO band would

be shifted accordingly; a similar comment applies to all the following figures where IMO
and/or NMO bands are shown.

4 Next generation of Ov33 experiments

4.1 Description of experimental setups and analysis

Let us now move to the discussion of future Ovf3S projects. There is a rich landscape of
experiments proposed or in preparation exploiting different 55 emitters and experimental
techniques. In particular, we consider LEGEND-1000 [52] for 6Ge, SNO-+II [53] for 130
nEXO [54] for *°Xe, SuperNEMO [55] for **Se and CUPID [56] for '°Mo. Each of them
is characterized by a set of so called performance parameters, through which both the



€ b PSF

E i t Isot
PErmen sotope [mol-yr] [events/(mol-y)] [yr~'eV 2

LEGEND-1000  "®Ge 8736 4.9.10 2.36- 1026
SuperNEMO 829e 185 5.4-1073 10.19-1026
CUPID 1000 [ 1717 2.3.1074 15.91-1026
SNO-+II 130e 8521 5.7-1073 142102
nEXO 136xe 13700 4.0-1075 14.56 - 10~26

Table 4. Performance parameters assumed here for different next-generation 0vg3 experiments [2]
and PSF of the respective isotope [13].

expected signal and background rates can be expressed [2]. These parameters are the
sensitive background b, in units of events per mol per yr, and the sensitive exposure €4, in
units of mol - yr. They are strongly dependent on the detector and isotope features, labeled
with the index «. The expected number of signal and background events in the detector
are then obtained as, respectively:

T ~
Sui(mps, Mai) =102 Ny - 20 - (m) (g Mas) (4.1)
T
Ba = ba *Ea (1yr) s (42)

with V4 being Avogadro’s number, T" the exposure time, and the index ¢ labels the different
nuclear models from table 1. While the background is independent of the nuclear model
assumed, the signal strongly depends on it. The total number of events expected in each
detector is then given by

Ngi = Sai + Ba - (4.3)

Table 4 summarises the performance parameters of each selected experiment and the PSF
of the related isotope [13]. We chose next-generation experiments for our analysis by taking,
for each isotope, the one with the most ambitious configuration from the ones discussed
in [2]. These should be considered as examples for “ultimate” proposals for each isotope.
Our results of course also apply to other proposals, if they reach equivalent performance
parameters, for instance NEXT [57], DARWIN [58] for **Xe or AMoRE [59] for '%Mo.

To get a feeling for the expected number of events for the Ov 35 experiments listed in
table 4, we provide here the event numbers for 1 yr exposure time and a reference value
(¢*mpp)T™® = 40 meV within the IMO band:

[ 12 long \ 2
B (q2mﬁﬁ)True MGe g T
NLEGEND-1000 = {0.97 X 10 moV 2 66 +0.04 p x Tyr , (4.4)
[ 12 long \ 2
_ (a°mgg) ™ Mg T
NSuperNEMO — {009 X 40 meV 272 + 10 X Tyr, (45)
[ 12 long \ 2
(q2mﬁﬂ)’l‘rue MM g T
N, =<¢0.92 2 0.4 — 4.6
CUPID { “ 1740 mev 224 | UM T (4.6)




40 meV 1.37
2 lon 2
(quﬁﬁ)Tme MX g T
N, =<1.64 £ . —_— 4.
nXO { 04 [ 40 meV 1.11 050 1yr’ (4.8)

where the smallest M/°"8 values from table 1 have been taken as normalisation. We observe
)True

2 True 2 Mlong 2 T
NsNno+11 = {1.51 X [(q mys) ] ( Te > +48.6} X T’ (4.7)
yr

that (quﬁﬁ values somewhat larger than 40 meV and/or exposure times of several
years will be required to obtain sizeable event numbers for all these five experiments. Note
also the comparable large background in SNO—+II, which consists of an important limitation
for this project.

In order to study the sensitivity of future projects we consider the following x? function,

based on the Poisson distribution as required for the small number of expected events:

N’I‘rue
Axfj(mﬁg, Mo, mggue, MTruey — QZ (Naj — Nfrue  yTruepy K’;;J) , (4.9)
«

where Ngime = Bai + Sm(mggue, M g{“e) refers to the true model assumed to be realised in
Nature and Noj = Bqj + Saj(mpg, Ma;) denotes the model to be compared with “data”
corresponding to the “true” model. Both the indices %, 7 run over all the nuclear models
considered in table 1, namely, from N1 to 12, while the sum over « is over the experiments
(or isotopes) considered together. In our analyses we do not consider statistical fluctuations
around the mean value NI but assume the so-called Asimov data set; therefore our

sensitivity calculations correspond to the mean expected sensitivities.

4.2 Sensitivity to a Ov383 signal

Let us first study the sensitivity to a Ov3j signal of the considered experiments. To this

True 4114 the true

aim, we set mgg = 0 in eq. (4.9) and study Axgj as a function of (¢®>mgg)
NME Mg;”‘e. By imposing mgg = 0, AX% becomes independent of the index j labeling
the nuclear model used for the fit. Hence, for a given true NME M T requiring for
instance Axfj > 9(25) will lead to the region of (¢?mgg)T™e, for which a positive Ov33
signal can be established at 30 (50). An important remark is that, as reported in table 1,
some NME calculations are missing for some isotopes used by future experiments we are
considering. In particular, concerning the CUPID case, there are only 7 long-range NMEs
available with which we can perform the analysis in table 1. Therefore, to show clearly
how the sensitivities change as a function of different nuclear models and combinations of
experiments, we studied two cases separately, first without the CUPID contribution, and
then adding it for a reduced sample of nuclear models. The corresponding results are shown
in figure 3 and figure 4, respectively.

Figure 3 depicts the 30 sensitivity on (¢>mgg) T for different combinations of LEGEND-
1000, SNO+II, nEXO and SuperNEMO, obtained by assuming Axgj =9, mgg = 0 and an
exposure time T = 10 yr for each experiment. Both the cases of neglecting and including
the effects coming from SRI have been studied. It results that, two or more experiments
combined, as well as the inclusion of the SRI effects, allow to partially or completely cross

~10 -
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Figure 3. 30 sensitivity on (qzmﬁg)T“‘e for various NME models, obtained by assuming mgg = 0,
T =10 yr and Axfj =9 in eq. (4.9) for different combinations of future experiments. Both cases
of neglecting and including contribution from SRI are included. Solid circle and diamond markers
represent the central value of |ng;|, while the two ends of vertical bars, obtained by assuming
the boundary values of |nu;| in the range of table 2 and combining LEGEND-1000 and nEXO,
highlight the uncertainty on the short-range contribution. The coloured area indicates the IMO
region for ¢ = 1.

the IMO region for most NME models. Together with figure 4, we find the best sensitivity
is given, for all the nuclear models, by the combination of LEGEND-1000 and nEXO (filled
markers) if we only input two experiments of the five listed in table 4. The inclusion of
SuperNEMO and SNO-+II does not improve significantly the sensitivity (see the comparison
between the open squares and solid triangles). Again, we see the big uncertainties on the
sensitivity to m%\g‘e induced by the presence of the SRI, and especially the sign of its contri-
bution. Figure 4 also specifies the contribution of CUPID to the sensitivity on (qzm,g@)ﬂue
for the restricted sample of nuclear models in table 1 for which Mo calculations are
available. Only the LEGEND-1000 and nEXO contributions are reported here, since these
emerged to be the dominant ones. Comparing the three experiments individually (open
symbols), we see that CUPID has a similar sensitivity to the assumed LEGEND-1000 and
nEXO configurations, though slightly worse. By comparing the (qugg)Tme sensitivity
from the LEGEND-1000 and nEXO combination (solid green triangles) with the combined
LEGEND-1000, nEXO and CUPID one (solid black dots), the contribution of CUPID to the
sensitivity will not be dominant. For some NME models (E1, E2, E3) the nEXO-CUPID
combination is very powerful and adding LEGEND-1000 in addition leads to little improve-
ment. Note that in figure 4 the SRI contribution is ignored for illustration purpose, because
we want to specifically highlight the sensitivities of different combinations of experiments.

Complementary to figure 3, figure 5 shows how the Ay? relevant for the sensitivity
changes with (¢*mgg) ™. We see that a positive contribution from SRI leads for most
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Figure 4. 30 sensitivity for (¢>mgs)Tr¢, obtained by assuming mgg =0, T =10 yr and Axgj =9

in eq. (4.9), by including the CUPID contribution, both in comparison and in combination with the
dominant sensitivities of LEGEND-1000 and nEXO. A reduced sample of nuclear models has been
considered, see table 1, and contributions from SRI are neglected. The coloured area refers to the
IMO region for ¢? = 1.

nuclear models to favor a Ov3S signal even at 50 in the IMO case, while a negative SRI
contribution only implies the Ov 3 signal at 30 mostly. Supposing that the lightest neutrino
mass is zero in the case of normal neutrino mass ordering (NMO), we get the minimal NMO
range of mgg: 0.9 meV < mgg < 4.2 meV, similar to eq. (1.4). As indicated in the figure,
it will be difficult to observe a positive Ovg3j signal from the considered combination of
future LEGEND-1000, SNO+II, nEXO and SuperNEMO project if Nature takes values of

(¢*mpg) e within the minimal NMO range.

5 Discrimination of NME models

In this section we are going to address the following question. Assuming that future OvS3g3
experiments detect a positive signal, will it be possible via the combination of several
experiments using different isotopes to discriminate among the various NME models? As
the NME for different isotopes in different nuclear models are not just proportional to
each other, in principle the combination of several isotopes may allow to disfavour certain
models. In the following we study this possibility quantitatively, under the assumptions
of the background and exposures specified in table 4. To this aim we assume a true NME
model MITU and a true value (¢*mgg) ™. Then, in order to test whether data allows to
disfavour a certain alternative NME model j, we consider the test statistic

(A i = it A (g, May 5 (¢Pmas) 7%, M), (51)
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Figure 5. Values of Ax?; as a function of (¢*mgg)™™, taking mgs = 0 and T = 10 yr, for
the combination of LEGEND-1000, SNO+II, nEXO and SuperNEMO experiments. The bottom
left /right panel assumes, respectively, a positive/negative sign of n.;,while in the upper one the
contribution of SRI is ignored. The horizontal lines denote 30 (dashed gray) and 50 (solid gray)
C.L. and the yellow areas indicate the IMO and NMO bands for ¢ = 1.

If this quantity is significantly different from zero, we will be able to exclude the NME
model j, irrespective of possible values of mgg. Since we minimize with respect to mgg,
and signal event numbers depend on the product q2m55, our results will be independent on
the uncertainty of the quenching factor, although ¢ will impact the simulated data for an
assumed value of mglg“e. In what follows, we assume an exposure time 7" = 10 yr for all the
experiments and combine all the ones for which NME calculations are available for a given

choice of (i, j).

5.1 Without the short-range contribution

We show first results by ignoring the contribution from the short-range term to discuss in
some detail the benefit of combining different elements; the impact of the SRI is highlighted in
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Figure 6. NME discrimination for (¢?mgg) ™™ = 10 meV (left) and (¢>mps)T™¢ = 40 meV (right)
by taking an exposure of "= 10 yr. Indices ¢ (true model) and j (fitted model) run over the vertical
and horizontal axes, respectively. The color code shows (Ax7;)min as defined in eq. (5.1). For each
NME model combination we combined the experiments listed in table 4 for which the corresponding
NME calculations are available in table 1 and neglected the short-range contribution to the NME.

the following subsection. Results of this analysis are summarised in figure 6 for two different
assumptions on the true value of the effective Majorana mass: (¢>mgg) ™™ = 10 meV (left
panel) and (q2m55)Tr“e = 40 meV (right panel), close to the lower and upper edges of
the minimal IMO range, respectively. Coloured boxes show the discrimination potential
of each model combination: reference values of 1o, 20, 30 and 50 C.L., corresponding
to (Axgj)min =1,4,9 and 25, are shown. Note that, due to Poisson statistics, in general
(Axgj)min # (Axgi)min. Looking at the left panel of figure 6 with (¢?mgz) ™ = 10 meV,
(Axfj)min > 9 appears in very few model combinations. In general, it will be hard to rule

out NME models if Nature has chosen such small values for (¢?mgg) ™. It becomes more

promising when higher (¢g?mgg)Tre

values are assumed, as shown in the right panel: in this
case it is possible to discriminate at 30 C.L. or higher for a broad range of combinations of
nuclear models.

A complementary analysis is shown in figure 7, where we fix (Axgj)min = 9 and
show, by the color code, the required value of (¢*mgg)™™® for a given nuclear model
combination 4, j. We find that for a large set of combinations (7, j) discrimination at 3¢
is possible for (¢*mgs)™™e > 14 meV (the lower bound of minimal IMO range in (1.4)).
The only cases which allow model discrimination assuming (qzmﬁﬁ)ﬁue < 14 meV are
i = {ELLE2)E3}, 7 = {Q1,Q4,Q5}, consistent with the results of figure 6. This implies
very promising discrimination potential even beyond the minimal IMO range in the case of
these combinations.

To see how the AX% in eq. (4.9) varies as a function of the fitted q2m53, we produced
figure 8, where we fix as an example the true model i = Q2, and plot the AX?J‘ profile for
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Figure 7. Values of (¢>mgsg) ™™ that allow nuclear model discrimination at 3¢ C.L., corresponding
to (AX?j)min =9, assuming 7' = 10 yr exposure time for all the future experiments listed in table 4,
where contribution from SRI is neglected. Indices i (true model) and j (fitted model) run over the
vertical and horizontal axes, respectively, and refer to nuclear models in table 1.
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Figure 8. An example of how Axfj change with g?mgg by assuming that the true NME model
is Q2 (that is, i = Q2 and j = N1-12), and taking the value of (¢*mss)™™"® as 10 meV (left panel)
or 40 meV (right panel), where all the contributions from the experiments in table 4 for which the
corresponding NME calculations are available in table 1 are considered and the contribution of
short-range NME is ignored.
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each j model in table 1 for the two cases of (¢?mgg) ™™ = 10 meV (left panel) and 40 meV
(right panel), always considering an exposure of 7' = 10 yr and all the experiments of table 4
in combination. The vertical distance between the minima of any pair of NME models
corresponds to the color code in figure 6. The solid green curve represents the case in which
we are fitting with the “correct” NME model (i.e., 7 = Q2); and therefore this curve recovers
the minimum at Ax? = 0 at the assumed true value for q2m55. For j # Q2, the figure
shows how much using a “wrong” NME model will lead to deviations of the fitted qzmw
from its true value (both for cases where a statistically significant rejection of the assumed
NME is or is not possible). Note that for the given true NME model Q2 and different fitted
NME model (j =N1-12), the Axfj values at mgg = 0 do not converge to the same value.
This is because we consider different combinations of the experiments depending on the
availability of the corresponding NME calculation in table 1, while in figures 3, 4 and 5 we
always compare the sensitivities of the same combinations of proposed experiments.

We emphasize that in the above analysis we have assumed ambitious experimental
configurations and exposure times of 10 years. To study the dependence on these assump-
tions, we show the contours of (Axgj)min in the plane of (¢*mgs)™™"¢ and T, where we
take the model combinations (¢,7) = (N1, N2), (N2, Q5), (Q5, N2) and (E2, Q1) as four
typical examples. We take the exposure time 7" to parameterize the total effective exposure,
consisting as measurement time times mass of the experiment and show 7' ranging from 1
to 100 years. In the upper left panel, we can see that it is impossible to discriminate N1

True oven with a 100-year exposure time. As for

from N2 in a reasonable range of (¢*mgg)
the most promising case, it is likely to discriminate between E2 and Q1 at 3o already for a
1-year exposure and (¢g*mgg) ™" bigger than about 20 meV. Furthermore, the upper-right
panel (i = N2, j = Q5) and the lower-left panel (i = Q5, j = N2) illustrate the asymmetric
effects when the true and fitted NME models are exchanged.

As we have seen in section 4.2, the sensitivity to q2m55 is dominated by the LEGEND-
1000 and nEXO setups assumed here. This is to some extent also true for the NME
discrimination power and the combination of these two experiments offers already good
sensitivities. However, here the experiments with sub-leading sensitivity to mgg offer
complementary information, due to the different isotopes used in SNO-+II, CUPID and Su-
perNEMO, which enhances the discrimination power and allows to cover more combinations

of true and fitted NME models, see appendix A for corresponding analyses.

5.2 Including the short-range contribution

Once the short-range term is included in the analysis, the NMEs involved in calculations
are defined, by eq. (2.1), as the sum of both long- and short-range contributions. In this
case, data so far available and summarised in table 2, reduce the analysis to a restricted
class of nuclear models, namely the NSM and QRPA ones. Moreover, when we derive the
(AX?j)min, the lack of knowledge on the SRI contribution, which manifests in terms of both
the unknown strength and sign of ny;, translates into a multi-parameter minimisation, over
mgag and n,;, where j refer to the fitted model.

We study the situation that the SRI contribution has the same sign for all isotopes, but

) True

the sign could be unknown. Thus we have four cases for each value of (q2mg5 , namely,
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Figure 9. Contours of (Axfj)min, in the (¢*mpg) ™™ — T plane by considering four representative
nuclear model combinations (4, 5), in absence of SRI. For each of them, we included all possible
combination of experiments allowed by data in table 4.

(+,4),(+,—), (—,+) and (—, —), where the first sign in the bracket is the assumed sign of
the true SRI contribution ratio n4;, and the second one represents the sign of n,; in the
fitted NME model. Moreover, we take the value of n,; (true model) at the center value of
the range reported in table 2 and let |nq;| for the fitted model vary in the corresponding
range but keeping the same sign for all n,;. When comparing two NME models, we include
the contribution of at most five isotopes (corresponding to the five experiments in table 4),
for each of which the long- and short- range NMEs are both available in tables 1 and 2. For
example, when assuming that N1 is the true NME model and checking the difference with
Q1, only the contributions of LEGEND-1000, SNO-+II and nEXO are taken into account.
Then we study how AXZZJ- changes with q2m55 by fixing the model index ¢ and (qugg)True
similar as in figure 8, but now each curve will correspond to a band due to the uncertainties

)
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Figure 10. Minima of Ax?; for NME model discrimination when assuming (¢*mggz)™° = 10 meV,
T = 10 yr exposure time of LEGEND-1000, SuperNEMO, CUPID, SNO+II and nEXO, and including
the short-range term contributions n.,, with a = {7, j}. Indices ¢ (true model) and j (fitted model)
run over the vertical and horizontal axes, respectively. nI"¢ is given by the central value of each
allowed range, taken with a positive/negative sign (the first sign in brackets), while n,; is kept free
to vary in the respective range, always with a positive/negative sign (the second sign in brackets).

The four panels correspond to the combinations (+,4+), (+,—), (—,+) and (—, —).
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Figure 11. Minima of Ax?; when for NME model discrimination assuming (¢*mgsz) ™ = 40 meV,
T = 10 yr exposure time of LEGEND-1000, SuperNEMO, CUPID, SNO+II and nEXO, and including
the short-range term contributions n.,, with a = {7, j}. Indices ¢ (true model) and j (fitted model)
run over the vertical and horizontal axes, respectively. nI"¢ is given by the central value of each
allowed range, taken with a positive/negative sign (the first sign in brackets), while n,; is kept free
to vary in the respective range, always with a positive/negative sign (the second sign in brackets).

The four panels correspond to the combinations (+,4+), (+,—), (—,+) and (—, —).
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of |nqa;|. The vertical distance of the minima of any pair of NME models (two bands)
determines then the corresponding (Axfj)min.

Then by By performing the multi-parameter minimization of AX?]' over mgg and nq;,
we show the (Ax%)min for different combinations of the NME models (from N1 to Q6) by
the color code in figures 10 and 11, where we have assumed (¢*mgg)™™¢ = 10 meV and
40 meV, respectively. Compared with figure 6, we find that the discrimination potential of
(4, +) is comparable with the case without SRI, while (Axfj)min are suppressed a lot in the
other three cases. The positive SRI will lead to bigger Ov33 decay rate and hence more
signal events while the negative one will result in smaller Ov33 decay rate and damage the
NME discrimination potential. On the other hand, it is easy to see that it is not very likely
to discriminate the NME models if the (g?mgs) ™™ smaller than 10 meV in the case of
(+,—), (—,4). As for (—, —), the discrimination potential is still not very promising even if
we assume (¢>mgg) T = 40 meV.

True

In figure 12 we illustrate the values of (¢*mgg) corresponding to (Ax?j)mm =9in
the four cases. It suggests that it is promising to tell most NME combinations apart in the

)True is assumed in the minimal IMO range, while discrimination

True

case of (+,+) when (¢*mgg
for reasonable values of (q2m55) is possible only for a few combinations of NME models
in the cases of (+,—), (—,+) and (—, —), consistent with figures 10 and 11. As for the

yTrue _ 7 plane considering both long- and short NME

contours of (Axgj)min in the (quM
contributions, we can get promising results similar to the (4, +) case in figure 9, while
the discrimination power will be severely weakened in the other three cases, as already
illustrated by figures 10, 11, and 12.

Note that the opposite-sign cases (—,+) and (4, —) in figures 10, 11 and 12 show also
the possibility to determine the sign of the SRI by data, as in these analyses we try to fit
the simulated data with the “wrong” sign of the SRI. We conclude that it will be difficult to
determine the sign experimentally, highlighting again the importance of theoretical and/or

complementary experimental insight into this question.

6 Conclusions

In this work, we have studied the impact of nuclear matrix element (NME) uncertainties
on the interpretation of present and future Ov5S experiments. We compare a large set
of different NME calculations (table 1) and study the corresponding variations of the
bound on the effective Majorana mass mgg from present experiments (section 3) as well
as the sensitivity of the next generation of experiments (section 4). In both cases we
perform combined statistical analyses, combining the results or sensitivities of different
experiments within a given NME model. In particular, we focus on the recently discovered
short-range contribution to the NME [17, 18], which introduces an additional uncertainty in
the interpretation. Finally, we investigate the possibility if in future experiments a positive
Ov 36 signal is found, we can distinguish between different NME models by combining data
from experiments using different double-beta decaying isotopes (section 5).
Let us summarize our main results:

e NME uncertainties due to the short-range contributions have a dramatic impact on the
present combined bound on qgmﬁg, which may vary by a factor of order 10, depending
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on the sign of the short-range term. For some NME calculations the combined 3¢
bound on q2m53 reaches 40 meV, already within the upper edge of the region predicted
for inverted mass ordering and vanishing lightest neutrino mass. However, from the
worst case combinations the bound can become as weak as 600 meV, see figure 2.

o We have considered a set of advanced next generation Ovf3f experiments [2] using
the five isotopes "Ge,%? Se,'%9 Mo,!30 Te and '26Xe, see table 4 for the assumed
experimental parameters. The most sensitive projects are LEGEND-1000 and nEXO,
whose sensitivity to quB/g will cover most part of the inverted mass ordering region
for many NME models, down to quﬁﬁ ~ 14 meV. However, for certain NME models
and unfortunate short-range interaction interference, even these advanced setups
might not be able to reach the inverted mass ordering region, see figures 3, 4.

e Discriminating between different NME calculations will be possible for a sizeable
fraction of NME model pairs by combining future experiments with different isotopes
if (q2m55)T“‘e 2 40 meV. However, the presence of the short-range contribution will
essentially destroy this sensitivity, unless its sign is positive and known to be positive.

e Also for NME discrimination, the combination of LEGEND-1000 with nEXO is already
quite powerful, but the addition of information from a third isotope, e.g., **®Mo for
CUPID or *°Te for SNO-+II, can significantly improve the sensitivity and increase
the number of distinguishable models.

In conclusion, our work shows the crucial impact of the short-range contribution to the
NMEs. In particular, as long as the sign of this contribution is not known, this introduces
an uncertainty in mgg which can be as large as a factor 10 and a data-based nuclear model
discrimination becomes essentially impossible. We hope that our work will stimulate further
investigations towards the better understanding of the short-range NME contribution of
light Majorana neutrino masses.
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A NME model discrimination for different experiment combinations

In this appendix, we show the nuclear model discrimination potential if different combinations
of future experiments in table 4 are considered. According to eq. (4.9), the reason why
we can try to tell different NME models apart through AX% is due to the non-linear
relationship between the NMEs for different isotope. Thus we need at least two experiments
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Figure 13. NME discrimination for (¢*mgg)™™¢ = 40 meV by taking an exposure of T = 10 yr

and considering different combinations of LEGEND-1000, nEXO and CUPID. We show only the
seven NME models for which the °°Mo NMEs relevant for CUPID are available (Q2, Q3, E1, E2,
E3, I1 and 12), see table 1.

using different isotopes for the discrimination. Here we present some results, similar to
figure 6, but by considering a few selected pairs and triples of experiments from table 4.
One aspect of this analysis is to study which combination of isotopes provides the best
discrimination power. But of course also the assumed exposures and background levels play
an important role. For simplicity, we neglect the contribution from the short-range NME,

and take (q?mgg) e

As we have seen in the main part of the paper, our assumed LEGEND-1000 and nEXO
setups dominate the sensitivity to mgg, while the other experiments play a sub-leading role.

= 40 meV and an exposure of T' = 10 yr as an example.

Here we want to study the additional NME model discrimination power provided by adding
the complementary information from an additional isotope to the 76Ge, 136X e combination
from LEGEND-1000 and nEXO, namely CUPID with '®Mo in figure 13 and SNO+II with
13076 in figure 14. From comparing the lower left and lower right panels of these figures, we
see that the involvement of the third experiment significantly improves the discrimination
potential and allows to cover more combinations of true versus fitted NME models.
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Figure 14. NME discrimination for (q2m/35)““e = 40 meV by taking an exposure of T' = 10 yr
and considering different combinations of LEGEND-1000, nEXO and SNO+II.

We do not show explicitly results including SuperNEMO here since with the specifica-
tions given in table 4 we find that its contribution to nuclear model discrimination is very
small. Note that the case including SRI is expected to suggest the same best combinations
of experiments to discriminate NME models.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

— 24 —


https://creativecommons.org/licenses/by/4.0/

References

1]

2]

[17]

[18]

M.J. Dolinski, A.W.P. Poon and W. Rodejohann, Neutrinoless Double-Beta Decay: Status and
Prospects, Ann. Rev. Nucl. Part. Sci. 69 (2019) 219 [arXiv:1902.04097] INSPIRE].

M. Agostini et al., Toward the discovery of matter creation with neutrinoless 53 decay, Rev.
Mod. Phys. 95 (2023) 025002 [arXiv:2202.01787] [NSPIRE].

KATRIN collaboration, Improved Upper Limit on the Neutrino Mass from a Direct Kinematic
Method by KATRIN, Phys. Rev. Lett. 123 (2019) 221802 [arXiv:1909.06048] [INSPIRE].

KATRIN collaboration, Direct neutrino-mass measurement with sub-electronvolt sensitivity,
Nature Phys. 18 (2022) 160 [arXiv:2105.08533] [INSPIRE].

E. Di Valentino, S. Gariazzo and O. Mena, Most constraining cosmological neutrino mass
bounds, Phys. Rev. D 104 (2021) 083504 [arXiv:2106.15267] INSPIRE].

PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys.
641 (2020) A6 [Erratum ibid. 652 (2021) C4] [arXiv:1807.06209] [INSPIRE].

R.S.L. Hansen, M. Lindner and O. Scholer, Timing the neutrino signal of a Galactic
supernova, Phys. Rev. D 101 (2020) 123018 [arXiv:1904.11461] [INSPIRE].

T. Pitik, D.J. Heimsoth, A.M. Suliga and A.B. Balantekin, Exploiting stellar explosion induced
by the QCD phase transition in large-scale neutrino detectors, Phys. Rev. D 106 (2022) 103007
[arXiv:2208.14469] [INSPIRE].

F. Pompa, F. Capozzi, O. Mena and M. Sorel, Absolute v Mass Measurement with the DUNE
Ezperiment, Phys. Rev. Lett. 129 (2022) 121802 [arXiv:2203.00024] [INSPIRE].

D.-L. Fang, Y.-F. Li and Y.-Y. Zhang, Neutrinoless double beta decay in the minimal type-I
seesaw model: How the enhancement or cancellation happens?, Phys. Lett. B 833 (2022)
137346 [arXiv:2112.12779] [INSPIRE].

W. Dekens et al., Neutrinoless double-beta decay in the neutrino-extended Standard Model,
arXiv:2303.04168 [INSPIRE].

J. Kotila and F. Tachello, Phase-space factors for double-§ decay Phys. Rev. C' 85 (2012).

F.F. Deppisch, L. Graf, F. Iachello and J. Kotila, Analysis of light neutrino exchange and
short-range mechanisms in OvB3 decay, Phys. Rev. D 102 (2020) 095016 [arXiv:2009.10119]
[INSPIRE].

I. Esteban et al., The fate of hints: updated global analysis of three-flavor neutrino oscillations,
JHEP 09 (2020) 178 [arXiv:2007.14792] [INSPIRE].

H. Ejiri, Neutrino-mass sensitivity and nuclear matriz element for neutrinoless double beta
decay, Universe 6 (2020) 225.

J. Engel and J. Menéndez, Status and Future of Nuclear Matrixz Elements for Neutrinoless
Double-Beta Decay: A Review, Rept. Prog. Phys. 80 (2017) 046301 [arXiv:1610.06548]
[INSPIRE].

V. Cirigliano et al., New Leading Contribution to Neutrinoless Double-B Decay, Phys. Rev.
Lett. 120 (2018) 202001 [arXiv:1802.10097] [NSPIRE].

V. Cirigliano et al., Renormalized approach to neutrinoless double- decay, Phys. Rev. C' 100
(2019) 055504 [arXiv:1907.11254] [INSPIRE].

— 95—


https://doi.org/10.1146/annurev-nucl-101918-023407
https://arxiv.org/abs/1902.04097
https://inspirehep.net/literature/1720046
https://doi.org/10.1103/RevModPhys.95.025002
https://doi.org/10.1103/RevModPhys.95.025002
https://arxiv.org/abs/2202.01787
https://inspirehep.net/literature/2027983
https://doi.org/10.1103/PhysRevLett.123.221802
https://arxiv.org/abs/1909.06048
https://inspirehep.net/literature/1754140
https://doi.org/10.1038/s41567-021-01463-1
https://arxiv.org/abs/2105.08533
https://inspirehep.net/literature/1863711
https://doi.org/10.1103/PhysRevD.104.083504
https://arxiv.org/abs/2106.15267
https://inspirehep.net/literature/1871784
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://inspirehep.net/literature/1682902
https://doi.org/10.1103/PhysRevD.101.123018
https://arxiv.org/abs/1904.11461
https://inspirehep.net/literature/1731239
https://doi.org/10.1103/PhysRevD.106.103007
https://arxiv.org/abs/2208.14469
https://inspirehep.net/literature/2144179
https://doi.org/10.1103/PhysRevLett.129.121802
https://arxiv.org/abs/2203.00024
https://inspirehep.net/literature/2040639
https://doi.org/10.1016/j.physletb.2022.137346
https://doi.org/10.1016/j.physletb.2022.137346
https://arxiv.org/abs/2112.12779
https://inspirehep.net/literature/1996562
https://arxiv.org/abs/2303.04168
https://inspirehep.net/literature/2639321
https://doi.org/10.1103/physrevc.85.034316
https://doi.org/10.1103/PhysRevD.102.095016
https://arxiv.org/abs/2009.10119
https://inspirehep.net/literature/1818456
https://doi.org/10.1007/JHEP09(2020)178
https://arxiv.org/abs/2007.14792
https://inspirehep.net/literature/1809173
https://doi.org/10.3390/universe6120225
https://doi.org/10.1088/1361-6633/aa5bc5
https://arxiv.org/abs/1610.06548
https://inspirehep.net/literature/1493010
https://doi.org/10.1103/PhysRevLett.120.202001
https://doi.org/10.1103/PhysRevLett.120.202001
https://arxiv.org/abs/1802.10097
https://inspirehep.net/literature/1657912
https://doi.org/10.1103/PhysRevC.100.055504
https://doi.org/10.1103/PhysRevC.100.055504
https://arxiv.org/abs/1907.11254
https://inspirehep.net/literature/1746510

[19]

[20]

[21]

[26]

L. Jokiniemi, P. Soriano and J. Menéndez, Impact of the leading-order short-range nuclear
matriz element on the neutrinoless double-beta decay of medium-mass and heavy nuclei, Phys.
Lett. B 823 (2021) 136720 [arXiv:2107.13354] [INSPIRE].

GERDA collaboration, Final Results of GERDA on the Search for Neutrinoless Double-f3
Decay, Phys. Rev. Lett. 125 (2020) 252502 [arXiv:2009.06079] [INSPIRE].

MAJORANA collaboration, Final Result of the Majorana Demonstrator’s Search for
Neutrinoless Double-3 Decay in " Ge, Phys. Rev. Lett. 130 (2023) 062501
[arXiv:2207.07638] [INSPIRE].

CUORE collaboration, Search for Majorana neutrinos exploiting millikelvin cryogenics with
CUORE, Nature 604 (2022) 53 [arXiv:2104.06906] [INSPIRE].

KAMLAND-ZEN collaboration, Search for the Majorana Nature of Neutrinos in the Inverted
Mass Ordering Region with KamLAND-Zen, Phys. Rev. Lett. 130 (2023) 051801
[arXiv:2203.02139] [INSPIRE].

EXO-200 collaboration, Search for Neutrinoless Double-f3 Decay with the Complete EXO-200
Dataset, Phys. Rev. Lett. 123 (2019) 161802 [arXiv:1906.02723] [INSPIRE].

J. Menéndez, Neutrinoless B3 decay mediated by the exchange of light and heavy neutrinos:
The role of nuclear structure correlations, J. Phys. G 45 (2018) 014003 [arXiv:1804.02105]
[INSPIRE].

M. Horoi and A. Neacsu, Shell model predictions for 12*Sn double-3 decay, Phys. Rev. C' 93
(2016) 024308 [arXiv:1511.03711] [INSPIRE].

L. Coraggio et al., Calculation of the neutrinoless double-8 decay matriz element within the
realistic shell model, Phys. Rev. C' 101 (2020) 044315 [arXiv:2001.00890] [INSPIRE].

L. Coraggio et al., Shell-model calculation of 1°° Mo double-3 decay, Phys. Rev. C 105 (2022)
034312 [arXiv:2203.01013] [INSPIRE].

M.T. Mustonen and J. Engel, Large-scale calculations of the double-3 decay of
6Ge,130 Te,136 Xe, and "ONd in the deformed self-consistent Skyrme quasiparticle
random-phase approzimation, Phys. Rev. C' 87 (2013) 064302 [arXiv:1301.6997] [INSPIRE].

J. Hyvérinen and J. Suhonen, Nuclear matriz elements for OvBS decays with light or heavy
Magjorana-neutrino exchange, Phys. Rev. C 91 (2015) 024613 [INSPIRE].

F. Simkovic, A. Smetana and P. Vogel, 0v33 nuclear matriz elements, neutrino potentials and
SU(4) symmetry, Phys. Rev. C' 98 (2018) 064325 [arXiv:1808.05016] [INSPIRE].

D.-L. Fang, A. Faessler and F. Simkovic, Ov3S -decay nuclear matriz element for light and
heavy neutrino mass mechanisms from deformed quasiparticle random-phase approrimation
calculations for " Ge, 828e, 130 Te, 136 Xe | and °° Nd with isospin restoration, Phys. Rev. C 97
(2018) 045503 [arXiv:1803.09195] INSPIRE].

J. Terasaki, Strength of the isoscalar pairing interaction determined by a relation between
double-charge change and double-pair transfer for double-B decay, Phys. Rev. C 102 (2020)
044303 [arXiv:2003.03542] [NSPIRE].

T.R. Rodriguez and G. Martinez-Pinedo, Energy density functional study of nuclear matriz
elements for neutrinoless B8 decay, Phys. Rev. Lett. 105 (2010) 252503 [arXiv:1008.5260]
[INSPIRE].

— 96 —


https://doi.org/10.1016/j.physletb.2021.136720
https://doi.org/10.1016/j.physletb.2021.136720
https://arxiv.org/abs/2107.13354
https://inspirehep.net/literature/1894346
https://doi.org/10.1103/PhysRevLett.125.252502
https://arxiv.org/abs/2009.06079
https://inspirehep.net/literature/1817003
https://doi.org/10.1103/PhysRevLett.130.062501
https://arxiv.org/abs/2207.07638
https://inspirehep.net/literature/2115233
https://doi.org/10.1038/s41586-022-04497-4
https://arxiv.org/abs/2104.06906
https://inspirehep.net/literature/2063810
https://doi.org/10.1103/PhysRevLett.130.051801
https://arxiv.org/abs/2203.02139
https://inspirehep.net/literature/2046342
https://doi.org/10.1103/PhysRevLett.123.161802
https://arxiv.org/abs/1906.02723
https://inspirehep.net/literature/1738735
https://doi.org/10.1088/1361-6471/aa9bd4
https://arxiv.org/abs/1804.02105
https://inspirehep.net/literature/1666363
https://doi.org/10.1103/PhysRevC.93.024308
https://doi.org/10.1103/PhysRevC.93.024308
https://arxiv.org/abs/1511.03711
https://inspirehep.net/literature/1404204
https://doi.org/10.1103/PhysRevC.101.044315
https://arxiv.org/abs/2001.00890
https://inspirehep.net/literature/1774033
https://doi.org/10.1103/PhysRevC.105.034312
https://doi.org/10.1103/PhysRevC.105.034312
https://arxiv.org/abs/2203.01013
https://inspirehep.net/literature/2043462
https://doi.org/10.1103/PhysRevC.87.064302
https://arxiv.org/abs/1301.6997
https://inspirehep.net/literature/1216717
https://doi.org/10.1103/PhysRevC.91.024613
https://inspirehep.net/literature/1345995
https://doi.org/10.1103/PhysRevC.98.064325
https://arxiv.org/abs/1808.05016
https://inspirehep.net/literature/1687436
https://doi.org/10.1103/PhysRevC.97.045503
https://doi.org/10.1103/PhysRevC.97.045503
https://arxiv.org/abs/1803.09195
https://inspirehep.net/literature/1664321
https://doi.org/10.1103/PhysRevC.102.044303
https://doi.org/10.1103/PhysRevC.102.044303
https://arxiv.org/abs/2003.03542
https://inspirehep.net/literature/1784487
https://doi.org/10.1103/PhysRevLett.105.252503
https://arxiv.org/abs/1008.5260
https://inspirehep.net/literature/866746

[35]

[36]

[37]

[38]

[39]

[45]

[46]

N. Lépez Vaquero, T.R. Rodriguez and J.L. Egido, Shape and pairing fluctuations effects on
neutrinoless double beta decay nuclear matriz elements, Phys. Rev. Lett. 111 (2013) 142501
[arXiv:1401.0650] [INSPIRE].

L.S. Song, J.M. Yao, P. Ring and J. Meng, Nuclear matrixz element of neutrinoless double-f3
decay: Relativity and short-range correlations, Phys. Rev. C' 95 (2017) 024305
[arXiv:1702.02448] [iNSPIRE].

J. Barea, J. Kotila and F. Tachello, Ov38 and 2vB3 nuclear matriz elements in the interacting
boson model with isospin restoration, Phys. Rev. C 91 (2015) 034304 [arXiv:1506.08530]
[INSPIRE].

V. Cirigliano et al., Toward Complete Leading-Order Predictions for Neutrinoless Double (
Decay, Phys. Rev. Lett. 126 (2021) 172002 [arXiv:2012.11602] NnSPIRE].

V. Cirigliano et al., Determining the leading-order contact term in neutrinoless double 5 decay,
JHEP 05 (2021) 289 [arXiv:2102.03371] [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2022 (2022)
083C01 [1NSPIRE].

J.T. Suhonen, Value of the Axial-Vector Coupling Strength in 8 and B Decays: A Review,
Front. in Phys. 5 (2017) 55 [arXiv:1712.01565] [INSPIRE].

R. Wirth, J.M. Yao and H. Hergert, Ab Initio Calculation of the Contact Operator
Contribution in the Standard Mechanism for Neutrinoless Double Beta Decay, Phys. Rev. Lett.
127 (2021) 242502 [arXiv:2105.05415] [INSPIRE].

R. Weiss et al., Neutrinoless double-3 decay: Combining quantum Monte Carlo and the
nuclear shell model with the generalized contact formalism, Phys. Rev. C 106 (2022) 065501
[arXiv:2112.08146] [INSPIRE].

Z. Davoudi and S.V. Kadam, Path from Lattice QCD to the Short-Distance Contribution to
OvBB Decay with a Light Majorana Neutrino, Phys. Rev. Lett. 126 (2021) 152003
[arXiv:2012.02083] [INSPIRE].

Z. Davoudi and S.V. Kadam, Ezxtraction of low-energy constants of single- and double-8 decays
from lattice QCD: A sensitivity analysis, Phys. Rev. D 105 (2022) 094502
[arXiv:2111.11599] [iNSPIRE].

T.R. Richardson, M.R. Schindler, S. Pastore and R.P. Springer, Large-N. analysis of
two-nucleon neutrinoless double-8 decay and charge-independence-breaking contact terms, Phys.
Rev. €' 103 (2021) 055501 [arXiv:2102.02184] [INSPIRE].

F. Capozzi et al., Unfinished fabric of the three neutrino paradigm, Phys. Rev. D 104 (2021)
083031 [arXiv:2107.00532] [INSPIRE].

E. Lisi and A. Marrone, Majorana neutrino mass constraints in the landscape of nuclear
matriz elements, Phys. Rev. D 106 (2022) 013009 [arXiv:2204.09569] [INSPIRE].

A. Caldwell et al., Global Bayesian analysis of neutrino mass data, Phys. Rev. D 96 (2017)
073001 [arXiv:1705.01945] [INnSPIRE].

S.D. Biller, Combined constraints on Majorana masses from neutrinoless double beta decay
experiments, Phys. Rev. D 104 (2021) 012002 [arXiv:2103.06036] [INSPIRE].

M.J. Jewell, Search for neutrinoless double beta decay with EXO-200 and nEXO, Ph.D. thesis,
Stanford University, Stanford, U.S.A. (2020) [nSPIRE].

— 97 -


https://doi.org/10.1103/PhysRevLett.111.142501
https://arxiv.org/abs/1401.0650
https://inspirehep.net/literature/1275953
https://doi.org/10.1103/PhysRevC.95.024305
https://arxiv.org/abs/1702.02448
https://inspirehep.net/literature/1512605
https://doi.org/10.1103/PhysRevC.91.034304
https://arxiv.org/abs/1506.08530
https://inspirehep.net/literature/1347174
https://doi.org/10.1103/PhysRevLett.126.172002
https://arxiv.org/abs/2012.11602
https://inspirehep.net/literature/1837807
https://doi.org/10.1007/JHEP05(2021)289
https://arxiv.org/abs/2102.03371
https://inspirehep.net/literature/1845329
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.3389/fphy.2017.00055
https://arxiv.org/abs/1712.01565
https://inspirehep.net/literature/1639347
https://doi.org/10.1103/PhysRevLett.127.242502
https://doi.org/10.1103/PhysRevLett.127.242502
https://arxiv.org/abs/2105.05415
https://inspirehep.net/literature/1863037
https://doi.org/10.1103/PhysRevC.106.065501
https://arxiv.org/abs/2112.08146
https://inspirehep.net/literature/1990698
https://doi.org/10.1103/PhysRevLett.126.152003
https://arxiv.org/abs/2012.02083
https://inspirehep.net/literature/1834605
https://doi.org/10.1103/PhysRevD.105.094502
https://arxiv.org/abs/2111.11599
https://inspirehep.net/literature/1974016
https://doi.org/10.1103/PhysRevC.103.055501
https://doi.org/10.1103/PhysRevC.103.055501
https://arxiv.org/abs/2102.02184
https://inspirehep.net/literature/1844564
https://doi.org/10.1103/PhysRevD.104.083031
https://doi.org/10.1103/PhysRevD.104.083031
https://arxiv.org/abs/2107.00532
https://inspirehep.net/literature/1873735
https://doi.org/10.1103/PhysRevD.106.013009
https://arxiv.org/abs/2204.09569
https://inspirehep.net/literature/2069740
https://doi.org/10.1103/PhysRevD.96.073001
https://doi.org/10.1103/PhysRevD.96.073001
https://arxiv.org/abs/1705.01945
https://inspirehep.net/literature/1598226
https://doi.org/10.1103/PhysRevD.104.012002
https://arxiv.org/abs/2103.06036
https://inspirehep.net/literature/1850942
https://inspirehep.net/literature/1809371

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

LEGEND collaboration, The Large Enriched Germanium Experiment for Neutrinoless (5
Decay: LEGEND-1000 Preconceptual Design Report, arXiv:2107.11462 [INSPIRE].

SNO+ collaboration, The SNO+ experiment, 2021 JINST 16 P08059 [arXiv:2104.11687]
[INSPIRE].

NEXO collaboration, nEXO: neutrinoless double beta decay search beyond 1028 year half-life
sensitivity, J. Phys. G 49 (2022) 015104 [arXiv:2106.16243] [INSPIRE].

SUPERNEMO collaboration, Calorimeter € for the SuperNEMO Double Beta Decay
Ezxperiment, J. Phys. Conf. Ser. 160 (2009) 012031 [arXiv:0807.2188] [INSPIRE].

CUPID collaboration, Optimization of the first CUPID detector module, Eur. Phys. J. C 82
(2022) 810 [arXiv:2202.06279] [INSPIRE].

NEXT collaboration, Sensitivity of a tonne-scale NEXT detector for neutrinoless double beta
decay searches, JHEP 2021 (2021) 164 [arXiv:2005.06467] [INSPIRE].

DARWIN collaboration, Sensitivity of the DARWIN observatory to the neutrinoless double
beta decay of 3% Xe, Eur. Phys. J. C 80 (2020) 808 [arXiv:2003.13407] [INSPIRE].

H.B. Kim et al., Status and Performance of the AMoRE-I Experiment on Neutrinoless Double
Beta Decay, J. Low Temp. Phys. 209 (2022) 962 [arXiv:2211.02825] [InSPIRE].

~ 98 —


https://arxiv.org/abs/2107.11462
https://inspirehep.net/literature/1892243
https://doi.org/10.1088/1748-0221/16/08/P08059
https://arxiv.org/abs/2104.11687
https://inspirehep.net/literature/1860511
https://doi.org/10.1088/1361-6471/ac3631
https://arxiv.org/abs/2106.16243
https://inspirehep.net/literature/1873213
https://doi.org/10.1088/1742-6596/160/1/012031
https://arxiv.org/abs/0807.2188
https://inspirehep.net/literature/790690
https://doi.org/10.1140/epjc/s10052-022-10720-3
https://doi.org/10.1140/epjc/s10052-022-10720-3
https://arxiv.org/abs/2202.06279
https://inspirehep.net/literature/2032027
https://doi.org/10.1007/JHEP08(2021)164
https://arxiv.org/abs/2005.06467
https://inspirehep.net/literature/1796355
https://doi.org/10.1140/epjc/s10052-020-8196-z
https://arxiv.org/abs/2003.13407
https://inspirehep.net/literature/1788728
https://doi.org/10.1007/s10909-022-02880-z
https://arxiv.org/abs/2211.02825
https://inspirehep.net/literature/2177331

	Introduction
	Nuclear models and nuclear matrix elements
	Results from current 0 nu beta beta experiments
	Next generation of 0 nu beta beta experiments
	Description of experimental setups and analysis
	Sensitivity to a 0 nu beta beta signal

	Discrimination of NME models
	Without the short-range contribution
	Including the short-range contribution

	Conclusions
	NME model discrimination for different experiment combinations

