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Combined bounds on the Majorana neutrino mass for light and heavy neutrino exchange mechanisms
are derived from current neutrinoless double beta decay (Ovfp) search results for a variety of nuclear matrix
element (NME) models. The approach requires self-consistency of a given model to predict NMEs across
different isotopes. The derived bounds are notably stronger than those from any single experiment and

show less model-to-model variation, highlighting the advantages of using multiple isotopes in such
searches. Projections indicate that the combination of near-term experiments should be able to probe well
into the inverted neutrino mass hierarchy region. A method to visually represent OvSf experimental results

is also suggested to more transparently compare across different isotopes and explicitly track model

dependencies.
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The origin of neutrino mass is one of the central puzzles
in particle physics today. It is intimately connected to the
question of whether neutrinos are Dirac or Majorana
particles, with fundamental implications for both particle
physics and cosmology. Owing to the small scale of
neutrino masses, the search for neutrinoless double beta
decay (Ovpp) is the only known experimental approach that
can be practically used to address this question.

However, the translation of experimental half-life
bounds from different Ouvff isotopes into Majorana mass
limits is complicated by the fact that the nuclear matrix
elements (NMEs) for the transition currently have a high
degree of uncertainty. There are a variety of different
theoretical approaches and parameter choices (e.g., values
of coupling constants and correlation functions) that result
in predictions varying by a factor of two or more, often with
different relative values between isotopes [1]. One particu-
larly important parameter choice relates to the question of a
potential “quenching” of the effective axial vector coupling
constant, g,, based on discrepancies observed in the rates of
single beta decays relative to calculations [2]. Recent
ab initio calculations of some beta decay isotopes suggest
that the equivalent suppression of the NMEs naturally
arises as the result of meson currents and other higher order
nucleon interactions [3]. Such interactions are expected to
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play less of a role for the higher momentum transfers
related to Oypp, but it is widely believed that some
suppression will result, though the details remain uncertain.
This situation significantly complicates the extraction of
robust bounds on Majorana neutrino masses as well as the
comparison and combination of experimental results
between different isotopes.

The approach taken here is to explicitly treat each NME
formalism and set of parameter choices as a separate, self-
consistent model that makes linked predictions between
different Ovpf isotopes. As such, different experimental
results for a given model can then be compared and
combined to yield improved mass limits. This approach
is similar to that of [4], but here explicitly setting bounds on
the model space for light and heavy neutrino exchange
mechanisms and making use of likelihood functions based
on recent experimental results and NME calculations. In
what follows, NME calculations for an unquenched value
of g4 = 1.27 will be used throughout, however the first
order dependence of g, on the half-life (which actually
resides in the isotope-specific phase space factor) will be
factored out for visibility and to retain model-independence
of the isotopic correction.

I. EXPERIMENTAL LIKELIHOOD FUNCTIONS

Four experimental results will be considered in this
analysis: CUORE [5], EXO-200 [6], GERDA Phase II [7]
and KamLLAND-Zen [8,9]. The combination of results will
make use of the corresponding likelihood functions.

For CUORE, the likelihood function was directly pro-
vided in their paper in terms of a posterior probability with
uniform prior as a function of assumed Ovpf decay rate,
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FIG. 1. Derived/parametrized values of —2log(Ly) for the

various experiments as a function of assumed Ovpf decay rate.

which has been extracted and parametrized by a polynomial
in log(likelihood) over the observable range.

The GERDA Phase II experiment observed zero counts
in the region of interest, making the likelihood function
trivially a Poisson distribution with n = 0, which is just the
exponential e~(st#s) where ug and pp are the expected
mean number of signal and background events, respec-
tively. However, for relative likelihoods, g can be ignored,
leaving just e #s.

EXO-200 results are summarized in their 2019 paper,
which gives the numbers of events observed within a +2¢
window for phases 1 and 2, along with the expected
background levels and their uncertainties. A likelihood
function was therefore constructed based on a Poisson
distribution for each phase, taking into account slightly
different Ovf3f detection efficiencies, and convolving these
with a Gaussian for the background uncertainties. A
combined likelihood was then constructed for a given
signal hypothesis, accounting for the exposures of each
dataset.

The derived likelihood function for KamLLAND-Zen was
based on their published observations for the numbers of
events seen in each 50 keV energy bin near the signal region
compared with their best fit background model. The
potential signal fraction in each bin was calculated from
a normal distribution centered on the '3®Xe endpoint, with a
width commensurate with their stated energy resolution.
For simplicity, a Poisson probability distribution was used
for each bin assuming that the background model was
perfectly constrained by data outside the region of interest.
This errs on the side of providing slightly tighter con-
straints. Separate likelihood constructions were made for
Phase I [8], Phase II Period 1 and Phase II Period 2 [9].
Once more, a combined likelihood was then constructed for

a given signal hypothesis, taking into account the exposures
of each dataset.

Figure 1 shows the resulting values of —2log Ly versus
the assumed Ovff signal rate, where Ly is the likelihood
ratio with respect to the maximum for each experiment.

II. CONSTRUCTION OF HALF-LIFE BOUNDS

To specifically constrain the phase space of possible
models, 90% CI Bayesian bounds with a prior that is
uniform in the (positive) counting rate will be used here.
For counting experiments searching for rare events, this
tends to provide conservative limits that are more robust to
statistical background fluctuations than many frequentist
constructions while, conveniently, also yielding a relatively
close correspondence with numerical values characteristic
of frequentist coverage [10]. For Oufp, such a choice
corresponds to a prior that is uniform in méﬁ for the light
neutrino exchange (LNE) mechanism. This, indeed, can be
seen to yield more conservative upper bounds than, for
example, a prior that is uniform in either mg; or log mgg.
For the heavy neutrino exchange (HNE) mechanism, where
one sets lower bounds on the mass scale of the heavy
neutrino, a prior uniform in rate corresponds to a prior
uniform in M/;/% which is, again, a more conservative prior
choice for a lower bound than one that is uniform in either
M/}/} or IOg M/}v/)v

90% CI upper bounds on the Ov3f decay rate, I'%, have
therefore been derived by integrating the posterior proba-
bility (which, for a uniform prior, is equivalent to the
normalized Ly values inferred from Fig. 1) as a function of
the event rate from zero until the point where 90% of the
distribution is retained. The 90% CI upper bound on the
half-life is then log(2)/T%,. The Bayesian bounds thus
produced exactly match those published by CUORE and
GERDA. The derived half-life bounds for EXO-200 are
slightly more restrictive in appearance than their published
frequentist limit (4.3 x 10 yr versus 3.5 x 10% yr),
which might be partly due to a more detailed treatment
within their analysis window. On the other hand, the
numerical value of the KamLLAND-Zen bound is roughly
a factor of ~2 lower than their published frequentist
limit (4.9 x 10% yr versus 1.07 x 10% yr). In both cases,
the Bayesian bounds are closer to the expected median
experimental sensitivities.

III. MODEL-BY-MODEL CONSTRAINTS
The Ovpp half-life, T(1)72’ can be related to the effective

Majorana neutrino masses (as defined by the PMINS mixing
matrix U) according to [11]:

ou [ Mpp o My
M <me> M (Mﬁﬁ)

B G/OL/ 2
(T(l)72) = 9—4

A

(1)
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FIG. 2. —2log(Lg) as a function of mg for four of the NME

models considered for the LNE mechanism. Curves for individual
experiments are shown as well as the combined likelihood. Solid
circles indicate 90% CI upper bounds for each likelihood curve
for priors uniform in ;.

where MY is the NME for the LNE transition; MY is the
NME for the HNE transition; my is the effective Majorana

light neutrino mass (=], U2m|); My is the effective

heavy neutrino mass (=|>_, U?,/M,|™!); and the factor-
ized form of the isotopic phase space factor, G’ = ¢4 G",
is used to separate the dependence on the axial-vector
coupling, g4. For simplicity, it will be assumed that we are
in a region where one of these two terms in dominant,
allowing bounds to be separated placed on LNE and HNE
mechanisms.

For a given value of NME, the likelihoods of Fig. 1 can
therefore be translated into functions of mg; or My The
likelihoods can then be combined and used to yield 90% CI
bounds on the mass scales for LNE and HNE, as previously
described, by integrating the posterior probability as a
function of mj, or Mjj, respectively. Table I shows the

1My

TABLE I. Matrix elements for various NME models.

NME Model LNE (HNE) Matrix Elements

(g4 = 1.27) 76Ge 130Te 136X e
IBM2 [12] 6.34 (181.6) 4.2 (126.8) 3.4 (99.2)
CDFT [13] 6.04 (209.1) 4.89 (193.8) 4.24 (166.3)
QRPA-FFS [14] 3.12 (187.3) 2.9 (191.4) 1.11 (66.9)
QRPA-JY [15] 5.26 (401.3) 4.0 (338.3) 2.91 (186.3)
QRPA-TU [16,17] 5.16 (287) 2.89 (264) 2.18 (152)
ISM-TK [18] 2.89 (130) 2.76 (146) 2.28 (116)
QRPA-NC [19] 5.09 1.37 1.55
ISM-INFN [20] 3.34 3.26 2.49

CGM [21] 5.518 6.366 4.755

TABLE II. Derived 90% CI combined bounds for LNE and
HNE mass scales for various NME models.

Comb. 90% CI Comb. 90% CI

NME Model Upper Bound Lower Bound
(g4 = 1.27) on mgy (meV) on My, (GeV)
IBM2 [12] 70.5 7.6 x 107
CDFT [13] 62 1.1 x 108
QRPA-FFS [14] 144 7.9 x 107
QRPA-JY [15] 82 1.6 x 108
QRPA-TU [16,17] 92.5 1.25 x 108
ISM-TK [18] 107.5 7.6 x 107
QRPA-NC [19] 100

ISM-INFN [20] 120

CGM [21] 57

NME values predicted by a variety of different models,
with details of model assumptions provided in the corre-
sponding references. While not exhaustive, this list typifies
the span of variation between model predictions. Figure 2
shows examples of the interplay between the experimental
likelihoods for four of those NME models in the case of
LNE. Derived upper bounds are indicated by filled circles
both for the combined likelihood as well as for those of
individual experiments. Table II summarizes the derived
combined constraints on both LNE and HNE for each
NME model.

IV. VISUAL REPRESENTATION FOR
TRANSPARENT COMPARISONS

In order to make the nature of the model dependencies as
transparent as possible when comparing experimental
sensitivities, and to facilitate the relevant comparison across
different isotopes, Figures 3 and 4 (for LNE and HNE,

1000 76Ge l}ﬂ'l'e 136Xe
ga=127

OCDFT

© QRPA-FFS
OQRPA-JY
BQRPA-Tu
©QRPA-NC
XIBM2
AISM-Tk
AISM-INFN
©CGM

EXO (2019)
K-Z (2016)

GERDA (2020)

CUORE (2021)

DERIVED
COMBINED
BOUNDS

mBB (meV)
3

Inverted Hierarchy

2.2E25 yr
1.4E26 yr
4.3E25 yr
4.9E25yr

o
=

1012

—
=
=
=

TI/ZOV X G'Ov

FIG. 3. Comparison plot of 90% CI upper bounds for the LNE
mechanism. Individual and combined constraints on mg; for
different NME models are indicated by symbols.
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FIG. 4. Comparison plot of 90% CI lower bounds for the HNE
mechanism. Individual and combined constraints on M,, for
different NME models are indicated by symbols.

respectively) plot the product of T(1)72 x G" for the differ-
ent experimental results along the x-axis. This unitless “TG
sensitivity” provides a useful model-independent, first
order isotope correction to indicate the rough physics reach
of a given observation before the uncertain NME values are
taken into account.

A given experimental bound results in a vertical line at
the corresponding TG value, with the half-life bound also
given at the base of each line. The two dashed vertical lines
are here used to indicate the difference between the
Bayesian bounds and published frequentist values for
EXO0O-200 and KamLAND-Zen. Different matrix element
models are represented by the different symbols indicated,
each allowing a model-dependent translation to an effective
neutrino mass on the y-axis. Different isotopes are color
coded and the diagonal dotted black lines indicate how the
mass sensitivity scales with TG sensitivity. The region
approximately corresponding to the inverted neutrino mass
hierarchy in Fig. 3 is indicated by the horizontal blue band
(which also includes part of the normal mass hierarchy for
degenerate neutrinos). The combined bounds derived in
this work are indicated on the right side of each plot. These
bounds are notably more restrictive than those from any
single experiment.

V. PROJECTED COMBINED BOUNDS FOR
NEAR-TERM EXPERIMENTS

A similar approach has been taken to project the physics
reach for the combination of running and near-term experi-
ments: CUORE, KamLAND-Zen 800, LEGEND-200 and
SNO + 1. Five years of live time with the full experiment
was assumed for each.

For CUORE and LEGEND-200, a single-bin
Poisson model spanning 41.5¢ about the endpoint
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FIG. 5. Current (solid) and projected near-term (dashed)
sensitivities of Ovpf experiments for the LNE mechanism.
Individual and combined constraints on mgs for different
NME formalisms are indicated by symbols.

was used for the likelihood, assuming similar signal
efficiencies as current versions of the two technologies.
In the case of CUORE, a background index of 1.38 x
102 counts/keV-kg(TeO,)-yr was used [5] and, for
LEGEND-200, a value of 2x 10~* counts/keV-kg(7°Ge)-yr
was assumed [22].

For KamLLAND-Zen and SNO+-, a Poisson-based like-
lihood with multiple energy bins in the region of interest
was used. Background contributions from 3B solar neu-
trinos and 2yff “spill-over” due to energy resolution were
directly calculated. In the case of SNO-, additional
internal and external backgrounds were added to produce
a model consistent with reference [23]. For KamLAND-
Zen, it was assumed that U/Th backgrounds could be
reduced to negligible levels by improvements to analysis
and electronics and that the fiducial volume could be
extended to a radius of 1.65 m so as to achieve their
sensitivity goal of Ty, > 5 x 10%® yrs [23].

The resulting 90% CI sensitivities assuming no observed
excess for both individual and combined likelihoods
(including current measurements) are shown in Fig. 5.
Again, projected combined bounds are significantly more
restrictive than those from any single measurement and
suggests that the combination of near-term experiments
will be able to probe well into the region corresponding to
the inverted neutrino mass hierarchy.

VI. CONCLUSION

Combined constraints on Majorana masses have been
derived based on the results of recent Ovf3f3 experiments by
demanding self-consistency of any given NME model
(defined as the combination of formalism and parameter
choice) in its predictions across different isotopes.
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Parametrized or derived likelihood functions for results
from CUORE, EXO-200, GERDA and KamLAND-Zen
were used to arrive at 90% CI bounds for LNE and HNE
mechanisms using a conservative choice of prior. The
derived combined constraints are notably more restrictive
than those from any one experiment and also have less
variation across different NME models, highlighting the
complementarity of these different approaches and the
advantages of using different isotopes in the search for
Ovpp. While uncertainties on NME values remain, projec-
tions for near-term experiments suggest that their combi-
nation will be able to probe well into the IH region for the

NME models considered here. A method to visually display
Ouvpp results has also been suggested to allow for the
transparent comparison of sensitivities and model-depend-
encies across different isotopes.
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