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Combined limit on the neutrino mass from neutrinoless double-f decay
and constraints on sterile Majorana neutrinos
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We present a framework to combine data from the latest neutrinoless double-f decay experiments for
multiple isotopes and derive a limit on the effective neutrino mass myg; using the experimental energy
distributions. The combined limits on 1, range between 130 and 310 meV, where the spread is due to
different model calculations of nuclear matrix elements. The statistical consistency (p values) between this
result and the signal observation claimed by the Heidelberg-Moscow experiment is derived. The limits on
mgy are also evaluated in a (3 + 1) sterile neutrino model, assuming all neutrinos are Majorana particles.
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I. INTRODUCTION

The observation of neutrinoless double-f (Ovf3f3) decays
would demonstrate the Majorana nature of neutrinos [1],
representing direct evidence for physics beyond the stan-
dard model. Neutrinoless double-f# decay is a second-order
electroweak process where a nucleus decays through the
emission of two electrons, (A,Z) - (A,Z+2)+2e",
thereby violating the lepton number. The half-life of the
isotope decaying through Ovff decay is given by
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assuming the exchange of a light Majorana neutrino
(mass mechanism). Here, m, is the electron mass. The
phase space factors G® and nuclear matrix elements M%
vary with the isotope. The decay rate is proportional to the
square of the effective neutrino mass m;, which represents
a coherent sum over the masses m; of the neutrino mass
eigenstates,

mgg = |my U |* + my|U e + my|U 5] e

)

weighted by the squares of the corresponding elements U ,;
of the Pontecorvo-Maki-Nakagawa-Sakata matrix and the
Majorana phases a and f.

The seesaw mechanism is the most common model for
neutrino mass generation [2]. Here, heavy right-handed
neutrinos mix with the left-handed neutrinos and generate
light Majorana masses for the active neutrinos. In addition
to the exchange of these light Majorana neutrinos, there are
several other potential models [3] that could contribute to
Ovpp decays, e.g., left-right symmetric models, R-parity
violating supersymmetry, or models with extra dimensions.
Observing Ovpp decays with different isotopes could help
to disentangle these mechanisms [4].

The search for Oyff decays is pursued in a range of
experiments that use different isotopes. Experiments where
detector material and the Ovff isotope are identical are
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constrained in the choice of isotope by the detector
technology. This approach is employed by collaborations
such as GERDA [5], which uses a high-purity "°Ge
detector, EXO-200 [6] and KamLLAND-Zen [7], which
contain enriched 13°Xe, and CUORICINO [8] and
CUORE-O0 [9], bolometers made of TeO, crystals contain-
ing 3%Te. Alternatively, the detector and isotope can be
separated, which allows experiments such as NEMO-3 [10]
to study a variety of isotopes, e.g., '“°Mo and 8°Se.

It is therefore important to develop techniques to combine
the data taken by different experiments with a range of
isotopes. This allows us to make quantitative comparisons
between experiments, to study the consistency of their
results, and to obtain combined limits on mgs. A previous
comparison of different experimental results using the
published limits on T?72 has been performed in Ref. [11].
In this analysis, we simultaneously fit the experimental
energy distributions to obtain a combined limit.

Such a direct combination of the results for multiple
isotopes requires a specific nuclear matrix element (NME)
calculation to relate the half-lives of the various isotopes
before deriving a limit on mg4s. We chose a set of commonly
used NME models to perform the combinations, but the
procedure is generally applicable to include any NME
model. The combination of the experimental energy dis-
tributions is performed for each particular NME model.
In principle, different models could give a better estimate
of the NMEs for different isotopes, but this case is not
considered here, since it would require determining sys-
tematic correlations between the different models. The final
limits on myg; are given as a range covering the full set of
NME models, following the procedure normally employed
by individual experiments. We take into account theoretical
uncertainties on the calculations where they are available.

In this article, we present a method based on the
published energy distributions from all recent experiments
and use it to derive a first combined limit on my; based
on multiple isotopes. We first demonstrate that we can
reproduce the published half-life limits of each individual
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experiment, before performing the combination using
different NME calculations. We study the consistency of
the combined myg limit with the positive claim of the
Heidelberg-Moscow experiment [12]. We also interpret
the combined limit on mg; as a constraint on a (3 + 1)
model with three active and one sterile Majorana neutrinos.

II. METHOD

Limits are calculated using the CL, method [13-15],
which applies a modified-frequentist approach using a
Poisson log-likelihood ratio test statistic. The value of
CL, is defined as the p value of the data under the
hypothesis that we observe both signal and background,
CL,,, divided by the p value for the background-only
hypothesis (CL,). Systematic uncertainties are margin-
alized through Gaussian constraints on the priors, with
the best fits of these parameters determined by maximizing
the likelihood with respect to the data in both the signal-
plus-background and background-only hypotheses. A limit
at the 90% confidence level (CL) is obtained from the
signal strength that produces a value of CL, = (100-90)%.
The expected limit corresponds to the median of an
ensemble of pseudoexperiments generated from the back-
ground-only probability distributions, and the £1 standard
deviation ranges are derived from the ensemble. When
combining multiple experiments, the limit setting process
uses a sum of the experiments’ individual log-likelihood
ratios, assuming no correlations.

For a single experiment, the signal strength is inversely
proportional to the half-life T?;z. When combining multiple
experiments, the signal strength is calculated for a common
mgg, which is related to T(1)72 using Eq. (1) and for a specific
NME calculation.

III. EXPERIMENTAL INPUTS

The most stringent published limits on neutrinoless
double- decay are currently provided by the
CUORICINO, CUORE, EXO0-200, KamLAND-Zen,
GERDA, and NEMO-3 experiments. We use their most
recent published energy distributions, together with the
statistical and systematic uncertainties on signal and back-
grounds, and the correlations of the systematic uncertain-
ties as quoted by the experiments. The input distributions
are shown in Fig. 1 with their statistical uncertainties.
In total, we combine 250 data points. The experimental
systematic uncertainties are assumed to be uncorrelated
between experiments, because the data are taken using
completely different experimental approaches.

CUORICINO was a bolometric detector comprising
62 TeO, crystals, which were operated between 2003
and 2008, for a total exposure of 19.75 kg -y [8]. Using
this exposure and the average signal efficiency of 82%, we
obtain a total expected number of 18 signal decays for a
half-life of 2.8 x 10?* years. The energy distribution for the
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signal published in Fig. 9 of Ref. [8] normalized to this
decay rate is used as the input distribution for the limit
setting. We use an uncertainty for the signal normalization
of 1.5% and an energy scale uncertainty of 0.8 keV.
A normalization uncertainty of 4.2% is applied for the
constant background, and the ®°Co background, which is
centered at an energy of 2505 keV, has a normalization
uncertainty of 7.7%. These background uncertainties are
the exposure-weighted statistical uncertainties taken from
Table 4 of Ref. [8].

The CUORE experiment has also published results from
a first phase, CUORE-0, which utilizes a single tower with
52 TeO, crystals. The results correspond to an exposure of
9.8 kg - y for the isotope 3Te. We use the data published
in Fig. 3 of Ref. [9] and the reported signal efficiency of
(81.3 £0.6)%. The signal shape is taken from Ref. [16],
parametrized by a Gaussian function with a width of
~5 keV. The statistical uncertainty on the background
normalization is 3.45%, whereas the effect of other
systematic uncertainties is negligible.

The EXO-200 detector contains a liquid xenon time
projection chamber that has been in operation since 2011
[6]. A total of 200 kg of xenon is used, with '3°Xe enriched
to 81%. We use the energy distribution of the single-site
(SS) decays published by the EXO-200 Collaboration in
Fig. 4(a) of Ref. [6] for an exposure of 100 kg -y, since the
sensitivity of SS topologies to Ouff decays is significantly
higher than for multi-site topologies. We apply a signal
normalization uncertainty of 8.6% with an energy scale
uncertainty of 0.2%. The background normalization uncer-
tainty is 10.9%. We also apply an overall normalization
uncertainty of 9.6%, correlated between signal and back-
ground distributions, which is derived from the ratio of SS
to multi-site topologies.

The KamLAND-Zen detector is filled with 13 tons of
liquid scintillator, which is loaded with enriched '3¢Xe [7].
We use Fig. 1(a) of Ref. [7], published after a total exposure
89.5 kg - y with a background normalization uncertainty of
11.21% and a signal normalization uncertainty of 3.99%.

The GERDA Collaboration uses high-purity germanium
calorimeters enriched in 7°Ge [5]. We use the data set
obtained between 2011 and 2013 [5], with an exposure of
21.6 kg - y. The energy distribution is taken from Fig. 1 of
Ref. [5] after pulse shape discrimination. We apply a 9%
uncertainty on the signal normalization and a 20% uncer-
tainty on the constant background normalization.

The NEMO-3 Collaboration took data from 2003
to 2011 with a tracker-calorimeter detector measuring
seven Ovff candidate isotopes [10]. Since the Mo
measurements are the most sensitive due to the larger
isotope mass, we focus on this isotope. The input distri-
bution is the data shown in Fig. 2 of Ref. [10], which
corresponds to an exposure of 34.7 kg-y. The signal
normalization uncertainty is 7%, and the normalization
uncertainty is 0.7% for the two-neutrino background and
10% for the other backgrounds.
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FIG. 1 (color online).
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Energy distributions for signal and background used as input for the combination with their statistical

uncertainties: (a) CUORICINO, (b) CUORE-0, (c) EXO-200, (d) KamLAND-Zen, (e¢) GERDA, and (f) NEMO-3 data. The signal
distributions are normalized to represent the 90% CL observed limits.

We expect small differences between our method and
the published results, since we use a different limit setting
procedure and only a single input distribution for each
experiment. As a first step designed to validate our method,
we determine the lower limits on the half-lives at the 90%
CL and compare them to the values published by the
collaborations (see Table I). The results for 7°Ge and '““Mo
are in very good agreement with the published values. The
half-life limit for the EXO-200 data are 15%—20% higher
with our limit setting method, whereas the result for
KamLAND-Zen is about 10% lower. We observe the same
effect for a previously published EXO-200 result [17],

which has also been used by the KamLAND-Zen
Collaboration to set a combined limit for '3*Xe [7]. We
combine the same two '3°Xe data sets and obtain a limit
of 71, =34x10*y, in perfect agreement with the
published Kam[LAND-Zen combination.

We also obtain perfect agreement for the CUORICINO
result using *’Te, while the limit on 77", obtained by the
CUORE-0 Collaboration is 10% lower than the limit we
derive. Since CUORICINO and CUORE-0 are two phases
of the same experiment, we only use the combined CUORE
limit to perform our remaining analysis.
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TABLE 1. The published limits on T?’;z for each experiment
are compared to the calculated observed and expected limits. The
410 range around the expected limit and the 1 — CL,, value of the
data are also shown.

Limit on 7%, (10** y)

+lo
Experiment Published Observed Expected range 1 — CL,
130Te:
CUORICINO 2.8 [8] 2.8 29 2042 0474
CUORE-0 2.7 9] 3.0 3.0 2143 0.520
Combined 4.0 9] 4.4 43  29-6.2 0513
136XCI
EXO-200 11 [6] 13 21 14-30 0.131
KamLAND-Zen 19 [7] 17 11 7-15 0918
Combined e 21 24 16-34 0.360
76Ge:
GERDA 21 [5] 20 21 14-29 0.450
100Mfo:
NEMO-3 1.1 [10] 1.1 09 0.6-14 0.634

The observed limits are also compared to the median
expected limits and the corresponding =+1c range
around the median expected limits. All observed limits
lie within the +10 band, except for the KamLAND-Zen
result, where the observed limit of 70, = 17 x 10** y is
about 1.5¢ better than the expected limit, corresponding to
1 — CL, of 0.918. This is caused by the deficit of data com-
pared to the background expectation in the signal region.

IV. NUCLEAR MATRIX ELEMENTS

We derive limits on the effective neutrino mass for
different NME calculations, which are summarized in
Table II. The five different models used in the combination
are the generating coordinate method (GCM) [18], the
interacting boson model (IBM-2) [19], the interacting shell
model (NSM) [20], and three models using the quasipar-
ticle random-phase approximation (QRPA): (i) the QRPA
model using four different subcalculations based on the
Argonne V18 (A) or charge-dependent Bonn (B) nucleon-
nucleon potentials with an older (old) or newer (new)

TABLE I
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version of the parametrization of the particle-particle
interactions [21], (ii) the proton-neutron QRPA model
(pnQRPA) [22], and (iii) a QRPA model that uses its
renormalized version for evaluating uncertainties, labeled
(R)QRPA [23].

The model calculations predict values for the NMEs
which can differ by up to a factor of =2 for a particular
isotope. The NSM model predicts the smallest NME:s for all
isotopes, apart from '°°Mo which is not evaluated in this
calculation, whereas the models differ in their predictions
of the isotopes with the largest NMEs.

The (R)QRPA and the IBM-2 calculations also provide
uncertainties on the NMEs. The IBM-2 model uncertainties
on the NMEs are 16%, which we have assumed to be fully
correlated across isotopes. The (R)QRPA model includes a
correlation matrix between isotopes, which we take into
account in the limit setting. The uncertainties are evaluated
in Ref. [23] by using (i) two values of the weak axial-vector
coupling parameter, g4 = 1 and 1.25, (ii) two different
approaches to short-range correlations, (iii) two many-body
models, QPRA and RQPRA, and (iv) three different sets of
single-particle states. The uncertainties also include the
experimental uncertainties on the particle-particle coupling
constant g,, extracted from 2uff data. The resulting 24
combinations are used to extract correlation coefficients
from the error ellipses which cover the full range of
possible outcomes. For our experimental combination,
we reinterpret these model uncertainties as Gaussian
uncertainties by reducing them by a factor of 0.68. We
quote the reduced uncertainties in Table II.

The phase space factors G are taken from a recent
calculation [24]. We set the weak axial-vector coupling
parameter to g, = 1.27. The uncertainties on the phase
space factors originate from the uncertainties on the Q
values and the nuclear radius. The uncertainty on the
nuclear radius dominates and leads to an uncertainty on
the phase space factor G% of ~7%.

V. RESULTS

Only in the case of 3°Xe, two independent experiments,
KamLAND-Zen and EXO-200, measured the same

Phase space factors for g, = 1.27 for the four isotopes, values of the nuclear matrix elements for the GCM, IBM-2, NSM,

QRPA, pnQRPA, and for the (R)YQRPA NME calculation, together with the relative uncertainties on the (R)QRPA NMEs and their
correlation matrix. The relative uncertainties quoted for the IBM-2 calculation are 0.16 for each isotope.

Nuclear Matrix Element Models

Phase Space

Isotope Factor G% GCM IBM-2 NSM QRPA [21] pnQRPA [22] (R)QRPA [23]

(107" y=1) [24] [18] [19] [20] A-old A-new B-old B-new NME Rel. unc.  Correlation matrix
76Ge 0.615 460 4.68 230 5.812 5.157 6.228 5.571 5.26 4315 0.191 1
10000 4.142 508 422 ..o 5696 5402 6.148 5.850 3.90 3.184 0.254 0.973 1
130Te 3.699 5.13 370 2.12 4.306 3.888 4.810 4.373 4.00 3.148 0.247 0.899 0.862 1
136Xe 3.793 420 3.05 1.76 2437 2.177 2.735 2.460 2.91 1.795 0.293 0.805 0.747 0.916 1
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isotope. Their data can be combined directly without using
NMEs to derive a limit on T%,. The combination yields a
limit of 7%, > 2.1 x 10 y, which is dominated by the
EXO0O-200 measurement due to the higher exposure com-
pared to KamLAND-Zen. This observed value is less
stringent than the previously published combined value
of T(1)72 > 3.4 x 10% y [7] based on a smaller EXO-200
data set [17], which displays a downward fluctuation of the
data relative to the background expectation. The combined
sensitivity, given by the median expected limit, has
improved from 79/, =1.6x10%y to T, =2.4x10®y
due to the increased exposure.

To combine results for multiple isotopes, we include
the effects of NMEs. We show an example in Fig. 2 for
the GCM calculation. The results for mg; are shown for
each individual experiment, ordered by their sensitivities
using this model. The combined observed limit is mg; <
130 meV for an expected limit of mgz; < 130 meV, which
improves upon the best individual limit obtained by
KamLAND-Zen of mg; < 150 meV and the best individ-
ual expected limit by EXO-200 of my; < 140 meV. All
limits are given at the 90% CL. Since the mass limit
depends on the fourth root of the exposure, these improve-
ments corresponds to an increase in exposure by a factor
of 1.4-1.6.

Using the GCM model, the CUORE and GERDA data
have sensitivities of mg; = 250 and 310 meV, respectively,
while the two experiments using '*°Xe have the best
sensitivities in the range mg; = 140-190 meV. Figure 3
shows the observed and expected limits for each NME
model and experiment separately. For this comparison,
NME uncertainties are not taken into account, since only
some of the calculations provide them. The ordering of the
experimental sensitivities changes with the NME model
used to derive the mg limit, further emphasizing the need
for using a range of isotopes to search for Ovpf decays.

The coefficients of the correlation matrix provided by the
(R)QRPA calculations for the four isotopes considered here
range from 0.747 to 0.973 (see Table II). To study the effect

NEMO-3

GERDA
CUORE
KamLAND-Zen

EXO-200
— Observed limit

Combination - Expected limit + 16

I S N T O TS S T I A M S AR

200 300 400 500 600
m (meV,
b (MeV)

FIG. 2 (color online). Individual experiment effective mass
limits, and the combined limit, using the GCM model.
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FIG. 3 (color online). Observed and expected limit on mg; for
the different experiments and NME models without NME model
uncertainties.

of these correlations, we derive the limits on mg; assuming
no NME uncertainties, the full correlation matrix, and a
single correlation coefficient for all isotope combinations
ranging from —0.3 to 1. Theresults are shown in Fig. 4. Using
no NME uncertainties yields a limit of mg; < 250 meV,
which increases to mg; < 290 meV once the model uncer-
tainties and the full correlation matrix are taken into
account, and to mgg < 300 meV assuming 100% correlation
between the NME uncertainties for the different isotopes.
The variation in limits of £40-50 meV is comparable to the
range observed for the different model assumptions with
the QPRA calculation, which are expected to represent
similar model uncertainties.

In Table III, we show the combined limits on mg; for
each NME model. We provide the observed and expected
limits for each combination and the improvements in the
observed limit and sensitivity over the result obtained by
the best individual experiment. As shown in Fig. 3, the
most sensitive experiments change for the different models.

320

——————— No uncertainty

Single correlation coefficient p

- Full correlation matrix of (R)QRPA model

Range of correlation coefficients in (R)QRPA model

310

300

FIG. 4 (color online). Limit on my, as a function of a single
correlation coefficient p in the (R)QRPA model. The lines at m 5 =
250 and 290 meV represent the limits without uncertainties and
with the full correlation matrix of the (R)QRPA model, respec-
tively. The red line shows the range of correlation coefficients.

012002-5



PAWEL GUZOWSKI et al.

TABLE III.  For each NME calculation, the combined observed
and expected limits on mg, the improvement in the limit and the
sensitivity relative to the best individual experiments for that
NME model. The best experiments are GERDA (G), EXO-200
(E), or KamLAND-Zen (K). The p value of the limit with respect
to the HM positive claim [12] is also shown. All myg; limits are
given to two significant digits.

miy  mpyf Improvement p value
NME (meV) (meV) Limit Sensitivity (HM)
GCM 130 120 14% (K) 10% (E) 0.001
IBM-2:
No uncertainty 170 170 16% (K) 12% (E) 0.010
With uncertainty 190 180 16% (K) 13% (E)  0.021
NSM 310 290 14% (K) 10% (E) 0.003
QRPA:
A-new 200 200 23% (G) 25% (E) 0.095
A-old 180 180 26% (G) 25% (E) 0.100
B-new 180 180 28% (K) 24% (E) 0.073
B-old 170 160 28% (K) 23% (E) 0.077
pnQRPA 170 170 19% (K) 16% (E) 0.029
(R)QRPA:
No uncertainty 250 240 25% (G) 25% (E) 0.109
With uncertainty 290 290 23% (G) 21% (G) 0.311

The combined results are compared to the result obtained
by the Heidelberg-Moscow (HM) experiment in Fig. 5,
where the error bands represent the uncertainties of the HM
half-life measurement of 79", = (2.23*33}) x 10* y for
76Ge [12]. The p values, testing the consistency between
the result obtained by the HM experiment using "°Ge
and the combined upper limits, are also given in Table III.
They are calculated taking into account the experimental
uncertainties.

The p values differ significantly between different NME
models, and any conclusion on the level of consistency
between the combination of the latest experimental results
and the result obtained with the T?‘/’z reported by the HM

700

------------ Observed limit (no unc.)

—— Observed limit

F=== Expected limit + 10
HMclaim +1c

600

500

(meV)

400

=
o

m

300

.

200

s

100 1 1 1 1 1 1
GCM  1BM-2 NSM QRPA QRPA QRPA  QRPA pnQRPA (R)QRPA

(A-new)  (A-old) (B-new) (B-old)

FIG. 5 (color online). Mass limits (observed and expected) for
each NME calculation. For the IBM-2 and (R)QRPA models, the
limits are given both with and without the uncertainty on the
NME calculation. The effective mass for the positive HM claim
[12] is also shown.
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group depends strongly on the chosen NME model. The p
values range from 0.001 (about 3 standard deviations) for
the GCM model to 0.311 for the (R)QRPA models. The p
value for the GERDA result and this HM measurement is
0.63, independent of NME model since the experiments
both use the isotope "°Ge.

The best published limit on m4; by KamLAND-Zen [7] is
obtained by combining their data with the earlier EXO-200
result [17]. Using a similar set of NMEs, the mass range
they obtain is mgzz = 120-250 meV, whereas our observed
combined limit in the range mzz = 130-310 meV is slightly
higher because we use the latest EXO-200 data set.

In Fig. 6, we overlay the range of observed combined
limits on the allowed effective mass mgj as a function of the
lightest neutrino mass m,, with the bands representing
current measurement uncertainties of the neutrino oscil-
lation parameters assuming either the normal hierarchy
(NH) with m; < m, < ms or the inverted hierarchy (IH)
with m3 < m; < m, for the ordering of the neutrino mass
eigenstates in the standard three-neutrino framework. We
also show a limit on m, which is derived from the limit on
the sum of the neutrino masses obtained by the Planck
Collaboration [25]. They set a limit of ) ,m; < 492 meV at
the 95% CL based on the temperature and the polarization
of the cosmic microwave background.

We also interpret the combined limit on my; as a
constraint on a single sterile Majorana neutrino that mixes
with the three active Majorana states. In this model, the
expression for the effective neutrino mass mg; defined in
Eq. (2) is modified to take into account the mixing with
the fourth neutrino state:

Excluded at 90% confidence level

Combination (CUORE, EXO-200, GERDA, KamLAND-Zen, NEMO-3)

\"W

Inverted Hierarchy

Planck
95% limit

10" 10 10° 10 1
m, (eV)

FIG. 6 (color online). Combined limits on the effective mass
mpy as a function of the lightest neutrino mass m. The width of
the horizontal band represents the range of limits obtained with
the different NME models. The neutrino oscillation parameters
are taken from Ref. [26], using the best fit values. The inner band
for the NH and IH fits shows the full range associated with the
unknown Majorana phases and the outer band the additional
effect of the 3 standard deviation experimental uncertainties on
the oscillation parameters. The limit on m, derived from the
Planck data is also shown.
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mys = |my|U > + my| U,y |*e™®
+ m3|U )2 4 my|U q)e"|. (3)

It includes an additional mass term m,4, a Majorana phase y,
and the element U,, of the now extended, 4 x 4 mixing
matrix, which is related to the sterile neutrino mixing angle
6,4 through |U,4|> = sin® @, in the parametrization used
here. In this model, the unitarity constraint applies only for
the 4 x 4 mixing matrix. However, the central values of the
elements U,;(i = 1,2, 3) do not change significantly when
the 3 x 3 unitarity constraint is removed from the global fit
[27]. The unitarity constraint on the 4 x 4 mixing matrix
will restrict |U,4|*> = sin® 6,4 to be <0.1.

Our ability to probe a certain range of my|U 4|* depends
on mg and the Majorana phases (see, e.g., [28,29]). We take
the approach of translating the limits on myg; into corre-
sponding limits on the combination my|U,4|* under two
extreme situations for a given my:

(i) The NME model (NSM) that predicts the highest
(least stringent) limit on myg, together with the
phases a = =0, and y =z that provide the
smallest contribution to mgy.

(i)) The NME model (GCM) that predicts the lowest
(most stringent) limit on mgg, together with the
phases @ = f# = y = 0 that provide the largest con-
tribution to mgy.

This first parameter set allows for large contributions from
my|U,4|* and thus provides the least constraining limit on
my4|U ,4|?, whereas the second set allows for only small
contributions from my4|U,4|*> and thus yields the most
constraining limit on my|U,4/°.

In Figs. 7 and 8, we translate the measured combined
limit on myg for the two situations above into a limit in the
(my, |U .4|*) plane for a set of different assumptions on m,.

Normal Hierarchy
NSM; a=p=0; y=n
....... GCM; 0=p=y=0
m, =0 meV
m, =50 meV
m, = 100 meV
m, = 150 meV

Amg, = 1.78 eV?
sin’26,, = 0.09

m, (eV)

0.5

|Ue4|2

FIG. 7 (color online). Limits on myy for different NME models
translated into a constraint on the sterile neutrino in the (114, | U 4)?)
plane in a (3 + 1) model. Different values of the Majorana phases
a, f,y and of the lightest active neutrino mass m; in the NH are
shown. The complete region is excluded for m; = 150 meV with
the GCM model and vanishing Majorana phases.
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Inverted Hierarchy
NSM; a=p=0; y=n
....... GCM; o=B=y=0
my =0 meV
m; =50 meV
mg = 100 meV
m, = 150 meV

2 * AmE, = 1.78 eV?
e sin’26,, = 0.09
2F 4
15[, 5®
ok
1
05F ™.
N T bt BN R BT H
0

0.1 0.2 0.3 0.4 0.5
2

U

e4

FIG. 8 (color online).  Limits on myy for different NME models
translated into a constraint on the sterile neutrino in the
(my, |U.4|?) plane in a (3 + 1) sterile neutrino model. Different
values of the Majorana phases «, ff,y and of the lightest active
neutrino mass mj in the IH are shown. The complete region is
excluded for m; = 150 meV with the GCM model and vanishing
Majorana phases.

To be consistent with cosmological bounds, we vary m,
between 0 and 150 meV. For any of the m, values
considered, all other NME model and Majorana phase
combinations will produce limit curves that lie in between
these extremes. The values of Amfj and U,; (i,j=1,2,3)
are taken from a recent global fit [26]. Including the 3
standard deviation uncertainties on these fit values has
negligible effect on the results.

The central value of sin?26;4, =0.09 and Amj, =
1.78 eV? from a global fit [30] of the oscillation parameters
in a (3+ 1) sterile neutrino model including reactor,
gallium, solar neutrino, and LSND/KARMEN v, disap-
pearance data, all of which are directly sensitive to m, and
|U,4|, is also shown in Figs. 7 and 8. The limit from the
Ovpp combined fit is currently close to the (3 4 1) global
best fit value only in the more constraining scenarios
calculated using the GCM model and with m, >
100 meV and favorable Majorana phases. Our results are
consistent with previous analyses (see, e.g., [29,31]) that
investigate my; regions allowed by global fits to oscillation
experiments under a (3 + 1) hypothesis. Assuming the
sterile neutrino is a Majorana particle, neutrinoless double-
f decay can therefore independently constrain the existence
of a sterile neutrino under those extreme assumptions. For a
more detailed discussion on constraints on (3 4 1) sterile
neutrino models from neutrinoless double-f# decay and
projected implications for next-generation experiments,
see Ref. [32].

VI. SUMMARY

We have performed the first combination of the latest
data sets from experiments searching for neutrinoless
double-f decay using multiple isotopes. Using the CL
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method, we set a limit on the effective neutrino mass m in
the range 130-310 meV, depending on the NME model.
Combining the data from multiple isotopes and experi-
ments significantly increases the sensitivity over using the
single-best experiment only, corresponding to an increase
by a factor of ~1.5-2.4 in exposure. We compare these
limits with the claimed observation of the Heidelberg-
Moscow experiment and obtain p values that differ
significantly depending on the NME calculations chosen,
ranging from 0.001 for the GCM model to 0.31 for the (R)
QRPA model. Using the uncertainties and the full corre-
lation matrix provided by the (R)QRPA model changes the

PHYSICAL REVIEW D 92, 012002 (2015)

limit on mg; by 40-50 meV compared to using no NME
uncertainties. We also translate the combined limit on 144
into a constraint on a light sterile Majorana neutrino in a
(3 + 1) model. This translated limit is NME and m, and
Majorana phase dependent.
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