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LIMITS OF MAJORANA NEUTRINO MASS
FROM COMBINED ANALYSIS OF DATA

FROM 76Ge AND 136Xe NEUTRINOLESS DOUBLE
BETA DECAY EXPERIMENTS
A. A. Klimenko ∗, N. S. Rumyantseva

Joint Institute for Nuclear Research, Dubna

We present effective Majorana neutrino mass limits 〈mββ〉 obtained from the joint
analysis of the recently published results of 76Ge and 136Xe neutrinoless double beta decay
(0νββ) experiments, which was carried out by using the Bayesian calculations. Nuclear
matrix elements (NMEs) used for the analysis are taken from the works in which NMEs of
76Ge and 136Xe were simultaneously calculated. This reduced systematic errors connected
with NME calculation techniques.

The new effective Majorana neutrino mass limits 〈mββ〉 less than 85.4Ä197.0 meV
are much closer to the inverse neutrino mass hierarchy region.

PACS: 13.15.+g; 23.40.Bw; 23.40.-s; 14.60.Pq.

INTRODUCTION

The neutrino oscillation experiment results demonstrated non-zero neutrino
masses δm2

ij = m2
i − m2

j and mixing, and moved to implying physics beyond
the Standard Model (SM) of particle physics [1]. All existing neutrino oscillation
data are perfectly described by the minimal scheme of neutrino mixing.

In this connection questions arise as to the absolute neutrino mass spectrum,
nature of neutrino, i.e., are they Majorana or Dirac particles, and type of the
neutrino mass hierarchy.

A set of experiments provide some information about the neutrino mass
spectrum.

The end-point beta-decay experiments present the neutrino mass result as
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where cij = cos θij , sij = sin θij , and mi(i = 1, 3) are mass eigenvalues; and
now we have mβ < 2.0 eV (95% C.L.) [2].

Observations of the angular power spectrum of temperature anisotropies in the
cosmic microwave background (CMB) from the Planck satellite [3], polarization
measurements from the Wilkinson microwave anisotropy [4], and observations
of baryonic acoustic oscillations (BAOs) [5] give the sum of neutrino masses.
A constraint on the sum of neutrino masses from these experiments

∑
mν < 0.23 eV, 95% C.L.

has been obtained for active neutrinos and excludes most of the quasi-degenerate
region of the light neutrino mass spectrum [6].

Some extensions of the SM predicts the possibility of the 0νββ process.
This process violates the lepton number conservation law by two units,

ΔL = 2:
A
ZX → A

Z+2X + 2e−.

We analyze the results of the experiments connected with the following transitions:

76Ge → 76Se + 2e−, 136Xe → 136Ba + 2e−.

The half-life for such a process is given by

T 0ν
1/2(0

+
i → 0+

f )−1 = | 〈mββ〉 |2G0νM2
0ν ,

where G0ν , M0ν and 〈mββ〉 are the phase space factor, NME, and the effective
Majorana mass of the neutrino

〈mββ〉 =
3∑

i=1

| Uei |2 mi.

For the standard parametrization of the mixing matrix, we have

〈mββ〉 = c2
12 c2

13m1 + s2
12c

2
13m2 eiφ2 + s2

13m3 eiφ3 ,

where φi denotes relative Majorana phases connected with CP violation.
Detailed analysis of the theoretical aspects of the Majorana mass from the

0νββ process as a tool for probing the absolute neutrino mass scale is given
in [7, 8].

We have a set of the 0νββ experiments with the results on 〈mββ〉 in the
region of ≈ 140−400 meV.

Currently, there are two combined results of the germanium and xenon
0νββ experiments, which are given in [9, 10] with 〈mββ〉 in the region of
≈ 120−300 meV for NMEs used in those works.

We performed a combined analysis of the results of the 76Ge and 136Xe
0νββ experiments with the Bayesian approach.
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1. CALCULATION METHOD

Limits on the Majorana neutrino mass were calculated using the Bayesian
Analysis Toolkit (BAT) [16]; it was used to perform the combined analysis of
the data sets and to extract the posterior distribution of 0νββ events (N0νββ) after
marginalization over all nuisance parameters.

BAT is a software package designed to help solve statistical problems en-
countered in Bayesian inference and is based on Bayes' theorem and is realized
with the use of Markov Chain Monte Carlo.

Bayes' theorem is given by

P (λ|D) ∝ P (D|λ)P0(λ),

where P (D|λ) = L(λ) is the likelihood function, i.e., the conditional probability
of the data for the parameter set, and P0(λ) is the a priori probability of λ.

This gives an access to the full posterior probability distribution and en-
ables straightforward estimation of the parameter λ, limit setting, and uncertainty
propagation.

BAT is implemented in C++ and allows a �exible deˇnition of mathematical
models and applications while keeping in mind the reliability and speed require-
ments of the numerical operations. It provides a set of algorithms for numerical
integration, optimization, and error propagation. Predeˇned models exist for
standard cases. In addition, methods to judge the goodness-of-ˇt of a model are
implemented.

In general, the likelihood function (MLM) is deˇned as

L =
Nch∏
i=1

Nbin∏
j=1

λnij

nij !
e−λij , (1)

where Nch and Nbin are the number of channels and bins; nij and λij are the
observed and expected number of events in the jth bin of the ith channel. The
expected number of events is calculated via

λij =

⎛
⎝

Np∑
k=1

λijk

⎞
⎠ =

⎛
⎝

Np∑
k=1

λk

⎞
⎠ fijkεik,

where fij is the bin content of the jth bin in the normalized template of the
kth process in the ith channel; εik is the efˇciency of the kth process in the ith
channel speciˇed when setting the template, and λk is the contribution of the kth
process to a free parameter of ˇt.
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2. ANALYSIS

The energy spectra and other experimental parameters obtained in the latest
experiments on the search for 0νββ Å GERDA [9, 11], HdM [12], IGEX [13],
EXO-200 [14] and KamLAND-Zen [10] were used to estimate the limits on the
Majorana neutrino mass.

In our case we have seven channels for BAT Å the GOLDEN and the BEGe
runs of the GERDA, HdM, IGEX, EXO-200, KamLAND-Zen I, II experimental
spectra, and two processes Å the background of each spectrum and the expected
signal N0νββ with weights equated to exposures for each channel (Exp, see
below).

The GOLDEN and the BEGe runs of the ˇrst phase of the GERDA ex-
periment were used for this analysis (the spectra are presented in Fig. 1). The
GOLDEN run has an exposure of 8.83 · 1025 at · y, full width at half maximum
(FWHM) equal to (4.8 ± 0.2) keV, and energy region of 1930Ä2190 keV. The

Fig. 1. GOLDEN (a) and BEGe (b) GERDA runs from [11]
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BEGe run has an exposure of 1.27 · 1025 at · y, FWHM= (3.2 ± 0.2) keV, and
energy region 1930Ä2190 keV.

The data of the HeidelbergÄMoscow (HdM) experiment were taken from [12],
with FWHM= 4.23 keV and exposure 25.16 · 1025 at · y.

The data of the IGEX experiment were taken from [13], with FWHM=
4.0 keV and exposure 6.47 · 1025 at · y.

The spectra of the IGEX and the HdM experiments are presented in Fig. 2.

The spectra of the 136Xe experiments are presented in Figs. 3 and 4.

We omit the description of the setups and other details of the experiments
from which we took the spectra because this is not the purpose of our investiga-
tions.

Fig. 2. HdM [12] (a) and IGEX [13] (b) energy spectra without and with PSD
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Fig. 3. EXO-200 energy spectra, measured and calculated background [14]

Fig. 4. KamLAND-Zen: phase I (a) [10] and phase II (b) [15]
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Table 1. Characteristics of the spectra used in the analysis

Isotope
Qββ, keV

Run
Exp, 1025,

at · y
FWHM,

keV
ΔE,
keV

NME BCK
typeξ = 5.14 ξ = 0.85

GOLDEN 8.83 4.83 230
76Ge BEGe 1.27 3.24 4.6 5.09 Line

2039.1 HdM 25.16 4.23 80

IGEX 6.47 4.0 42

136Xe
2457.8

EXO-200 37.39 88.6 262

KLAND-1 39.63 243.7 800 4.22 1.89 Calc.

KLAND-2 12.19 232.1

A full set of the characteristic parameters of the spectra used in the analysis
is presented in Table 1.

According to BAT scheme, we deˇned channels as the energy spectra of the
corresponding runs with two processes for each channel Å the background and
the signal.

The model of the background is individual for each channel in contrast to
the signal, which is common for all channels, and in our case it is N0νββ.

A �at distribution of the background in the region of interest (ROI) is used
for the channels corresponding to the germanium experiments.

The background spectra calculated for each xenon experiment are used for
our analysis.

The signal process is presented as sum of Gaussian peaks for suitable channels
with the energy Qββ and σE for each experiment and with common signal events
N0νββ .

Another important point of this analysis is using NMEs [17] for the corre-
sponding isotope and for conversion of xenon exposure to germanium one.

There are many publications devoted to calculation of NME for different
isotopes using different methods. We chose 76Ge and 136Xe NMEs from [18]
such that they had an extreme ratio and were similar to pairs of NMEs (EDF
and SkM-HFB-QRPA models) for the marginal 76GeÄ136Xe half-life lines in
Fig. 2 [9]. These two pairs of NMEs allow us to assume that systematic error of
the calculation technique is small. The exposure (Exp) is deˇned in the following
expression for the half-life:

T 0ν
1/2 = ln (2) · Exp/N0νββ,

and Exp is the effective number of double beta decay nuclei for time of measure-
ments.

For connection of the 76Ge and 136Xe data we use formula for conversion of
the 136Xe exposition to the Ge one so as we were handling the 76Ge and 136Xe
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spectra simultaneously and exposures are weight for corresponding spectrum in
joint set:

ExpGe = Exp Xe

∣∣∣MEXe

MEGe

∣∣∣
2 GXe

0ν

GGe
0ν

= ξ · Exp Xe,

where the matrix elements are taken from [18], the ratio of the phase space
factors is

GXe
0ν

GGe
0ν

= 6.17,

and

ξ =
∣∣∣MEXe

MEGe

∣∣∣
2 GXe

0ν

GGe
0ν

,

which is the relative decay probability of the 136Xe nucleus to 76Ge.
The above-described spectra of the experimental runs and their backgrounds,

the exposures and run resolutions are the values needed for BAT input and for
the formation of the MLM function in (1). The priors of all parameters, seven
backgrounds and signal, are taken uniform according to the Bayesian procedure.

The number of excluded signal events, which were obtained with BAT, are
given in the third column for two 76Ge/136Xe NMEs combinations.

By taking this N0νββ for obtaining the limit on the half-life, we use formula
from [19] with scaling of the parameters gA and r0 and results of [20] for
calculations of 〈mββ〉.

Final results of the analysis are presented in Table 2.
The method of the calculations was cross-checked using the combined

136Xe and 76Ge data sets presented here.
The resulting limits are

T 0ν
1/2(

136Xecomb) > 3.3 · 1025 y, 90% C.L.,

T 0ν
1/2(

76Gecomb) > 3.2 · 1025 y, 90% C.L.

We observe acceptable agreement of our results with the GERDA result [9]
T 0ν

1/2(
76Gecomb) > 3.0·1025 y and KamLAND-Zen result [10] T 0ν

1/2(
136Xecomb) >

3.4 · 1025 y.
For completeness, in addition to the 136Xe and 76Ge data, we also used

the 100Mo data [21] and 130Te data [22] with the NMEs from those works and

Table 2. Final results of the analysis

ME,
Ge/Xe

ξ
Exp, 1025 at · y

76Ge
N0νββ , counts

90% C.L.
T 0ν

1/2, 1025 y 〈mββ〉, meV

5.1/1.9 0.85 118.26 17.2 4.8 170.0Ä97.0
4.6/4.2 5.14 501.24 16.8 20.7 85.4Ä94.7
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obtained the neutrino mass limits 〈mββ〉 less than 83.7Ä157.1 meV using the
procedure described here for 76Ge, 136Xe, 130Te and 100Mo spectra which will
be published in the near future.

CONCLUSIONS

The Bayesian approach was used to obtain the range of limits on the Majorana
neutrino mass with allowance for the results of the recent 76Ge and 136Xe double
beta decay experiments.

As a result, the new effective majorana neutrino mass range of limits 〈mββ〉
less than 85.4Ä197.0 meV is obtained. This result together with the cosmological
limit

∑
mν < 230 meV rejects the most part of mass region of the quasi-

degenerate neutrino mass hierarchy.
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