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Abstract

The GERDA (GERmanium Detector Array) is an experiment for the search of neutrinoless double beta decay
(0vBB) in "°Ge, located at Laboratori Nazionali del Gran Sasso of INFN (Italy). In the first phase of the experiment,
a 90% confidence level (C.L.) sensitivity of 2.4 - 10> yr on the 0v38 decay half-life was achieved with a 21.6 kg-yr
exposure and an unprecedented background index in the region of interest of 1072 counts/(keV-kg-yr). No excess of
signal events was found, and an experimental lower limit on the half-life of 2.1 - 10%° yr (90% C.L.) was established.
Correspondingly, the limit on the effective Majorana neutrino mass is m,., < 0.2-0.4 eV, depending on the considered
nuclear matrix element. The previous claim for evidence of a 0vB8 decay signal is strongly disfavored, and the field
of research is open again.
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1. Introduction

The search for neutrinoless double beta decay is
boosted by the discovery of neutrinos oscillation, which
is only possible if neutrinos have non-zero mass and if
the lepton number conservation is violated by two units.
The observation of 0vS38 decay would enlighten the pos-
sible Majorana-nature of neutrinos and provide a mea-
surement of the neutrino mass scale.

The search can be performed with those even-even
nuclei for which the 8 decay is energetically forbid-
den, but the simultaneous emission of two £ particles
is not [1]. This two-neutrino double beta decay (2vf3[3)
is a Standard Model (SM) process, with half-life in the
range of 10'°-10%! yr. In addition, several extensions of
the SM predict the existence of 0SB decay, with only
two electrons being emitted. The experimental signa-
ture is a continuum from zero to the Q-value (Qgg) of
the reaction for the 2v33 decay, and a peak at Qgg for the
0vBB mode. The expected decay rate for the OvSS decay
with light neutrino exchange is:

-1
(T?/Vz) = GY(Qs. Z) M| (mee)? (1)

where GOV(Q[;B,Z) is the phase space, depending on
Qg and the nuclear charge Z, M® is the nuclear ma-

trix element, and (m,.)> = ‘ >, U m,-| is the effective
Majorana neutrino mass [2, 3]. The experimental sensi-

tivity for an exclusion limit on the Ov38 decay half-life
atn, C.L.is

TOV(nO—)ZIHZ'NAfA'é‘ M-t 2
12 n. N2 ma VBI-AE

with N4 being the Avogadro number, f4 and m, the en-
richment fraction and the atomic mass of the considered
isotope, € the total efficiency, M the total mass, ¢ the
lifetime of the measurement, Bl the background index
at Qgg in counts/(keV-kg-yr), and AE the energy resolu-
tion (full width at half maximum, FWHM) [4].

The presence of several isotope-dependent parame-
ters in Eq. 1 and 2 allows for a great variety of exper-
imental techniques to be exploited in the Ovg8 decay
search. Among the possible choices, "°Ge represents
one of the most appealing because of the high total effi-
ciency (~ 75%) and the possibility of enrichment up to
~ 86%. Even if the °Ge Qg at 2039 keV lies under the
end-point of the thorium and radium chain and is there-
fore in a region where the Compton continuum from
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these two is the dominant background, the extraordi-
nary energy resolution (~ 1.5%c FWHM at Qgg) and the
possibility to perform pulse shape discrimination (PSD)
enhance the sensitivity and make "°Ge one of the most
promising isotopes in the Oy decay search.

The most recent limits on T?yz are of order of
10% yr, depending on the isotope. Such a high sen-
sitivity can only be reached if the background level
in the region of interest (ROI) is lowered to 1072 —
10~* counts/(keV-kg-yr). Typically this is obtained
by locating the experiment underground to reduce the
background induced by cosmic radiation, by using ac-
tive vetoes for the surviving cosmic muons and the ex-
ternal backgrounds, and by minimizing the radioactive
contamination of the materials in vicinity of the detec-
tors.

2. The GERDA Experiment

The GERDA experiment consists of a large mass of
germanium crystals isotopically enriched to ~ 86% in
76Ge and simultaneously operated as source and detec-
tors for OvBB decay. The detectors are mounted in low-
mass copper holders with ultra-low radioactivity and di-
rectly immersed in a cryostat filled with 70 ton liquid
argon (LAr), acting as cooling medium and shielding
from external radiation (see Fig. 1). A 590 m® water
tank surrounds the LAr cryostat and represents a further
shielding from external y’s and neutrons. It is instru-
mented with 66 PMTs for the detection of Cherenkov
light induced by cosmic muons and operated in con-
junction with scintillator panels located on the top of the
experiment. A detailed description of the experimental
setup is provided in [5].

The detectors employed in GERDA are of two types
(Fig. 2). The semi-coaxial are characterized by masses
of 2-3 kg and an energy resolution (FWHM) at Qgg of
about 2.4%o achieved in Phase 1. The BEGe detectors
have masses of about 0.7 kg, a relative FWHM at Qgg of
about 1.6%o, and enhanced PSD capabilities, thanks to
the discrimination between Ovfg like single site events
(SSE) and y-like multi-site events (MSE) [6, 7]. The
use of upgraded signal cables and front-end electronics,
together with an optimized signal shaping currently un-
der development, can lead to resolutions of 1.7%¢ and
1.2%o for the coaxial and BEGe detectors, respectively.

A first data collection, denoted as Phase I, has been
performed between November 2011 and June 2013
with 8 *"Ge semi-coaxial detectors inherited from the
Heidelberg-Moskow (HdM) [8] and IGEX [9] experi-
ments and refurbished at Canberra, Olen [10], and 5
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Figure 1: Schematic view of the GERDA setup. The germanium
detectors are directly inserted in a 70 ton LAr cryostat, further sur-
rounded by a 590 ton water tank instrumented with PMTs for an active
muon veto. A class 7 clean room is present on the top of the structure
to minimize the LAr contamination during mounting and maintenance
operation.
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Figure 2: Left: electric potential in semi-coaxial and BEGe detectors.
Most of the BEGe volume is characterized by relatively low potential,
reflected in longer pulses rise-time and higher discrimination capabil-
ities between SSE and MSE. Right: 5 BEGe detectors being installed
in GERDA in July 2012.

Broad Energy Germanium (BEGe) diodes, for a total
mass of 17.7 and 3.6 kg, respectively. The high volt-
age of two of the semi-coaxial detectors had to be set
to zero during the data taking due to high leakage cur-
rent, while the data collected with one of the BEGes
were discarded due to frequent gain fluctuations. Thus
the total mass considered for the Ov33 decay analysis is
17.6 kg, and the total exposure 21.6 kg-yr. This, com-
bined to a BI after PSD of 1.2-1072 counts/(keV-kg-yr),
leads to a median sensitivity of 2.4 - 10% yr (see Tab. 1).
A second phase is foreseen to start in 2015 with an ad-
ditional 20 kg mass of BEGe detectors and a BI of one
order of magnitude lower. This improved sensitivity is
achievable through the installation of PMTs and SiPMs
in the LAr for the detection of Ar, scintillation light
induced by external background radiation from the de-
tector holders and the front-end electronics. Under this
condition, a median sensitivity of (I —2) - 10%® yr can
be achieved with a 100 kg-yr exposure and a live-time
of about 3 yr. This will allow to cover a great part of the
degenerate neutrino mass region [11].

The data collection is performed via digitization of
the charge pulses in the range [60—8000] keV and a sub-
sequent offline analysis with the software tool GELA-
TIO [12]. In GELATIO a set of dedicated quality cuts
is in charge of tagging and rejecting events recorded in
coincidence among more detectors, as well as pile-ups
and events induced by discharges. Finally, the energy
estimation is performed with a pseudo-Gaussian shap-
ing.

The energy calibration of Phase I data was performed
via (bi)weekly runs with three 2?8Th sources. The en-
ergy resolution at Qpgg is estimated by weighting with the
detector exposures and is 4.8+0.2 keV and 3.2+0.2 keV
for the semi-coaxial and the BEGe detectors, respec-
tively. The variations in gain between subsequent cal-
ibrations are less than 0.05% [5], corresponding to
< 30% of the energy resolution. The stability during
the physics runs was monitored with a pulser, injecting
charge signals to the preamplifiers input.

During all Phase I data collection, the automatic
blinding of the events within a +20 keV region around
Qgg has been applied with the aim of avoiding any possi-
ble bias in the 0vS8 decay analysis. Neither the number
of events, nor their energy and waveforms were avail-
able to the collaboration. Once the calibration of the
energy spectra and the background model were final-
ized, a partial unblinding has been performed, leaving
a =5 keV (+4 keV) window still closed for the semi-
coaxial (BEGe) detectors. The final unblinding was
then performed only once the full chain of data selec-
tion, quality cut and analysis procedure had been de-
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Table 1: Timeline of the GERDA experiment. The reported mass corresponds to that of 7*Ge. The quoted BI is obtained after the PSD application.

Mass BI at Qgg Live-time Sensitivity Used
[kg] [counts/(keV-kg-yr)] [yr] to T?yz [yr] detectors
Phase | 15 ~ 1072 1.4 24-10% 6 coaxial, 4 BEGe
Phase Il 35 ~ 1073 3-5 (1-2) - 10%¢ 8 coaxial, 30 BEGe

fined and fixed.

3. The Background of GERDA Phase I

The background of GERDA Phase I is fully described
in Reference [13]. The energy spectrum obtained with
the 6 semi-coaxial and the 4 BEGe detectors used for
the construction of the background model is shown in
Fig. 3. The low energy region is characterized by a
prominent continuum induced by ¥Ar S8 decay (with
565 keV Q-value) in LAr. The dominant contribu-
tion between 500 and 1800 keV is represented by the
2v3B3 decay of "®Ge. In addition to this, several vy lines
are visible: *°K decay in the detector holders gener-
ates a line at 1460 keV, K in LAr generates a line at
1525 keV, while the *?°Ra and ?*®Th decay chains are
responsible for a few other weaker lines between 1.7
and 2.6 MeV. The background above 4 MeV is domi-
nated by « decays of 2!°Po and *?°Ra contaminants on
the detector surface, and is about an order of magnitude
higher for the semi-coaxial than for the BEGe detectors.

The background decomposition has been performed
on the energy spectrum in the [570;7500] keV range.
For this and for the OvBB decay analysis the data have
been divided in datasets, on the basis of the BI and
FWHM at Qgg. Hence the data obtained with the semi-
coaxial and BEGe detectors are kept separate. More-
over, the data collected with the semi-coaxial detectors
have been split in two datasets, denoted as Golden and
Silver, with a higher BI in the latter due to the inser-
tion of the BEGes in LAr in July 2012. Two back-
ground models have been developed. In the “minimum”
model only the known and clearly visible contributions
have been considered, while in the “maximum” model
more than one possible location for some of the back-
grounds are included, too. As an example, in the min-
imum model *’K is considered to decay in LAr only,
while in the maximum model the “*K contributions from
the detectors n* and p* contacts are included, as well.
This results in a strong correlation for the weakest pa-
rameters, with no clear statement on the favored back-
ground origin. Nevertheless, both models agree in the
prediction of a flat background in the ROIL. The BI at

Qgp obtained from the background models agree with
each other, and also with the estimation coming from
a spectral fit with a flat distribution in a 200 keV range
around Qpgg [13]. Therefore the OvfB decay analysis was
performed by simultaneously fitting the spectra relative
to the three datasets with a Gaussian distribution over
a flat background, with a total of four free parameters
(1/ T?yz and the three background levels).

A background suppression of about a factor of 2 is
reached thanks to the PSD. For the semi-coaxial de-
tectors, this is performed with an artificial neural net-
work, while for the BEGe the ratio between the height
of the current pulse and the event energy is exploited as
a discrimination parameter. A detailed report of the two
methods and their application is provided in [14]. The
choice of the PSD for the two detector types and the
relative cuts were defined prior to the final unblinding.

4. Results on 0vS8 Decay

The unblinding of the side regions around Qgg re-
vealed no unexpected spectral feature, with an event
distribution compatible with a flat background. The
final unblinding of the ROI could then be performed,
leading to the results reported in Tab. 2. For all the
datasets the observed number of counts is compatible
with the expectation from the background, estimated
through the interpolation with a flat distribution in the
[1930;2160] keV range, excluding the 40 keV blinded
region and two 10 keV wide region around the known
lines at 2104 and 2119 keV. The same agreement be-
tween the experimental values and the expected back-
ground is preserved after the application of the PSD.
The sum spectrum of the three dataset before and after
the PSD use is depicted in Fig. 4.

The fit is performed with the profile likelihood
method including the systematic uncertainties due to
the detector parameters, the energy scale and resolution,
and the efficiency of the quality cuts are folded using
a Monte Carlo approach. The correlation between the
nuisance parameters is considered as well. The fit is re-
stricted to the physically allowed region T(l)‘/’2> 0, and it
is verified that no under-coverage is present. As a result,
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Figure 3: Sum spectra of physics events for the 6 semi-coaxial (top) and the 4 BEGe (bottom) detectors. The green area corresponds to the 40 keV
wide blinded region. The most prominent y lines are labeled, together with the major & contaminants.

no excess of signal counts over the background is found,
with a best fit value of N% = 0. This is translated to a
limit in T?‘/’2 with the formula:

In2-N,
Ov A
T1/2 =

- W ) f76 ' fav *Efep * Epsd mAt (3)

where f7¢ is the 76Ge enrichment fraction, fav the active
volume fraction, &y, the probability for a Ov5g decay
event to release all its energy in the detector active vol-
ume, and &, the PSD signal acceptance.

The 90% C.L. limit on the number of signal counts is
N < 3.5. Correspondingly, the limit on the 0v33 decay
half-life is:

T, >2.1-10” yr (90% C.L.) )

which is close to the expected median sensitivity of
2.4-10% yr. The fit has been performed with a Bayesian
method, too, using the Bayesian Analysis Toolkit [15],
with a flat prior for 1/77}, between 0 and 10~>* yr~".
Also in this case, a best fit is found for N% = 0, and
the 90% credibility interval is T?}’z > 1.9-10% yr, for a
median sensitivity of 2.0-103 yr. More details regarding
the OvBB decay analysis are provided in [16].

The previous claim of OvBS decay evidence [17] with

Ty, = (1.19’:8%) 10% yr is not supported by the present

Table 2: Comparison between the observed number of counts in the
ROI and the expectation value from background only for the three
datasets before and after the PSD application. All the observed values
are consistent with the expected ones within the Poisson uncertainty.

Exposure Observed  Expected

PSD Dataset [kg-yr] Counts  Background
Golden 17.9 5 33
no Silver 1.3 1 0.8
BEGe 24 1 1.0
Golden 17.9 2 2.0
yes Silver 1.3 1 0.4
BEGe 24 0 0.1
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Figure 4: Top: sum spectrum of all the three datasets before and after
PSD application. Bottom: detailed view of the spectrum in the 40 keV
region around Qpgg. The blue line corresponds to the 90% C.L. limit on
the signal strength (obtained with a fit on the three dataset separately).

GERDA Phase I result. Assuming the presence of a
OvBp decay with a signal strength as quoted in [17], the
profile likelihood analysis returns a probability to find a
best fit of zero events in the GERDA data equal to 1%.
Similarly, a Bayesian comparison of the model includ-
ing the claimed signal (H;) and the background-only
hypothesis (Hj) provides a Bayes factor P(N1)/P(Hy) =
0.024.

On the contrary, the result presented here is consis-
tent with the limits provided by IGEX in [18] and by a
previous result of HAM [19], with T?/Vz > 1.57-10% yr
(90% C.L.) and T?/Vz >1.9-10% yr (90% C.L.), respec-
tively. The combination with these yields a best fit for
N =0 and a limit of:

T, >3.0-10” yr (90% C.L.) 5)

with a Bayes factor P(N;)/P(Hy) = 2 - 10™*. Hence the
claim reported in [17] is strongly disfavored. Given that
only "®Ge based experiments are involved, the compar-
ison presented here is fully model-independent.

The result obtained on T% can be converted to a
limit on the effective Majorana neutrino mass by invert-
ing Eq. 1. Using the recently recalculated phase-space
factor for °Ge [20] and the nuclear matrix elements
(NME) calculations from [21, 22, 23, 24, 25, 26, 27],
we obtain:

Mee < 0.2-0.4 eV (6)

depending on the considered NME [28]. This result is
at the same level with the limits reported by the EXO-
200 [29] and KamLLAND-Zen [30] Collaborations.

5. Summary

With an exposure of 21.6 kgyr and a BI of
1073 counts/ (keV-kg-yr), GERDA Phase I establishes a

limit on OvBB decay half-life corresponding to T?}’Z >

2.1 -10% yr (90% C.L.). The claim for evidence of
0vBB decay signal is strongly disfavored with a model-
independent measurement. The background reduction
by an order of magnitude and the increase of the active
mass by about a factor two will allow GERDA Phase II
to improve its sensitivity on T(1)72 by one order of mag-
nitude, thus covering a great portion of the degenerate
neutrino mass region.
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