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Abstract: Since 2010, the GERDA experiment at Laboratori Nazionali del Gran Sasso (LNGS) operates
searching for neutrinoless double beta decay (0vBp) of 7°Ge to the ground and excited states of 7°Se.
OvBp is an ultra-rare process whose detection would directly establish the Majorana nature of the
neutrino and provide a direct measurement of its mass. Since the apparatus upgrade in 2013-2015, the
collaboration released the third update of the achieved results at the Neutrino 2018 Conference. The
hardware upgrade and the fine tuning of the powerful analysis tools to reconstruct the event energy
and to discriminate the background allowed the achievement of the energy resolution of 3 keV and 3.6
keV for Broad Energy Germanium (BEGE) and Coaxial Germanium (COAX) detectors, respectively,
and an unprecedented low background index of 0.6 - 1073 cts/(keV-kg-yr) 1073 cts/(keV-kg-yr) in a
230 keV netto range centered at Qg in the exposure of 58.93 kg-yr. No evidence of the Ovpp decay
is found at the Qgg = 2039.1 keV, and the limit of 0.9 - 10%® yr on the half-life (T{,) at 90% C.L. is
set. This corresponds to the limit range for the effective Majorana neutrino mass ., of 110-260 meV.
The GERDA sensitivity in terms of background index, energy resolution and exposure is the best
achieved so far in 7°Ge double beta decay experiments, the energy resolution and background in
the Region Of Interest (ROI) allow GERDA to operate in a background-free regime and to set a
world record.
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1. Introduction

The last two decades of particle experimental physics have showed that neutrinos, while
propagating, oscillate one into the other: this is because they have a finite mass, and the three
neutrino flavor eigenstates do not coincide with the three mass eigenstates. The parameters driving
the oscillations, i.e., the three neutrino mass differences (Am?) and the three oscillation mixing angles,
have been measured with improving accuracy [1] although not at the 1% level as in the quark sector:
the Majorana CP-violating phases instead are still unknown, as well as the octant of 6,3. Unfortunately,
these experiments cannot establish if the neutrino is a Dirac or Majorana particle and measure its
absolute mass, and so far have not provided information on the eigenstates mass order (hierarchy).
Some (weak) preference for the normal hierarchy order, i.e., largest splitting between the second
and the third mass states, has been very recently provided by SuperKamiokande [2], under some
assumptions. OvS decay experiments instead probe lepton number conservation and the neutrino
Dirac or Majorana nature: its (non) observation allows (limited) measurement of the absolute neutrino
mass and indicates the neutrino mass hierarchy (normal, inverted, or quasi-degenerate). Massive
Majorana neutrinos may acquire mass through the See-Saw mechanism [3], hence playing a main role
in the Matter-Antimatter asymmetry of the Universe.

Universe 2019, 5, 55; d0i:10.3390/ universe5020055 www.mdpi.com/journal/universe


http://www.mdpi.com/journal/universe
http://www.mdpi.com
https://orcid.org/0000-0001-7885-6253
http://dx.doi.org/10.3390/universe5020055
http://www.mdpi.com/journal/universe
http://www.mdpi.com/2218-1997/5/2/55?type=check_update&version=3

Universe 2019, 5, 55 20of 11

In many extensions of the Standard Model (SM), Double Beta Decay is supposed to occur in
two modes: the two neutrino (2vBp), allowed in SM, first detected on 32Se [4], today observed in
13 nuclei [5,6], and the zero neutrino (OvBp), not allowed in the SM, so far unobserved despite being
the object of searches with increasing experimental sensitivity for about 60 years: its quenching
may be related to CP-violating phase cancellations, or to the quenching of the coupling constant g4,
of the Nuclear Matrix Elements (NME) associated with the nuclear transition, or if neutrinos are
Dirac fermions.

GERDA was designed to first reach (Phase I), a background index (BI) of 1072 cts/ (keV-kg-yr),
aiming to test the controversial claim of OvBp detection by the HDM experiment [7], while proving
the feasibility of the GERDA innovative operation of the HP-Ge detectors, originally proposed by [8].
Since its proposal in 2004, it was foreseen to proceed to a second phase Phase Il improving the BI down
to 1073 cts/(keV-kg-yr). Figure 1 shows the GERDA design sensitivity on the OvB half-life (T{)'/’z), asa
function of the exposure and for different BI. From the exponential decay law and Poisson statistics it
directly follows that in presence of background, i.e., when in the experimental lifetime a number N > 1
of events (cts) is expected in the Region Of Interest (ROI) from the integral of background sources, the

T?l//z sensitivity scales with the square root of the exposure, i.e., Tf'/’zw BI{E‘T' while when operating
in background-free condition (N < 1 cts in the ROl in the experimental lifetime) Tf’/’z scales linearly
with the exposure (~/€).
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Figure 1. The GERDA sensitivity on the OvBp half-life (T{)}’z) of 7Ge as a function of the exposure and
for different BI.

2. The Setup

The GERDA experimental lifetime is divided in two phases, as the setup underwent significant
changes in between:

e  Phase I was operated from 9 November 2011 to August 2013. Eight semi-coaxial germanium
(CoAX) detectors enriched up to ~87% in 76Ge (*"'Ge) from the former Heidelberg-Moscow
(HDM) [9] and Igex (IGEX) [10] experiments, and later 5 freshly produced “*Ge point-contact
germanium detectors (BEGE), for a total mass of ~18 kg of ®*Ge, were operated bare in a 63 m?
liquid argon (LAr) bath. The LAr cryostat is in turn placed at the center of a 650 m? water tank
where a Cerenkov muon veto detector is installed. The experimental setup is fully described
in [11].
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Phase II started on 20 December 2015 after 1.5 years of upgrade work: the “""Ge mass increased up
to 35.6 kg, 20 kg in form of 20 BEGE detectors [12], 19 of which were properly functioning, the rest
being the Phase I ™ Ge-CoAX detectors (15.6 kg) plus 3 "tGe-COAX (7.6 kg). It was shown [13]
that the BEGE detectors have improved pulse shape rejection features with respect to COAX: this
is thanks to the highly non-uniform electric field, yielding to a large spread and gradient of the
holes drift velocities in the detector volume, hence to longer and more stretched pulses, allowing
better discrimination of multi-site (MSE) energy releases. The pulse shape discrimination of
Compton scattered s is hence improved. In addition, to reject those s releasing energy in the Ge
detectors after scattering in LAr, a volume of ~50 cm diameter and ~220 cm height was delimited
by an Oxygen Free High Conductivity (OFHC) Cu foil lined with a reflector foil and equipped
with 16 Photomultipliers (9 top, 7 bottom): the central 100 cm of the cylinder are equipped with
800 m Scintillating Fibers, replacing the Cu foil, read out by Silicon Photo Multipliers (5iPM).

To further confine the LAr in intimate contact with the Ge detectors, hence minimize the
rate of the extremely dangerous ~3.5 MeV B particles from *’K decaying at the detector
surface!, a transparent mini-shroud made from the Borexino ultra-low radioactivity nylon [14],
surrounds each detector string. “°K is a cosmogenic isotope contained in LAr at O(100) yBq level.
The mini-shrouds, the fibers, the reflector foils, the PMTS are coated with TPBZ a VUV wavelength
shifter, shifting the 128 nm LAr scintillation light to match the PMTs and SiPM spectral sensitivity
in the optical range. The Phase II array, the nylon mini-shrouds and the fiber curtain shroud are
shown in Figure 2 and described in [15].

Figure 2. The Phase II Ge array with the individual Ge detector strings inserted in TPB coated
nylon mini-shrouds (left) and the Fiber Shroud surrounding the detector strings once lifted up in the
lock (right).

Both the energy scale and the energy resolution (FWHM) of the Ge detectors are bi-weekly

calibrated lowering three 22Th sources that are permanently installed in the apparatus and can be
remotely lowered into the cryostat down to the array level.

1
2

42K (T2 = 12.6 h; (B~ —7)) is the decay product of ¥?Ar (Ty/, =329 y; )
TPB: Tetraphenyl butadiene
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The LAr veto is also calibrated, with 2%°Ra and 228Th sources of reduced intensity,
about once/twice per year.

3. Data Taking

Phase I data taking was stopped when reaching the exposure of 21.6 kg-yr (detector mass),
corresponding to 234 mol-y of " Ge [16]; as the achieved BI of 1072 cts/(keV kg-yr)did not match the
zero-background condition, the sensitivity would be soon dominated by background fluctuations and
slowly increase with the square root of the exposure, as illustrated in Figure 1.

Phase II started in December 2015, aiming to improve the Bl by a factor 10 regarding Phase I, and
is ongoing. At the time of writing, an £ = 58.93 kg-yr of “*Ge corresponding to 593 mol-y of “"Ge
has been released, hence more than doubling the previously released exposure of 23.2 kg-yr [17,18].
The Phase II BI satisfies the design condition (<1073 cts/(keV-kg-yr)), as discussed in the following
and reported in Table 1.

The data acquisition duty cycle is 92.9%, the fraction of valid data is 80.4%. The trigger threshold
is ~200 keV (recently lowered to ~30 keV), the trigger condition being the OR of the Ge detectors.
The LAr veto detector do not trigger the data acquisition, but it is read out at each Ge trigger.

Table 1. Parameters for the six data sets: “N” is the number of events in the 230 keV window centered
at Qgp and BI the respective background index, calculated as N /(€ - 230 keV).

Data Set E [kg-yr] FWHM [keV] (€) BI 1073 cts/(keV - kg -yr) N
Phase I-Golden 17.9 4.3(1) 0.57(3) 1142 46
Phase I-Silver 1.3 4.3(1) 0.57(3) 30£10 10
Phase I-BEGe 24 2.7(2) 0.66(2) 513 3
Phase I-Extra 1.9 4.2(2) 0.58(4) 5 ‘f§ 2
Phase [I-COAX 1 5.0 3.6(1) 0.52(4) 35121 4
Phase II-COAX 2 23.1 3.6(1) 0.48(4) 0.6 193 3
Phase II-BEGE 30.8 3.0(1) 0.60(2) 0.6 193 5

4. Data Treatment

Data are divided in seven sets (see Table 2) corresponding to major hardware changes or to
specific time periods. Four data sets in Phase I: (i) GOLDEN-COAX: all the coaxial data but two runs
after the insertion of BEGE pilot string in July 2012; (ii) SILVER-COAX: the coaxial data from the two
runs just after the BEGE string deployment; (iii) BEGE: all the BEGE data, (iv) Extra: the COAX data
collected after the Phase I unblinding, and before the setup upgrade to Phase II. Three data sets in
Phase II: (v) COAX-1: from December 2015 to the first Phase II data release in 2016 [18]; (vi) COAX-2:
from 2016 to April 2018 [17]; (vii) BEGE: all the BEGE data.

Table 2. The efficiency/fraction factors multiplying the mass term in the Tf‘/’z computation.

Data Set Enrich. Active Vol Peak QC LAr-Veto PSD Total
Phase I-Golden 86.7 86.7 914 >99 - 83(3) 57(3)
Phase I-Silver 86.7 86.6 914 >99 - 83(3) 57(3)
Phase I-BEGe 87.8 91.0 900 >99 - 92.1(1.9) 66(2)
Phase I-Extra 86.7 87.2 91.7  >99 - 83(3) 58(4)
Phase II-COAX 1 86.7 86.5 914 9992 97.8(1) 77(5) 52(4)
Phase I[I-COAX 2 86.6 86.4 914  99.92 97.7(1) 71.2(4.3) 48(4)
Phase II-BEGE 88.00 88.7 89.7  99.92 97.7(1) 87.6(2.5) 60(2)

The first step of the physics data analysis is the energy reconstruction: this is performed by
first de-noising the recorded 160 ps waveform, sampled at 40 ns, with a zero-area cusp-shaped
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filter [19], whose relevant parameters are determined by optimizing the energy resolution of the
most prominent 222Th + lines in the calibration spectra. It can be shown that the cusp (in the time
domain) filter corresponds to an optimum filter in the frequency domain. The relevant cusp parameters
are hence determined maximizing the S/N ratio. The energy-to-amplitude calibration parameters
defined in the calibration data are then applied to the corresponding physics data. Figure 3 shows the
exposure-weighted energy resolution® expressed in term of FWHM, as a function of the energy for both
the BEGE and COAX detectors, and the matching of the energy scale and energy resolution between
the calibration and the physics data. The energy resolution at Qgg for both the Phase II-COAX and the
single Phase II-BEGE data sets are 3.6 keV and 3.0 keV, respectively. The systematics related to the

non-linearity of the energy scale are 0.2 keV.
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Figure 3. The energy resolution in Phase II as a function of the energy for both the BEGE and COAX
detectors. (Left): The exposure-weighted FWHM of the <y lines adopted in the calibration vs. energy,
and their fit function. The FWHM of the 4’K and #’K lines in the physics data are superimposed;
(Right): the FWHM of the gamma lines in the physics data, and, superimposed, the exposure-weighted
FWHM function derived from the calibrations: the inset presents the exposure-weighted FWHM of the
two most prominent K and 4’K lines.

Once the energy is assigned and the energy spectra produced, the events with E > 500 keV are
processed as follows [20,21]; first, quality cuts are applied (acceptance is 99.92%) to remove fake
triggers and triggers from electrostatic micro-discharges, then single multiplicity (only one detector
above the DAQ trigger) (acceptance 94.5 & 0.6)% and anti-coincidence within 1 us with the muon veto
(acceptance 93.7 £ 0.6)% is required. When considering the 100 keV energy region around Qgg the
quality cut acceptance is unchanged within the errors while the anti-coincidence acceptances decreases
to (66 £ 7)% and (60 % 7)% respectively, due to the absence of the 2vfp signal (intrinsically single hit),
and the decrease of the full containment efficiency at the increase of the y-energy.

Next, the anti-coincidence within 7 us with the LAr veto is required.

The last event-selection step is based on pulse shapes (PSD): OvpBp is intrinsically a single-site
event (SSE). To reject background by MSE, while preserving SSEs, different selection criteria and
algorithms have been developed for COAX and BEGE. For the COAX the PSD cut is applied on the
distribution of the pulse shape estimator, provided by an Artificial Neural Network (ANN) [21] & a
cut on the pulse rise-time: pulses with rise-time* lower than 180 ns are rejected as associated with a
particles decaying at the p™ electrode. For the BEGE the PSD estimator is the ratio of the amplitudes
of current pulse vs. charge pulse (A/E) [21].

both the energy calibration and energy resolution have some =+ variations from one calibration to the other, usually
~0.1-0.3 keV, but in some cases, larger. Hence the physics data are calibrated following the scale variations and an
exposure-weighted FWHM is determined for each data set

time for the pulse from 10% to 90% of its amplitude
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For both estimators, the events populating the 1592 keV y—line (double escape peak of the
2614 keV, 2°8T1) and the full energy peaks (FEP) of the 1620 keV ?12Bi +-line are proxies of Ovpf (SSE)
and background (MSE) respectively. The acceptances are then verified on other SSE classes of events,
as 2vpBp and Compton edges.

For each data set, Table 2 reports the average of the enrichment fraction, the active volume and
the associated containment OvpBp fraction, as well as the individual estimated efficiencies (acceptances)
on genuine SSE of the two cuts, LAr-veto and PSD.

For the Ovpp analysis the 260 keV region centered at Qgg excluding the blinded 50 keV energy
window centered at Qgg and the two regions (2104 £ 5) keV and (2119 + 5) keV, corresponding to
known < lines of 208T] and 21Bi, is adopted for the first determination of the BI.

After the cuts, the analysis criteria and the related efficiencies are determined, the 50 keV blinded
region is unveiled, and the cuts are applied. The Bl is re-evaluated on the 240 keV region excluding
10 keV at Qpg, hence on a 230 keV netto range. To maximize the exposure while taking advantage of
the different energy resolution, background indexes, and pulse shape discrimination (PSD) features of
the individual detectors and time periods, the Bls determined in the 230 keV range of each data sets
are free parameters in the unbinned maximum likelihood fit of the OvBg ROI, while the half-life of a
Gaussian signal at Qgg, is free and common to all the data sets: the T{)}’z is related to Npg, through the

T{”/’Z =1In2- W € is total measurement efficiency reported in Table 2.

Finally, the corresponding neutrino mass (limit) is computed, through the (Tfyz) 1~ Fy(Q2)-

2
\MOV|2 . %, where < me, > is the effective Majorana Neutrino Mass, m, is the electron mass,
e
Foy(Q, Z) is the transition phase space [22], M, is the Nuclear Matrix Element of the 76Ge—70Se
transition: NME calculations provide values ranging within a factor of 2—4 depending on adopted

nuclear models [23]: a range of values for My, leads to a range for the neutrino mass limit.

5. Discussion and Results

The PSD cuts are tailored to reject MSE (like Compton scattering inside the detector), as and
B decays at the detector surface; for BEGE this is achieved by low and high cut on A/E, the PSD
parameter: in fact, the multi-site events show lower A/E than SSEs, while as decaying at the p™*
electrode have high A/E. For COAX: the ANN cut removes the Compton events and to some extent
the s, the rise-time cut removes more effectively the as.

In Figure 4 plots, for each data set, the open gray circles represent the population of events prior
the active cuts, plotted in the plane PSD estimator vs energy. The colored filled points are the events
surviving the PSD cuts.

Prior to the cuts, BEGE detectors are shown to be 10 times cleaner in 21°Po than COAX, and this is
consistent with the reduced p* electrode contact area.

Figure 5 shows the energy spectra collected in Phase II before and after applying the active
background rejection cuts, for both the ***Ge BEGE and the ***Ge-coax. Prior the cuts the spectral
features are: (i) 2vBB at E < 2.0 MeV; (ii) °K, K prominent v lines at 1.460 MeV and 1.525 MeV
respectively, 21Bi -y lines at 1.764 MeV, 2.2 MeV, 2%8T1 + line at 2.6 MeV; (iii) 2'°Po as at ~5.2 MeV
extending down to lower energies (named degraded «, i.e., loosing part of their energy in the detector
dead layers). The LAr veto cut affects mostly the 7y lines from -y emitters (8 in LAr and -y in the Ge
detectors), abating ~80% the **K and ?!4Bi and to a minor extent (~50%) their Compton continuum.

Table 1 summarizes the relevant parameters for each data set: exposure, energy resolution,
total efficiency to SSE, BI and number of background events in the 230 keV range after the cuts: the BI
of most of the Phase II exposure well satisfy the design value.

Only one event in the Phase II-BEGE data set is found at +2.4 o from Qgg, shown in Figure 6.
The expected number of background counts for the three Phase II data sets in ZFWHM is 0.32.
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Figure 4. PSD estimators plotted vs. energy for Phase II BEGE (top) and COAX (middle) data sets: for
COAX the rise-time parameter vs. the energy is also shown (bottom). The empty circles are all the
events prior the active cuts, while the filled coloured circles are the events surviving the cut on the
PSD estimator.
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Figure 5. The GERDA Phase II energy spectra: 23.1 kg-yr for the COAX (top) and 30.8 kg-yr for the
BEGE (bottom), for a total exposure of 58.93 kg-yr.

The unbinned maximum likelihood best fit value is a null signal; the maximum signal fitting
the ROI is shown in Figure 6. The corresponding 90% C.L. limit is T{)}’z > 0.9 - 10% yr, and,
in the assumption that neutrino is a Majorana particle, the neutrino mass upper limit ranges
0.11-0.26 eV. It is relevant to point out that if 0vB8 of 7°Ge would proceed with the claimed half-life of
1.2-10%° yr [7] (2.2 - 10% yrin [24]), in GERDA Phase II a peak of ~15 cts (~8 cts) will show up at Qpp,
while, under this assumption, the Poisson probability of founding 1 cts is <107° (3.0 - 10~%). Hence the
GERDA results exclude both [7,24].

Also, the GERDA limit value is in good agreement with its median sensitivity for limit-setting
computed by Toy Monte Carlo method: T{% >1.1-10% yr, leading to m,, < 0.10-0.23 eV, and the
probability of having a stronger limit is 63%.
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107"
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enriched BEGe - 30.8 kgiyr Q. =20
107

UL L _|'HITI\I| T T T T 1o

1072

Counts / ( keVkgyr )

107°

1950 2000 2050 2100 2150
Energy (keV)

Figure 6. The GERDA Phase Il energy spectra zoomed at the ROI for the COAX (top) and BEGE (bottom)
data sets. Overlapped the maximal signal allowed from the maximum likelihood fit.
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6. Conclusions

Presently, the more stringent results on Ovff are set on **Xe, 7°Ge, 130Te, #2Se by the
KAMLAND-ZEN, GERDA, CUORE, CUPID experiments, respectively. Table 3 summarizes these and a
few other results: neutrinoless double beta decay half-lives O(10%°) yr, corresponding to (sub) 100 meV,
i.e., the so-called degenerate region of the effective Majorana neutrino mass scale, is presently probed
by a few projects, the most sensitive being the 1**Xe and 7°Ge ones. So far neither evidences nor
indications of OvBp have been found, and the previous claim [7,24] has been disproved.

Table 3. Summary and comparison of the main parameters, performance, and results of the ongoing
Double Beta Decay Experimental Searches.

Isotope  Moles £ FWHM BI-10° Sensitivity TJ5  Limit T, Limit Range

[kg-yr]  [keV] cts/(keV - kg - yr) 1025 [yr] 1025 [yr] [eV]m,,
GERDA [25] 76Ge 410 59.3 33 0.6 11.0 9.0 0.11-0.26
MAJORANA [26] 76Ge 340 26.0 25 5.0 4.8 1.9 0.24-0.52
CUORE [27] 130T 1580 83.6 7.7 15.0 0.7 1.5 0.11-0.52
CurID [28] 82Ge 57 29 23.0 3.6 0.23 0.24 0.38-0.77
Ex0-200 [29] 136Xe 550 56 71 1.7 3.7 1.8 0.15-0.40
KAMLAND-ZEN [30]  136Xe 2530 138 265 0.3 5.6 11.0 0.06-0.17

GERDA has validated its innovative technique of operating bare germanium detector in LAr, and
proved that first-class physics results can be achieved, thanks to the best BI (0.6 - 1072 cts/ (keV-kg-yr))
and energy resolution (FWHM: 3.0 keV for low capacity HP-Ge detectors) at Qgg, and to the largest
76Ge exposure ever achieved in Ovpp searches.

The next step in neutrinoless double beta decay searches will be the exploration of the inverted
hierarchy region of the Majorana neutrino mass range (few tens of meV, corresponding to the
10%6-10%” yr range for the T?I/’Z): it is the goal of the LEGEND-200 project, proposed by the joint
GERDA and MAJORANA collaborations, and of the KAMLAND-ZEN-800 projects. LEGEND-200 [31]
aims to increase the detector mass to 150-200 kg in form of BEGE or Small Anode Germanium (SAGE)
or Inverted Coaxial Germanium detectors, deploying the target in the GERDA infrastructure at LNGS,
with a further reduced BI < 10~ cts/(keV-kg-yr). The KAMLAND-ZEN-800 project will soon restart
the operations with a doubled '3*Xe isotope mass: at the time of writing (end of 2018), the internal
balloon has already been deployed and filled with dummy liquid scintillator, without '3¢Xe.

Only multi-ton double beta decay experiments will have adequate sensitivity to probe the normal
hierarchy neutrino mass ordering at a few meV scale, or the 1028-10%° yr range for the T{)’/’z.
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