PHYSICAL REVIEW LETTERS 131, 142501 (2023)

Editors' Suggestion

Final Results of GERDA on the Two-Neutrino Double-f Decay Half-Life of Ge

M. Agostini,10 A. Alexander,10 G.R. Araujo,21 A. M. Bakalyarov,15 M. Balata,1 I Barabanov,13 L. Baudis,21 C. Bauer,9
S. Belogurov,”’la"" A. Bettini,ls’19 L. Bezrukov,13 V. Biancacci,lg’19 E. Bossio,17 V. Bothe,9 R. Brugnera,]g’19
A. Caldwell,]6 S. Calgaro,lg’19 C. Cattadon',” A. Chernogorov,m"5 P-J. Chiu,zl T. Comellato,]7 V. D’Andrea,3
E. V. Demidova,14 A. Di Giacinto,l N. Di Marco,2 E. Doroshkevich,13 F. Fischer,16 M. Fomina,7 A. Gangapshev,”’9
A. Garfagnini,lg’19 C. Gooch,16 P. Grabmayr,20 V. Gurentsov,13 K. Gusev,7’15’17 S. Hackenmijllerﬁ’]IE S. Hemmer,19
W. Hofmann,9 I Huang,21 M. Hult,8 L.V Inzhe,chik,13’§ J. Janicské Csa’lthy,17 J. Jochum,zo M. Junker,1 V. Kazalov,13
Y. Kerma'idic,9 H. Khushbakht,20 T. Kihm,9 K. Kilgus,20 LV Kirpichnikov,14 A. Klimenko,9’7‘H K. T. Knopfle ,9
0. Kochetov,7 V.N. Kornoukhov,B’+ P. Krause,17 V. V. Kuzminov,13 M. Laubenstein,1 B. Lehnert,é’” M. Lindner,9
L Lippi,lg A. Lubashevskiy,7 B. Lubsandorzhiev,"”” G. Lutter,® C. Macolino,’ B. Majorovits,16 W. Maneschgf)
L. Manzanillas,16 G. Marshall,10 M. Mil()radovic,21 R. Mingazheva,21 M. Misiaszek,S M. Morella,2 Y. Ml'jller,21
L. Nemchenok,7‘H M. Neuberger,]7 L. Pandola,4 K. Pelczalr,8 L. Pelrtoldi,”‘19 P. Piseri,12 A. Pullia,]2 C. Ransom,zl
L. Rauscher,” M. Redchuk,” S. Riboldi,'”* N. Rumyantseva,”””’ C. Sada,'™'® S. Sailer,” F. Salamida,” S. Schonert,'’
J. Schreiner,” M. Schiitt,” A.-K. Schiitz,”> O. Schulz,'® M. Schwarz,'” B. Schwingenheuer,” O. Selivanenko,"
E. Shevchik,7 M. Shirchenko,7 L. Shtembari,16 H. Simgen,9 A. Smolnikov,g’7 D. Stukov,15 S. Sullivan,9 A A. Vasenko,14
A. Veresnikova,"” C. Vignoli,1 K. von Sturm,'®" T. Wester,’ C. Wiesinger,17 M. Wojcik,5 E. Yanovich,"
B. Zatschler,’ 1. Zhitnikov,” S.V. Zhukov,"” D. Zinatulina,” A. Zschocke,” A.J. Zsigmond,'®
K. Zuber,6 and G. Zuzel’

(GERDA Collaboration)”

YINFN Laboratori Nazionali del Gran Sasso, Assergi, Italy
YINFN Laboratori Nazionali del Gran Sasso and Gran Sasso Science Institute, Assergi, Italy
*INFN Laboratori Nazionali del Gran Sasso and Universita degli Studi dell’Aquila, L’Aquila, Italy
*INFN Laboratori Nazionali del Sud, Catania, Italy
SInstitute of Physics, Jagiellonian University, Cracow, Poland
®Institut fiir Kern- und Teilchenphysik, Technische Universitdt Dresden, Dresden, Germany
" Joint Institute for Nuclear Research, Dubna, Russia
8European Commission, JRC-Geel, Geel, Belgium
*Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany
°Department of Physics and Astronomy, University College London, London, United Kingdom
Y"INFN Milano Bicocca, Milan, Italy
12Dipam'mento di Fisica, Universita degli Studi di Milano and INFN Milano, Milan, Italy
BInstitute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
Y nstitute for Theoretical and Experimental Physics, NRC “Kurchatov Institute,” Moscow, Russia
“National Research Centre “Kurchatov Institute,” Moscow, Russia
®Max-Planck-Institut fiir Physik, Munich, Germany
Y"Physik Department, Technische Universitiit Miinchen, Germany
]8Dipartimento di Fisica e Astronomia, Universita degli Studi di Padova, Padua, Italy
YINFN Padova, Padua, Italy
2OPhysikalisches Institut, Eberhard Karls Universitit Tiibingen, Tiibingen, Germany
2 Physik-Institut, Universitdit Ziirich, Zurich, Switzerland

® (Received 13 May 2023; accepted 15 August 2023; published 3 October 2023)

We present the measurement of the two-neutrino double-B decay rate of 7°Ge performed with the
GERDA Phase II experiment. With a subset of the entire GERDA exposure, 11.8 kg yr, the half-life of the
process has been determined: 77/, = (2.022 = 0.018,, =+ 0.038,) x 10°! yr. This is the most precise
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determination of the 7°Ge two-neutrino double-f decay half-life and one of the most precise measure-
ments of a double-f decay process. The relevant nuclear matrix element can be extracted:

M?24 = (0.101 + 0.001).

DOI: 10.1103/PhysRevLett.131.142501

The two-neutrino double-$ (2u3f3) decay is a rare nuclear
transition in which two neutrons are simultaneously trans-
formed into two protons, and two electrons and two
antineutrinos are created, ensuring lepton number conser-
vation. It is among the rarest radioactive processes ever
detected. It has been observed in several nuclei with half-
lives ranging between 10'8-10>* yr [1]. Double-# decay
transitions are a unique probe for particle physics. The
discovery of neutrino-less double-f (Ovff5) decay, in which
no neutrinos are emitted, would reveal the Majorana nature
of neutrinos and have a strong connection with the nature of
the neutrino mass generation mechanism [2]. Observing
Ovpp decay would provide evidence for lepton number
violation and directly point to physics beyond the standard
model [3]. Several extensions of the standard model also
predict the emission of exotic particles as a byproduct
instead of two antineutrinos. A popular hypothetical decay
mode involves Majoron emission [4], but various other
candidate particles have been proposed [5,6]. Experimental
searches for new physics in double-f decay transitions rely
on sophisticated nuclear matrix element calculations to
convert decay rates to information on the underlying
particle physics model [7]. In this context, measured
2upp decay rates can be used as a test bench to validate
and improve nuclear structure calculations [8—11].

In this Letter, we present the final measurement of the
2upf decay half-life (T74,) of °Ge performed with the

GERDA experiment. Pioneering measurements of this
quantity were performed already in the nineties, while the
most recent result was reported by GERDA Phase 1 [12],
which measured a half-life of T%?z = (1.926 & 0.095) x

10?! yr. A collection of measurements performed over
the years is reported in Fig. 1. An increase of the T%’;z
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FIG. 1. History of published "°Ge 2vf8 decay half-life mea-
surements [12-22].

central value is observed. It has been attributed to a
systematic underestimation of the background, which
decreases as the experiments keep reducing their back-
ground level [13]. The precision of previous GERDA Phase |
measurements was limited by systematic uncertainties
related to the fit model and the detector’s active mass.
Both sources of uncertainties have been drastically reduced
in GERDA Phase II through a redetermination of the active
volume for a selection of germanium detectors and the
utmost reduction of the background by detecting the
scintillation light produced by background events deposit-
ing energy in liquid argon (LAr), leading to the results
described in this Letter.

The GERDA experiment was located underground at the
Laboratori Nazionali del Gran Sasso (LNGS) of INFN, in
Italy [23-25]. High-purity germanium detectors built from
material isotopically enriched in "°Ge were operated inside
a 64 m® LAr cryostat [26]. In the second phase of the
experiment, 7 coaxial and 30 Broad Energy Germanium
(BEGe) detectors were mounted in 6 strings [24], each
enclosed in a transparent nylon vessel to prevent the
collection of radioactive potassium ions on the detector
surfaces [27]. A curtain of wavelength-shifting fibers
connected to silicon photomultipliers and low-activity
photomultiplier tubes were arranged around the detector
array. This instrumentation allowed for effective detection
of the argon scintillation light due to background events
depositing energy in the argon surrounding the germanium
detectors [24]. The LAr cryostat was submerged in a
590 m® water tank instrumented with photomultipliers
and used, together with scintillator panels on the top of
the setup, for the muon veto system [28].

The experimental signature of a 2uff decay is a well-
localized energy deposition within a germanium detector.
The total decay energy is shared among the two electrons
and two antineutrinos produced in the process. The
electrons release all their energy in germanium within a
few millimeters from the decay location. The antineutrinos
escape the detector carrying away a fraction of the energy.
Thus, the detectable energy varies between zero and the Q
value of the reaction, Qs = 2039.061(7) keV [29], with a
maximum around 700 keV. Several background sources
can also generate events in this energy range [30]. Up to
about 565 keV, the event rate of GERDA is dominated by
the 8 decay of *°Ar, a cosmogenic isotope of argon. Above
this threshold, the majority of the detected events is due to
2uBp decays with minor contributions from 2?8Ac, 2?%Th,
214Bi, %9Co, and “°K in structural material; “’K decays in the
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LAr surrounding the detectors; a decays on the p*
electrode of the detectors.

The analysis presented in this work is based on data
collected during the Phase II of the project, processed
following the procedures and digital signal processing
algorithms described in [25]. Unphysical events due to
electrical discharges or noise and data collected in periods
of hardware instabilities are identified and removed from
the dataset using the methods discussed in [31]. Events
accompanied by a light signal in the water tank or LAr are
also discarded. The energy deposited within the detectors is
reconstructed using a zero-cusp-area filter [32] which
provides a resolution better than 3 keV full width half
maximum with BEGe detectors over a wide energy range
extending up to Qg [33].

Of the 103.7 kgyr of exposure collected in GERDA
Phase II [31], only data collected with nine BEGe detectors
between December 2015 and April 2018 have been used in
this work, corresponding to a total exposure of 11.8 kg yr.
These detectors were chosen because they have been
characterized before their deployment in the GERDA
LAr cryostat [34] and after the end of the GERDA data
taking, allowing for the determination of the dead layer
thickness (DLT), and, in turn, of the active volume fraction
(f av), during the GERDA data taking. The DLT is defined
as the distance from the detector surface at which charge
carriers are fully collected and is known to grow at room
temperature. No reliable model of this process has been
formulated yet. Different growths were observed among the
nine recharacterized BEGe detectors, as shown in Fig. 2.
The two measurements were performed with the same
apparatus to reduce systematic uncertainties [34]. A linear
interpolation between the two measured values is used as
an estimation of the DLT during GERDA data taking. The
interpolated DLT values are summarized in Table 1. The
uncertainties reported here are obtained by propagating
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FIG. 2. Dead layer thickness (DLT) measured before the
beginning and after the end of the GERDA data taking shown
as a function of the time the detectors were stored at room
temperature. The whole GERDA data taking is collapsed at zero
since no growth is expected while the detectors are operated in
liquid argon.

the uncertainties of the two measured values to the linear
interpolated value. The obtained DLT was used to deter-
mine the f,y, i.e., the fraction of the entire detector volume
where an energy deposition is fully reconstructed. The
resulting f 4y values are also summarized in Table I. While
it was possible to determine the active volume of the nine
recharacterized BEGe detectors with an accuracy of 1%—
1.5%, the active volume of the other BEGe detectors and
that of the coaxial detectors is not known at the same degree
of accuracy. For this reason, data from the latter detectors
are excluded from the analysis. The active volume ulti-
mately determines the detection efficiency for 2uff decays.
Therefore, its uncertainty directly translates into a system-
atic uncertainty on the 2uff decay half-life. In contrast, the
statistical uncertainty expected using only 11.8 kgyr of
exposure is subdominant. Data collected after the upgrade
of the experimental setup in the summer of 2018 with the
same nine BEGe detectors were excluded from the analysis
due to major changes in the LAr instrumentation that are
not included in the modeling of the LAr veto system [30].
While the loss of exposure is minimal, the LAr veto system
and its Monte Carlo simulation are crucial elements of the
analysis, as will be explained in the following.

The statistical analysis follows the methods used in our
previous work, where limits on different exotic double-f
decays have been set [35]. A binned maximum likelihood
fit is used to estimate the number of 2/ and background
events. The fit is performed in the energy window between
560 and 2000 keV, using a 10 keV binning. It was checked
that the fit results were not affected by the binning. The free
parameters of the fit are the normalization factors of the
signal and background distributions. Thus, the normaliza-
tion factor of the 2v/3f decay distribution corresponds to the
number of 2vff decay events observed in the dataset, N,,.
All the parameters of the fit are unconstrained. The
statistical inference relies on a frequentist approach and
the profile-likelihood ratio test statistic [36]. The only
parameter of interest is N,,, while all normalization factors

TABLE I. Summary of the nine BEGe detectors used in this
work. The individual analysis exposures, the dead layer thickness
(DLT) values, and the corresponding active volume fractions
(f ay) are reported. Uncertainties have been calculated assuming a
linear growth of the DLT with time.

Detector name Exposure (kgyr) DLT (mm) fav

GD35B 1.6 1.02£0.10 0.888 £0.010
GDO00D L5 0.86 +0.08 0.904 £ 0.009
GD02C 1.5 0.93 £0.08 0.897 £ 0.009
GD35A 1.5 1.25£0.09 0.868 £ 0.009
GD61C 1.1 0.80 £ 0.09 0.900 £ 0.010
GD76C 1.6 0.96 £0.09 0.895+£0.010
GDO00B 1.3 1.29 £0.11 0.850+0.013
GD32B 1.4 1.13£0.10 0.872 £0.011
GDY91B 0.5 1.10£0.11 0.871 £0.013
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of the background distributions are treated as nuisance
parameters, and their uncertainties are propagated by
profiling. The test statistic distributions are evaluated with
Monte Carlo techniques, generating a set of GERDA
pseudo-experiments assuming different signal hypotheses.
These distributions are used to extract the 68% probability
interval on the number of 2vff counts.

In this analysis’ scope, reducing the background to a
minimal level is crucial, and the LAr veto cut plays a
fundamental role in achieving this. A background model
after the LAr veto cut has been developed in [30] and used
in this work, as in our previous one [35]. It includes
separate model components for 228Ac, 22Th, 2!“Bi, °Co,
and “)K decays, two model components for *’K decay, one
for the decay in the LAr volume and one for the decay very
close to detector surfaces, and finally, a linear distribution
for the decay of « particles on the p* electrode surface. To
obtain the probability distributions of signal and back-
ground sources after the LAr veto cut, the simulation of the
LAr scintillation light production and detection chain was
implemented in the GEANT4 -based simulation framework
MaGe [37]. The determination of the LAr veto condition for
Monte Carlo events is described in detail in [30].

Figure 3 shows the experimental data and the total best-
fit model. The contributions to the total fit model of the
2upp decay and the background are also shown separately.
The residual background after the LAr veto cut is extremely
low, and the signal-to-background ratio, excluding the two
prominent ¥ lines from *°K and *’K, is 22: 1, while it was
only 2:1 in the same energy range according to the
background model before analysis cut [38]. Thus, the
LAr veto cut reduces the background of more than a factor
10 in the energy region dominated by the 2uff decay, as
already pointed out in [30,35]. The residuals are shown at
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FIG. 3. Best-fit background and signal decomposition of the

energy distribution of 11.8 kg yr of data from GERDA Phase Il
after applying the liquid argon veto cut. In the bottom panel, the
difference between data and model normalized over the expected
Poisson standard deviations is shown together with 68%, 95%,
and 99% confidence intervals.

the bottom of Fig. 3 in units of standard deviation. Their
distribution is compatible with a Gaussian distribution
centered at 0 and with a width equal to 1.

The best-fit value and 68% probability interval on the
number of 2uff counts, extracted from the observed test
statistic, is N, = (16911 & 147, & 112,,) counts in the
fit range. The systematic uncertainty here accounts for the
contributions that affect the energy distribution of signal
and background and, in turn, the estimation of N,, from the
fit. These are folded into the analysis during the compu-
tation of the test statistic distribution (See prior-predictive
method in Refs. [36,39]). Each time a pseudo-experiment is
generated, a new generative model is created by sampling
the model parameters from prior distributions. As a result
of this procedure, the tail of the test statistic is widened, and
the systematic uncertainties are naturally incorporated in
the result of the statistical inference.

The energy distribution of the background depends on
the location of the background contamination. Different
peak-to-Compton values are expected for y decays very
close to the detectors or far from them, as well as for events
depositing energy in the bulk volume or close to the
surface. As stated above, the background model after
the LAr veto cut includes a minimal set of locations for
the background components [30]. In the Monte Carlo
generation of the pseudo-experiments, the location of each
background contribution is uniformly sampled among all
the locations identified in [38]. The resulting systematic
uncertainty on the determination of N,, is +£0.62%, as
summarized in Table II.

The response of the LAr veto instrumentation also
affects the shape of the background probability distribu-
tions. Uncertainties in the optical parameters used for the
Monte Carlo simulation affect the probability of detecting
the scintillation light depending on the point where the
emission takes place in the LAr. The uncertain parameters
include, among others, the LAr attenuation length and the
reflectivity of materials in the detector array. Macroscopic
properties of the background distributions, such as the
peak-to-Compton ratio, are modified by these parameters.

TABLE II. Summary of the systematic uncertainties affecting
the 2uff decay half-life estimate.

Source Uncertainty
Background model +0.62%
Liquid argon veto model +0.21%
n™ detector contact model < 0.1%
Theoretical 2vff decay model +0.13%
Sub Total (fit model) +0.66%
Active volume +1.8%
Enrichment fraction +0.3%
Total +1.9%
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The systematic uncertainty in the LAr veto response is
heuristically parametrized with methodologies discussed in
[30]. The reader is referred to the latter publication for a
complete treatment of the topic. The observed systematic
uncertainty due to LAr veto model uncertainties on the N,,
value 1s +0.21%, as summarized in Table II. It is worth
remarking that, because of the very localized topology of
2upf decay events, the corresponding event distribution
depends neither on the geometry nor on the LAr veto
response.

A systematic uncertainty contribution is also expected
from the modeling of germanium detectors. Every detector
is characterized by a transition region between the active
volume and the dead layer in which the charge-collection
efficiency is partial [40]. The efficiency profile and the size
of this transition layer affect the shape of signal and
background probability distributions, particularly the low
energy region of the 2uff decay and the lower tail of
intense y peaks. A linear efficiency profile for the transition
layer, whose average size is about 50% of the full dead
layer region for BEGe detectors [40], is used as default.
Still, different profiles are considered in the systematic
uncertainties, and the size varied in a conservative range
of +5 standard deviations from the central value.
Nevertheless, the overall effect on N,, is less than 0.1%,
smaller than the other contributions summarized in Table II.

The theoretical calculations for the shape of the 2u4f
decay of 7°Ge assume higher-state dominance (HSD), i.e.,
the hypothesis that all intermediate states of the intermedi-
ate nucleus contribute to the decay rate [41]. Assuming the
alternative single-state-dominance (SSD) hypothesis, i.e.,
the 2uf3f decay is governed by a virtual two-step transition
through the first 17 state of the intermediate nucleus [42], a
tiny difference in the shape of the "°Ge 2upf decay is
observed [43]. This difference is maximal in the tail of the
2upf decay distribution where the statistic is very low but
less than 0.5% at the peak of the distribution. This results in
a +0.13% systematic uncertainty on the determination
of N 0.

N,, is converted into the decay half-life (Tsz) through

the relation

v 1 NA 11’1(2)
T%/Z = N— : T&'g,
2v 76

where A4 is the Avogadro’s constant, 7,4 the molar mass
of the enriched germanium, £ the exposure, and e the total
efficiency of detecting 2 decays in the analysis range.
The latter includes the electron containment efficiency, the
active volume fraction, the 7°Ge enrichment fraction, and
the efficiency of the analysis cuts.

To determine the systematic uncertainty on the T%’;z due
to the uncertainty of the detector active volume fractions,
we sum the nine volumes using the DLT values measured
before data taking (upper boundary) and the DLT values

measured after data taking (lower boundary). We randomly
sample the total active volume uniformly between the lower
and upper boundaries and take the RMS of the resulting
distribution as a systematic uncertainty. Hence, the uncer-
tainties of the DLT values are treated completely correlated
among the nine detectors and do not rely on any assumption
on the time profile of the DLT growth rate during storage at
room temperature. This conservative estimate yields a
relative uncertainty of 1.8%, larger than the single f4V
uncertainties given in Table I.

The 7%Ge enrichment fraction was estimated to be
(87.4+0.3)% for the BEGe detectors and contributes
with a 0.3% relative uncertainty on T%?z- This uncertainty

is smaller than reported previously due to a reevaluation of
the estimates documented in [34]. All the contributions to
the systematic uncertainty budget are summarized in
Table II. Uncertainties about other efficiency factors, such
as the containment efficiency and the efficiency of the
analysis cuts, are negligible.

From the number of 2u4f decay events evaluated from
the fit and the systematic uncertainties listed above, we
obtain

T3, = (2022 £ 0.018, £ 0.038,) x 10 yr.

Summing in quadrature statistical and systematic uncer-
tainties, the total 1o uncertainty on T%?z is 2.1%. This is
dominated by the systematic uncertainty on the active
volume (1.8%). The total contribution to the systematic
uncertainty from the fit model is only 0.7%, comparable to
the 0.9% statistical uncertainty.

T%’;z is converted into an experimental estimation of the
effective nuclear matrix elements M?%; through the
relation

(T3 = G M

9’

where G? is the phase space factor. This has been calcu-
lated for 7°Ge with subpercent accuracy G* = 48.17 x
10721 yr=! [41]. With the T%’;Z extracted in this work, the

effective nuclear matrix element is M2 =(0.10140.001).
A comparison of the experimental values of /\/lg’f“f obtained
with different isotopes is shown in Fig. 4. Despite the
longer half-life of Ge compared to other isotopes (up to 2
orders of magnitude), the result obtained in this work for
76Ge aligns with the high precision reached in the last years
by several experiments and represents one of the most
precise measurements of a double- decay process. Present
calculations of these nuclear matrix elements yield a
precision that is far off that achieved in experiments.

In conclusion, we performed the most precise determi-
nation of the "Ge 2u3f} decay half-life: 77/, = (2.022+
0.042) x 10%! yr. The half-life measured in this work is
compatible with the past GERDA Phase I results. It
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FIG. 4. Experimental values of the effective nuclear matrix
elements |M?24| for various double-f emitters with the precision
given on the vertical axis. The different |M24| were calculated
using for each isotope the most precise determination of the half-
life to date [44-51] and the phase space factors from [41].

confirms the trend of slightly increasing T%?z central value

over time as the experiments progressively increase the
signal-to-background ratio. The superior signal-to-
background ratio achieved in this work is the result of
the extremely low background condition in which GERDA
operated combined with the excellent background rejection
capabilities of the LAr veto system. The unprecedented
precision in the determination of the °Ge 2u3f3 decay half-
life benefits from that and from the precision determination
of the active volume of the BEGe detectors. In fact, the
statistical uncertainty is subdominant even using only a
limited exposure, while the systematic uncertainty related
to the active volume of the germanium detectors dominates
the total uncertainty. Further improvement of the precision
of the 7Ge 2upp decay half-life estimate would require a
precision determination of the active volume of the ger-
manium detectors, which will be the challenge of the
LEGEND experiment, the future of double-# decay physics
with °Ge [52].

The data shown in Figs. 2 and 3 are available in ASCII
format as Supplemental Material [53].
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