
P
o
S
(
E
P
S
-
H
E
P
2
0
2
3
)
1
5
8

Latest results from GERDA Phase II experiment on 76Ge
double-beta decay and exotic decay searches

Alberto Garfagninia,∗ on behalf of the GERDA Collaboration
aUniversità di Padova and INFN-Padova
via F. Marzolo 8, I-35131 Padova, Italy

E-mail: alberto.garfagnini@pd.infn.it

The GERmanium Detector Array (GERDA) experiment at the Laboratori Nazionali del Gran
Sasso (LNGS, Italy) had, as main goal, the search for the lepton-number-violating neutrinoless
double-beta (0νββ) decay of 76Ge. The potential discovery of such phenomenon would have
significant implications in cosmology and particle physics, helping unrevealing the Majorana
nature of neutrinos. The main feature of the GERDA design consisted in operating an array of
bare germanium diodes enriched in 76Ge in an active liquid argon shield. The Phase II physics
run (December 2015 - November 2019) reached an unprecedentedly low background index of
5.2 × 10−4 counts/(keV kg yr) in the signal region, collecting an exposure of 103.7 kg yr while
operating in a background-free regime. No signal was observed after a total exposure of 127.2 kg yr
for a combined analysis of Phase I (November 2011 - September 2013) and Phase II data. A lower
bound on the half-life of 0νββ decay in 76Ge was set at T1/2 > 1.8 × 1026 yr (90% C.L.),
which coincides with the median expectation under the no signal hypothesis. This contribution
will review the GERDA experiment design and its final results, both on 76Ge double-beta decay
searches with and without neutrinos, and recent results on searches for tri-nucleon decay of 76Ge
and search for new exotics physics.
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1. Introduction

Double beta decay is the simultaneous beta decay of two neutrons in a nucleus. The process,
called two neutrino double beta decay (2νββ), can be calculated in the Standard Model of Particle
Physics as a second order process (A, Z) → (A, Z + 2) + 2e− + 2νe and it has been observed
in 11 nuclei, where single beta decay is energetically forbidden; very high half-lives, between
7 × 1018 yr and 2 × 1024 yr, have been measured [1]. Several models extending the Standard
Model of Particle Physics predict that a neutrinoless double beta decay (0νββ) should also exist:
(A, Z) → (A, Z +2)+2e−. The observation would imply that lepton number is violated by two units
and that neutrino is its own antiparticle, developing a Majorana mass component. The standard
mechanism for 0νββ assumes that the process is mediated by light and massive Majorana neutrino
and that other mechanisms potentially leading to neutrinoless double beta decay are negligible.
The main experimental signature of the 0νββ decay is a characteristic peak in the measured energy
distribution, which is centered at the Q value of the decay, while for the 2νββ decay, the total decay
energy is shared among the two final-state electrons and antineutrinos produced in the decay. A
rich experimental program is underway to search for this rare nuclear trasition employing various
candidate isotopes. This paper describes the status of the art in double beta decay searches in 76Ge
with the results achieved by the GERDA experiment.

2. The GERDA experiment

The GERmanium Detector Array (GERDA) [2] is an experiment employing isotopically mod-
ified germanium detectors (enriched in 76Ge at about 87% level) to search for neutrinoless double-β
decay (0νββ) of 76Ge and other possible decays of the the same isotope. The experiment has
been located at the Gran Sasso National Laboratories of INFN (LNGS), in Italy, under a mountain
that with an overburden of 3500 m of water equivalent provides a high reduction of the cosmic
muons, suppressing them by six order of magnitude with respect to the above ground flux. GERDA
operated in two distinct phases: Phase I from November 2011 to December 2015, and Phase II
from December 2015 to November 2019. The same infrastructure has been upgraded and is now
operating the LEGEND-200 experiment [3]. A distinctive feature of the experiment has been the
operation of bare high-purity germanium detector in a cryostat containing 64 m3 of liquid argon
(LAr), the latter providing both detectors cooling and shielding from environmental backgroud.
The cryostat is immersed in a water tank filled with 590 m3 of purified water and instrumented with
photomultipliers to detect the residual cosmic muons that reach the experiment. Both water and LAr
serve as shield for the germanium detector arrays from external radioactivity and neutrons. GERDA
Phase II operated 41 high purity germanium detectors assembled into seven strings which were
surrounded by a nylon cylinder to limit the LAr volume radioactivity coming from β decays of 42K,
produced from the long-lived 42Ar, and effectively reducing this type of background. The detector
arrays were sorrounded by a cilyinder made by a curtain of instrumented wave-length-shifting fibers
connected to cyogenically operated SiPMs and PMTs.

This experimental approach is very efficient in detection since both source and detector coincide.
Moreover, the excellent energy resolution of germanium detectors allows to measure with high
precision the signature of the 0νββ decay signal. The two electrons emitted in a ββ decay have
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a limited range in germanium (about 1 mm) and therefore deposit their energy in a small volume
producing a highly localized event (also called single-site event, or SSE). On the contrary, γ rays
in the same energy range interact mainly via Compton scattering and multiple interactions inside
one detector, but well separated in space, or in multiple detectors in the strings may happen,
originating well separated energy depositions (these are the so-called multiple-site events, of MSE).
Morevover, these events could provide energy depositions both in multiple germanium detectors or
in the instrumented LAr region, allowing to clearly identify them and to reject them as background
events. The time structure of the germanium detector signals can be used to identify MSEs in a
single detector and also recognize events due to α or β decays close to the detector surface. This
technique is referred to as pulse shape discrimination (PSD) [4] and it has been a very important
ingredient in all the analyses performed by GERDA to minimize the background contaminations in
the final samples.

2.1 Neutrino-less Double Beta Decay

GERDA has published the final result on the search for 0νββ decay of 76Ge with a total
exposure of 103.7 kg yr [5]. The plot of Figure 1 shows the energy distribution of all the events

GERDA Phase II data were collected between December
2015 and November 2019. The total exposure is 103.7 kg
yr (58.9 kg yr already published in Ref. [3] and 44.8 kg yr
of new data). Figure 1 shows the energy distribution
of all events before and after applying the analysis
cuts. At low energy, the counting rate is mostly accounted
for by the 2νββ decay of 76Ge with a half-life of
T2νββ
1=2 ¼ ð1.926# 0.094Þ × 1021 yr [31].
The energy range considered for the 0νββ decay analysis

goes from 1930 to 2190 keV, with the exclusion of the
intervals (2104# 5) and ð2119# 5Þ keV that contain two
known background peaks (Fig. 2). No other γ line or
structure is expected in this analysis window according to
the background model [32]. After unblinding, 13 events are
found in this analysis window after all cuts (5 in coaxial, 7
in BEGe and 1 in IC detectors). These events are likely
due to α decays, 42K β decays, or γ decays from 238U and
232Th series. Coaxial detector data which were unblinded in
Ref. [33], when less effective PSD techniques against
surface events were available, and which were also
included in the analysis in Refs. [3,34], have been rean-
alyzed according to the new method. As a consequence,
three events—at energies 1968, 2061, and 2064 keV—that
were previously included in the analysis window are now
discarded.
The energy distribution of the events in the analysis

window is fitted to search for a signal due to 0νββ decay.
The fit model includes a Gaussian distribution for the
signal, centered at Qββ with a width corresponding to the
energy resolution, and a flat distribution for the back-
ground. The free parameters of the fit are the signal strength
S ¼ 1=T1=2 and the background index B. The expectation
value of the number of signal events scales with S as

μs ¼
ln 2N A

m76

εES; ð1Þ

where N A is Avogadro’s number, m76 the molar mass of
76Ge, E the exposure, and ε the total efficiency of detecting
0νββ decays. The average 0νββ decay detection efficiency

of each detector type and its breakdown in individual
components are listed in Table I. The mean number of
background events in the analysis window is given by

μb ¼ B × ΔE × E; ð2Þ

with ΔE ¼ 240 keV being the net width of the analysis
window. Data of each detector are divided in partitions,
i.e., periods of time in which parameters are stable. Each
partition k is characterized by its own energy resolution
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FIG. 1. Energy distribution of GERDA Phase II events between 1.0 and 5.3 MeV before and after analysis cuts; the exposure is
103.7 kg yr. The expected distribution of 2νββ decay events is shown assuming the half-life measured by GERDA [31]. The prominent γ
lines and the α population around 5.2 MeV are also labeled.

FIG. 2. Top: Enlarged view of the energy distribution of
GERDA Phase II events between 1900 and 2650 keV before
and after analysis cuts. This energy interval includes the analysis
window (edges marked by dashed lines) and the regions of
expected γ lines (marked by gray areas), among those the
prominent γ line at 2615 keV. Bottom: Result of the unbinned
extended likelihood fit: The blue peak displays the expected 0νββ
decay signal for T1=2 equal to the lower limit, 1.8 × 1026 yr. Its
width is the resolution σk of the partition which contains the event
closest to Qββ. Vertical lines indicate the energies of the events in
the analysis window after analysis cuts.
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Figure 1: GERDA Phase II energy spectrum in the 1 to 5.3 MeV region before and after the analysis cuts.
The Qββ and the prominent γ lines and α decays around 5.2 MeV are shown. Taken from [5].

before and after applying the analysis cuts. As can be clearly seen, the counting rate at low energy
(below 1.9 MeV) is mostly due to 2νββ decay of 76Ge. The search for 0νββ decay of 76Ge gives a
half-life limit of

T1/2 > 1.8 × 1026 yr at 90% CL.

As can be seen from the right plot of Figure 2, the limit coincides with the sensitivity, defined
as the median expectation under no signal hypothesis. GERDA achieved an unprecedentedly low
background of B = 5.2+1.6

−1.3 × 10−4 counts/(keV kg yr) which confirms that GERDA performed a
background-free search in the Region of Interest (ROI) (Qββ±2σ) with amean expected background
of 0.3 counts. In the right plot of Figure 2 the improvement achieved by GERDA as a function of the
exposure for both the measured 0νββ lower limit and expected sensitivity is shown. The achieved
background-free regime results in a nearly linear improvement of the sensitivity as a function of the
exposure.

As can be seen from the left plot of Figure 2, the energy range that has been considered for the
0νββ decay analysis is 1930 keV - 2190 keV with the exclusion of two small intervals containing
two known background peaks.
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GERDA Phase II data were collected between December
2015 and November 2019. The total exposure is 103.7 kg
yr (58.9 kg yr already published in Ref. [3] and 44.8 kg yr
of new data). Figure 1 shows the energy distribution
of all events before and after applying the analysis
cuts. At low energy, the counting rate is mostly accounted
for by the 2νββ decay of 76Ge with a half-life of
T2νββ
1=2 ¼ ð1.926# 0.094Þ × 1021 yr [31].
The energy range considered for the 0νββ decay analysis

goes from 1930 to 2190 keV, with the exclusion of the
intervals (2104# 5) and ð2119# 5Þ keV that contain two
known background peaks (Fig. 2). No other γ line or
structure is expected in this analysis window according to
the background model [32]. After unblinding, 13 events are
found in this analysis window after all cuts (5 in coaxial, 7
in BEGe and 1 in IC detectors). These events are likely
due to α decays, 42K β decays, or γ decays from 238U and
232Th series. Coaxial detector data which were unblinded in
Ref. [33], when less effective PSD techniques against
surface events were available, and which were also
included in the analysis in Refs. [3,34], have been rean-
alyzed according to the new method. As a consequence,
three events—at energies 1968, 2061, and 2064 keV—that
were previously included in the analysis window are now
discarded.
The energy distribution of the events in the analysis

window is fitted to search for a signal due to 0νββ decay.
The fit model includes a Gaussian distribution for the
signal, centered at Qββ with a width corresponding to the
energy resolution, and a flat distribution for the back-
ground. The free parameters of the fit are the signal strength
S ¼ 1=T1=2 and the background index B. The expectation
value of the number of signal events scales with S as

μs ¼
ln 2N A

m76

εES; ð1Þ

where N A is Avogadro’s number, m76 the molar mass of
76Ge, E the exposure, and ε the total efficiency of detecting
0νββ decays. The average 0νββ decay detection efficiency

of each detector type and its breakdown in individual
components are listed in Table I. The mean number of
background events in the analysis window is given by

μb ¼ B × ΔE × E; ð2Þ

with ΔE ¼ 240 keV being the net width of the analysis
window. Data of each detector are divided in partitions,
i.e., periods of time in which parameters are stable. Each
partition k is characterized by its own energy resolution
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FIG. 1. Energy distribution of GERDA Phase II events between 1.0 and 5.3 MeV before and after analysis cuts; the exposure is
103.7 kg yr. The expected distribution of 2νββ decay events is shown assuming the half-life measured by GERDA [31]. The prominent γ
lines and the α population around 5.2 MeV are also labeled.

FIG. 2. Top: Enlarged view of the energy distribution of
GERDA Phase II events between 1900 and 2650 keV before
and after analysis cuts. This energy interval includes the analysis
window (edges marked by dashed lines) and the regions of
expected γ lines (marked by gray areas), among those the
prominent γ line at 2615 keV. Bottom: Result of the unbinned
extended likelihood fit: The blue peak displays the expected 0νββ
decay signal for T1=2 equal to the lower limit, 1.8 × 1026 yr. Its
width is the resolution σk of the partition which contains the event
closest to Qββ. Vertical lines indicate the energies of the events in
the analysis window after analysis cuts.
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σk ¼ FWHM=2.35, efficiency εk and exposure Ek. The
signal strength S and the background index B instead are
common parameters to all partitions. This construction is a
significant improvement compared to the analysis used in
the past [3,33,34] as it allows a precise tracing of the
performance of each detector at any given moment.
Furthermore, the background index is now assumed to
be the same for all detectors, while independent parameters
for each detector type were used previously. This change is
motivated by the lack of any statistically significant
indication of a different background depending on detector
type, position within the array, or time.
The statistical analysis is based on an unbinned extended

likelihood function and it is performed in both frequentist
and Bayesian frameworks, following the procedure
described in Ref. [33]. The likelihood function is given
by the product of likelihoods of each partition, weighted
with the Poisson term:

L ¼
Y

k

!
ðμs;k þ μb;kÞNke−ðμs;kþμb;kÞ

Nk!
×

YNk

i¼1

1

μs;k þ μb;k
×
"
μb;k
ΔE

þ
μs;kffiffiffiffiffiffi
2π

p
σk

e
−
ðEi−QββÞ2

2σ2
k

$%
; ð3Þ

where Ei is the energy of the Nk events in the kth partition.
The parameters μs;k and μb;k are calculated from Eqs. (1)
and (2) and are partition dependent. Phase I datasets are
included in the analysis as individual partitions with
independent background indices.
The frequentist analysis is performed using a two-sided

test statistics based on the profile likelihood. The proba-
bility distributions of the test statistic are computed using
Monte Carlo techniques, as they are found to significantly
deviate from χ2 distributions. The analysis of the N ¼ 13
events of Phase II yields no indication for a signal and
a lower limit of T1=2 > 1.5 × 1026 yr at 90% C.L. is set.
Phase I and Phase II data together give a total exposure of
127.2 kg yr, which corresponds to ð1.288% 0.018Þ kmol yr
of 76Ge in the active volume. The combined analysis has
also a best fit for null signal strength, and provides a half-
life limit of

T1=2 > 1.8 × 1026 yr at 90%C:L: ð4Þ

The limit coincides with the sensitivity, defined as the
median expectation under the no signal hypothesis.
GERDA achieved an unprecedentedly low background

in Phase II, as derived from the fit, of B ¼ 5.2þ1.6
−1.3 ×

10−4 counts=ðkeVkg yrÞ, and met the design goal of back-
ground-free performance: the mean background expected
in the signal region ðQββ % 2σÞ is 0.3 counts.
The statistical analysis is carried out alsowithin aBayesian

framework. The one-dimensional posterior probability den-
sity function PðSjdataÞ of the signal strength is derived by

marginalizing over the other free parameters by using the
Bayesian analysis toolkit BAT [35]. The prior distribution for
S is assumed to be constant between 0 and 10−24 1=yr, as in
previous GERDA works. The limit on the half-life from
Phases I and II together is T1=2 > 1.4 × 1026 yr (90% C.I.).
A stronger limit 2.3 × 1026 yr (90% C.I.) is obtained
assuming a priori equiprobable Majorana neutrino masses
mββ (as S ∝ m2

ββ), instead of equiprobable signal strengths.
Uncertainties on the energy reconstruction, energy res-

olution, and efficiencies are folded into the analysis through
additional nuisance parameters, each constrained by a
Gaussian probability distribution. Their overall effect on
the limit is at the percent level. Potential systematic
uncertainties related to the fit model are found to margin-
ally impact the results. For instance, the limit changes by a
few percent if a linear energy distribution is assumed for the
background.
Figure 3 shows the improvement achieved by GERDA

with increasing exposure for the measured lower limit on
the 0νββ decay half-life of 76Ge and for the sensitivity. The
background-free regime results in a nearly linear improve-
ment of sensitivity vs exposure. GERDA is the experiment
providing the best sensitivity and the most stringent
constraint on the half-life of any 0νββ decay.
The T1=2 limit can be converted into an upper limit on the

effective Majorana neutrino mass under the assumption that
the decay is dominated by the exchange of light Majorana
neutrinos. Assuming a standard value of gA ¼ 1.27, the
phase space factor and the set of nuclear matrix elements
from Refs. [36–46], a limit of mββ < 79–180 meV at
90% C.L. is obtained, which is comparable to the most
stringent constraints from other isotopes [9,11,12].
GERDA has been a pioneering experiment in the search

for 0νββ decay. GERDA improved the sensitivity by one
order of magnitude with respect to previous 76Ge experi-
ments [47,48] and proved that a background-free experi-
ment based on 76Ge is feasible. Indeed, the LEGEND
Collaboration [49] is preparing a next generation
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FIG. 3. Circles: lower limit (90% C.L.) on the 0νββ decay half-
life of 76Ge set by GERDA as a function of the exposure
[3,18,33,34]. Triangles: median expectation in the assumption
of no signal.
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Figure 2: Left: GERDA Phase II enlarged energy spectrum in the 1900 - 2650 keV region, before and after
the analysis cuts. The regions of expected γ lines are marked in grey. Right: lower limit (90% C.L.) on the
0νββ decay half-life of 76Ge as a function of the exposure. Taken from [5].

2.2 Two neutrino Double Beta Decay

The GERDA Collaboration has recently published [6] a precise measurement of the two-
neutrino double-β decay of 76Ge. Only a subset of the full exposure of the GERDA Phase II
experiment (103.7 kg yr) and only data collected with nine BEGe detectors have been used,
corresponding to an exposure of 11.8 kg yr. These detectors were selected because they have
been carefully characterized before deployment in the GERDA cryostat and after the end of the
GERDA data taking. These measurements allowed to determine the dead layer thickness and the
active volume fraction, which is one of the most critical sources of uncertainty in the half-life
determination. The measured half-life,

T2ν
1/2 = (2.022 ± 0.018stat ± 0.038syst) × 1021 yr,

is the most precise measurement of this double-β decay process, to date. Apart from the detectors
active volume determination (still dominating the systematic uncertainty), an enhanced signal-to-
background condition due to the excellent background subtraction capability of the GERDA LAr
veto system was crucial for the result.

Figure 3 shows the experimental data after having applied the LAr veto cut and the total best fit
model, superimposed. As can be seen, the residual backgound, after the LAr veto cut, is extremely
low, and excluding the two γ lines coming from 40K and 42K is 22:1. Summing in quadrature, both
statistical and systematic uncertainties, the total 1σ uncertainty on the T2ν

1/2 measurement is 2.1%.
The systematic uncertainty dominates with a majour contribution from the active volume estimate
(1.8%). Further improvements on the precision of the 76Ge two-neutrino double-β decay would
require a more precise determination of the Ge detectors active volume, which will be the challenge
for the LEGEND experiment [7], the next generation experiment for double-β decay physics with
76Ge.

2.3 Beyond Standard Model decay searches

The existence of new particles in Beyond the Standard Model (BSM) theories can lead to ββ
decay modes with different final states, in which the exotic particles are emitted along with the two
electrons. The experimental quantity that allows to distinguish the exotic decays from the SM 2νββ
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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 2νββ 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, 228Th, 214Bi, 60Co,
and 40K decays, two model components for 42K 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 α particles on the pþ 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
2νββ 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 γ lines from 40K and 42K, 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 2νββ decay, as
already pointed out in [30,35]. The residuals are shown at

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 2νββ counts, extracted from the observed test
statistic, is N2ν ¼ ð16911$ 147stat $ 112systÞ 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 N2ν 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 γ 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 N2ν 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.

FIG. 3. Best-fit background and signal decomposition of the
energy distribution of 11.8 kg yr of data from GERDA Phase II
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.

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

Source Uncertainty

Background model $0.62%
Liquid argon veto model $0.21%
nþ detector contact model < 0.1%
Theoretical 2νββ decay model $0.13%

Sub Total (fit model) $0.66%

Active volume $1.8%
Enrichment fraction $0.3%

Total $1.9%

PHYSICAL REVIEW LETTERS 131, 142501 (2023)

142501-4

Figure 3: GERDA energy spectrum in the 2νββ region. Taken from [6].

decay is the shape of the predicted distribution of the summed energy of the two emitted electrons.
In a recent paper [8], the GERDA collaboration performed a search for new physics in the 76Ge ββ
decay that manifests as a deformation of the continuous 2νββ spectrum, such as decays involving
Majorons, light exotic fermions, and Lorentz violation. No indication of deviations from the SM
2νββ decay distribution was found for any of the considered decay modes.
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Figure 7. Data energy spectrum and best-fit model, corresponding to the absence of any new physics
signal. The contributions from the SM 2‹—— decay and other backgrounds are also shown separately
by the solid red line and the shadowed area, respectively. The most prominent “-lines are labeled. The
90% C.L. limits on the di�erent new physics contributions obtained in this work are also visualized
with di�erent colors.

background and smaller impact of the systematic uncertainties. In this work, we searched for
hints of violation of the Lorentz symmetry in 2‹—— decay for the first time with 76Ge and the
first experimental search for the emission of light exotic fermions, including sterile neutrinos,
in 2‹—— decay.

The impact of the systematic uncertainties on the limits presented here has been studied
by repeating the hypothesis test, where the distributions of the test statistic do not include any
systematic uncertainties. This showed that the contribution of the systematic uncertainties
to the limits is about 10–40%, depending on the considered decay mode.

The LEGEND experiment [80], the future of double-— decay physics with 76Ge, will pro-
vide in the next decade a large statistic data set of 2‹—— decays. A substantial improvement of
the sensitivity to BSM searches still requires a further reduction of the systematic uncertainties
that will become dominant as the statistics increases. For instance, a better understanding
of the background model after the LAr veto cut would be beneficial. The uncertainty of
the location of the background sources is indeed one of the dominant contributions to the
systematic uncertainty of the results presented in this work. With increased statistics and
reduction of the systematic uncertainties, the LEGEND experiment would have the possibility
to test unexplored regions of the parameter space, for example, in the search for sterile
neutrino with masses of hundreds of keV [74].

– 16 –

Figure 4: Data energy spectrum and best-fit model, corresponding to the absence of any new physics signal.
Taken from [8].

In Figure 4 the analyzed data set is shown, together with the best fit model, corresponding
to the absence of any new physics signal. The contributions from the SM 2νββ decay and other
backgrounds are also shown separately. The limits at 90% C.L. on the different new physics
contributions obtained from the individual analysis are shown. All the results presented in this
work represent the most stringent limits obtained with 76Ge to date.
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2.4 Search for tri-nucleon decays of 76Ge

The GERDA experiment has very recently published [9] the results of a search for tri-nucleon
decays of 76Ge in the full GERDA dataset. The 76Ge nucleus may decay via ppp, ppn, and pnn to
73Cu, 73Zn and 73Ga, respectively. These final state nuclei are unstable and eventually proceed by
a sequence of β decays until 73Ga which further decays β to 73Ge. The analysis searched for 73Ga
decay exploiting the fact that it populates the 66.7 keV 73mGa state with an half-life of 0.5 s. The
analysis was also applied to the invisible nnn decay of 76Ge to bound states of 73Ge. No candidate
events were found, setting the lower limit on the sum of the decay widths of the tri-nucleon decays
to 1.2 × 1026 yr, improving the current limits by one to three orders of magnitude.

3. Conclusion

GERDA has been a pioneering experiment in the search for neutrinoless double beta decay.
The published results have improved the sensitivity by one order of magnitude with respect to
previous searches in 76Ge and demonstrated that a background-free experiment using germanium
detectors is feasible. The superior background rejection with the active LAr veto system and pulse
shape discrimination allowed to achieve extremely low background conditions and perform leading
measurements in the two neutrino double beta decay and set new limits in Beyond the Standard
Model searches. While the LEGEND Collaboration is preparing a next generation experiment with
challenging sensitivity to the neutrinoless double beta decay in 76Ge up to 1028 yr and beyond, the
LEGEND-200 experiment has taken over the GERDA infrastructure at LNGS and has started new
measurements with increasing target mass and improved background control.
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