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Abstract The analysis of the time profile of electrical sig-
nals produced by energy depositions in germanium detec-
tors allows discrimination of events with different topolo-
gies. This is especially relevant for experiments searching for
the neutrinoless double beta decay of 76Ge to distinguish the
sought-after signal from other background sources. The stan-
dard calibration procedures used to tune the selection criteria
for double-beta decay events use a 228Th source, because it
provides samples of signal-like events. These samples exhibit
energy spatial distributions with subtle different topologies
compared to neutrinoless double-beta decay events. In this
work, we will characterize these topological differences and,
with the support of a 56Co source, evaluate biases and preci-
sion of calibration techniques which use such event samples.
Our results will be particularly relevant for future experi-
ments in which a solid estimation of the efficiency is required.

1 Introduction

The search for neutrinoless double-beta decay (0νββ) is one
of the hottest topics in particle physics. Its discovery would
unambiguously prove that neutrinos are Majorana particles,
i.e. they are their own antimatter counterpart, and lepton num-
ber is not a global symmetry of the Standard Model [1]. 0νββ

is not only predicted by our leading theories of why neutri-
nos are massive particles, but also by those explaining the
matter-antimatter asymmetry of our universe [2–4].

0νββ is a nuclear transition in which two neutrons decay
simultaneously into two protons and two electrons, preserv-
ing the baryon number but changing the lepton number by
two units. Several isotopes have been used to search for such
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transition, each offering different detection techniques. His-
torically, 76Ge has always provided among the most stringent
constraints on the half-life of the process. Searches for 0νββ

of 76Ge are carried out with high-purity germanium detec-
tors built from material isotopically enriched up to 92% in
76Ge. Such a detection concept offers several advantages:
Ge detectors have negligible radioactive internal contamina-
tions [5], a per-mill energy resolution, and advanced event
reconstruction capabilities [6]. In addition, the high density
of germanium crystals ensures that the two electrons emit-
ted in 0νββ are absorbed within a few millimeters from the
decay vertex, generating well localized energy depositions
which are fully contained within the detector [7]. Ge detec-
tors are also a well consolidated technology, broadly used
for gamma-ray spectroscopy and radioactivity monitoring,
and can be reliably produced in collaboration with industrial
partners.

0νββ events in a Ge detector result in mono-energetic
and well-localized energy depositions. The whole decay
energy is transferred to the two emitted electrons, whose
summed kinetic energy is equal to the 76Ge Q-value, i.e.
Qββ=2039 keV. The two electrons are likely to share evenly
the decay energy, but extreme cases in which one electron
takes most of the energy are also possible. Electrons at these
energies have an absorption length of about a millimeter in
Ge. However, secondary Bremsstrahlung photons produced
during the electron absorption can occasionally travel sev-
eral millimeters from their production vertex before interact-
ing, producing secondary energy deposition sites. Thus, the
topology of 0νββ events is complex and its understanding
is fundamental to develop techniques for discriminating the
sought-after signal from backgrounds such as gamma-rays
scattering multiple times within the detector.

In this manuscript, we first characterize the energy spatial
distribution of 0νββ and other classes of events occurring in
Ge detectors. As all events result in the generation of primary
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electrons/positrons, we first study the energy deposition of
single-electron events as a function of the electron kinetic
energy (Sect. 2.1), and then evaluate the difference between
them and more complicated classes of events (Sect. 2.2). In
Sect. 3 we establish a connection between the event spatial
distributions and the estimator used in 0νββ experiments to
discriminate signal-like events from background. In Sect. 3.3
we first review how such estimator is typically calibrated,
and then evaluate the biases and precision of such calibration
procedures on the 0νββ-tagging efficiency. Finally, in Sect. 4,
a 56Co source will allow for an experimental determination
of these biases.

2 Characterization of the event spatial distribution

2.1 Absorption of electrons in Ge

Electrons lose energy mainly through collisional losses, i.e.
ionization and excitation. As the energy loss occurs via inter-
action with orbiting electrons, a large fraction can be lost
in a single collision. For this reason, the electron trajectory
follows a tortuous path, where the energy loss per collision
is inversely proportional to the electron kinetic energy. An
example of path for an electron depositing 2 MeV through
collisions in Ge is shown in Fig. 1a. Every point in the plot
represents a collision, in which an energy proportional to the
area of the marker is transferred to the medium. The color
code marks the time of each energy deposition, which flows
from blue to yellow, with a time scale which is of the order
of a few ps. The electron in Fig. 1a moves from left to right
almost undisturbed, until its energy is comparable to that of
the orbiting electrons. This occurs after about 1 mm, when
the electron begins a Brownian motion.

Electrons can also lose energy radiating Bremsstrahlung
gammas, which occasionally travel up to few centimeters in
Ge, producing secondary interaction sites. This is shown in
Fig. 1b, where a gamma-ray with an energy of about 200
keV travels several millimeters upwards before undergoing
multiple Compton scatterings.

Therefore, according to the case, energy depositions from
electrons with the same energy can produce very different
spatial distributions. To characterize them we use the R90

parameter. This is defined as the minimum radius of the
sphere which is centered in the energy weighted average of
all energy depositions and contains 90% of the total deposited
energy. As shown in Fig. 1, in the case of energy loss through
collisions (Fig. 1a) this parameter is smaller than 1 mm, while
it can increase by an order of magnitude if a gamma-ray with
sufficient energy is also emitted (Fig. 1b).

We can thus use the R90 parameter to study the size of the
spatial distributions of electrons depositing energy in germa-
nium and estimate both qualitatively and quantitatively how

Fig. 1 Energy depositions of a 2 MeV electron in germanium, through
collisional (a) and collisional plus radiative (b) losses. The color code
represents the time of each energy deposition, which flows from blue to
yellow. The orange circle is centered around the center of energy and its
radius is the R90parameter described in the text. The path was simulated
in 3 dimensions, and is reported here in cylindrical coordinates with
respect to the starting point, which was taken as origin

they are affected by the emission of Bremsstrahlung gammas.
To this purpose, we ran a set of Monte Carlo simulations using
the MaGe software framework [8] and the Geant4 toolkit
[9]. The simulated setup consisted of an inverted coaxial Ge
detector, which is the state-of-the-art geometry developed for
the future 0νββ-experiment Legend [10]. The detector spec-
ifications and a validation of the simulation are discussed in
Ref. [11].

Figure 2a shows the R90 distribution for single-electron
events with an initial kinetic energy of 2 MeV. The distribu-
tion is characterized by a Gaussian peak at 0.6 mm and a tail
of events extending to higher values. The events in the tail
are those in which Bremsstrahlung gammas are produced,
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Fig. 2 R90distributions from absorption of monoenergetic electrons in germanium, and their dependence on energy

as shown by the R90 distribution of the subsets of events in
which a gamma-ray with energy higher than 50 keV or 200
keV is emitted.

The event topology is affected by the electron initial
kinetic energy, both in the collisional and in the radiative
sector. The centroid of the gaussian peak and the quantiles of
the distributions as a function of the kinetic energy are shown
in Fig. 2b. As the scattering length of electrons increases with
energy, the spatial distributions get on average broader. This
is captured by the position of the R90 peak, which shifts from
a value of 0.2 mm at 1 MeV, to 0.8 mm at 2.5 MeV. Naturally,
the variance σR90 of the peak also increases, as reported in
Table 1. The higher the energy of the electron, the larger is
the probability of a high energetic gamma-ray emission. As a
consequence, the quantiles of the distributions increase with
different dependences, with the tail extending to larger and
larger R90 values.

To characterize the Bremsstrahlung radiative process, we
show in Fig. 3 the probability of producing photons with
energy larger than 200 keV1 as a function of the energy of
the primary electron. This increases linearly from 1 to 4.5%
for kinetic energies from 1 to 2.5 MeV. With the help of
the color scheme and the marker area, both indicating the
90% quantile of the Bremsstrahlung energy spectrum, Fig. 3
also shows that, with increasing primary energy, Bremm-
strahlung gammas are also more energetic. This means that,
with increasing energy, not only the spatial distributions get
on average broader, but the fraction of exceptionally enlarged
ones increases, as well. This is reflected in R90 distributions

1 200 keV is the energy threshold which corresponds to photon scat-
tering length of ≈ 10 mm in germanium.

Table 1 Summary of the parameters of interest for the description of
spatial distributions of electrons in germanium, and their evolution with
energy

Energy R90peak σR90 Peak-to-tail
(MeV) (mm) (mm) (%)

1.0 0.25 0.07 4.7

1.5 0.43 0.13 5.4

2.0 0.63 0.18 6.5

2.5 0.84 0.24 6.5

as a shift of events from the peak to the tail, as shown in
Table 1, under the peak-to-tail label.2

2.2 Event samples of interest for 0νββ searches

The experimental signature of 0νββ is an energy deposi-
tion of 2 electrons sharing the full Q-value of the decay
(Qββ=2039 keV). They are likely to share evenly the decay
energy, though very asymmetric cases are also possible. Their
spatial distributions will hence resemble those of single-
electron events with energy in the range 1–2 MeV. Fig-
ure 4 shows the R90 distribution for 0νββ and single-electron
events with initial energy equal to Qββ . The distributions
have similar shape, with the Gaussian peaks slightly shifted
due to the fact that not one, but two electrons are present in
0νββ events.

2 This value is calculated taking the ratio of the integral outside and
inside the main R90 peak. The delimiting point was arbitrarily taken 4σ

away from the centroid of the peak.
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Fig. 3 Probability of emitting a photon with energy greater than 200
keV, as a function of the energy of the primary electron. Both the marker
size and color indicate the 90% quantile of the gamma-rays’ energy
spectrum

Every technique aiming to select 0νββ events must be cali-
brated with samples with a topology which is similar to 0νββ.
Samples of 0νββ-like events are typically produced by irra-
diating Ge detectors with a 228Th calibration source, which
provides a 2.6 MeV gamma-ray due to the decay of 208Tl.
The 2.6 MeV gammas can interact through pair-production,
creating an electron and positron that share the whole energy
minus the mass energy of the electron-positron pair, thus
1.6 MeV. When the positron thermalizes, it annihilates with
an orbiting electron, emitting two secondary gamma-rays.
If both escape the detector, then the pair-production events
have a topology similar to that of two-electron events with
shared energy of 1.6 MeV. For this reason, as shown in Fig. 4,
the shape of their R90 distribution is similar to that of 0νββ

events. Due to the different energy of the two processes, how-
ever, the Gaussian peak of pair-production events is shifted
to lower R90 values.

A second group of 0νββ-like events is created by the
2.6 MeV gamma-rays scattering only once within the detec-
tor. This second samples is composed of single-electron
events with energy values between zero and the Compton
edge at 2382 keV. This sample, however, contains also mul-
tiple Compton-scattered events, which typically account for
about 50% of the sample size. Figure 4 shows the R90 dis-
tribution of events with an energy around Qββ from the
Compton continuum generated by the 2.6 MeV gamma-
ray of 208Tl. Its Gaussian peak matches that from 0νββ

events, though multiple Compton-scattered events now cre-
ate a higher tail at high R90values. On the other side, pair-
production events can be effectively selected applying a nar-
row energy cut around the double-escape peak at 1592 keV,
but will still contain multiple-Compton scattered events at
the level of a few percent.

0νββ experiments have been using these samples to cali-
brate their tagging techniques and evaluate the signal detec-

Fig. 4 Comparison of the R90 distribution from 0νββ events (filled his-
togram) with a single electron with initial energy equal to Qββ (empty
blue histogram). The yellow and green histograms extend the compari-
son to the samples of interest for 0νββ searches, namely e+e− events at
1.6 MeV (yellow) and Compton-scattered events around Qββ (green).
Histograms are normalized on the total number of events in each sample

tion efficiency. The difference between calibration samples
and the actual 0νββ signal might lead to biases which are
difficult to evaluate and are the focus of the next sections.

3 0νββ-events identification techniques

3.1 Signal-background discrimination estimators

Energy depositions in a germanium detector create charge
carriers that drift in the detector volume following the elec-
tric field lines. Their drift induces a current, which for small
anode detectors exhibits a characteristic peak shape when the
charge carriers are collected at the anode. As the shape and
number of peaks changes according to the event topology, the
analysis of its time profile is a powerful tool to discriminate
among different event types.

The A/E technique is a time profile analysis [12] used
by leading 0νββ experiments [6,13] to discriminate events
characterized by multiple interaction sites, which are typical
of external gamma background, and keep point-like inter-
actions, typical of the 0νββ signal. It is based on a single
parameter (A/E), which is the ratio between the amplitude
of the current peak (A) and the total deposited energy (E).
Whenever energy is deposited in multiple sites, the current
exhibits several peaks whose height Ai is proportional to the
energy Ei deposited in every site. Compared with the case in
which the full energy is deposited in a single location, mul-
tiple site events exhibit a lower A/E value, as every peak
value Ai gets divided by the full energy E .

3.2 Reconstruction of the event topology

To investigate the relationship between A/E and event topol-
ogy, the Monte Carlo simulations discussed in the previous
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Fig. 5 A/E distributions from absorption of monoenergetic electrons in germanium, and their dependence on energy

section have been post-processed with SigGen [14], a soft-
ware package able to simulate the Ge detector physics and
the electrical signals expected for each event. Then, the gen-
erated signals have been convolved with typical electrostatic
noise recorded from an actual setup (resulting in an energy
resolution σE of 1.2 keV at Qββ ), and finally analyzed to
calculate the A/E value. The A/E distribution are shown
in Fig. 5a, b. Similarly to the R90 distribution, the single-
electron events without Bremmstrahlung are reconstructed
at similar A/E values creating a Gaussian peak in the distri-
bution. Bremsstrahlung events populate a tail that extends to
lower A/E values. Figure 5b shows that the peak in the A/E
distribution decreases linearly with energy by about 1% per
MeV. The quantiles of the distribution decrease faster and
non-linearly with the energy. This feature has been identified
during this work for the first time, and its has an important
impact on the A/E analysis which will be highlighted in the
following sections.

The correlation between R90 and A/E is explicitly shown
in Fig. 6, where the two parameters are plotted one against the
other for single-electron events with energy between 1 and
2.5 MeV. The main feature is the densely populated band with
A/E values between 0.99 and 1, and R90 between 0.2 mm
and 0.8 mm, representing the correlation between the narrow
peaks of R90 and A/E . As R90 gets larger, the energy depo-
sitions tend to be less localized, in turn lowering the A/E
value. Outside the band, we observe events with A/E > 1,
which are known to be generated by interactions in the vol-
ume surrounding the anode [15], and Bremsstrahlung events,
populating the region of A/E < 0.99 and R90> 0.3 mm.
This is consistent with the results discussed in Ref. [16].

Fig. 6 Correlation between A/E and R90 for absorption of electrons
between 1 and 2.5 MeV

All small anode detectors will show an inverse proportion-
ality between A/E and R90. Our results are hence of general
interest and apply to a large group of detector geometries.
They are however qualitative, as the actual strength of the
inverse proportionality depends on the detector geometry and
the resulting electric field.

3.3 Calibration of 0νββ-events identification criteria

The selection criteria used to extract a data sample with
enhanced fraction of 0νββ events consist on an energy-
dependent two-sided cut on the A/E parameter, selecting
all events in the peak of the distribution and rejecting those
in the tails. The cut values are inferred from dedicated cali-
bration measurements creating samples of 0νββ-like events.
As anticipated in Sect. 2.2, such events are typically obtained
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by irradiating Ge detectors with a 228Th source. The 2.6 MeV
gamma-rays from its decay create two classes of 0νββ-like
events:

– Single Compton Scattering: events in which the gammas
scatter only once in the detector, before leaving the active
volume. In such cases the energy between zero and the
Compton edge at 2.4 MeV is transferred to a single elec-
tron

– Pair-production with double escaping gammas (e+e−):
events in which the 2.6 MeV gammas interact through
pair-production inside the detector creating an electron-
positron pair. If the two photons from the annihilation of
the positron escape the detector, the energy deposition
occurs only through the electron and the positron, which
deposit 2614 − 2 · 511 = 1592 keV in the detector

The first class of events provides 0νββ-like samples at dif-
ferent energies, up to the Compton edge, and can be used
to study the energy dependence of the A/E parameter high-
lighted in Fig. 5b. The standard calibration procedures per-
forms this operation by tracking centroid and width of the
A/E peak for single Compton-scattering samples at selected
energies between 1 and 2.4 MeV. The energy dependence
thus obtained is then used as a correction, such that the A/E
centroids align on a constant value and exhibit the same
width. This standardized approach was conceived without
noticing that the centroid and the quantiles in the A/E dis-
tributions have different energy dependencies [6,12]. On the
other hand, e+e− events occur at a fixed energy, and the con-
tamination of single and multiple Compton-scattered events
can therefore be limited to a few percents by applying a strict
energy selection. For this reason, the sample of e+e− events
is used as main proxy to tune and fix the efficiency of the
0νββ-selection. Historically, this has been done by setting a
lower threshold on their A/E distribution, which keeps 90%
of the sample events.

3.4 Estimation of the 0νββ-tagging efficiency

The reconstruction of the event topology with the A/E
parameter depends on several factors, like the detector geom-
etry and, to a certain extent, the interaction position. Indeed,
it is well-known that small anode detectors feature events
with amplified A/E for events occurring in the volume sur-
rounding the anode [15]. Therefore, A/E distributions have
features which not only depend on the starting kinetic energy,
but also on the event sample. A detailed modeling of the cal-
ibration and 0νββ samples is thus mandatory for a precise
estimation of the tagging efficiency of 0νββ-events.

The fact that the standard calibration procedure tracks the
A/E distribution peak centroid (and not the desired quantile)
results in an energy-decreasing tagging efficiency for 0νββ-

Fig. 7 A/E distributions of pair production events and 0νββ

like events. To estimate the bias at Qββ , we simulated e+e−
events occurring exactly at Qββ and followed the standard
calibration procedure with 228Th. Fixing the tagging effi-
ciency of e+e− events at 1.6 MeV to 90% yields an efficiency
of (86.5 ± 0.4)% at Qββ . Figure 7 shows the A/E distribu-
tions of the two e+e− samples, after the standard correction
of the energy dependence. As an effect of the calibration
procedure, the two centroids are centered around the same
value (which is arbitrarily set to 1). At A/E values around
0.95, the distribution of e+e− at Qββ shows an excess of
events. As seen in Sect. 3.2, this is due to a higher production
of secondary Bremsstrahlung gamma-rays, which increases
the background-like character of the sample and therefore
decreases its overall tagging efficiency.

Moreover, calibrating the 0νββ-tagging efficiency on a
different sample brings an additional bias. Indeed, being 76Ge
homogeneously distributed, so will its decay products, while
e+e− events are more likely to occur on detector lateral sur-
faces and corners, where the probability for the annihila-
tion photons to escape detection is maximal. To evaluate the
impact of this geometrical difference, we used a Monte Carlo
sample of 0νββ-events and followed the standard calibration
procedure with 228Th. This yields a tagging efficiency of
(85.2 ± 0.4)%,3 i.e. a further 1% reduction. Figure 7 shows
also the A/E distribution of the simulated 0νββ events in
comparison to e+e− at 1.6 MeV and at Qββ . It shows that
this further reduction is a complex balance of features in the
whole A/E spectrum. First, e+e− events exhibit a higher tail
at very low A/E values. Being present for e+e− events at
1.6 MeV as well, it suggests that its origin is intrinsically
related to the dynamics of pair-creation. On the high A/E
side, being 0νββs homogeneously distributed, they probe
the volume region surrounding the anode more significantly,
which gives signals with amplified A/E .

3 The value here shows some tension with what we reported in [11], as
it has been obtained with slightly different analysis routines.
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Table 2 Energies of the double escape peaks (DEPs) used in our 56Co analysis and respective survival probability (SP) after A/E cut. Informations
on the energy and branching ratio (BR) of the relative full energy peaks (FEPs) are also given as reference

E (FEP) E (DEP) BR Data Simulations
(keV) (keV) SP SP

% % %

2598.5 1576.5 17 88.8 (5) 88.6 (4)

3009.6 1987.6 1 86.0 (30) 87.4 (27)

3202.0 2180.0 3 84.6 (11) 85.9 (10)

3253.5 2231.5 8 85.6 (6) 85.0 (5)

3273.1 2251.1 2 83.9 (18) 85.4 (16)

4 Energy dependent event discrimination with a 56Co
source

In the previous sections, we have seen that A/E distributions
shift and change shape with energy. Also, we have seen that
the samples used in the standard calibration procedures, i.e.
e+e− and Compton-scattered events, generate A/E distribu-
tions which actually differ from that expected from 0νββ.
Before the present work, these facts were, to some extent,
already known. Pulse shape simulations (PSS) were used in
the state-of-the-art experiments to evaluate the systematic
uncertainties due to these differences [6]. With a thorough
validation, the values from PSS could eventually be used as
a central value for the 0νββ-tagging efficiency. However this
has been avoided so far as tens of even hundreds detectors of
different shapes are operated in the setup, making the tuning
and validation of their individual modeling extremely chal-
lenging. In this section we study the option of a data-driven
calibration of the energy dependence avoiding the bias dis-
cussed in the previous section. As it’s the most significant
contribution to the overestimation of the 0νββ-tagging effi-
ciency with a value of 4% out of a total of 5%, this would
reduce the systematic uncertainties to 1%, without requir-
ing a detector-by-detector modeling. This could be achieved
exploiting the decays of a 56Co source.

The 56Co source used in this work has been custom-
produced by the Jagiellonian University in Krakow and its
results have been cross-checked with post-processed Monte
Carlo simulations. Its energy spectrum is characterized by
several high-energy gamma-lines up to 3.6 MeV. For this
reason, it was early recognized as a valuable source to cali-
brate germanium detectors [17–19]. In our work, we consid-
ered five gamma-rays with energy higher than 2.5 MeV and
branching ratio higher than 1%, as the probability of creat-
ing electron-positron pairs for them is high enough to give
samples of e+e− events with a small background contam-
ination. The energies of the considered e+e− samples are
listed in Table 2 next to their parent gamma-rays. Lying in
the range between 1.5 and 2.5 MeV, they offer the opportu-
nity to investigate the energy dependent tagging efficiency of

0νββ-like events with many data points and additionally to
infer its value directly at Qββ .

The detector used to record data with this source is shown
in Fig. 8. It is a 1.6 kg inverted coaxial detector, which
has been operated inside its vendor’s vacuum cryostat (thus
approaching the temperature of 77 K) and whose geometry is
the one used as a reference for the simulations of the present
work. More details on the detector and on the validation of
the simulations can be found on our previous work [11]. The
source, which had an activity of 90 kBq at the time of data
taking, was placed 20 cm away from the cryostat, and the
resulting energy spectrum is shown in the top panel of Fig. 9,
in the range where the e+e− events occur. The empty grey
and filled blue histograms show the spectrum respectively
before and after the A/E cut calibrated on 228Th. The ratio
between the two is shown in the middle panel, where the 6
peaks from e+e− events clearly arise from the Compton con-
tinuum. The bottom panel shows how all the events from the
decays of 56Co populate the A/E spectrum. Its description
is analogous to Fig. 6: the high density horizontal band cen-
tered around 1 represents all the energy depositions which
occurr in a single location, while the band below contains
all the events which deposit energy in more than one site,
and the region where A/E is higher than 1 represents those
which occur in the volume surrounding the anode. In this
spectrum, e+e− and single Compton events are distributed
around A/E = 1, while multiple Compton scatterings pop-
ulate the region where A/E < 1.

The e+e− tagging efficiency is extracted for experimental
(simulated) data following the standard calibration procedure
with 228Th described in Sect. 3.3. This yields the results listed
in the fourth (fifth) columns of Table 2, and shown with the
light blue squares (dark blue circles) in Fig. 10.

The agreement between simulated and experimental data
is within the statistical uncertainties, which corroborates the
results of our simulation campaigns. In both datasets, the
fraction of tagged events is systematically lower than 90%,
even at 1576 keV. The tagging efficiency for this peak is 1%
smaller than the value at 1592 keV from the calibration on
228Th. This comes from the complexity of the 56Co spec-
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Fig. 8 Drawing of the inverted coaxial detector used for the experi-
mental data with the 56Co source, inside the vacuum cryostat provided
by the vendor. Marked in yellow is the Boron-implanted p+ electrode
and in blue the lithium-diffused n+

Fig. 9 Region of interest of the energy spectrum (top) obtained from
a 56Co source. The middle panel shows the Survival Probability (SP)
of every energy bin after an A/E cut calibrated on a 228Th source.
The bottom panel illustrates how the events in this energy range are
distributed in the A/E space. The position of the e+e− events in the
energy spectrum is marked with a solid gray line

trum (which exhibits many features in the A/E space, see
Fig. 9), which prevents the analysis from selecting a com-
pletely pure sample of e+e− events. For this reason, we
take 1% as systematic uncertainty of the method. Despite
the small offset, the tagging efficiency decreases as a func-
tion of energy. A linear interpolation of these results yields
a value of (86.3 ± 0.4)% at Qββ for experimental data and

Fig. 10 Survival probability of e+e−events from 56Co after A/E cut.
Light blue squares indicate results from simulated data, dark blue circles
from simulations

(86.2 ± 0.3)% for simulations, which is in good agree-
ment with the results on the e+e− events directly at Qββ

of Sect. 3.3.

5 Discussion and conclusions

In this paper we characterized the spatial distributions of
electron energy depositions in germanium and studied how
they are affected by the initial kinetic energy of the electron.
We identified a connection between the spatial distributions
and the estimator used in 0νββ experiments to discriminate
single and multiple interaction sites, i.e. the A/E parameter.
We used this information to review the standard calibration
procedures with a 228Th source. In particular, we quanti-
fied that the standard calibration procedures used so far by
experiments result in two biases in the determination of the
0νββ-tagging efficiency. The first is an energy-dependent
overestimation of the efficiency at the level of a few percents
(4% for our simulated geometry). The second is a 1% con-
tribution due to using a different event sample than 0νββ.
Additionally, we estimated the effect of different electronics
noise levels on the discrimination efficiency of 0νββ events.
A total reduction of 3% is obtained when an electronics noise
at the level of the state-of-the-art experiments (resulting in
an energy resolution σE of 1.5 keV at Qββ ) is used.4 In
future experiments, which aims at intermediate noise levels
between that of a single detector and of present large-scale
experiments, a 0νββ-tagging efficiency within 85% and 87%
could therefore be foreseen.

Though these biases are taken into account in the sys-
tematics uncertainties of the state-of-the-art experiment, we

4 Though an increase in the 0νββ-tagging efficiency is desirable, this
comes at the expense of a higher increase in the acceptance of back-
ground, as also stated in [11]
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showed that, with a 56Co source, these can be strongly
reduced from 5 to 1%. Furthermore, as 56Co provides sam-
ples of almost pure 0νββ-like events in a broad energy range,
new calibration routines could be developed for the correc-
tion of the A/E energy dependence, resulting in a bias-
free tagging efficiency of signal-like events at all energies.
As three out of five e+e− events of 56Co come from very
low branching ratio gamma-rays, a calibration with suffi-
cient statistics to observe the 2–4% reduction in the tagging
efficiency requires very long acquisition times. For future-
generation experiments, which are scheduled to acquire data
for a decade, the required counting statistics could be gained
with multiple or periodical calibration campaigns. Given
56Co’s half-life of only 77.3 days, this would require a reg-
ular production of radiation sources and a calibration plan
optimized for this application, which is beyond the scope of
this work.
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