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IV. NUCLEAR PHYSICS THEORY AND IMPLICATIONS

Most atomic nuclei are unstable because of the weak
interaction. Nuclei decay by emitting or capturing elec-
trons — known as � decay or electron capture (EC), re-
spectively — resulting in a final nuclide more bound than
the initial one and with the same number of nucleons. In
� decay a neutron turns into a proton, while the oppo-
site occurs in EC, so that electric charge is conserved. In
addition, either neutrinos (in EC) or antineutrinos (in �
decay) are emitted to conserve energy, momentum and
lepton number. In a nucleus, � decay can also turn a
proton into a neutron, but this is disfavored with respect
to EC because a positron needs to be produced, reducing
the available energy: Q�+ = QEC � 2me.

When dominant first-order weak processes occur,
second-order �� decay or double EC (ECEC) are in prac-
tice impossible to observe, due to the small coupling as-
sociated with the weak interaction. For some selected
nuclei, however, �� decay and ECEC dominate, for in-
stance when first-order decays are energetically forbid-
den while second-order channels are not. The attractive
nuclear pairing interaction brings additional binding to
nuclei with even numbers of protons and neutrons, so
that some even-even nuclei are more bound than their
odd-odd neighbors, but less bound than the even-even
systems that result from the � decays of the odd-odd
nuclei. The decay is thus of second order. Figure 5 illus-
trates this by showing the mass excess for isobars with
A = 76 nucleons. Alternatively, � decays can be very
suppressed because of a large mismatch in total angular
momentum between the initial and final nuclei, so that
�- and ��-decay rates are comparable (Alanssari et al.,
2016a). In these special cases, �� decay or ECEC can
be measured. The nucleus decays into a more bound sys-
tem with two more protons and two fewer neutrons, or
the other way around, emitting or capturing at the same
time two electrons and the corresponding (anti)neutrinos.
Such measurements demand extremely sensitive experi-
ments, because of the very long associated half-life values:
T 2⌫��
1/2 > 1018 yr (Barabash, 2020).

In this chapter, we first summarize in Sec. IV.A the
0⌫��-decay rate as given by an e↵ective field theory
(EFT) that exploits the separation of scales between par-
ticle (BSM), hadron, and nuclear structure scales. Sec-
tion IV.B presents expressions for the NMEs for 0⌫�� de-
cay mediated by the exchange of “light” and “heavy” par-
ticles — with respect to the typical momentum transfer
p = |p| ⇠ 200MeV — including the recently recognized
short-range contribution to light-neutrino-exchange. Sec-
tion IV.C discusses critically current NME calculations,
while Sec. IV.D is devoted to the so-called “gA quench-
ing” puzzle that could a↵ect NME predictions. Addi-
tional nuclear observables that test calculations and can
provide information about the values of the NMEs are
outlined in Sec. IV.E.
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FIG. 5 Mass excess � = (mA � A) · u for isobars with mass
mA and mass number A = 76, where u is the atomic mass
unit. Even-even nuclei are distributed on the lower curve,
odd-odd nuclei on the top one.

The content of Secs. IV.A, IV.C.1 and IV.D is tar-
geted to both nonexperts and experts, while Sec. IV.B,
the remaining of Sec. IV.C and the final Sec. IV.E cover
somewhat more technical aspects.

A. 0⌫��-decay rate in e↵ective field theory

0⌫�� decay is necessarily triggered by BSM physics.
As discussed in Sec. III, the experimentally best moti-
vated and most studied mechanism is the exchange of
the known light neutrinos — if they are Majorana par-
ticles — corresponding to the diagram in Fig. 6. This
scenario predicts a 0⌫��-decay rate that only depends
on the mass of the lightest neutrino and the neutrino
mass ordering, in addition to a NME. Nonetheless, in
general any BSM extension that violates lepton num-
ber leads to 0⌫�� decay. Because BSM models are typ-
ically defined at higher energy-momentum scales than
the electroweak scale (⇠ 250GeV), or the relevant scales
for hadrons (⇠ 1GeV) and nuclei (⇠ m⇡ ⇠ 200MeV),
an EFT approach is best suited to organize di↵erent
0⌫��-decay contributions (Cirigliano et al., 2017, 2018c;
Prezeau et al., 2003). Including information from all
these energy scales provides an advantage for assigning
the importance of each decay channel, but valuable alter-
native EFTs usually neglecting chiral (m⇡/GeV) aspects
have also been proposed (Deppisch et al., 2018, 2020a;
Graf et al., 2018; Horoi and Neacsu, 2016a; Pas et al.,
1999, 2001).
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nuclei, however, �� decay and ECEC dominate, for in-
stance when first-order decays are energetically forbid-
den while second-order channels are not. The attractive
nuclear pairing interaction brings additional binding to
nuclei with even numbers of protons and neutrons, so
that some even-even nuclei are more bound than their
odd-odd neighbors, but less bound than the even-even
systems that result from the � decays of the odd-odd
nuclei. The decay is thus of second order. Figure 5 illus-
trates this by showing the mass excess for isobars with
A = 76 nucleons. Alternatively, � decays can be very
suppressed because of a large mismatch in total angular
momentum between the initial and final nuclei, so that
�- and ��-decay rates are comparable (Alanssari et al.,
2016a). In these special cases, �� decay or ECEC can
be measured. The nucleus decays into a more bound sys-
tem with two more protons and two fewer neutrons, or
the other way around, emitting or capturing at the same
time two electrons and the corresponding (anti)neutrinos.
Such measurements demand extremely sensitive experi-
ments, because of the very long associated half-life values:
T 2⌫��
1/2 > 1018 yr (Barabash, 2020).

In this chapter, we first summarize in Sec. IV.A the
0⌫��-decay rate as given by an e↵ective field theory
(EFT) that exploits the separation of scales between par-
ticle (BSM), hadron, and nuclear structure scales. Sec-
tion IV.B presents expressions for the NMEs for 0⌫�� de-
cay mediated by the exchange of “light” and “heavy” par-
ticles — with respect to the typical momentum transfer
p = |p| ⇠ 200MeV — including the recently recognized
short-range contribution to light-neutrino-exchange. Sec-
tion IV.C discusses critically current NME calculations,
while Sec. IV.D is devoted to the so-called “gA quench-
ing” puzzle that could a↵ect NME predictions. Addi-
tional nuclear observables that test calculations and can
provide information about the values of the NMEs are
outlined in Sec. IV.E.
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FIG. 5 Mass excess � = (mA � A) · u for isobars with mass
mA and mass number A = 76, where u is the atomic mass
unit. Even-even nuclei are distributed on the lower curve,
odd-odd nuclei on the top one.

The content of Secs. IV.A, IV.C.1 and IV.D is tar-
geted to both nonexperts and experts, while Sec. IV.B,
the remaining of Sec. IV.C and the final Sec. IV.E cover
somewhat more technical aspects.

A. 0⌫��-decay rate in e↵ective field theory

0⌫�� decay is necessarily triggered by BSM physics.
As discussed in Sec. III, the experimentally best moti-
vated and most studied mechanism is the exchange of
the known light neutrinos — if they are Majorana par-
ticles — corresponding to the diagram in Fig. 6. This
scenario predicts a 0⌫��-decay rate that only depends
on the mass of the lightest neutrino and the neutrino
mass ordering, in addition to a NME. Nonetheless, in
general any BSM extension that violates lepton num-
ber leads to 0⌫�� decay. Because BSM models are typ-
ically defined at higher energy-momentum scales than
the electroweak scale (⇠ 250GeV), or the relevant scales
for hadrons (⇠ 1GeV) and nuclei (⇠ m⇡ ⇠ 200MeV),
an EFT approach is best suited to organize di↵erent
0⌫��-decay contributions (Cirigliano et al., 2017, 2018c;
Prezeau et al., 2003). Including information from all
these energy scales provides an advantage for assigning
the importance of each decay channel, but valuable alter-
native EFTs usually neglecting chiral (m⇡/GeV) aspects
have also been proposed (Deppisch et al., 2018, 2020a;
Graf et al., 2018; Horoi and Neacsu, 2016a; Pas et al.,
1999, 2001).
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A particular double-beta decay creates matter
The neutrinoless double-beta decay

(A, Z) → (A, Z + 2) + 2e− + 2ν̄e

3

• Double-beta decay channel without 
emission of neutrinos 

• Creation of matter without anti-matter 

• Lepton number not conserved  

• Not allowed in the Standard Model 

• Portal to new physics

ΔL = 2
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Detecting double-beta decay
The experimental signature

4

• Signature:  

• : energy deposition of 2 electrons 
@ Q𝛽𝛽 (= 2039 keV for 76Ge) 

• : energy deposition of 2 electrons 
@ E < Q𝛽𝛽 

• Experimental challenge: 

• No background @Q𝛽𝛽 for  y
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Detecting double-beta decay
…with the GERmanium Detector Array experiment
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• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]
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• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge
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• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge

• Source = detector
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• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge

• Source = detector

• Density
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High detection 
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• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge

• Source = detector

• Density
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Detecting double-beta decay
…with the GERmanium Detector Array experiment
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High detection 
efficiency

• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge

• Source = detector

• Density

• Radio-purity  [GERDA, Astropart.Phys. 91 (2017) 15-21]
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Detecting double-beta decay
…with the GERmanium Detector Array experiment
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High detection 
efficiency

• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge

• Source = detector

• Density

• Radio-purity  [GERDA, Astropart.Phys. 91 (2017) 15-21]

• Excellent energy resolution ( )𝒪(0.1%)
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Detecting double-beta decay
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High detection 
efficiency

• Germanium promising candidate since 1967 
[E. Fiorini et al., Phys Lett B, 25 (1967), no. 10, 602–603]

• Use HPGe detectors enriched in 76Ge

• Source = detector

• Density

• Radio-purity  [GERDA, Astropart.Phys. 91 (2017) 15-21]

• Excellent energy resolution ( )𝒪(0.1%)

• Event topology Discrimination - Pulse 
Shape Discrimination (PSD)
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Detecting double-beta decay
…with the GERmanium Detector Array experiment

[GERDA, Phys Rev Lett 125 (2020), 252502]

High resolution, background-free search of  decay 0νββ
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• Background expectations @( ) = 0.3 counts after 103.7 kg yr exposureQββ ± 2σ
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The GERDA collaboration

The	GERDA	Collaboration

ITEP 
Moscow

Kurchatov	 
Institute

16	institutions 
~110	members

http://www.mpi-hd.mpg.de/gerda/

Laboratori Nazionali del Gran Sasso

INR 
Moscow

European	Commission	
Joint	Research	Centre	
JRC	Geel
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The GERDA experiment

• Located @ Laboratori Nazionali del Gran 
Sasso (Italy) 

• Shielded by 3500 m.w.e. 

8

≥

Goals

Background 10-3 cts/(keV kg yr)

Exposure > 100 kg yr

Sensitivity  yrT0νββ
1/2 ≥ 1026
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The GERDA experiment
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The GERDA experiment
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The GERDA experiment
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Event discrimination in germanium
Signal and background

10
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Image produced with: https://github.com/gipert/gedet-plots 
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Event discrimination in germanium
Signal and background
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Active background suppression
Performance
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Pulse Shape Discrimination
Signal and background
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Pulse Shape Discrimination
Signal and background
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Surrounding liquid argon 
(LAr) tags these events
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The LAr instrumentation 
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[GERDA, European Phys J C 78 (2018), 388]
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Figure 1. Implementation of the Gerda array in MaGe, visualized using the Geant4 visualiza-
tion drivers. From left to right: a) the Gerda detectors, b) the holder mounting, composed of silicon
plates and copper bars c) the high-voltage and signal flexible flat cables plus the front-end electron-
ics on top, d) the full array instrumentation, including the transparent nylon mini-shrouds, e) the
full LAr veto system surrounding the array, including the fiber shroud (in green), the Tetratex R©-
coated copper shrouds (above and below the fibers) and the two PMT arrays, f) the LAr veto
system without the copper shrouds.

2.3 Background expectation

The event energy distribution of the three data sets is displayed in figure 2; the sum

spectrum of M1-enrBEGe and M1-enrCoax in the top panel and M2-enrGe in the bottom

panel. For the single-detector data, in the top panel, the following features are most

noticeable: the β decay of 39Ar dominates the spectrum up to 565 keV while between 600

and 1500 keV the most prominent component is the continuous spectrum of 2νββ decay of
76Ge. Two γ lines at 1461 and 1525 keV can be attributed to 40K and 42K; further visible

γ lines belonging to 85Kr, 208Tl, 214Bi and 228Ac are indicated in the figure. The highest

energies displayed are dominated by a peak like structure emerging at 5.3MeV with a

pronounced low energy tail. This is a typical spectral feature of α particles and can, here,

be attributed to 210Po decay on the thin detector p+ surfaces [14]. Events above the 210Po

peak belong to α decays emerging from the 226Ra sub-chain on the detector p+ surfaces.

All these components contribute also to M2-enrGe except for 39Ar, 2νββ and high energy

α components. This is due to the short range of α (tens of µm) and β particles (typically

smaller than 1.5 cm) in LAr and germanium with respect to the distance between detectors

which is of the order of several cm.

– 5 –
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The LAr instrumentation 
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Figure 1. Implementation of the Gerda array in MaGe, visualized using the Geant4 visualiza-
tion drivers. From left to right: a) the Gerda detectors, b) the holder mounting, composed of silicon
plates and copper bars c) the high-voltage and signal flexible flat cables plus the front-end electron-
ics on top, d) the full array instrumentation, including the transparent nylon mini-shrouds, e) the
full LAr veto system surrounding the array, including the fiber shroud (in green), the Tetratex R©-
coated copper shrouds (above and below the fibers) and the two PMT arrays, f) the LAr veto
system without the copper shrouds.

2.3 Background expectation

The event energy distribution of the three data sets is displayed in figure 2; the sum

spectrum of M1-enrBEGe and M1-enrCoax in the top panel and M2-enrGe in the bottom

panel. For the single-detector data, in the top panel, the following features are most

noticeable: the β decay of 39Ar dominates the spectrum up to 565 keV while between 600

and 1500 keV the most prominent component is the continuous spectrum of 2νββ decay of
76Ge. Two γ lines at 1461 and 1525 keV can be attributed to 40K and 42K; further visible

γ lines belonging to 85Kr, 208Tl, 214Bi and 228Ac are indicated in the figure. The highest

energies displayed are dominated by a peak like structure emerging at 5.3MeV with a

pronounced low energy tail. This is a typical spectral feature of α particles and can, here,

be attributed to 210Po decay on the thin detector p+ surfaces [14]. Events above the 210Po

peak belong to α decays emerging from the 226Ra sub-chain on the detector p+ surfaces.

All these components contribute also to M2-enrGe except for 39Ar, 2νββ and high energy

α components. This is due to the short range of α (tens of µm) and β particles (typically

smaller than 1.5 cm) in LAr and germanium with respect to the distance between detectors

which is of the order of several cm.

– 5 –
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Figure 1. Implementation of the Gerda array in MaGe, visualized using the Geant4 visualiza-
tion drivers. From left to right: a) the Gerda detectors, b) the holder mounting, composed of silicon
plates and copper bars c) the high-voltage and signal flexible flat cables plus the front-end electron-
ics on top, d) the full array instrumentation, including the transparent nylon mini-shrouds, e) the
full LAr veto system surrounding the array, including the fiber shroud (in green), the Tetratex R©-
coated copper shrouds (above and below the fibers) and the two PMT arrays, f) the LAr veto
system without the copper shrouds.

2.3 Background expectation

The event energy distribution of the three data sets is displayed in figure 2; the sum

spectrum of M1-enrBEGe and M1-enrCoax in the top panel and M2-enrGe in the bottom

panel. For the single-detector data, in the top panel, the following features are most

noticeable: the β decay of 39Ar dominates the spectrum up to 565 keV while between 600

and 1500 keV the most prominent component is the continuous spectrum of 2νββ decay of
76Ge. Two γ lines at 1461 and 1525 keV can be attributed to 40K and 42K; further visible

γ lines belonging to 85Kr, 208Tl, 214Bi and 228Ac are indicated in the figure. The highest

energies displayed are dominated by a peak like structure emerging at 5.3MeV with a

pronounced low energy tail. This is a typical spectral feature of α particles and can, here,

be attributed to 210Po decay on the thin detector p+ surfaces [14]. Events above the 210Po

peak belong to α decays emerging from the 226Ra sub-chain on the detector p+ surfaces.

All these components contribute also to M2-enrGe except for 39Ar, 2νββ and high energy

α components. This is due to the short range of α (tens of µm) and β particles (typically

smaller than 1.5 cm) in LAr and germanium with respect to the distance between detectors

which is of the order of several cm.
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Fig. 16 Custom packaging of three 3 × 3 mm2 SiPMs on a Cuflon®

holder

dark rate (< 1 Hz/mm2 at about 2.7 V overvoltage in LN)
were accepted for deployment in Gerda.

Six SiPMs are connected in parallel to one 50 Ω cable
in the cable chain. There is no active or passive electronic
component in the LAr. The total cable length from the SiPMs
to the amplifier input is about 20 m.

The strongly temperature dependent quenching resistors
of the SiPMs cause very long pixel recharge times in the
range of microseconds when the SiPMs are submersed in
LAr. In addition, the capacity of the large array and the cable
reduces the peak amplitude of the signal significantly. The
slow and small amplitude signals suggest the use of charge
sensitive amplifiers.

Figure 17 shows the readout circuit schematics. Each
group of three SiPMs corresponds to a unit shown in Fig. 16.
The transmission line in Fig. 17 stands for the 20 m cable
mentioned above. The potentiometer regulates the bias volt-
age of the SiPMs which is connected to the core of the coaxial
cable. The signal is decoupled with a 100 nF capacitor and
connected to the charge sensitive amplifier (CR112 from Cre-
mat). The bias circuit and the charge amplifier are mounted
in a custom-made NIM module.

3.3 Data acquisition and analysis

The same FADC system (SIS 3301 Struck) used for the Ge
detectors [5] records the pulse shapes of the 16 PMT and
15 SiPM channels and saves them for off-line analysis. The
PMT traces are digitized with 100 MS/s and for each chan-
nel a trace of 12µs length is saved to disk. The resolution
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Fig. 18 Sample traces of an event with signals in a Ge detector and the
LAr veto system. On top the trace of the Ge detector that triggered the
event; a PMT trace in the middle – the fast component of the scintillation
light is followed by several smaller pulses from the triplet component;
at bottom one of the SiPMs traces with the expected slower signal (see
Sect. 3.2)

of the SiPM traces is reduced to 80 ns to save disk space
but traces of 120µs length are recorded. All LAr channels
are read out together with the Ge channels if at least one Ge
detector has an energy deposition above 100 keV. Figure 18
shows the traces of a representative background event that
has been triggered by a Ge detector and that has produced
in addition signals in the PMTs and SiPMs of the LAr veto
system. PMT hits are reconstructed in the offline analysis
following the procedure described in [26]. First, the baseline
is determined using an iterative method from [27]. Then a
leading edge trigger with a threshold of 3 baseline standard
deviations is applied to identify up to fifteen hits per trace.
Amplitude and charge of each hit are computed. No qual-

Fig. 17 Circuit diagram of the
SiPM readout. Only one channel
is shown with six SiPMs in
parallel which corresponds to an
array of 54 mm2. The cable
separating the SiPMs and the
amplifier is about 20 m long.
The charge sensitive amplifier is
a Cremat-112

123

[GERDA, Phys Rev Lett 125 (2020), 252502]

17

• 16 PMTs 

• ~ 1.5 km light guiding fibers + 
SiPM readout 

• Vetoes events in coincidence 
with Germanium 

• Acceptance ( ) : ~98 %0νββ

The LAr instrumentation 
[GERDA, European Phys J C 78 (2018), 388]
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Active background suppression
Performance

18
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Total active background suppression
Performance

19
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Final Results of GERDA
…in the analysis window
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[GERDA, Phys Rev Lett 125 (2020), 252502]

• Blind analysis around  

• Latest unblinding in May 2020 

• 2 new counts in  keV 

• No new counts @  

• Background:  

•  cts/(keV kg yr)

Qββ

Qββ ± 25

Qββ

5.2+1.6
−1.3 ⋅ 10−4
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Final Results of GERDA
…in the analysis window
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[GERDA, Phys Rev Lett 125 (2020), 252502]

• Blind analysis around  

• Latest unblinding in May 2020 

• 2 new counts in  keV 

• No new counts @  

• Background:  

•  cts/(keV kg yr)

Qββ

Qββ ± 25

Qββ

5.2+1.6
−1.3 ⋅ 10−4
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Final Results of GERDA
…limits on 0νββ

22
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1Limits from other isotopes with latest NME: 
• 136Xe:  meV • 130Te:  meVmββ < [53 − 228] mββ < [73 − 342]

[GERDA, Phys Rev Lett 125 (2020), 252502]

• Combined (data partitions, Phase I) 
unbinned maximum likelihood fit             
[GERDA, Nature 544 (2017), 47–52] 

• Best fit for null signal strength 

• Limit (and sensitivity) on  half-life: 

 yr (90% C.L.) 

• Limits on : 

 meV

0νββ

T0νββ
1/2 > 1.8 ⋅ 1026

mββ

mββ < [79 − 180]
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Final Results of GERDA

23

≥

Goals Achievements

Background 10-3 cts/(keV kg yr)

Exposure > 100 kg yr 103.7 kg yr

Sensitivity  yrT0νββ
1/2 ≥ 1026

5.2+1.6
−1.3 ⋅ 10−4 cts/(keV kg yr)

 yrT0νββ
1/2 > 1.8 ⋅ 1026

• All design goals are surpassed!
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GERDA’s studies below Qββ

• Precise determination of the  half-life  

• Updated limits on Majoron-involving decays 

• First constraints with 76Ge on Lorentz violation 

• First experimental constraints on light exotic fermions 

• Constraints on sterile neutrinos 

• Competitive results thanks to LAr instrumentation

2νββ

A broad physics program

25

[arXiv:2209.01671]
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LAr instrumentation provides clean  spectrum2νββ
…and its modeling gives knowledge on the background underneath

• LAr instrumentation reduces 
background by factor ~10 in the 
region 

• Synergy background model-LAr 
model reveals what background is 
underneath 

• Almost pure  spectrum

2νββ

2νββ

26

[arXiv:2209.01671]
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Precision measurement of the  half-life2νββ
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• Result of GERDA Phase I: 

• w/o LAr instrumentation 

• Systematics dominated by uncertainty in the 
active volume 

•  yrT2νββ
1/2 = (1.926 ± 0.094) ⋅ 1021

27

Preliminary

Precision measurement of the  half-life2νββ
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• Result of GERDA Phase I: 

• w/o LAr instrumentation 

• Systematics dominated by uncertainty in the 
active volume 

•  yrT2νββ
1/2 = (1.926 ± 0.094) ⋅ 1021

• New result of GERDA Phase II: 

• w/ LAr instrumentation 

• Improved systematics 

•   yr 

• Most precise determination of 76Ge  
half-life

T2νββ
1/2 = (2.022 ± 0.041) ⋅ 1021

2νββ

27

Preliminary

Preliminary

Precision measurement of the  half-life2νββ

Preliminary
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Exotic double-beta decay modes
• Search for double-beta decays with emission of one or two 

exotic particles 

• Majorons 

•  

• Limits on the neutrino-Majoron coupling constant gJ 

• Sterile neutrinos N 

•  

• Light exotic fermions  

•  

• Lorentz violation in the neutrino sector 

•

(A, Z) → (A, Z + 2) + 2e− + J(2J)

(A, Z) → (A, Z + 2) + 2e− + ν̄e + N

χ

(A, Z) → (A, Z + 2) + 2e− + 2χ̄

(A, Z) → (A, Z + 2) + 2e− + 2ν̄LV
e

Will show up as deformations on the  spectrum2νββ

28

[Phys.Rev.D 103 (2021) 5, 055019, Phys. Lett. B 815 (2021)] 

[Phys.Rev.D 103 (2021) 5, 055019, Phys. Lett. B 815 (2021)] 

[arXiv:2209.01671]

mailto:tommaso.comellato@tum.de
https://arxiv.org/abs/2209.01671


T. Comellato (TUM) - tommaso.comellato@tum.de  Neutrino Oscillation Workshop- 09.09.2022 - Rosa Marina

Exotic double-beta decay modes
Results

29

• No evidence of positive signals, 
but 90% C.L. limits are derived 

• Details in backup

Exotic decay mode Observed Limit

Decay with Majorons (n=1) T1/2>6.4 1023 yr

n=2 T1/2>2.9 1023 yr

n=3 T1/2>1.2 1023 yr

n=7 T1/2>1.0 1023 yr

Lorentz Violation (-2.7 < aof(3) < 6.2) 10-6 GeV

Sterile Neutrinos (mN=500-600 keV) sin2ϑ < 0.013

Exotic fermions (m=300 keV) T1/2 > 1.6 1023 yr

[arXiv:2209.01671]
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Conclusions

30

• GERDA has run in background-free regime for the entire 
duration of its data taking 

• Provided among the most stringent constraints on the half-
life of  decay 

• Obtained a precise determination of the half-life of 76Ge 
 decay 

• Searched for a broad variety of BSM physics and obtained 
competitive limits 

• Bright future ahead  

• —>See R. Brugnera’s talk tomorrow 16:25

0νββ

2νββ

Im
age courtesy: P. Krause

mailto:tommaso.comellato@tum.de


Backup

31



T. Comellato (TUM) - tommaso.comellato@tum.de  Neutrino Oscillation Workshop- 09.09.2022 - Rosa Marina

 GERDA Phase II runs  Exposure     Physics data  Calibration data  Special calibration data 
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The data taking of GERDA phase II

Upgrade

new fiber shroud

5 new inverted 
coaxial detectors

32

• Phase II duty cycle: 87.7% 

• 103.7 kg yr (127.2 kg yr with Phase I) 

• Upgrade in 2018
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Performance on the energy scale
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• Detectors calibrated weekly with 228Th  

• Energy shifts between calibrations < 1 keV 

• Zero Area Cusp energy filter [European Phys J C 75 (2015), 255]
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 Resolution stability

34
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Total active 
background 
suppression

35
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..per detector family

• 210Po coming from coaxial detectors 

• BI:  cts/(keV kg yr) for all 
detector families

𝒪(10−4)
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Majoron-involving decays
(A, Z) → (A, Z + 2) + 2e− + J(2J)

36

• Searched for double-beta decays with 
emission of two Majorons according to 4 
different models (n=1,2,3,7) 

• Limits can be converted into the Majoron-
neutrino coupling constant gJ
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Lorentz violation
(A, Z) → (A, Z + 2) + 2e− + 2ν̄LV

e

37

• Lorentz violation in the neutrino sector 
would affect the energy distribution of 
electrons through isotropic component  

• First constraints with 76Ge 

• Results comparable with other double-beta 
isotopes

a(3)
of
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Search for light-exotic fermions
  AND  (A, Z) → (A, Z + 2) + 2e− + ν̄e + N (A, Z) → (A, Z + 2) + 2e− + 2χ̄

38

• Massive exotic fermions would 
shift the endpoint to lower 
values 

• We searched for sterile neutrinos 
(N) and their Z2-odd variant  

• Limits for sterile neutrinos not 
competitive with single-beta 
decay experiments 

• Pair production of exotic 
fermions can only be tested in 
double-beta decay

[Phys.Rev.D 103 (2021) 5, 055019, Phys. Lett. B 815 (2021)] 
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Background Model

39

J
H
E
P
0
3
(
2
0
2
0
)
1
3
9

Figure 4. Background decomposition of the event energy distributions of the (from top to bottom)
M1-enrBEGe, M1-enrCoax and M2-enrGe data sets. Components referring to the same background
source in different locations are summed together for visualization convenience. The blinded region
Qββ ± 25 keV is highlighted in gray. In the three lower panels displaying the normalized residual
distributions the central 1σ-, 2σ- and 3σ-bands are marked in green, yellow and red, respectively.
Note that for bins with low expected statistics due to the discrete nature of the measured spectrum
not all colored bands are meaningful [40].

The 40K and 42K distributions can be further split into smaller volumes and studied

as an extension of the potassium tracking analysis (as described in section 3.2) projected in

detector space. The additional 40K component close to the array and the 42K component

above the array are split into 7 sub-components on a string-by-string basis. The potas-
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M1-enrBEGe, M1-enrCoax and M2-enrGe data sets. Components referring to the same background
source in different locations are summed together for visualization convenience. The blinded region
Qββ ± 25 keV is highlighted in gray. In the three lower panels displaying the normalized residual
distributions the central 1σ-, 2σ- and 3σ-bands are marked in green, yellow and red, respectively.
Note that for bins with low expected statistics due to the discrete nature of the measured spectrum
not all colored bands are meaningful [40].

The 40K and 42K distributions can be further split into smaller volumes and studied

as an extension of the potassium tracking analysis (as described in section 3.2) projected in

detector space. The additional 40K component close to the array and the 42K component

above the array are split into 7 sub-components on a string-by-string basis. The potas-

– 15 –

[GERDA, J High Energy Phys, 2020 (2020), no. 3, 139]
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Global picture of the neutrino mass

40

arXiv:2202.01787
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On NMEs and discovery potential

41
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FIG. 1. Comparison of m�� 99.7%-CL discovery and 90%-CL median exclusion sensitivities for di↵erent isotopes at stated
half-life sensitivities [30, 31, 48], grouped by nuclear many-body frameworks with matrix element ranges from Table I. The
horizontal bands show the variation on (mmin

�� )IO under variation of the neutrino oscillation parameters.

given to each calculation would be to some extent ar-
bitrary. Given the lack of objective criteria to compare
experimental sensitivities in di↵erent isotopes, and the
lack of a clear estimate of the uncertainties, we advocate
to refrain from ranking experiments’ reach quantitatively,
and focus instead on the fact that we have a global, multi-
isotope endeavor that will fully test the inverted ordering
scenario.

A broad e↵ort to reduce uncertainties is ongoing within
the nuclear theory community, with significant advances
made in the last few years. Ab initio calculations that
incorporate wider nuclear correlations and two-body cur-
rents have recently succeeded in predicting single � decay
rates [49] with no need for “quenching” – an ad hoc reduc-
tion of the value of calculated matrix elements involving
the nuclear spin required by less sophisticated calcula-
tions [13]. The first available ab initio 0⌫�� matrix ele-
ment calculations in medium-sized nuclei, supported by
studies in lighter systems [50, 51], indicate a relatively
mild suppression by tens of percent with respect to the
lower limit of the range given in Table I [52]. E↵orts are
underway to improve the quality of these results, extend
them to heavier nuclei, and include two-body currents
at finite momentum transfers [53]. On the other hand,
the contact term introduced in Refs. [34, 54], which until
recently went unrecognized, is a leading-order contribu-
tion to M . E↵ective field theory and ab initio nuclear
structure provide a scheme for estimating this contribu-
tion [55, 56]. A first study in 48Ca suggests that this
term can enhance M by about 40% percent [57], leading
to a faster decay rate. In heavier systems, preliminary

results suggest a roughly similar impact for all 0⌫�� iso-
topes, only slightly dependent on the nuclear many-body
method [58]. Complementary studies using e.g. lattice
QCD [59, 60] will test whether this claimed enhancement
is robust. If so, it may compensate the reduction in de-
cay rate due to the inclusion of the “quenching” physics,
leading to a picture similar to the one represented by
Fig. 1. Thus, should the current theoretical results be
confirmed, the proposed global 0⌫�� decay experimental
e↵ort would still fully probe the inverted ordering param-
eter space.

In this letter, we have focused on the inverted order-
ing scenario as a prominent goalpost for the proposed
experimental 0⌫�� decay program. However, the discov-
ery power of these experiments is high even assuming
other, equally reasonable scenarios. By reaching a sen-
sitivity of the order of tens of meV, these searches will
probe a significant fraction of the remaining parameter
space for left-handed neutrino exchange even if neutrino
masses follow the normal ordering. Bayesian analyses
suggest up to 50% discovery probabilities for the normal
ordering scenario [61, 62], and a non-vanishing discovery
probability even assuming the most unfavorable value
of the Majorana phases [63]. Significant advancement
would also be made in probing the exchange of heavy
mediators. For many such models, 0⌫�� decay searches
probe energy scales beyond the reach of current accelera-
tor technology [9]. Additional physics mechanisms could
completely change the parameter space of interest, po-
tentially even increasing the discovery power of future
experiments [64–67]. In general, pushing 0⌫�� decay
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