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Double-beta decay
What is double-beta decay

(A,Z)

ββ (A,Z+2)

(A,Z+1)β

(A, Z) → (A, Z + 1) + e− + ν̄e

(A, Z) → (A, Z + 2) + 2e− + 2ν̄e

• For a few nuclei, single β-decay is forbidden 

• But: simultaneous β-decay of 2 neutrons is 
allowed 

• Hypothesized in 1930’s  

•  y [Goeppert-Mayer, M, Phys Rev 48 (1935), no. 
6, 512–516] 

• Measured in several isotopes (76Ge, 82Se, 
100Mo, 130Te, 136Xe…) 

•  y

T1/2 > 𝒪(1017)

T1/2 ≈ 𝒪(1018÷21)
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Double-beta decay
What is neutrinoless double-beta decay

• 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

2n → 2p + 2e−

W-

W-

e-

e-
76Ge 76Se

n p

pn

(A, Z) → (A, Z + 2) + 2e− + 2ν̄e
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Detecting double-beta decay
The experimental signature

• 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

• 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 ( ) 

• 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]

• Background expectations @( ) = 0.3 counts after 103.7 kg yr exposureQββ ± 2σ

High resolution, background-free search of  decay 0νββ
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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

• Collaboration meeting in Zurich (2019)
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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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Event discrimination in germanium
Signal and background
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Image produced with: https://github.com/gipert/gedet-plots 
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Signal and background
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Signal Background

Multi Site Event (MSE) CoincidenceSingle Site Event (SSE)

Event discrimination in germanium
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Active background suppression
Performance
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Active background suppression
Performance

13

1000 1500 2000 2500 3000 3500 4000 4500 5000
Energy (keV) 

3−10

2−10

1−10

1

10

210

310yr
 ) 

⋅
kg⋅

C
ou

nt
s 

/ (
 k

eV

ββQ

K-
40 K-

42

Bi
-2

14

Bi
-2

14 Tl
-2

08 Po
-2

10

yr⋅All detectors - 103.7 kg
 Prior to analysis cuts
 After PSD cuts

G
ER

D
A 

20
-0

6



T. Comellato (TUM) - The GERDA experiment on the search for  decay - XIX International Workshop on Neutrino Telescopes - 23.02.2021 - Online0νββ

Pulse Shape Discrimination
Signal and background
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Pulse Shape Discrimination
Signal and background
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The LAr veto system
…and full GERDA
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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 –

Water tank

LAr tank

16

[GERDA, European Phys J C 78 (2018), 388]
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The LAr veto system
How it works
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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 –

• 16 PMTs 

• ~ 1.5 km light guiding fibers + 
SiPM readout 

• Vetoes events in coincidence 
with Germanium 

• Acceptance (0𝜈𝛽𝛽) : ~98 %

Eur. Phys. J. C (2018) 78 :388 Page 11 of 30 388

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

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

19
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Final results @Qββ
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Final Results of GERDA
…in the analysis window

1950 2000 2050 2100 2150Energy (keV)

0

20

40

60

80

100

yr
)

⋅
Ex

po
su

re
 (k

g

ββQ  25 keV±

yr⋅All detectors - 103.7 kg
After LAr veto and PSD cuts

 error bar)σ(2 
Background level

Th gamma lines228Bi & 214

G
ER

D
A 

20
-0

6

58.9 kg.yr - Science (2019)

ββQ ββQ  25 keV±

1950 2000 2050 2100 2150Energy (keV)

3−10

2−10

yr
)

⋅
kg⋅

C
ou

nt
s 

/ (
ke

V

 25 keV± ββQ

1950 2000 2050 2100 2150Energy (keV)

0

20

40

60

80

100

yr
)

⋅
Ex

po
su

re
 (k

g

ββQ  25 keV±

yr⋅All detectors - 103.7 kg
After LAr veto and PSD cuts

 error bar)σ(2 
Background level

Th gamma lines228Bi & 214

G
ER

D
A 

20
-0

6

58.9 kg.yr - Science (2019)

1950 2000 2050 2100 2150Energy (keV)

3−10

2−10

yr
)

⋅
kg⋅

C
ou

nt
s 

/ (
ke

V

• 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
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21

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

• 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]

22

…limits on 0νββ
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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]
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Final Results of GERDA

• All design goals are surpassed!

23
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Goals Achievements

Background 10-3 cts/(keV kg yr)

Exposure > 100 kg yr 103.7 kg yr (footnote Phase I)
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Conclusions

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

• Provides the most stringent constraints on 
the half-life of  decay 

• Bright future ahead  

• —>See R. Henning’s talk #104 

• Provides results on the search for exotic 
fermions —> see E. Bossio's poster #80

0νββ
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 GERDA Phase II runs  Exposure     Physics data  Calibration data  Special calibration data 

0.00

0.02

0.04

0.06

0.08

0.10

yr
 / 

d)
 

⋅
Ex

po
su

re
 g

ai
n 

(k
g

0

20

40

60

80

100 yr
) 

⋅
Ex

po
su

re
 (k

g

GERDA 20-06

2016-01 2016-07 2016-12 2017-07 2017-12 2018-07 2018-12 2019-07
Date (year-month) 

• Phase II duty cycle: 87.7% 

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

• Upgrade in 2018

The data taking of GERDA phase II

Upgrade

new fiber shroud

5 new inverted 
coaxial detectors
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Performance on the energy scale

2016-01 2016-07 2016-12 2017-07 2017-12 2018-07 2018-12 2019-07 
Date (year-month)

3−

2−

1−

0

1

2

3

Sh
ift

 a
t 2

.6
 M

eV
 P

ea
k 

(k
eV

)

All detectors

G
ER

D
A 

20
-0

7

• Detectors calibrated weekly with 228Th  

• Energy shifts between calibrations < 1 keV 

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

QØØ
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 Resolution stability
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Details on PSD
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Background Model
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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-
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[GERDA, J High Energy Phys, 2020 (2020), no. 3, 139]


