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allowed and observed 

ββ decay with 0 neutrinos
(A,Z)→(A,Z+2) + 2e-

violates lepton number 
conservation

- nuclear matrix element
- phase space integral 
depends on the Q value
- effective neutrino mass
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GERDA MC
10 kg·yr

T2ν1/2 =  1.9 x1021 yr T0ν1/2 =  1025 yr

• If 0ν2β decay is observed neutrinos have a Majorana mass component 

• The measured half life converts in neutrino mass  
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The Physics case
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LHC
SHIP

arXiv:1509.00423arXiv:1508.07286

T0ν2β1/2 =  1027 yr

• 0νββ search probes physics beyond the SM

• LR symmetric models predict neutrino masses >10 meV even for NH

• Lepton number violation searches at LHC are focusing on heavy right-handed 
neutrino in the TeV range

• Most of the parameter space scrutinised at LHC is within the reach of next 
generation DBD experiments
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GERDA status

• Status of Phase I: data taking ended with 21.6 
kg·yr exposure: run from Nov. 2011 to May 
2013

• Result of Phase I:   T0ν
1/2 > 2.1 x 1025 yr

• Goal of Phase II:  background level of 10-3 cts/
(keV kg yr) and a half-life sensitivity of ~1026 yr

• Phase II strategy to reduce background:  LAr 
scintillation light readout + pulse shape 
discrimination

• Phase II status: data taking since 2015, first 
data release: June 2016 

5

• GERDA is located at LNGS, under 3500 m w.e. overburden 

• Construction finished in 2009, operational since then 

• GERDA is using HPGe detectors from germanium enriched in 76Ge. 
Source and detector is the same.



GERDA at Gran Sasso
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Phase II setup
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GERDA: Phase I 

8 Konstantin Gusev TAUP 2015 

Coaxial BEGe 

Three coax strings 

BEGe string Installation process 

Coaxial detectors (from HdM, IGEX) 
• Enriched 86% in 76Ge 
• Total mass 17.66 kg 
• Reprocessed by Canberra 
• Average FWHM 4.8 keV at Qββ 

New Phase II BEGe detectors  
• Enriched 86% in 76Ge 
• Better pulse shape discrimination 

capability and FWHM (Phase I 
average: 3.2 keV at Qββ ) 

• 7 coaxial detectors, HdM and IGEX: 15.8 kg

• 30 new BEGe detectors, from new production 
total: 20 kg

• 3 natural coax: 7.6 kg

• Last integration test in Dec. 2015

• The experiment is alive since then
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Upgrades for Phase II
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Phase II: new holders for new detectors 

16 Konstantin Gusev TAUP 2015 

9 28 out of 30 BEGe detectors mounted in 
Phase II holders and tested in LAr/LN2 

600 nm thick Al film for bonding 

25 µm Al wires 

Signal contact HV contact 

• 30 new BEGe detectors need new holders

• New holder made of silicon plates 

• Silicon is cleaner

• 3x less copper than in the Phase I holder

• Detector contacting with wedge bonding 

• String wrapped in WLS coated nylon

• Reduces 42K background

Phase II: 
commissioning 2nd step (5 string assembly) 

23 Konstantin Gusev TAUP 2015 
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LAr - veto

9
                 GERDA Meeting Munich July  2013Manuel Walter           Wavelength shifting coatings of reflector foils for liquid Ar 2

Installation and Production 

Installation test of coated Tetratex by 
stitching with a 100 µm thick Nylon wire 
into a prototype Cu shroud was 
successfully performed.

Close-up of stitches.

3” low-background PMT 
Hamamatsu R11065-20

Copper “shroud” with 
Tetratex reflector coated 

with TPB Fiber “shroud” 
800 m WLS 
fibre coated 

with TPB

SiPMs 
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LAr veto commissioning

Suppression
of:

Ge Anti-
Coincidence LAr-veto PSD LAr + PSD Acceptance

228Th 1.26 ± 0.01 97.9 ± 3.7 2.19 ± 0.01 344.6 ± 24.5 86.8%

 226Ra 1.26 ± 0.01 5.7 ± 0.2 2.98 ± 0.06 29.4 ± 2.5 89.9%

Th-228
Ra-226

• LAr-veto mounted in Nov. 2014, several calibration runs.

• Trigger on single photoelectron, both PMTs and SiPMs

• Very effective for gamma background
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Pulse Shape Discrimination, Coax 
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Fig. 3 Simulated pulse shapes for SSE in a semi-coaxial
detector. The locations vary from the outer n+ surface (ra-
dius 38 mm) towards the bore hole (radius 6 mm) along a
radial line at the midplane in the longitudinal direction. The
integrals of all pulses are the same. The pulses are shaped to
mimic the limited bandwidth of the readout electronics.

of the events is not homogeneous inside the detector
as it is for 0⌫�� decays. Since two 511 keV photons
escape, DEP events are dominantly located at the cor-
ners. Events due to Compton scattering of � rays span
a wide energy range and also contain a large fraction of
SSE. Therefore they are also used for characterizing the
PSD methods, especially their energy dependencies.

The 2⌫�� decay is homogeneously distributed and
thus allows a cross check of the signal detection e�-
ciency of the PSD methods.

3 Pulse shape discrimination for BEGe
detectors

BEGe detectors from Canberra [11] feature not only a
small detector capacitance and hence very good energy
resolution but also allow a superior pulse shape discrim-
ination of background events compared to semi-coaxial
detectors. The PSD method and its performance is dis-
cussed in this section. The full period of BEGe data
taking during Phase I (July 2012 - May 2013) with an
exposure of 2.4 kg·yr is used in this analysis. One of
the five detectors (GD35C) was unstable and is not in-
cluded in the data set.

3.1 PSD calibration

Compton continuum and DEP events from 228Th cal-
ibration and the events in the 2⌫�� energy range in
physics data feature A/E distributions with a Gaus-
sian part from SSE and a low side tail from MSE as
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Fig. 4 A/E distribution for Compton continuum data fitted
with function (1). The dashed blue curve is the Gaussian com-
ponent and the green curve is the component approximating
the MSE contribution.

shown in Fig. 4. It can be fitted by the function:
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There are a few e↵ects which are corrected in the
order they are discussed below. To judge their rele-
vance, already here it is stated that events in the in-
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Fig. 5 Gaussian mean µ
A/E

for DEP events for individual
228Th calibrations. The data points in the period before the
occurrence of jumps are fitted with an exponential function as
specified. Each A/E distribution is normalized such that the
constant of the fit (p0) is one. Separate constant corrections
are determined as averages over the periods corresponding to
the discrete jumps.
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Fig. 1 Cross section of a semi-coaxial detector (top) and a BEGe de-
tector (bottom). The p+ electrode is drawn in grey and the n+ elec-
trode in black (thickness not to scale). The electrodes are separated by
an insulating groove. Color profiles of the weighting potential [14] are
overlayed on the detector drawings. Also sketched for the BEGe is the
readout with a charge sensitive amplifier

electrode along very similar trajectories, irrespective where
the energy deposition occurred [15]. For a localized depo-
sition consequently, the maximum of the current pulse is
nearly always directly proportional to the energy. Only de-
positions in a small volume of 3–6 % close to the p+ elec-
trode exhibit larger current pulse maxima since electrons
also contribute in this case [15, 16]. This behavior moti-
vates the use of the ratio A/E for pulse shape discrimination
(PSD) with A being the maximum of the current pulse and
E being the energy. The current pulses are extracted from
the recorded charge pulses by differentiation.

For double beta decay events (0νββ or two-neutrino dou-
ble beta decay, 2νββ), the energy is mostly deposited at one
location in the detector (SSE). Figure 2 (top left) shows an
example of a possible SSE charge and current trace from
the data. For SSE in the bulk detector volume one expects a
nearly Gaussian distribution of A/E with a width dominated
by the noise in the readout electronics.

For MSE, e.g. from multiple Compton scattered γ rays,
the current pulses of the charges from the different locations
will have—in general—different drift times and hence two

or more time-separated current pulses are visible. For the
same total energy E, the maximum current amplitude A will
be smaller in this case. Such a case is shown in the top right
plot of Fig. 2.

For surface events near the p+ electrode the current am-
plitude, and consequently A/E, is larger and peaks earlier
in time than for a standard SSE. This feature allows these
signals to be recognized efficiently [17]. A typical event is
shown in the bottom left trace of Fig. 2.

The n+ electrode is formed by infusion of lithium, which
diffuses inwards resulting in a fast falling concentration pro-
file starting from saturation at the surface. The p–n junction
is below the n+ electrode surface. Going from the junc-
tion towards the outer surface, the electric field decreases.
The point when it reaches zero corresponds to the edge of
the conventional n+ electrode dead layer, that is 0.8–1 mm
thick (1.5–2.3 mm) for the BEGe (semi-coaxial) detectors.
However, charges (holes) from particle interactions can still
be transferred from the dead layer into the active volume via
diffusion (see e.g. Ref. [18]) up to the point near the outer
surface where the Li concentration becomes high enough to
result in a significant recombination probability. Due to the
slow nature of the diffusion compared to the charge carrier
drift in the active volume, the rise time of signals from in-
teractions in this region is increased. This causes a ballistic
deficit loss in the energy reconstruction. The latter might be
further reduced by recombination of free charges near the
outer surface. The pulse integration time for A is ∼100 times
shorter than the one for energy causing an even stronger bal-
listic deficit and leading to a reduced A/E ratio. This is
utilized to identify β particles penetrating through the n+
layer [19]. The bottom right trace of Fig. 2 shows a candi-
date event.

A pulse shape discrimination based on A/E has been
developed in preparation for Phase II. It is applied here
and has been tested extensively before through experimen-
tal measurements both with detectors operated in vacuum
cryostats [16] and in liquid argon [20–22] as well as through
pulse-shape simulations [15].

For double beta decay events, bremsstrahlung of elec-
trons can reduce A and results in a low side tail of the A/E

distribution while events close to the p+ electrode cause a
tail on the high side. Thus the PSD survival probability of
double beta decay is <1.

2.2 Semi-coaxial detectors

For semi-coaxial detectors, the weighting field also peaks at
the p+ contact but the gradient is lower and hence a larger
part of the volume is relevant for the current signal. Figure 3
shows examples of current pulses from localized energy de-
positions. These simulations have been performed using the
software described in Refs. [15, 23]. For energy depositions

• Signal: Single Site Event, Background: Multi-Site Ev.

• PSD can veto Multi-Site Events in HPGe detector

• Neural network trained with calibration data

• Achieved performance is similar to Phase I

• Tuned to 90% acceptance of the DEP of  2.6 MeV line 
(Tl-208)

α’s
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Pulse Shape Discrimination, BEGe
Pulse Shape Discrimination Method

The A/E Parameter

Pulse shape discrimination (PSD) method based on a single parameter:
Ratio of the maximum current amplitude A over the energy E! A/E
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The Di↵erent Event Topologies

I Most SSE (e.g. ��) have similar pulse shapes independent from the interaction point

I
MSE are a superposition of SSE ! smaller A/E

I
p

+
contact events: In a small volume around the read-out electrode signals have high

rise time ! larger A/E

I
n

+
surface events: Signals from events penetrating from the outer surface have long rise

time ! smaller A/E

Victoria Wagner (MPIK) BEGe Performance DPG Frühjahrstagung ’15 6 / 11
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Fig. 1 Cross section of a semi-coaxial detector (top) and a BEGe de-
tector (bottom). The p+ electrode is drawn in grey and the n+ elec-
trode in black (thickness not to scale). The electrodes are separated by
an insulating groove. Color profiles of the weighting potential [14] are
overlayed on the detector drawings. Also sketched for the BEGe is the
readout with a charge sensitive amplifier

electrode along very similar trajectories, irrespective where
the energy deposition occurred [15]. For a localized depo-
sition consequently, the maximum of the current pulse is
nearly always directly proportional to the energy. Only de-
positions in a small volume of 3–6 % close to the p+ elec-
trode exhibit larger current pulse maxima since electrons
also contribute in this case [15, 16]. This behavior moti-
vates the use of the ratio A/E for pulse shape discrimination
(PSD) with A being the maximum of the current pulse and
E being the energy. The current pulses are extracted from
the recorded charge pulses by differentiation.

For double beta decay events (0νββ or two-neutrino dou-
ble beta decay, 2νββ), the energy is mostly deposited at one
location in the detector (SSE). Figure 2 (top left) shows an
example of a possible SSE charge and current trace from
the data. For SSE in the bulk detector volume one expects a
nearly Gaussian distribution of A/E with a width dominated
by the noise in the readout electronics.

For MSE, e.g. from multiple Compton scattered γ rays,
the current pulses of the charges from the different locations
will have—in general—different drift times and hence two

or more time-separated current pulses are visible. For the
same total energy E, the maximum current amplitude A will
be smaller in this case. Such a case is shown in the top right
plot of Fig. 2.

For surface events near the p+ electrode the current am-
plitude, and consequently A/E, is larger and peaks earlier
in time than for a standard SSE. This feature allows these
signals to be recognized efficiently [17]. A typical event is
shown in the bottom left trace of Fig. 2.

The n+ electrode is formed by infusion of lithium, which
diffuses inwards resulting in a fast falling concentration pro-
file starting from saturation at the surface. The p–n junction
is below the n+ electrode surface. Going from the junc-
tion towards the outer surface, the electric field decreases.
The point when it reaches zero corresponds to the edge of
the conventional n+ electrode dead layer, that is 0.8–1 mm
thick (1.5–2.3 mm) for the BEGe (semi-coaxial) detectors.
However, charges (holes) from particle interactions can still
be transferred from the dead layer into the active volume via
diffusion (see e.g. Ref. [18]) up to the point near the outer
surface where the Li concentration becomes high enough to
result in a significant recombination probability. Due to the
slow nature of the diffusion compared to the charge carrier
drift in the active volume, the rise time of signals from in-
teractions in this region is increased. This causes a ballistic
deficit loss in the energy reconstruction. The latter might be
further reduced by recombination of free charges near the
outer surface. The pulse integration time for A is ∼100 times
shorter than the one for energy causing an even stronger bal-
listic deficit and leading to a reduced A/E ratio. This is
utilized to identify β particles penetrating through the n+
layer [19]. The bottom right trace of Fig. 2 shows a candi-
date event.

A pulse shape discrimination based on A/E has been
developed in preparation for Phase II. It is applied here
and has been tested extensively before through experimen-
tal measurements both with detectors operated in vacuum
cryostats [16] and in liquid argon [20–22] as well as through
pulse-shape simulations [15].

For double beta decay events, bremsstrahlung of elec-
trons can reduce A and results in a low side tail of the A/E

distribution while events close to the p+ electrode cause a
tail on the high side. Thus the PSD survival probability of
double beta decay is <1.

2.2 Semi-coaxial detectors

For semi-coaxial detectors, the weighting field also peaks at
the p+ contact but the gradient is lower and hence a larger
part of the volume is relevant for the current signal. Figure 3
shows examples of current pulses from localized energy de-
positions. These simulations have been performed using the
software described in Refs. [15, 23]. For energy depositions

• BEGe detectors have a better PSD performance

• A/E single parameter cut is very efficient rejecting 
multisite events

• Tuned to 90% acceptance of the 208Tl DEP peak 

• ~85% acceptance for 2ν2β in the background data

α

signal band γ
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Phase II performance
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• weakly calibration runs with Th-232 source

• Resolution at 2.6 MeV, BEGe: 3.2 keV

• Resolution at 2.6 MeV, Coax.:  3.8 keV

• Background data blinded Qββ ± 25 keV

• Data released: Dec. 2015 - May 2016

• 85% duty cycle: Dec.2015 - May 2016

• Exposure BEGe 5.8 kg yr

• Exposure Coax. 5.0 kg yr
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Phase II, first results
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• LAr-veto works for background data as well

• K40/K42 Compton continuum strongly suppressed by LAr-veto 

• Data agrees with T1/2(2νββ) = 1.9·1021 yr from GERDA Phase I

• 2νββ events are used to validate PSD and active volume determination
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Enr. Coax: 5.0 kg·yr

3·10-3 cts/(kg·keV·yr)

Phase II, first results
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16

Enr. BEGe: 5.8 kg·yr

0.7·10-3 cts/(kg·keV·yr)

Phase II, first results
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• Exposure is calculated with total mass

• Efficiency includes: enrichment, active volume, 0νββ signal efficiency, PSD 
efficiency, LAr-veto dead time

• GERDA Phase II reached it’s background goal ! 

17

Phase II, first results

Brief Article

The Author

July 25, 2016
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data set exposure FWHM e�ciency final background
[kg yr] [keV] [10�3 cnt/(keV kg yr)]

PI golden 17.9 4.27±0.13 0.57±0.03 11±2

PI silver 1.3 4.27±0.13 0.57±0.03 30±10

PI BEGe 2.4 2.74±0.20 0.66±0.02 5+4
�3

PI extra 1.9 4.17±0.19 0.58±0.04 4+5
�2

PII coax 5.0 4.0±0.2 0.51±0.07 3+3
�1

PII BEGe 5.8 3.0±0.2 0.60±0.02 0.7+1.2
�0.5

1
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Phase II, first results

• Unbined profile likelihood: flat background + Gaussian signal  

profile likelihood 
2-side test stat.

Bayesian
flat prior on cts.

0νββ cts. best fit value 0 0

T1/2(0νββ) lower limit [1025 yr] > 5.2 (90% CL) >3.5 (90% CI)

T1/2(0νββ) median sensitivity [1025 yr]  > 4.0 (90% CL) >3.0(90% CI)
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Sensitivity and background

Phase II goals

background ⇠ 10�3 cts/(keV· kg· yr)
exposure & 100 kg·yr
sensitivity T

0⌫
1/2 & 1026 yr

2013 –> 2015: upgrade & commissioning

• doubled target mass

• reduced background by factor ⇠10

Phase I achievements:

background ⇠ 10�2 cts/(keV· kg· yr)
exposure 21.6 kg·yr
limit T

0⌫
1/2 > 2.1 · 1025 yr (90% CL)

[PRL 111, 122503 (2013)]
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GERDA Phase I+II sensitivity
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Matteo Agostini (GSSI/LNGS) 5

• GERDA Phase II is taking data with 35.8 kg 
enriched germanium detectors

• Phase II background goal reached: running 
practically background free: 

• 0.7·10-3 cts/(keV·kg·yr) achieved for 
BEGe data set

• lowest background level in [cts/ROI] 
among all 0νββ experiments (10x lower 
than any running experiment) 

• New T1/2 limit: Phase II + Phase I published 
+ Phase I extra: 

• Profile likelihood fit gives a median 
sensitivity of 4.0 ·1025  yr

•  and a half life limit of 5.2 ·1025  yr

Summary


