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2β decay with 2 neutrinos 2β decay with 0 neutrinos

(A,Z)→(A,Z+2) + 2e- +2νe

allowed and observed 

(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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 0νββ in  76Ge 

• IGEX no signal T1/2 > 1.6x1025 yr

• HdM no signal T1/2 ≥1.9×1025 yr

• Klapdor-Kleingrothaus et alii claim 
of evidence: T1/2 =1.9×1025 yr

4

204 H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 586 (2004) 198–212

Fig. 4. The total sum spectrum of all five detectors (in total 10.96 kg enriched in 76Ge), in the range 2000–2060 keV and its fit, for the periods:
Top: left—August 1990 to May 2000 (50.57 kg yr); right—August 1990 to May 2003 (71.7 kg yr). Bottom: left—November 1995 to May 2003
(56.66 kg yr); right—scan for lines in the spectrum shown on the left, with the MLM method (see text). The Bi lines at 2010.7, 2016.7, 2021.8
and 2052.9 keV are seen, and in addition a signal at ∼2039 keV.

contradiction to a claim of [13], the signal atQββ (see
Fig. 6 and Table 2). The time distribution of the events
throughout the measuring time and the distribution
among the detectors corresponds to the expectation for
a constant rate, and to the masses of the detectors (see
Fig. 7).
The spectra have been analyzed by different meth-

ods: Least Squares Method, Maximum Likelihood
Method (MLM) and Feldman–Cousins Method. The
analysis is performedwithout subtraction of any back-
ground. We always process background-plus-signal
data since the difference between two Poissonian vari-
ables does not produce a Poissonian distribution [17].
This point is sometimes overlooked. So, e.g., in [18] a
formula is developed making use of such subtraction

and as a consequence the analysis given in [18] pro-
vides overestimated standard errors.
We have performed first a simultaneous fit of

the range 2000–2060 keV of the measured spectra
by the nonlinear least squares method, using the
Levenberg–Marquardt algorithm [19]. It is applicable
in any statistics [20] under the following conditions:
(1) relative errors asymptotic to zero, (2) ratio of signal
to background asymptotic constant. It does not require
exact knowledge of the probability density function of
the data.
We fitted the spectra using n Gaussians (n is

equal to the number of lines, which we want to fit)
G(Ei,Ej ,σj ) and using different background models
B(Ei): simulated background (linear with fixed slope)

H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 586 (2004)

Figure 2 
Histograms from 117 effective mole yr  of  IGEX 76Ge data. Energy bins are labeled on the left 
edge. The darkened spectrum results from the application of PSD to ~45% of the total data set. 
The gaussian curve represents the 90% CL constraint of � 3.1 0QEE-decay events and has a 
FWHM of ~4 keV, corresponding to the effective energy resolution of the entire experiment. 
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Table 2. Half-life limits for the majoron-emitting decay modes and derived coupling constants using the matrix elements
from [31] for different majoron models (n is the spectral index of the decay mode).

Modus Model n T 0νχ
1/2 > (90% C.L.) 〈gνχ〉 < (90% C.L.)

χββ [34] 1 6.4 × 1022 y 8.1 × 10−5

lχββ [35],[36] 3 1.4 × 1022 y 0.11 (0.04)

Table 3. Half-life limits on the majoron-emitting decay mode
0νχββ extracted from different nuclei and the derived limits
on the effective majoron-neutrino coupling for n = 1.

Nucleus Reference T 0νχ
1/2 > 〈gνχ〉 < C.L. (%)

76Ge this work 6.4 × 1022 y 8.1 × 10−5 90
82Se [37] 2.4 × 1021 y 2.3 × 10−4 90
96Zr [38] 3.5 × 1020 y 2.6 × 10−4 90
100Mo [39] 5.4 × 1021 y 7.3 × 10−5 68
116Cd [40] 3.7 × 1021 y 1.2 × 10−4 90
128Te [41] 7.7 × 1024 y 3.0 × 10−5 90
136Xe [42] 7.2 × 1021 y 2.0 × 10−4 90
150Nd [43] 2.8 × 1020 y 9.9 × 10−5 90

detector, because of possible interference with the cosmo-
genic 56Co. The interpolated energy resolution at the en-
ergy at the hypothetical 0νββ peak is (4.23 ± 0.14) keV.
The expected background in the 0νββ region is estimated
from the energy interval 2000–2080 keV. In this range
the background is (0.19 ± 0.01) counts/(kg y keV). The
expected background in the 3σ peak interval, centered
at 2038.56 keV interpolated from the adjacent energy re-
gions, is (110.3 ± 3.9) events. The number of measured
events in the same peak region is 112. To extract a half-
life limit for the 0νββ decay we follow the conservative
procedure recommended in [44].

With the achieved energy resolution, the number of
excluded events in the 3σ peak region is 19.8 (12) with
90% C.L. (68% C.L.), resulting in a half-life limit of (for
the 0+ → 0+ transition):

T 0ν
1/2 ≥ 1.3 × 1025 y 90% C.L. ,

T 0ν
1/2 ≥ 2.2 × 1025 y 68% C.L. .

We consider now the data for which the pulse shape
of each interaction of the detectors was recorded and an-
alyzed. The total statistical significance is 35.5 kg y and
the background index in the energy region between 2000–
2080 keV is (0.06±0.01) events/(kg y keV), about a factor
3 lower than for the full data set. This is due to the large
fraction of multiple Compton scattered events in this en-
ergy region, which are effectively suppressed by the pulse
shape discrimination method. The expected number of
events from the background left and right of the peak re-
gion is (20.4±1.6) events, the measured number of events
in the 3σ peak region is 21. Following again the method
proposed by [44], we can exclude 9.3 (5.5) events with
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Fig. 4. Sum spectrum of all five detectors with 53.9 kg y and
SSE spectrum with 35.5 kg y in the region of interest for the
0νββ decay. The curves correspond to the excluded signals
with T 0ν

1/2 ≥ 1.3 × 1025 y (90% C.L.) and T 0ν
1/2 ≥ 1.9 × 1025 y

(90% C.L.), respectively.

90% C.L. (68% C.L.). The limit on the half-life is:

T 0ν
1/2 ≥ 1.9 × 1025 y 90% C.L. ,

T 0ν
1/2 ≥ 3.1 × 1025 y 68% C.L.1 .

To examine the dependence of the half-life limit on the
position of the 3σ peak interval (12.7 keV) in the spec-
trum, we shifted the peak interval between 2028 keV and
2048 keV. It results in a variation of the half-life limit
between 2.5 × 1025 y and 1.2 × 1025 y at 90% C.L. (for
the data with pulse shape analysis). This demonstrates
a rather smooth background in the considered energy re-
gion. Figure 4 shows the combined spectrum of the five
detectors after 53.93 kg y and the spectrum of point-like
interactions, corrected for the detection efficiency, after
35.5 kg y. The solid lines represent the exclusion limits for
the two spectra at the 90% C.L. Using the matrix elements
of [30] and neglecting right-handed currents, we can con-
vert the lower half-life limit into an upper limit on the
effective Majorana-neutrino mass, which are listed in ta-
ble 4. As mentioned in sect. 4, the calculation [30] used
here, gave the prediction most close to the experimental 2ν

1 These limits are slightly sharpened when the new Q-value
of 2039.006(50) keV is used, which has been published [45] after
finalizing this paper.

Eur. Phys. J. A 12, 147–154 (2001)PHYSICAL REVIEW D, VOLUME 65, 092007

0νββ
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GERDA status

• Goal of Phase I: Re-deploy HdM 
and IGEX detectors (18 kg) in LAr 
with a background of 0.01 cts/(keV 
kg yr), scrutinize the claim   

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

• Goal of Phase II: background level 
of 0.001 cts/(keV kg yr) and 100 kg 
yr exposure

• Status of Phase II: under 
construction:  30 new HPGe 
detectors (~20 kg) are ready to be 
deployed 

5
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GERDA at Gran Sasso

Under a 3000 m high mountain, 
inside a water tank with 590 m3 of 
water,  in a 66 m3 LAr cryostat ...

... there are some germanium 
detectors

Wednesday, October 1, 14
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20092008

• Construction started in 2008 

• Cryostat, water tank, clean room 
ready in 2009

• Dec. 2009 cryostat filled with LAr

• Water-Cerenkov veto completed in 
2010

Update on the Muon Veto — installation of the DAQ GSTR-10-003 - 2

Figure 1: The finished muon veto

The main goal was to verify the functionality of the PMTs and the DAQ. Of special
interest was the status of the PMTs about one year after the installation and two years after
the encapsulation. A first qualitative test yielded two malfunctioning PMTs. One PMT
(capsule 25) had a spiking current, which triggered the maximum current safety shutdown
of the respective channel in the HV crate. The safety shutdown for all channels was set to
1000 µA s. The other PMT (capsule 19) did not show any signal at all. Previously encountered
problems with PMTs, which did not apply here were for example:

• Light leaks: due to the sensitivity of the PMT, small light-leaks in the optic fibres or
even the tank itself can cause an enourmous disturbance of the signal

• Signal ground connection: in a single case, a single fibre of the shield of the HV cable
was not properly fixed and had contact with the signal fibres

• Ground loops with noisy peripheral devices, or similar periodical features
• Destinctly higher / lower rate or signal as in the previous tests

2.2 Calibration system and di�user balls

The first functionality test was conducted with the DAQ system and a stand-alone calibra-
tion system consisting of an external pulser and a DAC in a seperate crate. Prior to the
installation of the LED driver boxes, pulser and DAC were connected to a LED driver box.
The driver contains an ultra-fast, bright LED and a driver board that triggers on a rising
edge of the pulser, similar to the one of the pulser boxes. The DAC is used to set the LEDs

GERDA milestones
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Cryostat

8

ASPERA@DA 14.3.12 15 

adopted design   

active cooling 

t=3/6 cm copper 

Stainless steel cryostat with vacuum superinsulation 
 
double-walled X6 CrNiMoTi 17-12-2 
 
64 m3 volume for LN2/LAr 
design pressure -1/1.5 barg  
operating pressure 0.2 barg 
AD2000 design 
immersed in water of 8m height 
no penetration below water level 
 
200W measured thermal loss 
 
active cooling with LN2 
no refill since January 2010 
 
internal copper shield (16 tons)  
 
hi-rel design 
detailed  risk  analysis  of  cryostat  in  ‘water  bath’         Ø 4.2 m 

h 
8.

9 
m

 

8 support pads (Torlon)  & INCONEL Belleville springs 

6 lateral fixations (Torlon) 

GERDA cryostat -  K.T.Knöpfle 

6 lateral 
 fixations  
(Torlon) 

compensator 
at inner vessel 

manifold 
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ASPERA@DA 14.3.12 GERDA cryostat -  K.T.Knöpfle 27 

infrastructure                                active cooling of LAr 
two LN2 evaporators, one in main LAr volume, one in neck 

LN2  expanded  from  0.5MPa  →  0.15MPa 
► large vapour fraction at inlet 
► nitrogen will be completely evaporated 
► acceptable level of  microphony 
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• HdM and IGEX detectors 
refurbished at Canberra

• Mounted in low-mass holders 
and deployed in LAr

• Commissioning runs: 2010 - 
2011 

• Physics run with 9 detectors: 
from 2011 Nov.  (+5 BEGe in 
July 2012)

10

GERDA milestones
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Run history

11

• Total exposure of 21.6 kg yr between Nov. 2011 and May 2013

• 8 coax detectors + 5 BEGe detectors added in June 2012

• Weekly callibration runs with 228Th source

• Mean resolution at 2 MeV: coax 4.8 keV, BEGe 3.2 keV FWHM 

Wednesday, October 1, 14
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Full Spectrum

12

• Blind analysis, 40 keV 
blinded window

• Background model 
developed before unblinding 

• PSA cuts defined before 
unblinding, PSA methods 
compared

• Background rate golden 
coax:                           
1.8x10-2 cts/(keV kg yr) 

• Background 10x smaller 
than in HdM experiment 

α
39Ar

Wednesday, October 1, 14
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2νββ - T1/2 

13

T2ν1/2(76Ge) = 1.84 x 1021 yr
J. Phys. G: Nucl. Part. Phys. 40 (2013) 035110 (13pp)

• With only 5.04 kg yr exposure the 2νββ 
T1/2 could be already measured

Wednesday, October 1, 14
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Pulse-shape analysis

14
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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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and integral n. The MSE term
is parameterized empirically by the parameters m, d, f ,
l and t. �
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is dominated by the resolution �
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which is independent of the energy, i.e. for low energies
�
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A

/E / 1/E.

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-

date  
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correction for discrete jumps
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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. 17 228Th calibration spectrum without and with TMl-
pANN pulse shape discrimination for ANG 3. The PSD cut
is fixed to retain 90% of DEP events (see inset).

part subtracted), from the 1525 keV 42K � line (domi-
nantly MSE) and the qualifier for events in the 230 keV
window. The events from the 1525 keV gamma peak
are predominantly MSE and the shape agrees with the
SEP distribution. The events in the 1.0 - 1.4 MeV re-
gion are dominantly SSE and their distribution agrees
quite well with the one for DEP events. The red curve

Table 4 Survival fractions of the neural network PSD for
di↵erent event classes and di↵erent detectors. Numbers are
given for calibration (cal.) or physics data from the peri-
ods p1, p2 and p3. The statistics of physics data for p2 are
small and hence not always listed. “2⌫��” stands for the 1.0
- 1.4 MeV interval which consists dominantly of 2⌫�� decays.
42K signifies the 1525 keV full energy peak. ROI is here the
230 keV window around Q

��

. The errors are typically 0.01
for SEP and ROI for calibration, 0.02 for the 2⌫�� data in-
terval and 0.06 for the 42K � peak. The last column list the
event count after/before the PSD cut.

det. period SEP ROI 2⌫�� 42K ROI

cal. cal. data data data

ANG 2 p1 0.33 0.58 0.74 0.30 2/4
ANG 2 p2 0.50 0.65 0.65 0/1
ANG 2 p3 0.47 0.63 0.73 0.40 6/8
ANG 3 p1 0.32 0.56 0.79 0.43 6/9
ANG 3 p2 0.34 0.56 0.75 2/3
ANG 3 p3 0.40 0.63 0.82 0.44 4/6
ANG 4 p1 0.29 0.54 0.78 0.45 1/1
ANG 4 p2 0.28 0.53 0.63 0/1
ANG 4 p3 0.33 0.58 0.83 0.44 2/4
ANG 5 p1 0.26 0.55 0.79 0.41 2/11
ANG 5 p2 0.21 0.45 0.57 0/2
ANG 5 p3 0.33 0.59 0.80 0.30 6/16
RG 1 p1 0.45 0.63 0.80 0.52 2/6
RG 1 p2 0.43 0.60 0.77 2/3
RG 1 p3 0.41 0.62 0.81 0.48 3/4
RG 2 p1 0.30 0.53 0.82 0.49 10/12
RG 2 p2 0.37 0.60 0.81 0.48 3/3
RG 2 p3 0.45 0.61 0.76 0.56 2/2
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Fig. 18 ANN response for 228Th calibration events for
DEP (green, long dashes) and SEP (dark blue) for ANG 3
in the first period. The distributions from Compton events at
these energies are subtracted statistically using events in en-
ergy side bands. Also shown in black are the qualifier values
of events from physics data taking from a 230 keV window
around Q

��

. The grey vertical line marks the cut position.
Physics data events from the 1525 keV FEP of 42K are shown
in magenta and the ones from the interval 1.0 - 1.4 MeV by
brown dashes (dominantly 2⌫��, MSE part subtracted).

shows the DEP survival fraction versus the cut position
(right scale).

The training was performed for the periods individ-
ually by combining all calibration data. The rules can
then be applied to every single calibration to look for
drifts in time. Fig. 19 shows the DEP survival fraction
(blue triangles) for the entire Phase I from November
2011 to May 2013 for all detectors. The plots show a
stable performance. Also shown are the equivalent en-
tries (red circles) for events with energy around the SEP
position. For several detectors the rejection of MSE is
not stable. Especially visible is the deterioration start-
ing in July 2012. This is related to di↵erent conditions
of high frequency noise.

The distribution of the qualifier for all events in the
230 keV window around Q

��

is shown in Fig. 20. Events
rejected by the neural network are marked in red. Cir-
cles mark events rejected by the likelihood method and
diamonds those rejected by the method based on the
current pulse asymmetry. Both methods are discussed
below. In the shown energy interval, all events removed
by the neural network are also removed by at least one
other method and for about 90% of the cases, all three
methods discard the events. In a larger energy range
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Fig. 17 228Th calibration spectrum without and with TMl-
pANN pulse shape discrimination for ANG 3. The PSD cut
is fixed to retain 90% of DEP events (see inset).

part subtracted), from the 1525 keV 42K � line (domi-
nantly MSE) and the qualifier for events in the 230 keV
window. The events from the 1525 keV gamma peak
are predominantly MSE and the shape agrees with the
SEP distribution. The events in the 1.0 - 1.4 MeV re-
gion are dominantly SSE and their distribution agrees
quite well with the one for DEP events. The red curve

Table 4 Survival fractions of the neural network PSD for
di↵erent event classes and di↵erent detectors. Numbers are
given for calibration (cal.) or physics data from the peri-
ods p1, p2 and p3. The statistics of physics data for p2 are
small and hence not always listed. “2⌫��” stands for the 1.0
- 1.4 MeV interval which consists dominantly of 2⌫�� decays.
42K signifies the 1525 keV full energy peak. ROI is here the
230 keV window around Q

��

. The errors are typically 0.01
for SEP and ROI for calibration, 0.02 for the 2⌫�� data in-
terval and 0.06 for the 42K � peak. The last column list the
event count after/before the PSD cut.

det. period SEP ROI 2⌫�� 42K ROI

cal. cal. data data data

ANG 2 p1 0.33 0.58 0.74 0.30 2/4
ANG 2 p2 0.50 0.65 0.65 0/1
ANG 2 p3 0.47 0.63 0.73 0.40 6/8
ANG 3 p1 0.32 0.56 0.79 0.43 6/9
ANG 3 p2 0.34 0.56 0.75 2/3
ANG 3 p3 0.40 0.63 0.82 0.44 4/6
ANG 4 p1 0.29 0.54 0.78 0.45 1/1
ANG 4 p2 0.28 0.53 0.63 0/1
ANG 4 p3 0.33 0.58 0.83 0.44 2/4
ANG 5 p1 0.26 0.55 0.79 0.41 2/11
ANG 5 p2 0.21 0.45 0.57 0/2
ANG 5 p3 0.33 0.59 0.80 0.30 6/16
RG 1 p1 0.45 0.63 0.80 0.52 2/6
RG 1 p2 0.43 0.60 0.77 2/3
RG 1 p3 0.41 0.62 0.81 0.48 3/4
RG 2 p1 0.30 0.53 0.82 0.49 10/12
RG 2 p2 0.37 0.60 0.81 0.48 3/3
RG 2 p3 0.45 0.61 0.76 0.56 2/2
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Fig. 18 ANN response for 228Th calibration events for
DEP (green, long dashes) and SEP (dark blue) for ANG 3
in the first period. The distributions from Compton events at
these energies are subtracted statistically using events in en-
ergy side bands. Also shown in black are the qualifier values
of events from physics data taking from a 230 keV window
around Q

��

. The grey vertical line marks the cut position.
Physics data events from the 1525 keV FEP of 42K are shown
in magenta and the ones from the interval 1.0 - 1.4 MeV by
brown dashes (dominantly 2⌫��, MSE part subtracted).

shows the DEP survival fraction versus the cut position
(right scale).

The training was performed for the periods individ-
ually by combining all calibration data. The rules can
then be applied to every single calibration to look for
drifts in time. Fig. 19 shows the DEP survival fraction
(blue triangles) for the entire Phase I from November
2011 to May 2013 for all detectors. The plots show a
stable performance. Also shown are the equivalent en-
tries (red circles) for events with energy around the SEP
position. For several detectors the rejection of MSE is
not stable. Especially visible is the deterioration start-
ing in July 2012. This is related to di↵erent conditions
of high frequency noise.

The distribution of the qualifier for all events in the
230 keV window around Q

��

is shown in Fig. 20. Events
rejected by the neural network are marked in red. Cir-
cles mark events rejected by the likelihood method and
diamonds those rejected by the method based on the
current pulse asymmetry. Both methods are discussed
below. In the shown energy interval, all events removed
by the neural network are also removed by at least one
other method and for about 90% of the cases, all three
methods discard the events. In a larger energy range

• PSA has to be tuned for each detector, for each run period. 

• PSA is tuned to retain 90% of the DEP of  the 228Th 2.6 MeV line. (90% 
signal efficiency)

• Typical background survival prob. ~60%

• 3 different methods used: ANN, likelihood analysis,  pulse-asymmetry cut.  

• From the events rejected by one method 90% are rejected by the other 
methods as well. 
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GERDA results
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TABLE I. Parameters for the three data sets with and with-
out the pulse shape discrimination (PSD). “bkg” is the num-
ber of events in the 230 keV window and BI the respective
background index, calculated as bkg/(E · 230 keV). “cts” is
the observed number of events in the interval Q��±5 keV.

data set E [kg·yr] h✏i bkg BI †) cts
without PSD
golden 17.9 0.688± 0.031 76 18±2 5
silver 1.3 0.688± 0.031 19 63+16

�14 1
BEGe 2.4 0.720± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

�0.070 45 11±2 2
silver 1.3 0.619+0.044

�0.070 9 30+11
�9 1

BEGe 2.4 0.663± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 keV
before the PSD, to be compared to 5.1 ± 0.5 expected
background counts. No excess of events beyond the ex-
pected background is observed in any of the three data
sets. This interpretation is strengthened by the pulse
shape analysis. Of the six events from the semi-coaxial
detectors, three are classified as SSE by ANN, consistent
with the expectation. Five of the six events have the
same classification by at least one other PSD method.
The event in the BEGe data set is rejected by the A/E
cut. No events remain within Q�� ± �E after PSD. All
results quoted in the following are obtained with PSD.

To derive the signal strength N0⌫ and a frequentist
coverage interval, a profile likelihood fit of the three data
sets is performed. The fitted function consists of a con-
stant term for the background and a Gaussian peak for
the signal with mean at Q�� and standard deviation �E

according to the expected resolution. The fit has four
free parameters: the backgrounds of the three data sets
and 1/T 0⌫

1/2, which relates to the peak integral by Eq. 1.
The likelihood ratio is only evaluated for the physically
allowed region T 0⌫

1/2 > 0. It was verified that the method
has always su�cient coverage. The systematic uncertain-
ties due to the detector parameters, selection e�ciency,
energy resolution and energy scale are folded in with a
Monte Carlo approach which takes correlations into ac-

TABLE II. List of all events within Q�� ± 5 keV

data set detector energy date PSD
[keV] passed

golden ANG 5 2041.8 18-Nov-2011 22:52 no
silver ANG 5 2036.9 23-Jun-2012 23:02 yes
golden RG 2 2041.3 16-Dec-2012 00:09 yes
BEGe GD32B 2036.6 28-Dec-2012 09:50 no
golden RG 1 2035.5 29-Jan-2013 03:35 yes
golden ANG 3 2037.4 02-Mar-2013 08:08 no
golden RG 1 2041.7 27-Apr-2013 22:21 no
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FIG. 1. The combined energy spectrum from all enrGe
detectors without (with) PSD is shown by the open (filled)
histogram. The lower panel shows the region used for the
background interpolation. In the upper panel, the spec-
trum zoomed to Q�� is superimposed with the expectations
(with PSD selection) based on the central value of Ref. [11],
T 0⌫
1/2 = 1.19 · 1025 yr (red dashed) and with the 90% upper

limit derived in this work, corresponding to T 0⌫
1/2 = 2.1·1025 yr

(blue solid).

count. The best fit value is N0⌫ = 0, namely no excess
of signal events above the background. The limit on the
half-life is

T 0⌫
1/2 > 2.1 · 1025 yr (90% C.L.) (3)

including the systematic uncertainty. The limit on the
half-life corresponds to N0⌫ < 3.5 counts. The system-
atic uncertainties weaken the limit by about 1.5%. Given
the background levels and the e�ciencies of Table I, the
median sensitivity for the 90%C.L. limit is 2.4 · 1025 yr.

A Bayesian calculation [24] was also performed with
the same fit described above. A flat prior distribution is
taken for 1/T 0⌫

1/2 between 0 and 10�24 yr�1. The toolkit

BAT [25] is used to perform the combined analysis on
the data sets and to extract the posterior distribution
for T 0⌫

1/2 after marginalization over all nuisance parame-

ters. The best fit is again N0⌫ = 0 and the 90% credible
interval is T 0⌫

1/2 > 1.9 · 1025 yr (with folded systematic

uncertainties). The corresponding median sensitivity is
T 0⌫
1/2 > 2.0 · 1025 yr.

DISCUSSION

The Gerda data show no indication of a peak at Q�� ,
i.e. the claim for the observation of 0⌫�� decay in 76Ge
is not supported. Taking T 0⌫

1/2 from Ref. [11], 5.9 ± 1.4

decays are expected (see note [26]) in �E = ±2�E and
2.0±0.3 background events after the PSD cuts, as shown
in Fig. 1. This can be compared with three events de-

In 2039 ±5 keV we see 7 counts, 
after PSD only 3 remain: 

From H.V. Klapdor-Kleingrothaus et 
al. / Physics Letters B 586 (2004) we 

expect to see 6 signal events 
204 H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 586 (2004) 198–212

Fig. 4. The total sum spectrum of all five detectors (in total 10.96 kg enriched in 76Ge), in the range 2000–2060 keV and its fit, for the periods:
Top: left—August 1990 to May 2000 (50.57 kg yr); right—August 1990 to May 2003 (71.7 kg yr). Bottom: left—November 1995 to May 2003
(56.66 kg yr); right—scan for lines in the spectrum shown on the left, with the MLM method (see text). The Bi lines at 2010.7, 2016.7, 2021.8
and 2052.9 keV are seen, and in addition a signal at ∼2039 keV.

contradiction to a claim of [13], the signal atQββ (see
Fig. 6 and Table 2). The time distribution of the events
throughout the measuring time and the distribution
among the detectors corresponds to the expectation for
a constant rate, and to the masses of the detectors (see
Fig. 7).
The spectra have been analyzed by different meth-

ods: Least Squares Method, Maximum Likelihood
Method (MLM) and Feldman–Cousins Method. The
analysis is performedwithout subtraction of any back-
ground. We always process background-plus-signal
data since the difference between two Poissonian vari-
ables does not produce a Poissonian distribution [17].
This point is sometimes overlooked. So, e.g., in [18] a
formula is developed making use of such subtraction

and as a consequence the analysis given in [18] pro-
vides overestimated standard errors.
We have performed first a simultaneous fit of

the range 2000–2060 keV of the measured spectra
by the nonlinear least squares method, using the
Levenberg–Marquardt algorithm [19]. It is applicable
in any statistics [20] under the following conditions:
(1) relative errors asymptotic to zero, (2) ratio of signal
to background asymptotic constant. It does not require
exact knowledge of the probability density function of
the data.
We fitted the spectra using n Gaussians (n is

equal to the number of lines, which we want to fit)
G(Ei,Ej ,σj ) and using different background models
B(Ei): simulated background (linear with fixed slope)

T0ν1/2 > 2.1 x 1025 yr 
(90% C.L.)

Phys. Rev. Lett. 111, 122503 (2013)
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Combined results
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Matrix elements from: 

H1: signal with T1/20ν =1.19×1025 yr 
H0: background only

Isotope P(H1)/
P(H0)

Comment

GERDA 76Ge 0.024 Model independent

GERDA+HdM
+IGEX

76Ge 0.0002 Model independent

KamLAND-
Zen*

136Xe 0.40 Model dependent: NME, 
leading term

EXO-200* 136Xe 0.23 Model dependent: NME, 
leading term

GERDA+KLZ*
+EXO*

76Ge + 
136Xe

0.002 Model dependent: NME, 
leading term

• All 76Ge experiments combined give: T1/2  > 3.0 x 1025 yr 

• The claim is disfavored also by the 136Xe experiments
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Phase II = Upgrade

17

• More mass: From the available 37.5 kg enriched 
germanium 30 new detectors were produced (~20 kg)

• 5 of the new BEGe detectors already deployed in 
Phase I. 

• Lower background: the goal is 10x lower background

• New detector holders and new FE electronics 

• ‘BEGe’ detectors for better Pulse Shape Analysis 

• New lock was built to accommodate the LAr veto 
with PMTs and WLS fibers

⇥
T 0⇥
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⇤�1
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��M0⇥
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Phase II (and Phase I-b) detectors - BEGe 

Adopted from: B.Lehnert., Talk at RICAP 13 conf., Rome, 23 May 2013 15 
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G                                                     c 

53.3 kg enrGeO2,  88% Ge76 
35.5 kg enrGe, 6N 

9  Xtals  →  30  slices 
  30 enrGe diodes  ( 20kg ) 
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G                                                     c 

ship 

Cherokee caverns 
Xtal growth 

slice cutting 

underground storage at HADES / LNGS 

zone 
refining 

online activation log 

characterization 

grinding & diode production 
ship 68Ge 

T1/2 = 270.8 d 

nu
m

be
r o

f G
e-

68
 n

uc
le

i 
activation with Ge-68  
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upgrade                              pulse shape discrimination 

BEGe 

A/E < 1 A/E  ≡  1 

SSE accepted for  0.965 < A/E < 1.07:  
0vββ efficiency = 92 ± 2 %   
2vββ efficiency = 91 ± 5 %    
80% of background events rejected 

EPJ C73 (2013) 2583 

TAUP 2013 GERDA result 11

         Pulse shape discrimination (arXiv:1307.2610)

Charge and current signal for BEGe detectors (data events)

semi-
coaxial

BEGe

weighting potential F

current signal=q⋅v⋅∇Φ

(Shockley-Ramo theorem)

0nbb events: range 1 MeV electrons in Ge ~1 mm

     → one drift  of  electrons & holes, single site event (SSE)

background from g's:  range of MeV g in Ge >10x larger 

        → often sum of several  electron/hole drifts, 
             multi site events (MSE)

surface events:  only electrons or holes drift

→ pulse shape discrimination (PSD) to select 0nbb events

n+ contact

time time

h→

←e

p+

p+

Pulse Shape Discrimination 
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upgrade                                                           new lock 
in cleanroom on top of cryostat: 
replaces Phase I twin lock 
● larger  Ø 0.49 m, h = 2.8 m 

► space for 7 string array  
 

lock within glove box  
for handling of  
detectors in dry 

nitrogen atmosphere 

cryogenic 
preamps 
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Phase I Front-End

23

 

electronics (shaping amplifiers, MCA) and dedicated digital 
systems based on free running ADCs (100 MHz, 14 bits). 
 

  
 

Fig. 1: Front and back side of the 3 channels CC2 CSP (printed circuit 
board size is 38 mm x 45 mm).  

III. TESTS WITH THE “SUB” GE DETECTOR 

We coupled the CC2 charge sensitive preamplifier to a 
Germanium encapsulated detector in Milano (the “SUB” 
detector, manufactured by MPIK Heidelberg) and during two 
weeks of continuous operation we obtained the following 
results. The CSP intrinsic best energy resolution at liquid 
Nitrogen temperature (with no added input capacitance) was 
0.7 keV, with 22 eV/ pF noise slope (all values are FWHM, 
for 12 us shaping time, in Ge detectors); the best measured 
energy resolution was of 1.96 keV for 22Na.  

The guaranteed energy dynamic range was 15 MeV (for 0.5 
pF feedback capacitor and ±2.5V power supplies for the 
CMOS OpAmp); the CSA could drive 50 Ohms loads 
associated with at least 10 meters long coaxial cables, 
providing signal rise time less than 55 ns for terminated, long 
cables and energy of incoming events up to 15 MeV. 

The measured inter-channel cross-talk was less than 0.1%; 
the estimated linearity better then 1/1000 and the power 
consumption less than 45 mW/channel 

 
 

                           . 
 

Fig. 2: Schematic drawing of the electrical connections between the 
CSP, the SUB detector and the warm electronics outside the cryostat.  

 
Fig. 3: The measured energy resolution (keV, FWHM) for 33 pF 
simulated Ge detector capacitance as a function of the spectroscopy 
amplifier shaping, time for two different JFET power supply voltage 
levels (triangles: 6 V; circles: 12 V). 
.  

 
      

Fig. 4: One of the experimental energy spectra acquired with the SUB 
detector, for a low activity 232Th source (2.75 keV FWHM energy 
resolution) and the radioactive natural background. 

IV. TESTS AT THE LNGS UNDERGROUND FACILITY 

At LNGS we connected the CSP to non-encapsulated 
Germanium detectors of both low capacitance (§ 1-2 pF, 
BEGe type, in the LArGe set-up, see Fig. 5) and subsequently 
to a string of 3 coaxial detectors with intermediate capacitance 
(§ 30 pF). All detectors and CSPs have been operated inside 
cryostats filled with liquid Argon. 

As a specific requirement of the GERDA experiment, the 
charge sensitive preamplifiers must be extremely low in 
radioactivity, so that a dedicated design and the corresponding 
printed circuit board layout have been carried out. The total 
amount of measured radioactivity from the PCB (excluding 
pins) is § 170 ȝBq for 232Th. 

Among the key points to achieve this results (to be 
separately reported in the future) are: manufacturing of the 
CSP board on a specifically selected low-radioactivity 
substrate; minimization of the number of tantalum power-
supply decoupling capacitors and integration of the low value 
capacitors, e.g. for input-to-output feedback of the CSP 

Output 
Signals 
(3 cables) 

Test 
Signal 

Power 
Supply 
(3 cables) 

1387

~20 m

AD8651

• Based on commercial CMOS OpAmp & JFET

• Works at LN temperature 

• Good spectroscopic performance

Nuclear Science Symposium Conference Record (NSS/MIC), 2010 IEEE (2010) 1386
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GERDA Phase I: status and first results

Detector calibration (Th-228)
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Energy resolution at Q�� (FWHM, mass weighted average):

I ⇠ 4.5 keV for coaxials I ⇠ 3 keV for BEGes

Matteo Agostini (E15/TUM) 7 / 17
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Phase I DAQ

• Struck SIS3301 14 bit FADC

• Pulse shapes recorded for off-line analysis  

• processed off-line: energy, PSD

25

a PS here

S.&Schönert&(TUM):&First&GERDA&results&results&on&0νββ&decay&search&S&LNGS,&July&16,&2013&& 24&

ReadSout&and&signal&structure&&

Data&selecEon&and&quality&monitoring&

Examples&of&
nonS
physical&
events&

Data&processing&and&selecEon&
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Digital&signal&processing&to&extract&amplitude,&rise&Eme,&etc.&&

CalibraEon&of&energy&scale&(228Th)&

•  Data&processing&frame&work&‘GelaEo’&
•  2nd&independent&data&processing&soxware&for&

cross&check&

Eur.&Phys.&J.&C&(2013)&73:2330&
arXiv:1212.4067&
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Technische Universität München 

• Seperation of Very Front-End and 
second stage of FE charge sensitive 
amplifier (CC3) 

• Advantages 
– Minimal mass and radiopure 

components for VFE possible 
– More radioactive & complex 2nd 

stage further (~50 cm) from 
detectors 

– Additional capacitances between 
signal contact and JFET 
minimized, eg. from cables etc     
-> less noise 

Phase II Front-End electronics 

DPG-Frühjahrstagung Mainz 2014 

JFET 

Resistive feedback circuit of FE electronics 
(Very front-end VFE) 

GND 

RFB CFB 

2nd stage (CC3) for 
 4 channels  
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Technische Universität München 

The Phase II detector mount 

• Material in vicinity of detectors to be 
reduced  
– Detector mount & Front-end electronics 

• Reduction of holder mass per kg 
detector mass necessary (BEGe 
smaller than semi-coax!) 

• Replace as much copper as possible 
with intrinsically pure mono crystalline 
silicon 

• Design achieves factor ~1.5 reduction 
copper & PTFE mass per kg detector 
mass 

• New contacting scheme (wire 
bonding) allows holder with reduced 
mass & material strength i.e. Si 
 

DPG-Frühjahrstagung Mainz 2014 

Material Phase I holder Phase II holder 

[g] [uBq] [g] [uBq] 

Cu 80 <1.6 26 <0.5 

Si 1 - 40 - 

PTFE 7 0.3 2 ~0.1 

Bronze - - 1 <0.02 
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Technische Universität München 

The Phase II detector mount - contacting 

• Ultrasonic wire bonding identified as 
a low-mass, reliable electrical 
contact between detector, 
amplifying electronics and HV 
supply 

• First time large volume Germanium 
diode detectors contacted with wire 
bonding  

• Deposition of Al thin film on 
germanium diodes to allow bonding 
at manufacturer‘s site 

• All  30  BEGe‘s  from enriched Ge  
modified 
 
 

DPG-Frühjahrstagung Mainz 2014 

Signal contact 

25 µm Al wires 

600 nm thick Al film for bonding 

High voltage bias contact 
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Technische Universität München 

Tests of integrated detector pair 

• Two test detectors with Al films 
mounted in Phase II holder 

• Bonded to make electrical contact 
• Tests of newly designed Phase II 

electronics; also with JFET in-die 
• Test of assembly in liquid argon 

cryostat (Noise, microphonics, 
handling in glove box, stability) 

• No principal issues with designs of 
holder, contacts & electronics found 

• Th-228 calibrations taken like in 
GERDA 

DPG-Frühjahrstagung Mainz 2014 

Encapsulated JFET 

Mounting structure 
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LAr veto - The concept

• Nearby 208Tl events can be easily                                                                 
vetoed with very high efficiency

• 214Bi is less effective

• Does not work well for surface α and β events 

• Veto efficiency in GERDA will strongly depend on the origin of the 
background 

In the Region of Interest  
around 2039 keV LAr

a

208Tl

HPGe 214Bi

_, `

30
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LArGe test facility
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LArGe test facility
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LAr - veto

33                  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-xx

HPGe detector array 

Copper “shroud” with 
Tetratex reflector 
coated with TPB Fiber “shroud” 

1000 m WLS 
fiber coated 

with TPB

SiPMs 

Detection of LAr scintillation light

Design:

• low-background photo-multipliers (9
top, 7 bottom)

• wave-length-shifting fibers read-out by
SiPMs

• wave-length-shifting nylon mini-shroud

Matteo Agostini (TU Munich) 25
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Emitted by Ar

128 nm (VUV) →    430 nm   

Tetra-Phenyl-Butadiene (TPB)

Collected with WLS fiber

Inefficient (~60%), but it works

The Wavelength shifter
Detected with PMT

λ[nm ]
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1

TPB - emission spectrumBCF-91A absorption 
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Induced background

Element Conc. Activity Bq/kg Background 
cts/(keV kg Year)

K 15 ppb 4.6x10-4 -

Th 14.3 ppt 5.8x10-5     3.4x10-4

U 3.4 ppt 4.2x10-5     2.3x10-5

 ICPMS results: WLS fiber measured at LNGS 

• The whole setup consists of about 1 kg fiber (4 m2 photon 
detector)

• Relevant activity: O(>100 μBq)
• Compatible with the background goal of GERDA Phase II                

(10-3 cts/(keV kg yr))
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Why SiPMs ?
• Good mach for the size of the 

WLS fiber

• Small & Silicon = Low 
background

• High QE

• Works in LN 

• Inexpensive
25.5 26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5

20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50 PDE vs Bias for single PM3350 in Package

P
D

E
 [%

]
Voltage [V]

Measured !

Ketek SiPM purchased in die (3x3 mm 50μm)
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SiPM holder, coupling

• SiPM delivered in ‘die’, low 
background packaging is developed 

• 9 fiber coupled to 1 SiPM 

Cuflon PCB
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SiPM read-out

...

+V

• How many SiPMs can be connected in parallel ?

• Not limited by the Dark Rate
• Single p.e. preserved? 

~20 m

SiPM

+V

✤ The usual schema doesn’t work: 

✤ Too many cables, too many components ....

T ≅ 90 K
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Spice model of the SiPM
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• See for example: NIM A 572 (2007) 416–418

• Model tuned for Ketek SiPMs in LN
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Pulse Shapes

2μs/div

Recorded with Charge Amplifier

4 Conclusion and comparison of the SiPM’s 
 

In this work the breakdown voltage, the quenching resistance, the gain and the pixel capacity were 

measured and verified with LTspice simulations. The results at different temperature and the 

simulation are in agreement. 

These results are outlined in the table below (lower part of the table). In the upper part of the table 

the published parameters are listed. The meaning of these parameters has been explained in the 

chapter 2.1. The measured parameters listed in the table are the single pixel recovery time, the pixel 

capacity, the quenching resistance, the gain, the overvoltage range and the breakdown voltage. To 

compare the different SiPM’s three gain values were given, the gain at one volt overvoltage and the 

maximal gain that could be measured with single photon events at room temperature and in liquid 

nitrogen. 

Table 12: Producer specifications and measured results for all three Silicon Photomultipliers 

Specifications Ketek PM 33 Ketek PM 33 OTI Hamamatsu 
Producer specifications    
Fill factor 70 % 60 % 61.5 % 
PDE at 420 nm > 50 % > 40 % γ�ͷͲ�Ψ�ȗ1 

Dark rate (room temp.) < 1.5 MHz < 0.9 MHz 6 MHz -10 MHz *2 

Peak wavelength 420 nm 420 nm 440 nm 
Measured parameters    
߬௉௜௫௘௟ (room temp.) 69 ns 109 ns 14 ns 
߬௉௜௫௘௟ (in LN) 754 ns 949 ns 167 ns 
Pixel capacity 192 fF 118 fF 92 fF 
ܴ௤ (room temp.) ͵ͷͻ��ȳ 918 �ȳ ͳͷ͸��ȳ 
ܴ௤ (in LN) ͵Ǥͻʹ��ȳ ͺǤͲʹ��ȳ ͳǤͺͳ��ȳ 
Gain at 1 V OV*3 ͳǤʹͲ�ή�ͳͲ6 ͲǤ͹Ͷ�ή�ͳͲ6 ͲǤͷͺ�ή�ͳͲ6 
Max. gain (in LN)*5 ͹Ǥ͸ͺ�ή�ͳͲ6 ʹǤͲʹ�ή�ͳͲ6 ͳǤͷ͸�ή�ͳͲ6 
Max. gain (room temp.)*5 ͵Ǥͳͺ�ή�ͳͲ6 ͵ǤͻͲ�ή�ͳͲ6 ͳǤͲͻ�ή�ͳͲ6 
OV*3 range (room temp.) γ�ʹǤ͹�� γ�ͷǤ͵�� γ�ͳ.9 V 
OV*3 range (in LN) γ�͸Ǥ4 V γ�2.7 V γ�2.7 V 
VBR*4 (room temp.) 27.4 V 25.0 V 70.1 V 
VBR*4  (in LN) 23.6 V 21.3 V 59.3 V 
1*: token from plot 2*: no precise value available                  LN stands for liquid nitrogen 
3*: overvoltage OV  4*: breakdown voltage 5*: calculated with formula 2 

 

At room temperature and in liquid nitrogen the two Ketek SiPM’s have a much higher recovery time 

compared to the Hamamatsu SiPM. The recovery time of the Ketek PM 33 OTI SiPM was even in the 

range of the charge amplifiers recharge time and got influenced by that. So the recovery time of the 

Ketek SiPM’s especially of the Ketek PM 33 OTI SiPM can be too high for some applications with 

photon frequencies in this time range, but the advantage of a SiPM is that there are still 3599 unfired 
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Scintillation light signal 
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Cryostat

LN cooling

Lock
DN250

TUM -UGL test stand
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PMT

DN250 setup
8 channels = 42 SiPM + PMT

fired pixels
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Real data: 
LAr scintillation light
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Conclusion

• The Phase I of GERDA was ended after 21.6 kg yr 
exposure. 

• Background goal of 0.01 cts/(keV kg yr) was achieved

• No indication of 0νββ signal  ⇒  T1/2 > 2.1 x 1025 yr

• Phase II construction started:

• BEGe (point contact like) detectors

• New Front-End was developed

• LAr veto is under construction 
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