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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

Phys.Rev. D 74 (2006) 092003

Thursday, December 5, 13



JJ, Dec. 20136

GERDA at Gran Sasso
Under a 3000 m high mountain, 

inside 590 m3 water  tank,

in a 64 m3 LAr cryostat ...

... there are some germanium 
detectors

Thursday, December 5, 13
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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

Thursday, December 5, 13
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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)

8

GERDA milestones
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Run history

9

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

• 6 coax detectors from Nov. 2011 to May 2013   

• +  4 BEGe detectors since June 2012 to May 2013

• Weekly callibration runs with 228Th source

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

Thursday, December 5, 13
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Background

10

• Background rate stable, except when the new Phase II detectors were inserted 

• Data divided in ‘golden’ ‘silver’ and ‘BEGe’ data set 

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

silver data set
Thursday, December 5, 13
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Full Spectrum

11

α
39Ar

Thursday, December 5, 13
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Background

12

• Dominated by 214Bi and 228Th nearby sources (det. holders etc.) and 
surface contaminations - 42K and alphas ⟹ minimal background model

• Contribution of remote sources is negligible

• The strongest gamma line is 1525 keV from 42K

• Background model predicts flat background around 2 MeV
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Background

• Background model predicts 
flat background around       
2 MeV - no gamma lines

• Including all possible 
sources the spectrum do not 
change

• Predicted BI in the blinded 
window:  1.7 -2.9 x 10-2 cts/
(keV kg yr)

13

Minimal model 

Maximal model
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Fig. 16 Experimental spectrum with minimum (upper plot) and maximum (lower plot) models around Q�� for the GOLD-
coax data set. The upper panels show the individual contributions of the considered background sources to the total background
spectrum in logarithmic scale. The lower panels show the best fit models fitted with a constant. In the fit the peak areas
predicted by the model and the 40 keV blinding window are not considered. The light grey shaded (unblinded data, UB data)
events in the experimental spectrum have not been used in the analysis.

BI at Q
��

increases to 19·10�3 cts/(keV·kg·yr) for the
GOLD-coax data set.

8.2 Sensitivity for Gerda Phase I

Given, for the GOLD-coax data set, the background
prediction of the minimummodel of 18.5·10�3 cts/(keV·kg·yr)
and the known Gerda 17.90 kg·yr exposure at the
end of Phase I, the sensitivity for the 0⌫�� decay half
life T 0⌫

1/2 was calculated. The number of expected events

N0⌫ from 0⌫�� decay can be calculated by inverting

eq. 3. The value of the exposure-averaged total e�-
ciency for the GOLD-coax data set is h"i = 0.688.

In case of observation of N
b

events a limit on the
half life T 0⌫

1/2 can be set:

T 0⌫
1/2 >

ln 2 ·N
A

m76

E
N

up

h"i , (11)

where N
up

is the upper limit on the Poisson parameter
at specified probability or confidence level.

In order to estimate the limit setting sensitivity,
104 Monte Carlo realizations of Gerda were gener-
ated assuming no 0⌫�� signal. For each realization, the
number of events was allowed to fluctuate according to
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Background

14

Page 26 of 29 Eur. Phys. J. C (2013) 73:2330

Table 7 The background index
deduced (without pulse shape
analysis) from the event count in
the indicated energy windows
∆E for different running
conditions during the
commissioning and the first part
of Phase I. Corresponding
values are shown also for the
IGEX and HDM experiments

"Excluding the blinded region
of Qββ ± 20 keV

experiment
diode environment

diodes ∆E
(keV)

exposure
(kg yr)

background index
10−2 cts/(keV kg yr)

IGEX [30–33]

vacuum, Cu enclosed enr 2000–2500 4.7 26

HDM [62]

vacuum, Cu enclosed enr 2000–2100 56.7 16

GERDA commissioning

LAr nat 1839–2239 0.6 18 ± 3

LAr, Cu mini-shroud nat 1839–2239 2.6 5.9 ± 0.7

ditto enr 1839–2239 0.7 4.3+1.4
−1.2

GERDA Phase I

LAr, Cu mini-shroud nat 1839–2239" 1.2 3.5+1.0
−0.9

LAr (diodes AC-coupled) nat 1839–2239" 1.9 6.0+1.0
−0.9

LAr, Cu mini-shroud enr 1939–2139" 6.1 2.0+0.6
−0.4

(BI ≈ 5.9 · 10−2 cts/(keV kg yr)). The volume of LAr from
which the ions can be collected onto the surface of the de-
tectors is reduced and bulk convection of the LAr near the
detectors is prevented. In fact, operating the Ge diodes in
AC-coupled mode (n+ surface grounded and p+ contact bi-
ased) without mini-shroud but with adequate shielding of the
p+ contact, i.e. without external electrical stray field, yielded
a similar BI of 6.0 ·10−2 cts/(keV kg yr) (see next to last line
in Table 7). For the Phase I physics run, the hermeticity of
the mini-shroud, as well as the shielding of the HV cables,
was further improved in order to avoid any leakage of elec-
tric field lines into the LAr volume. The improvement with

respect to the precursor experiments is evident. The stability
of the BI must be proven for a longer period of time.

An analysis of the intensity of the 1525 keV line gives a
concentration for 42Ar that is about twice the literature limit.
This estimate is based on the assumption of a homogeneous
distribution of this isotope outside the mini-shroud.

The intensity of γ lines was investigated in order to iden-
tify sources of backgrounds. The results are compiled in
Table 8 for the natural and the enriched detectors in com-
parison to numbers from HDM [60]. The rate estimates are
based on a Bayesian approach starting with a flat prior prob-
ability distribution function. The general observation is an
achieved reduction by about a factor of 10 with respect to

Table 8 Counts and rates of background lines for the enriched and
natural detectors in GERDA in comparison to the enriched detectors of
HDM [60]. Upper limits correspond to 90 % credibility interval. The

central value is the mode of the posterior probability distribution func-
tion and the error bars account for the smallest interval containing 68 %
probability

isotope energy [keV] natGe (3.17 kg yr) enrGe (6.10 kg yr) HDM (71.7 kg yr)

tot/bck [cts] rate [cts/(kg yr)] tot/bck [cts] rate [cts/(kg yr)] rate [cts/(kg yr)]

40K 1460.8 85/15 21.7+3.4
−3.0 125/42 13.5+2.2

−2.1 181 ± 2
60Co 1173.2 43/38 <5.8 182/152 4.8+2.8

−2.8 55 ± 1

1332.3 31/33 <3.8 93/101 <3.1 51 ± 1
137Cs 661.6 46/62 <3.2 335/348 <5.9 282 ± 2
228Ac 910.8 54/38 5.1+2.8

−2.9 294/303 <5.8 29.8 ± 1.6

968.9 64/42 6.9+3.2
−3.2 247/230 2.7+2.8

−2.5 17.6 ± 1.1
208Tl 583.2 56/51 <6.5 333/327 <7.6 36 ± 3

2614.5 9/2 2.1+1.1
−1.1 10/0 1.5+0.6

−0.5 16.5 ± 0.5
214Pb 352 740/630 34.1+12.4

−11.0 1770/1688 12.5+9.5
−7.7 138.7 ± 4.8

214Bi 609.3 99/51 15.1+3.9
−3.9 351/311 6.8+3.7

−4.1 105 ± 1

1120.3 71/44 8.4+3.5
−3.3 194/186 <6.1 26.9 ± 1.2

1764.5 23/5 5.4+1.9
−1.5 24/1 3.6+0.9

−0.8 30.7 ± 0.7

2204.2 5/2 0.8+0.8
−0.7 6/3 0.4+0.4

−0.4 8.1 ± 0.5
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p+ contact, i.e. without external electrical stray field, yielded
a similar BI of 6.0 ·10−2 cts/(keV kg yr) (see next to last line
in Table 7). For the Phase I physics run, the hermeticity of
the mini-shroud, as well as the shielding of the HV cables,
was further improved in order to avoid any leakage of elec-
tric field lines into the LAr volume. The improvement with

respect to the precursor experiments is evident. The stability
of the BI must be proven for a longer period of time.

An analysis of the intensity of the 1525 keV line gives a
concentration for 42Ar that is about twice the literature limit.
This estimate is based on the assumption of a homogeneous
distribution of this isotope outside the mini-shroud.

The intensity of γ lines was investigated in order to iden-
tify sources of backgrounds. The results are compiled in
Table 8 for the natural and the enriched detectors in com-
parison to numbers from HDM [60]. The rate estimates are
based on a Bayesian approach starting with a flat prior prob-
ability distribution function. The general observation is an
achieved reduction by about a factor of 10 with respect to

Table 8 Counts and rates of background lines for the enriched and
natural detectors in GERDA in comparison to the enriched detectors of
HDM [60]. Upper limits correspond to 90 % credibility interval. The

central value is the mode of the posterior probability distribution func-
tion and the error bars account for the smallest interval containing 68 %
probability
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40K 1460.8 85/15 21.7+3.4
−3.0 125/42 13.5+2.2
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60Co 1173.2 43/38 <5.8 182/152 4.8+2.8
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137Cs 661.6 46/62 <3.2 335/348 <5.9 282 ± 2
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−2.9 294/303 <5.8 29.8 ± 1.6
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Table 7 The background index
deduced (without pulse shape
analysis) from the event count in
the indicated energy windows
∆E for different running
conditions during the
commissioning and the first part
of Phase I. Corresponding
values are shown also for the
IGEX and HDM experiments

"Excluding the blinded region
of Qββ ± 20 keV

experiment
diode environment

diodes ∆E
(keV)

exposure
(kg yr)

background index
10−2 cts/(keV kg yr)
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which the ions can be collected onto the surface of the de-
tectors is reduced and bulk convection of the LAr near the
detectors is prevented. In fact, operating the Ge diodes in
AC-coupled mode (n+ surface grounded and p+ contact bi-
ased) without mini-shroud but with adequate shielding of the
p+ contact, i.e. without external electrical stray field, yielded
a similar BI of 6.0 ·10−2 cts/(keV kg yr) (see next to last line
in Table 7). For the Phase I physics run, the hermeticity of
the mini-shroud, as well as the shielding of the HV cables,
was further improved in order to avoid any leakage of elec-
tric field lines into the LAr volume. The improvement with

respect to the precursor experiments is evident. The stability
of the BI must be proven for a longer period of time.

An analysis of the intensity of the 1525 keV line gives a
concentration for 42Ar that is about twice the literature limit.
This estimate is based on the assumption of a homogeneous
distribution of this isotope outside the mini-shroud.

The intensity of γ lines was investigated in order to iden-
tify sources of backgrounds. The results are compiled in
Table 8 for the natural and the enriched detectors in com-
parison to numbers from HDM [60]. The rate estimates are
based on a Bayesian approach starting with a flat prior prob-
ability distribution function. The general observation is an
achieved reduction by about a factor of 10 with respect to
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• Count-rate under the peaks 10x less than in the HdM experiment
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(BI ≈ 5.9 · 10−2 cts/(keV kg yr)). The volume of LAr from
which the ions can be collected onto the surface of the de-
tectors is reduced and bulk convection of the LAr near the
detectors is prevented. In fact, operating the Ge diodes in
AC-coupled mode (n+ surface grounded and p+ contact bi-
ased) without mini-shroud but with adequate shielding of the
p+ contact, i.e. without external electrical stray field, yielded
a similar BI of 6.0 ·10−2 cts/(keV kg yr) (see next to last line
in Table 7). For the Phase I physics run, the hermeticity of
the mini-shroud, as well as the shielding of the HV cables,
was further improved in order to avoid any leakage of elec-
tric field lines into the LAr volume. The improvement with

respect to the precursor experiments is evident. The stability
of the BI must be proven for a longer period of time.

An analysis of the intensity of the 1525 keV line gives a
concentration for 42Ar that is about twice the literature limit.
This estimate is based on the assumption of a homogeneous
distribution of this isotope outside the mini-shroud.

The intensity of γ lines was investigated in order to iden-
tify sources of backgrounds. The results are compiled in
Table 8 for the natural and the enriched detectors in com-
parison to numbers from HDM [60]. The rate estimates are
based on a Bayesian approach starting with a flat prior prob-
ability distribution function. The general observation is an
achieved reduction by about a factor of 10 with respect to
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T2ν1/2(76Ge) = 1.84 x 1021 yr
J. Phys. G: Nucl. Part. Phys. 40 (2013) 035110 

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

f(x = A/E) =
n

�

A/E

·
p
2⇡

· e
�

(x�µ

A/E

)2

2�2
A/E

+ m · e
f ·(x�l) + d

e

(x�l)/t + l

(1)

where the Gaussian term is defined by its mean µ

A/E

,
standard deviation �

A/E

and integral n. The MSE term
is parameterized empirically by the parameters m, d, f ,
l and t. �

A/E

is dominated by the resolution �

A

of A
which is independent of the energy, i.e. for low energies
�

A/E

/ �

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.

Simulated pulse shapes at different radii
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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

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

• PSD 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. 12
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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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Abstract The GERDA experiment located at the Labora-
tori Nazionali del Gran Sasso of INFN searches for neu-
trinoless double beta (0νββ) decay of 76Ge using germa-
nium diodes as source and detector. In Phase I of the ex-
periment eight semi-coaxial and five BEGe type detectors
have been deployed. The latter type is used in this field of
research for the first time. All detectors are made from mate-
rial with enriched 76Ge fraction. The experimental sensitiv-
ity can be improved by analyzing the pulse shape of the de-
tector signals with the aim to reject background events. This
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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-

No counts in Qββ ± σ 

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 T1/2
0ν =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 preparation

• More mass: + ~20 kg 

• Better PSD: BEGe detectors

• Cleaner detector holders 

• cleaner FE-electronics 

• LAr veto

20

See: T.Bode et al.,DPG-Frühjahrstagung, Dresden 2013  

18 

Strategy for better T1/2  limit
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Phase II preparation

21

• 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. 

• New lock was built to accommodate 7 detector 
strings, the LAr veto with PMTs and WLS fibers
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Phase II preparation
• Up to 1000 fold reduction of the Compton background 

was demonstrated (LArGe)

• In GERDA 10x background reduction is possible only 
with LAr veto 

• Instrumentation is constrained by radiopurity and 
available space  

• Hybrid system with PMTs, WLS fibers + SiPMs

6 from 9 PMTs 

operates at nominal HV

Passive shield is not complited yet

(no lead on the top half,

no neutron shielding)

Not the best quality of LAr 

(5.0 instead 6.0)

PCB of the used CC2

is made from  not low background 

material (textolit)

Still the same  

Layer of lead on the 
top half was 
practically completed 

LAr 5.0 was changed to 
LAr 5.5 from WARP  

CC2 was changed to
low background version

BEGe

LArGe + GTF 44 + LAr 5.5 

June , 2010 Februare , 2011

GTF44 ‐> EncapGTF44
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Cryostat

LN cooling

Lock
DN250

TUM -UGL test stand
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Conclusion

• Sept. 30, 2013 the Phase I of GERDA was ended with 
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:  30 new detectors are ready, construction 
started ... 

24
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