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Fig. 1 Representation of energy spectra for definition of the
energy windows used in the blind analysis.

data taken until March 2013. After developing the back-
ground model and determining the main parameters for
0⌫�� analysis the blinding window was reduced and the
background model – without modifying any parameter
– was tested for this previously blinded energy range,
while leaving the energy range �E (red range in Fig. 1)
still blinded.

The extraction of the background model is described
in detail in this paper. In the process, the necessary pa-
rameters are defined for the upcoming 0⌫�� analysis.
An important feature is the stable performance of the
germanium detectors enriched in 76Ge; this is demon-
strated for the complete data taking period (sec. 2).

The data with full exposure E is used to interpolate
the background within �E. The expectation for the BI
is given in this paper before unblinding the data in the
energy range �E, the region of highest physics interest.
The paper is organized as follows: after presenting the
experimental details, particularly on the detectors used
in Phase I of the Gerda experiment, coaxial and BEGe
type (sec. 2), the spectra and the identified background
sources will be discussed (sec. 3 and 4). These are the
basic ingredients for the background decomposition for
the coaxial detectors (sec. 5) and for the BEGe detec-
tors (sec. 6). The models work well for both types of
detectors. After cross checks of the background model
(sec. 7) the paper concludes with the prediction for the
background at Q

��

and the prospective sensitivity of
Gerda Phase I (sec. 8).

2 The experiment

This section briefly recalls the main features of the
Gerda experiment. Due to the screening of the com-
ponents before installation, the known inventory of ra-
dioactive contaminations can be estimated. Finally, the
stable performance of the experiment is demonstrated
and the data selection cuts are discussed.

2.1 The hardware

The setup of the Gerda experiment is described in
detail in Ref. [2]. Gerda operates high purity germa-
nium (HPGe) detectors made from material enriched to
about 86% in 76Ge in liquid argon (LAr) which serves
both as coolant and as shielding. A schematic view is
given in Fig. 2. A stainless steel cryostat filled with
64 m3 of LAr is located inside a water tank of 10 m in
diameter. Only very small amounts of LAr are lost as it
is cooled via a heat exchanger by liquid nitrogen. The
590 m3 of high purity (>0.17 M⌦m) water moderate
ambient neutrons and � radiation. It is instrumented
with 66 photomultiplier tubes (PMT) and operates as
a Čerenkov muon veto to further reduce cosmic induced
backgrounds to insignificant levels for the Gerda ex-
periment. Muons traversing through the opening of the
cryostat without reaching water are detected by plastic
scintillator panels on top of the clean room.

Three coaxial or five BEGe detectors are mounted
into each of the four strings which are lowered through a
lock separating the clean room from the cryostat. The
detector strings with coaxial detectors are housed in
60 µm thin-walled copper containers permeable to LAr
- called mini-shroud in the following - with a distance
of a few mm from the detector outer surfaces. A 30 µm
thin copper cylinder - called radon shroud in the fol-
lowing - with a diameter of 75 cm encloses the detector
array. The custom made preamplifiers are operated in
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Fig. 2 Schematic drawing of the main components of the
Gerda experiment. For details see Ref. [2].
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FIG. 1. The predicted half-life of 0⌫�� in 76Ge and 136Xe due to light neutrino exchange. The light shaded regions include
the uncertainties due to all the NMEs listed in Table I, whereas the dark shaded regions correspond to the NMEs in [14]. The
gray regions are excluded from 0⌫�� and Planck results (see text for details).

we consider the appealing case of type-II dominance [23].
A general analysis involving the Dirac term mD is not
very illuminating and will be given elsewhere. Also, the
scalar triplet contribution is expected to be small due
to constraints from lepton flavor violation, which typi-
cally require MN/M

�

<⇠ 0.1 [23]. Hence, we focus only
on the diagram with purely RH currents, mediated by
the heavy neutrinos which adds coherently to the purely
left-handed light neutrino contribution discussed earlier:
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Here hp2i = �mempMN/M⌫ denotes the virtuality of
the exchanged neutrino, mp is the mass of the proton
and MN is the NME corresponding to the RH neutrino
exchange. Using the values for M⌫ and MN from [14],
we get hp2i = �(157 - 185 MeV)2 for 136Xe and �(153
- 184 MeV)2 for 76Ge. The unitary matrix V in Eq. (6)
diagonalizes MR with mass eigenvalues Mj . We further
assume the discrete LR symmetry to be parity, under
which fL = fR and U = V . Our conclusions remain un-
changed for the other possibility viz. charge conjugation:
fL = f⇤

R and U = V ⇤.
In the type-II limit, M⌫ ' mL = (vL/vR)MR and

mi / Mi. Hence, for the normal ordering we have
M

1

< M
2

⌧ M
3

as well, and the RH neutrino masses can
be expressed in terms of the heaviest one as M

1

/M
3

=
m

1

/m
3

, M
2

/M
3

= m
2

/m
3

. Then

mN
ee|nor =

CN

M
3

✓
m

3

m
1

c2
12

c2
13

+
m

3

m
2

s2
12

c2
13

e2i↵2 + s2
13

e2i↵3

◆
,

where CN = hp2iM4

WL
/M4

WR
. For inverted ordering, M

2

will be the largest, and hence

mN
ee|inv =

CN

M
2

✓
m

2

m
1

c2
12

c2
13

+ s2
12

c2
13

e2i↵2 +
m

2

m
3

s2
13

e2i↵3

◆
.

In Fig. 2, we show the half-life predictions for 76Ge and
136Xe using Eq. (5), and including the light and heavy
neutrino NME ranges given in [14] (corresponding to
gA = 1.25). Here we have chosen MWR = 3 TeV and
the heaviest neutrino mass, MN>= 1 TeV, keeping in
mind the current LHC exclusion limits [28] and its fu-
ture accessible range. Note that for this choice of MN> ,
and for the range of the lightest neutrino mass shown in
Fig. 2, the lightest RH neutrino mass isMN< > 490 MeV,
which justifies the validity of Eq. (6) . Several important
conclusions can be drawn from this illustrative plot: (i)
the purely RH contribution via exchange of heavy neu-
trinos, when added to the standard light neutrino contri-
bution, can saturate the current experimental limit (or
satisfy the claim) even for hierarchical neutrinos; (ii) for
the heavy neutrino contribution saturating the bound on
T 0⌫
1/2, there exists an absolute lower bound on the light-

est neutrino mass both for orderings: (2 - 4) meV for
NH and (0.07 - 0.2) meV for IH. The range is due to
the combined e↵ect of the NME uncertainties and the 3�
range of the oscillation parameters used here; (iii) the KK
claim can be reached for the lightest neutrino mass in the
range of (1 - 3) meV for NH and (0.03 - 0.1) meV for IH.
These values are well within the most stringent Planck
limit of 77 meV; iv) for the heavy neutrino contribution,
the compatibility between the KK claim and KLZ+EXO
bound can be examined using Eq. (3), with the NMEs
for light neutrinos replaced by those for heavy neutri-
nos [14]. It predicts the half-life for 136Xe in the range
(0.56� 2.74)⇥ 1025 yr at 90% CL, for all the correspond-
ing NMEs in [14]. Thus in this case also, the KK claim
is compatible with the individual KLZ and EXO bounds,
but inconsistent with their combined limit. Similar con-
clusion holds for the light+heavy neutrino contribution,
since the KK claim can be saturated while being consis-
tent with cosmology only by a dominant heavy neutrino
contribution; (v) the lower bound is quite sensitive to the

The physics
• Detect the neutrinoless double beta decay in 76Ge:

➡ lepton number violation

➡ information on the nature of neutrinos and on the effective Majorana neutrino mass
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We re-analyze the compatibility of the claimed observation of neutrinoless double beta decay
(0⌫��) in 76Ge with the new limits on the half-life of 136Xe from EXO-200 and KamLAND-Zen.
Including recent calculations of the nuclear matrix elements (NMEs), we show that while the claim in
76Ge is still compatible with the individual limits from 136Xe, it is inconsistent with the KamLAND-
Zen+EXO-200 combined limit for all but one NME calculations. After imposing the most stringent
upper limit on the sum of light neutrino masses from Planck, we find that the canonical light neutrino
contribution cannot satisfy the claimed 0⌫�� signature or saturate the current limit, irrespective of
the NME uncertainties. However, inclusion of the heavy neutrino contributions, arising naturally
in TeV-scale Left-Right symmetric models, can saturate the current limit of 0⌫��. In a type-II
seesaw framework, this imposes a lower limit on the lightest neutrino mass. Depending on the
mass hierarchy, we obtain this limit to be in the range of 0.07 - 4 meV for a typical choice of the
right-handed (RH) gauge boson and RH neutrino masses relevant for their collider searches. Using
the 0⌫�� bounds, we also derive correlated constraints in the RH sector, complimentary to those
from the LHC.

Introduction – The discovery of neutrino oscillations,
and hence, non-zero neutrino masses and mixing implies
physics beyond the Standard Model (SM). Some of the
unresolved issues are (i) whether neutrinos are Majorana
or Dirac particles, (ii) their absolute mass scale, and (iii)
their mass hierarchy. Neutrinoless double beta decay
(0⌫��) [1], if observed, would imply lepton number vio-
lation (LNV) and Majorana nature of neutrinos [2], and
could possibly shed light on the other issues.

Experimental studies of the 0⌫�� process: (A,Z) !
(A,Z + 2) + 2e� have been conducted on several nuclei,
and to date, there has been only one claimed observa-
tion in 76Ge with half-life T 0⌫

1/2 = 2.23+0.44
�0.31 ⇥ 1025 yr at

68% CL [3]. Several ongoing experiments have design
sensitivities to test this claim. Recently, the KamLAND-
Zen (KLZ) experiment using 136Xe obtained the limit
T 0⌫
1/2 > 1.9⇥1025 yr at 90% CL [4]. After combining with

the EXO-200 (EXO) results, T 0⌫
1/2 > 1.6⇥1025 yr [5], they

derived the limit T 0⌫
1/2 > 3.4⇥1025 yr at 90% CL [4], and

disfavored the claim in [3] at > 97.5% CL, using recent
calculations of the nuclear matrix elements (NMEs).

On the other hand, the Planck results in conjunction
with other cosmological data have put a stringent upper
limit on the sum of light neutrino masses:

P
m⌫ < 0.23

eV at 95% CL [6], which rules out most of the quasi-
degenerate region of the light neutrino mass spectrum.
This has important consequences for the canonical inter-
pretation of 0⌫�� via light neutrino exchange [7].

In this paper we study the implications of these re-
cent results on various aspects of the 0⌫�� phenomenol-
ogy, namely, we (i) re-analyze the compatibility of the
KamLAND-Zen and EXO-200 limits with the claimed

observation [3], including the uncertainties due to sev-
eral updated NME calculations; (ii) quantify whether
the standard light neutrino prediction for 0⌫�� can sat-
isfy the claimed observation or saturate the current limit,
while being consistent with the stringent neutrino mass
constraints from cosmology; and (iii) investigate whether
a heavy neutrino contribution naturally arising in low
scale Left-Right symmetric models (LRSM), accessible
at the LHC, can saturate the 0⌫�� limit.
Light Neutrino Contribution– For 0⌫�� mediated

by the light Majorana neutrinos, the half-life is given by
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To test the compatibility between the claim in [3] and the
null results in [4, 5], it is useful to study the correlation
between their half-lives (see also [8]) using Eq. (1):
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where we have used the recently re-evaluated phase space
factors [9] for the axial-vector coupling constant gA =
1.25. We take the claimed value for T 0⌫
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Experimental requirements

• Experiments measure the half life of the decay, T1/2

Minimal requirements:

large detector masses (M)
enriched materials (a)
ultra-low background noise (B)
excellent energy resolution (∆E)
high detection efficiency

     Additional tools to distinguish signal 
from background:

angular distribution
identification of daughter nucleus
pulse shape information
...
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The GERDA experiment at LNGS

• Ge detectors directly submersed in LAr
➡ LAr as cooling medium and shielding (U/Th 

in LAr < 7x10-4 µBq/kg)
➡ a minimal amount of surrounding materials

• Phase I
➡  ~18 kg HdM and IGEX detectors
• Phase II
➡  additional 20 kg BEGe detectors

Eur. Phys. J. C (2013) 73:2330 Page 9 of 29

Fig. 6 Cross section of the LAr cryostat inside the water tank (right
part cut away). The following components are indicated: skirt (1), ac-
cess hole (2), Torlon support pads (3), radon shroud (4), internal copper
shield (5), lower and upper heat exchanger (6), bellow in neck of in-
ner vessel (7), balcony (8), DN200 ports (9), manifold (10), bellow
between cryostat and lock (11) and DN630 shutter (12). The skirt pro-
vides 6 mounts for PMTs (13)

resides in the clean room above the manifold (see Sect. 4.4).
Relative movements between manifold and lock are decou-
pled from each other with a flexible bellow of 600 mm di-
ameter (item 11). A DN630 UHV shutter (item 12) on top of
the bellow allows the stand-alone operation of the cryostat
without lock.

The internal copper shield (item 5) consists of sixty 3 cm
thick overlapping plates of high purity oxygen free radiop-
ure (OFRP) copper with a total mass of 16 t. They are
mounted on a support ring achieving a copper thickness of
6 cm for the central 2 m high ring (centered at 4 m height)
and of 3 cm thickness in a range of 40 cm above and below.

Radon can emanate from the vessel walls and may be
transported by convection close to the Ge diodes. To prevent
this a central volume of about 3 m height and 750 mm diam-
eter is separated from the rest by a cylinder (item 4) made
out of 30 µm thick copper foil. This cylinder is called the
radon shroud.

During production and after its deployment at LNGS the
cryostat has been subjected to several acceptance and per-

formance tests. Both the inner and the outer vessel passed
the pressure vessel tests according to the European pressure
vessel code PED 97/23/EC. Helium leak tests for the in-
ner and the outer vessel showed no leak at the 10−5 (Pa!)/s
range. Evaporation tests with LN2 established the specified
thermal loss of <300 W both at the factory and after deliv-
ery. The 222Rn emanation rate of the inner volume of the
cryostat has been measured at room temperature at several
stages with the MoREx system [77] (for details see Table 4
in Sect. 6.2). After iterated cleaning the empty cryostat ex-
hibited the excellent value of (14 ± 4) mBq which increased
after the mounting of the Cu shield and the cryogenic in-
strumentation by about 20 mBq at each step, leading to a
final value of (54.7 ± 3.5) mBq. A uniform distribution of
this amount of 222Rn in the LAr would correspond to a
BI ∼ 7 · 10−4 cts/(keV kg yr). Depending on its tightness,
the radon shroud is expected to reduce this contribution by
up to a factor of seven.

4.1.2 Cryogenic system

The cryogenic infrastructure consists of storage tanks,
super-insulated piping, and the systems for vacuum insu-
lation, active cooling, process control, and exhaust gas heat-
ing. The power for the entire system is taken from a ded-
icated line which is backed-up by the LNGS diesel rotary
uninterruptible power supply.

The storage tanks for LN2 and LAr, about 6 m3 each, are
located at about 30 m distance. To minimize argon losses
they are connected by a triaxial super-insulated pipe (LAr,
LN2 and vacuum super-insulation from inside to outside) to
the cryostat. The LAr tank has been selected for low radon
emanation. The tank has been used for the filling of the cryo-
stat and will be used further for optional refillings. The LAr
passes through a LN2-cooled filter filled with synthetic char-
coal [78] to retain radon as well as through two PTFE filters
with 50 nm pore size to retain particles. For the first filling
the charcoal filter was bypassed.

The insulation vacuum has to be maintained in a vol-
ume of about 8 m3. Out-gassing materials in this volume
include about 75 m2 of multilayer insulation and 50 m2 of
additional thermal insulation (Makrolon [79] of 6 mm thick-
ness). A pressure of 10−3 Pa was reached after two months
of pumping with a turbo pump of 550 !/s pumping speed
and intermediate purging with dry nitrogen. After cool down
the pressure dropped to about 2 · 10−6 Pa. At a residual out-
gassing rate in the range of 10−5 (Pa!)/s, the turbo pump is
kept running continuously.

The active cooling system uses LN2 as cooling medium.
It has been designed [80] to subcool the main LAr vol-
ume in order to minimize microphonic noise in the cryostat
while maintaining a constant (adjustable) working pressure
without evaporation losses. This is accomplished by two
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Abstract The GERDA collaboration is performing a search
for neutrinoless double beta decay of 76Ge with the epony-
mous detector. The experiment has been installed and com-
missioned at the Laboratori Nazionali del Gran Sasso and
has started operation in November 2011. The design, con-
struction and first operational results are described, along
with detailed information from the R&D phase.

1 Introduction

The GERDA experiment (GERmanium Detector Array [1])
is a search for the neutrinoless double beta (0νββ) decay
of 76Ge. The observation of such a decay would prove that
lepton number is not conserved, and that the neutrino has a
Majorana component [2]. A discovery of 0νββ decay would
have significant implications on particle physics and other
fields, including cosmology [3]. The importance of the topic
has stimulated the development of several experimental ap-
proaches to the search for 0νββ decay on a number of iso-
topes which undergo double beta decay. For recent reviews
on the state of knowledge concerning double beta decay and
on running or planned experiments, see Refs. [4–8].

The experimental signature for 0νββ decay is a line in
the summed electron energy spectrum appearing at the Q-
value for the reaction, Qββ . The experimental result is a
measurement of, or a limit on, the half life, T1/2, for the
process. Within the three neutrino model and assuming the
existence of a significant Majorana component a positive ob-
servation of 0νββ decay would possibly give access to the
neutrino mass hierarchy as well as information on the abso-
lute values of the neutrino masses. The latter is only possi-
ble with knowledge of the nuclear matrix elements, M0ν , as
discussed in Ref. [9–16]. The statements on the mass also re-
quire an understanding of whether the 0νββ process is solely
due to the Majorana nature of the neutrino, or whether ad-
ditional new physics processes beyond the Standard Model
contribute. A recent review of the particle physics implica-
tions of a discovery of 0νββ decay was given in Ref. [17].

Nuclides that are potentially 0νββ emitters will decay
via the Standard Model allowed 2νββ decay. Both reactions

a e-mail: grabmayr@uni-tuebingen.de
bDeceased
cNow in private business

are second order weak interactions, and therefore have ex-
tremely long half lives. Values have been directly measured
for 2νββ decay in about ten cases and these are in the range
1019–1021 yr [5]. The half lives for 0νββ decay, assuming
the process exists, are expected to be substantially longer.
Consequently, 0νββ decay experiments must be sensitive to
just a few events per year for a source with a mass of tens
to hundreds of kilograms. Backgrounds must typically be
reduced to the level of one event per year in the region of
interest (ROI), an energy interval of the order of the energy
resolution around Qββ .

Experiments looking for 0νββ decay of 76Ge operate
germanium diodes normally made from enriched material,
i.e. the number of 76Ge nuclei, the isotopic fraction f76,
is enlarged from 7.8 % to 86 % or higher. In these type
of experiments, the source is equal to the detector which
yields high detection efficiency. Additional advantages of
this technique are the superior energy resolution of 0.2 %
at Qββ = 2039 keV compared to other searches with differ-
ent isotopes and the high radiopurity of the crystal growing
procedure. Disadvantages are the relatively low Qββ value
since backgrounds typically fall with energy and the rela-
tive difficulty to scale to larger mass compared to e.g. ex-
periments using liquids and gases. There is a considerable
history to the use of 76Ge for the search for 0νββ decay.
After initial experiments [18–28], the Heidelberg–Moscow
(HDM) collaboration [29] and IGEX [30–33] were the driv-
ing forces in this field setting the most stringent limits. In
2004 a subgroup of the HDM collaboration [34] claimed
a 4σ significance for the observation of 0νββ decay with
a best value of T1/2 = 1.19 · 1025 yr; the quoted 3σ range
is (0.69–4.19) · 1025 yr. To scrutinize this result, and to
push the sensitivity to much higher levels, two new 76Ge
experiments have been initiated: MAJORANA [35, 36] and
GERDA [1]. The latter has been built in the INFN Lab-
oratori Nazionali del Gran Sasso (LNGS) at a depth of
3500 m w.e. (water equivalent). Whereas MAJORANA fur-
ther refines the background reduction techniques in the tra-
ditional approach of operating germanium detectors in vac-
uum, GERDA submerses bare high-purity germanium de-
tectors enriched in 76Ge into liquid argon (LAr) following
a suggestion by Ref. [37]; LAr serves simultaneously as a
shield against external radioactivity and as cooling medium.
Phase I of the experiment is currently taking data and will
continue until a sensitivity is reached which corresponds to
an exposure of 15 kg yr with a background index (BI) of
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GERDA detectors
• Phase I: p-type semi-coaxial

• Phase II: p-type, BEGe (broad energy germanium)

• n+ conductive Li layer, separated by a groove from the boron 
implanted p+ contact

• Signal structure allows to distinguish between single site 
events (SSE) = signal-like and multiple site events (MSE) = 
background-like

4

Table 1 Main parameters for the HPGe detectors employed in the Gerda experiment: isotopic abundance of the isotope
76Ge, f76, total mass M , active mass Mact, active volume fraction fav and the thickness of the e↵ective n+ dead layer, ddl.

detector f76 M Mact(�Mact) fav(�favt) ddl
g g mm

enriched coaxial detectors

ANG 1 †) 0.859(29) 958 795(50) 0.830(52) 1.8(5)
ANG 2 0.866(25) 2833 2468(145) 0.871(51) 2.3(7)
ANG 3 0.883(26) 2391 2070(136) 0.866(57) 1.9(7)
ANG 4 0.863(13) 2372 2136(135) 0.901(57) 1.4(7)
ANG 5 0.856(13) 2746 2281(132) 0.831(48) 2.6(6)
RG 1 0.855(15) 2110 1908(125) 0.904(59) 1.5(7)
RG 2 0.855(15) 2166 1800(115) 0.831(53) 2.3(7)
RG 3 †) 0.855(15) 2087 1868(113) 0.895(54) 1.4(7)

enriched BEGe detectors

GD32B 0.877(13) 717 638(19) 0.890(27) 1.0(2)
GD32C 0.877(13) 743 677(22) 0.911(30) 0.8(3)
GD32D 0.877(13) 723 667(19) 0.923(26) 0.7(2)
GD35B 0.877(13) 812 742(24) 0.914(29) 0.8(3)
GD35C †) 0.877(13) 635 575(20) 0.906(32) 0.8(3)

natural coaxial detectors

GTF 32 †) 0.078(1) 2321 2251(116) 0.97(5) 0.4(8)
GTF 45 †) 0.078(1) 2312
GTF 112 0.078( 1) 2965

†) not used in this analysis

LAr at a distance of about 30 cm from the top of the
detector array. The analog signals are digitized by 100
MHz FADCs.

All eight of the reprocessed coaxial germanium de-
tectors from the HdM and the Igex experiments [4,5]
were deployed on November 9 2011, together with three
detectors with natural isotopic abundance. A schematic
drawing of the coaxial detector type is shown in Fig. 3,
top. Two enriched detectors (ANG 1 and RG 3) devel-
oped high leakage currents soon after the start of data
taking and were not considered in the analysis. RG 2
was taking data for about one year before it also had to
be switched o↵ due to an increase of its leakage current.
In July 2012, two of the coaxial HPGE detectors with
natural isotopic abundance, low background GTF 32
and GTF 45, were replaced by five enriched Broad En-
ergy Germanium (BEGe) detectors, which follow the
Phase II design of Gerda (see Fig. 3, bottom). The ge-
ometries and thus the pulse shape properties of the two
types of detectors di↵er. One of these BEGe detectors
(GD35C) showed instabilities during data taking and
was not used for further analysis. The most relevant
properties of all the germanium detectors are compiled
in Table 1. Note, that the numbers for dead layers d

dl

are to be interpreted as e↵ective values.

2.2 Known inventory from screening

The hardware components close to the detectors and
the components of the suspension system have been

Fig. 3 Schematic sketch of a coaxial HPGe detector (top)
and a BEGe detector (bottom) with their di↵erent surfaces
and dead layers (drawings not to scale).

10

nally a fraction of 0.91 ± 0.05 is obtained. It agrees well
with ✏

0⌫��

= 0.92 ± 0.02.

3.4 PSD summary for BEGe detectors

Due to their small area p+ contact BEGe detectors of-
fer a powerful pulse shape discrimination between 76Ge
0⌫�� signal events of localized energy deposition and
background events from multiple interactions in the de-
tector or energy deposition on the surface.

The parameter A/E constitutes a simple discrimi-
nation variable with a clear physical interpretation al-
lowing a robust PSD analysis. The characteristics of
this quantity have been studied for several years and
are applied for the first time in a 0⌫�� analysis. 228Th
data taken once per week are used to calibrate the per-
formance of A/E and to correct for the observed time
drifts and small energy dependencies. The whole proce-
dure of the PSD analysis was verified using 2⌫�� events
from 76Ge recorded during physics data taking.

The chosen cut accepts a fraction of 0.92 ± 0.02
of 0⌫�� events and rejects 33 out of 40 events in a
400 keV wide region around Q

��

(excluding the cen-
tral 8 keV blinded window). The latter is compatible
with the expectation given our background composition
and PSD rejection. The background index is reduced to
(0.007+0.004

�0.002

) cts/(keV·kg·yr).
Applying the PSD cut to 2⌫�� events results in an

estimated 0⌫�� signal survival fraction of 0.91 ± 0.05
that agrees very well with the value extracted from DEP
and simulations.

4 Pulse shape discrimination for semi-coaxial
detectors

In the current Phase I analysis, three independent pulse
shape selections have been performed for the semi-coaxial
detectors. They use very di↵erent techniques but it turns
out that they identify a very similar set of events as
background. The neural network analysis will be used
for the 0⌫�� analysis while the other two (likelihood
classification and PSD selection based on the pulse asym-
metry) serve as cross checks.

All methods optimize the event selection for every
detector individually. They divide the data into di↵er-
ent periods according to the noise performance. Two
detectors (ANG 1 and RG 3) had high leakage current
soon after the deployment. The analyses discussed here
consider therefore only the other six coaxial detectors.

4.1 Pulse shape selection with a neural network

The entire current pulse or - to be more precise - the
rising part of the charge pulse is used in the neural
network analysis. The following steps are performed to
calculate the input parameters:

– baseline subtraction using the recorded pulse infor-
mation in the 80 µs before the trigger. If there is
a slope in the baseline due to pile up, the event is
rejected. This selection e↵ects practically only cali-
bration data,

– smoothing of the pulse with a moving window aver-
aging of 80 ns integration time,

– normalization of the maximum pulse height to one
to remove the energy dependence,

– determination of the times when the pulse reaches
1, 3, 5, ..., 99% of the full height. The time when
the pulse height reaches A

1

= 50% serves as refer-
ence. Due to the 100 MHz sampling frequency, a
(linear) interpolation is required between two time
bins to determine the corresponding time points (see
Fig. 13).

The resulting 50 timing informations of each charge
pulse are used as input to an artificial neutral network
analyses. The TMVA toolkit implemented in ROOT [26]
o↵ers an interface for easy processing and evaluation.
The selected algorithm TMlpANN [27] is based on mul-
tilayer perceptions. Two hidden layers with 51 and 50
neurons are used. The method is based on the so called
“supervised learning” algorithm.

Calibration data are used for training. DEP events
in the interval 1593 keV ±1·FWHM serve as proxy for
SSE while events of the full energy line of 212Bi in
the equivalent interval around 1621 keV are dominantly
MSE and are taken as background sample. Fig. 14 shows
as an example of the separation power the distribution
of the time of 5% and 81% pulse height for the two
event classes. Note that both event classes are not pure
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Fig. 13 Example physics data pulses for SSE and MSE
candidate events. The determination of the input parameters
for the TMVA algorithms is shown for pulse heights A1 and
A2.
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Fig. 2 Candidate pulse traces taken from BEGe data for a SSE (top left), MSE (top right), p+ electrode event (bottom left)
and n+ surface event (bottom right). The maximal charge pulse amplitudes are set equal to one for normalization and current
pulses have equal integrals. The current pulses are interpolated.

comes high enough to result in a significant recombina-
tion probability. Due to the slow nature of the di↵usion
compared to the charge carrier drift in the active vol-
ume, the rise time of signals from interactions in this
region is increased. This causes a ballistic deficit loss
in the energy reconstruction. The latter might be fur-
ther 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 ballistic deficit and leading to a reduced A/E

ratio. This is utilized to identify � particles penetrat-
ing through the n+ layer [19]. The bottom right trace
of Fig. 2 shows a candidate 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 ex-
perimental measurements both with detectors operated
in vacuum cryostats [16] and in liquid argon [20,21,22]
as well as through pulse-shape simulations [15].

For double beta decay events, bremsstrahlung of
electrons can reduce A and 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. Fig. 3 shows examples of current pulses from lo-
calized energy depositions. These simulations have been
performed using the software described in Refs. [15,23].
For energy depositions close to the n+ surface (at ra-
dius 38 mm in Fig. 3) only holes contribute to the signal
and the current peaks at the end. In contrast, for sur-
face p+ events close to the bore hole (at radius 6 mm)
the current peaks earlier in time. This behavior is com-
mon to BEGe detectors. Pulses in the bulk volume show
a variety of di↵erent shapes since electrons and holes
contribute. Consequently, A/E by itself is not a useful
variable for coaxial detectors. Instead three significantly
di↵erent methods have been investigated. The main one
uses an artificial neural network to identify single site
events; the second one relies on a likelihood method to
discriminate between SSE like events and background
events; the third is based on the correlation between
A/E and the pulse asymmetry visible in Fig 3.

2.3 Pulse shape calibration

Common to all methods and for both detector types
is the use of calibration data, taken once per week, to
test the performance and – in case of pattern recog-
nition programs – to train the algorithm. The 228Th
calibration spectrum contains a peak at 2614.5 keV
from the 208Tl decay. The double escape peak (DEP, at
1592.5 keV) of this line is used as proxy for SSE while
full energy peaks (FEP, e.g. at 1620.7 keV) or the single
escape peak (SEP, at 2103.5 keV) are dominantly MSE.
The disadvantage of the DEP is that the distribution
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J. Jochum17, M. Junker1, T. Kihm6, I.V. Kirpichnikov11, A. Kirsch6,
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also at: Università di Firenze, Italy

d
also at: Moscow Inst. of Physics and Technology, Russia

e
also at: Int. Univ. for Nature, Society and Man “Dubna”,
Russia

f
Present Address: Shanghai Jiaotong University, Shanghai,
China
g
Present Address: University North Carolina, Chapel Hill,

USA
h
Present Address: University of L’Aquila, Dipartimento di

Fisica, L’Aquila, Italy

ar
X

iv
:1

30
7.

26
10

v1
  [

ph
ys

ic
s.i

ns
-d

et
]  

9 
Ju

l 2
01

3



Laura Baudis, University of Zurich          Invisibles 2013, Lumley Castle, Durham

GERDA detectors

• From HdM and IGEX experiments: total mass = 17.7 kg
➡ HdM: ANG1, ANG2, ANG3, ANG4, ANG5; IGEX: RG1, RG2, RG3
➡ Isotopically enriched in 76Ge: 86%

• Two 76Ge detectors turned off because of high leakage current => m = 14.6 kg
• In addition, natural Ge detectors from Genius-TF
• And 5 phase II, enriched BEGe detectors added in July 2012
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Overview of physics runs

total exposure Phase I, used in
neutrinoless double beta analysis: 21.6 kg yr
(215.2 mol yr 76Ge in active volume) • Blue ‘spikes’: (bi) weekly 

calibrations runs with 3 228Th 
sources

• Data in signal region was kept 
blind: Q ± 20 keV

5

Table 2 Gamma ray screening and 222Rn emanation measurement results for hardware components. The activity of the
mini-shroud was derived from ICP-MS measurement assuming secular equilibrium of the 238U decay chain. Estimates of the
BI at Q�� are based on e�ciencies obtained by MC simulations [11,12] of the Gerda setup.

component units 40K 214Bi&226Ra 228Th 60Co 222Rn BI
10�3 cts/(keV·kg·yr)

close sources: up to 2 cm from detectors
Copper det. support µBq/det. < 7 < 1.3 < 1.5 < 0.2
PTFE det. support µBq/det. 6.0 (11) 0.25 (9) 0.31 (14) 0.1
PTFE in array µBq/det 6.5 (16) 0.9 (2) 0.1
mini-shroud µBq/det. 22 (7) 2.8

medium distance sources: 2 - 50 cm from detectors
CC2 preamps µBq/det. 600 (100) 95 (9) 50 (8) 0.8
cables and
suspension mBq/m 1.40 (25) 0.4 (2) 0.9 (2) 76 (16) 0.2

distant sources: further than 50 cm from detectors
cryostat mBq 54.7 (35) < 0.7
copper of cryostat mBq < 784 264 (80) 216 (80) 288 (72) ⇤

< 0.05
steel of cryostat kBq < 72 < 30 < 30 475
lock system mBq 2.4 (3) <0.03

tested for their radiopurity prior to installation [2]. The
parts in the close (up to 2 cm from detectors) and
medium distance (up to 50 cm from the detectors) of
the detectors have been screened using HPGe screen-
ing facilities or ICP-MS measurements, while the parts
in the lock system have been tested for 222Rn emana-
tion [10]. Some materials proved to have low, but mea-
surable, radioactive contaminations. Table 2 quotes the
total measured activities and limits of screened compo-
nents and their expected contribution to the BI close
to Q

��

. As the 222Rn emanation rate in the cryostat
with its copper lining and the lock system is on the or-
der of 60 mBq, some 214Bi may be expected in the LAr
surrounding the detectors. Assuming a homogeneous
distribution of 222Rn in the LAr, this would result in
a contribution to the background index (BI) at Q

��

of 7·10�4 cts/(keV·kg·yr). To reduce this latter contri-
bution to the Gerda background, the radon shroud
was installed around the detectors with the intention
to keep 222Rn at su�cient distance from the detectors.

The measured activities in the hardware compo-
nents within 2 cm from the detectors lead to a total
contribution to the BI of ⇡3·10�3 cts/(keV·kg·yr) us-
ing e�ciencies obtained by Monte Carlo (MC) simula-
tions earlier [11,12]. From the medium distance contri-
butions ⇡10�3 cts/(keV·kg·yr) are expected, while the
far sources contribute with <10�3 cts/(keV·kg·yr). As
detailed in Ref. [2] the extrapolated background rates
for all contaminations were predicted to be tolerable for
Phase I and to yield a BI of < 10�2 cts/(keV·kg·yr).
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Fig. 4 Live time fraction of the data acquisition for the
muon veto (top) and for the HPGe detectors (bottom) The
spikes in the live time fraction arise from the regular calibra-
tion measurements. The development of the exposure E of
the enriched detectors (bottom) and the total live time of the
muon veto system (top) is also shown. The red vertical line
indicates the end of the data range for the evaluation of the
background model.

3

Fig. 1 Representation of energy spectra for definition of the
energy windows used in the blind analysis.

data taken until March 2013. After developing the back-
ground model and determining the main parameters for
0⌫�� analysis the blinding window was reduced and the
background model – without modifying any parameter
– was tested for this previously blinded energy range,
while leaving the energy range �E (red range in Fig. 1)
still blinded.

The extraction of the background model is described
in detail in this paper. In the process, the necessary pa-
rameters are defined for the upcoming 0⌫�� analysis.
An important feature is the stable performance of the
germanium detectors enriched in 76Ge; this is demon-
strated for the complete data taking period (sec. 2).

The data with full exposure E is used to interpolate
the background within �E. The expectation for the BI
is given in this paper before unblinding the data in the
energy range �E, the region of highest physics interest.
The paper is organized as follows: after presenting the
experimental details, particularly on the detectors used
in Phase I of the Gerda experiment, coaxial and BEGe
type (sec. 2), the spectra and the identified background
sources will be discussed (sec. 3 and 4). These are the
basic ingredients for the background decomposition for
the coaxial detectors (sec. 5) and for the BEGe detec-
tors (sec. 6). The models work well for both types of
detectors. After cross checks of the background model
(sec. 7) the paper concludes with the prediction for the
background at Q

��

and the prospective sensitivity of
Gerda Phase I (sec. 8).

2 The experiment

This section briefly recalls the main features of the
Gerda experiment. Due to the screening of the com-
ponents before installation, the known inventory of ra-
dioactive contaminations can be estimated. Finally, the
stable performance of the experiment is demonstrated
and the data selection cuts are discussed.

2.1 The hardware

The setup of the Gerda experiment is described in
detail in Ref. [2]. Gerda operates high purity germa-
nium (HPGe) detectors made from material enriched to
about 86% in 76Ge in liquid argon (LAr) which serves
both as coolant and as shielding. A schematic view is
given in Fig. 2. A stainless steel cryostat filled with
64 m3 of LAr is located inside a water tank of 10 m in
diameter. Only very small amounts of LAr are lost as it
is cooled via a heat exchanger by liquid nitrogen. The
590 m3 of high purity (>0.17 M⌦m) water moderate
ambient neutrons and � radiation. It is instrumented
with 66 photomultiplier tubes (PMT) and operates as
a Čerenkov muon veto to further reduce cosmic induced
backgrounds to insignificant levels for the Gerda ex-
periment. Muons traversing through the opening of the
cryostat without reaching water are detected by plastic
scintillator panels on top of the clean room.

Three coaxial or five BEGe detectors are mounted
into each of the four strings which are lowered through a
lock separating the clean room from the cryostat. The
detector strings with coaxial detectors are housed in
60 µm thin-walled copper containers permeable to LAr
- called mini-shroud in the following - with a distance
of a few mm from the detector outer surfaces. A 30 µm
thin copper cylinder - called radon shroud in the fol-
lowing - with a diameter of 75 cm encloses the detector
array. The custom made preamplifiers are operated in

3 Ω

3

590 m    > 0.17 M     m

64 m    LAr

Ge
detector
array

2m

water tank

66 PMT
Cerenkov

cryostat

5m

heat
exchanger

shield
copper

shroud
radon

clean room

twin lock

glove box

shutter

Fig. 2 Schematic drawing of the main components of the
Gerda experiment. For details see Ref. [2].

data used for background model 
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Half life of the 2-neutrino decay mode
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Measurement of the half-life of the two-neutrino
double beta decay of 76Ge with the GERDA
experiment
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Table 2. Summary table of the systematic uncertainties on T 2ν
1/2 which are taken into account for

this work and which are not included in the fitting procedure.

Uncertainty on T 2ν
1/2

Item (%)

Non-identified background components +5.3
Energy spectra from 42K, 40K and 214Bi ±2.1
Shape of the 2νββ decay spectrum ±1

Subtotal fit model +5.8
−2.3

Precision of the Monte Carlo geometry model ±1
Accuracy of the Monte Carlo tracking ±2

Subtotal Monte Carlo ±2.2

Data acquisition and selection ±0.5

Grand total +6.2
−3.3

Additional background components that are not accounted for in the fit model might be
present in the GERDA spectrum (see [10] for a list of the γ -ray lines detected in the GERDA
spectrum and of the corresponding intensities). Due to the large signal-to-background ratio
and the limited exposure these background components cannot be identified unambiguously.
The uncertainty arising from such possible contributions is estimated to be +5.3%. Since any
further background component would lead to a longer T 2ν

1/2, this uncertainty is asymmetric. It
is estimated by performing a fit with the contributions from 60Co, 228Ac, and a flat background
added to the model. These additional components are treated in the same way as the ‘standard’
background components (42K, 40K, and 214Bi). The spectra from 60Co and 228Ac are simulated
by Monte Carlo assuming close sources and one additional parameter for each detector and
each additional background contribution is included in the fit. Also for the flat background
an individual contribution is considered for each detector. The flat component describes the
contribution coming from 208Tl decays from the 232Th chain: given the small number of events
expected in the analysis energy window, this contribution can be roughly approximated to be
constant. To a first approximation, also other possible non-identified background components
can be accounted by the constant contribution to the model.

The systematic uncertainty on T 2ν
1/2 due to the uncertainties in the spectra of the standard

background components (42K, 40K, and 214Bi) is estimated to be 2.1%. It is evaluated by
repeating the analysis with different assumptions on the position and distribution of the sources
and with artificial variations (e.g. via a scaling factor) of the ratio between the full-energy peaks
and the Compton continua.

The primary spectrum of the 2νββ decay which is fed into the Monte Carlo simulation
is generated by the code DECAY0. DECAY0 implements the algorithm described in [3], which is
based on [27, 28]. The 2νββ decay distributions of [3] are in principle more precise than those
based on the Primakoff–Rosen approximation [29]. They have been cross-checked against the
high-statistics data of the NEMO experiment for several nuclei: 82Se, 96Zn and 150Nd [30]. The
2νββ spectrum derived by the Primakoff–Rosen approximation was used in earlier works
with 76Ge, like [31]. When the present analysis is re-run by using the formula of [31], the T 2ν

1/2
result is stable within 1%.

The uncertainty related to the MAGE Monte Carlo simulation arises from two sources: (1)
the implementation of the experimental geometry into the code (dimensions, displacements,
materials); and (2) the interaction of radiation with matter (cross sections, final state

9

T 2⌫
1/2 =

�
1.84+0.09

�0.08

�
⇥ 1021 yr
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GERDA Calibration

• Determine energy resolution and stability in time
• Energy resolution: ~ 4.5 - 5.1 keV (FWHM) at 2.6 MeV
• Mean energy resolution at Q=2039 keV: 4.8 keV and 3.2 keV for coaxial and BEGe (FWHM)
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Calibration stability

• Mean energy resolution at Q=2039 keV: 4.8 keV and 3.2 keV for coaxial and BEGe (FWHM)Nov/11 Jan/12 Mar/12 May/12 Jul/12 Aug/12 Oct/12 Dec/12 Mar/13 May/13
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Backgrounds
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d
i
P
ad

ova,
P
ad

ova,
Italy

1
6IN

F
N

P
ad

ova,
P
ad

ova,
Italy

1
7P

h
y
sikalisch

es
In
stitu

t,
E
b
erh

ard
K
arls

U
n
iversität

T
ü
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Fig. 5 Spectra taken with all the enriched coaxial (top) and BEGe (middle) and non-enriched (bottom) detectors. The
blinding window of Q��±20 keV is indicated as green line. The bars in the color of the histogram represent the 200 keV region
from which the BI of the dataset is determined.

tive detectors. The exposure E76 accounts for the active
volume fraction f

av

and the enrichment fraction f76, i.e.

E76 =
X

i

M
i

t
i

f
av,i

f76,i . (1)

For the evaluation of T 0⌫
1/2, the acceptance of PSD cuts,

"
psd

, the e�ciencies "
res

to find the 0⌫�� within the
analysis window �E and the detection e�ciency of the

Table 3 Energy resolutions (FWHM) in keV of the enriched
detectors at Q�� . For definition of the data sets see sec. 3.2.

detector FWHM [keV] detector FWHM [keV]

SUM-coax SUM-bege

ANG 2 5.8 (3) GD32B 2.6 (1)
ANG 3 4.5 (1) GD32C 2.6 (1)
ANG 4 4.9 (3) GD32D 3.7 (5)
ANG 5 4.2 (1) GD35B 4.0 (1)
RG 1 4.5 (3)
RG 2 4.9 (3)

mean coax 4.8 (2) mean BEGe 3.2 (2)

0⌫�� decay "
fep

are needed. The energy of 0⌫�� events
is assumed to be Gaussian distributed with a mean
equal to the Q

��

value. An exposure averaged e�ciency
is defined as

h"i =
P

i

f
av,i

f76,iMi

t
i

"
fep,i

E . (2)

With N
A

, the Avogadro number, m76 the molar mass
of 76Ge and Nthe number of observed counts the half
life reads

T 0⌫
1/2 =

ln 2 ·N
A

m76

E
N

h"i "
psd

"
res

. (3)

Note, that "
res

and "
psd

are equal to unity in this anal-
ysis.

3 Background spectra and data sets

The main relevance of 0⌫�� experiments is the possible
presence of a peak at Q

��

. All other parts of the energy
spectrum can be considered as background. As detec-
tors have their own history and experienced di↵erent

• main sources considered in 
the background model
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Table 5 Summary of simulated background components for the coaxial detectors. For the p+ dead layers ddlp+ the thicknesses

of 100, 200, 300, ..., 1000 nm were simulated. The 226Ra chain comprises the isotopes 226Ra, 222Rn, 218Po, and 214Po; the
222Rn chain comprises the isotopes 222Rn, 218Po, and 214Po.

source location simulation events simulated

210Po p+ surface single det., ddlp+ 109
226Ra chain p+ surface single det., ddlp+ 109
222Rn chain LAr in bore hole single det., ddlp+ 109

214Bi and n+ surface single det. 108
214Pb mini-shroud array 109

detector assembly array 108

p+ surface single det. 106

radon shroud array 109

LAr close to p+ surface single det. 106

208Tl and detector assembly array 108
212Bi radon shroud array 109

heat exchanger array 1010

228Ac detector assembly array 108

radon shroud array 109

42K homogeneous in LAr array 109

n+ surface single det. 108

p+ surface single det. 106

60Co detectors array 2.2·107
detector assembly array 107

2⌫�� detectors array 2.2·107

40K detector assembly array 108

226Ra, 222Rn and 218Po on p+ detectors surfaces, re-
spectively. Screening measurements indicate the pres-
ence of 226Ra in the vicinity of the detectors on the
mini-shroud and of 222Rn in LAr. Thus, decays from
222Rn and its daughters are also expected in LAr (see
Table 2).

Due to the short range of ↵ particles in germanium
and LAr of the order of tens of µm, only decays oc-
curing on or in the close vicinity (few µm) of the p+

surface (assumed dead layer thickness roughly 300 nm)
can contribute to the measured energy spectrum as the
n+ dead layer thickness is roughly 1 mm. Additionally,
↵ decays occuring on the groove of the detector (see
Fig. 3) may deposit energy in the active volume. For
this part of the surface, however, no information on the
actual dead layer thickness is available. The energy de-
posited in the active volume of the detector by surface
or close to surface ↵ particles is very sensitive to the
thickness of the dead layer and on the distance of the
decaying nucleus from the detector surface.

All ↵ decays in the 226Ra to 210Pb sub-decay chain
and the 210Po decay have been simulated on the p+ de-

tector surface separately. Additionally, the decays in the
chain following the 226Ra decay were simulated assum-
ing a homogeneous distribution in a volume extending
up to 1 mm from the p+ surface in LAr.

The resulting spectral shapes for 210Po on the p+

detector surface and for 222Rn in liquid argon are dis-
played in Fig. 7. The individual decays on the p+ sur-
face result in a peak like structure with its maximum at
slightly lower energies than the corresponding ↵ decay
energy with a quasi exponential tail towards lower en-
ergy. The decays occuring in LAr close to the p+ surface
result in a broad spectrum without any peak like struc-
ture extending to lower energies. ↵ decays of the other
isotopes result in similar spectral shapes with di↵erent
maximum energies.

4.2 214Bi and 214Pb

The screening measurements give indication that the
226Ra daughters 214Bi and 214Pb are present in the
vicinity of the detector array. Additionally, these iso-
topes are also expected on the detector p+ surface and

Q�� ± 20 keV



Laura Baudis, University of Zurich          Invisibles 2013, Lumley Castle, Durham

Three data sets

• The BEGe set; the coaxial data, which is split into gold and silver
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Table 4 Data sets, the detectors considered therein and their exposures E are listed for the data used for this analysis and
the upcoming 0⌫�� analysis. E is calculated from the total detector mass.

data set detectors exposure E
this analysis 0⌫�� analysis

kg·yr
SUM-coax all enriched coaxial 16.70 19.20
GOLD-coax all enriched coaxial 15.40 17.90
SILVER-coax all enriched coaxial 1.30 1.30
GOLD-nat GTF 112 3.13 3.98
GOLD-hdm ANG 2, ANG 3, ANG 4, ANG 5 10.90 12.98
GOLD-igex RG 1, RG 2 4.50 4.93
SUM-bege GD32B, GD32C, GD32D, GD35B 1.80 2.40

Background components that were identified in the
energy spectra (see sec. 3.1) or that were known to be
present in the vicinity of the detectors (see Table 2)
were simulated using the MaGe code [20] based on
Geant4 [21]. The expected BIs due to the neutron and
muon fluxes at the LNGS underground laboratory have
been estimated to be of the order 10�5 cts/(keV·kg·yr) [22]
and 10�4 cts/(keV·kg·yr) [13] in earlier work. These
contributions were not considered in this analysis. Also
other potential background sources for which no direct
evidence could be found were not taken into considera-
tion.

It should be mentioned that some isotopes can cause
peaks at or close to the Q

��

value of 76Ge. All known
decays that lead to � emission with ⇠2040 keV either
have very short half lives or have significant other struc-
tures (peaks) that are not observed in the Gerda spec-
tra. Three candidates are 76Ge [22], which can undergo
neutron capture, 206Pb [23], which has a transition that
can be excited by inelastic neutron scattering and 56Co
that decays with a half life of 77 days. None of the
strong prompt � lines at 470, 861, 4008 and 4192 keV
from neutron capture on 76Ge could be identified. In
case of inelastic neutron scattering o↵ 206Pb, peaks
would be expected to appear at 898, 1705 and 3062 keV.
These are not observed. In case of a 56Co contamination
peaks would be expected at 1771, 2598 and 3253 keV,
none of which is observed. Hence, these sources are not
considered in the following for the simulation of the
background components.

The Gerda Phase I detectors and their arrange-
ment into the germanium detector array with four de-
tector strings (‘array’ in Table 5) were implemented
into the MaGe code. Simulations of contaminations
in the following hardware components were performed
(see Fig. 2 and Ref. [2]): inside the germanium, on the
p+ and n+ surfaces of the detectors, in the liquid argon
close to the p+ surface, homogeneously distributed in
the LAr, in the detector assembly, in the mini shroud,
in the radon shroud and in the heat exchanger. Various

dead layer (DL) thicknesses were considered. The n+

dead layer thicknesses d
dl

(n+) of the detectors were im-
plemented according to the values reported in Table 1.
Spectra resulting from contaminations on e↵ective of
p+ dead layer thicknesses d

dl

(p+) of 300, 400, 500 and
600 nm were simulated.

Most of the identified sources for contaminations
were simulated. However, � induced energy spectra from
sources with similar distances to the detectors have sim-
ilar shapes that can not be disentangled with the avail-
able exposure. Representatively for � contaminations in
the close vicinity of the detectors (up to 2 cm from a de-
tector) events in the detector assembly were simulated.
Spectra due to contaminations at medium distances
(between 2 and 50 cm), such as the front end electronics
or the cable suspension system are represented by sim-
ulations of events on the radon shroud, while spectra
resulting from distant sources (further than 50 cm) are
represented by simulation of contaminations in the heat
exchanger (see Fig. 2). The contributions of the cryo-
stat and water tank components to the BI have not been
considered in this analysis. It has been shown in earlier
work that they contribute to the Gerda background
index with <10�4 cts/(keV·kg·yr)[12].

The simulated energy spectra were smeared with a
Gaussian distribution with an energy dependent FWHM
width corresponding to the detector resolution. The
spectra for this analysis resulting from di↵erent con-
taminations in di↵erent locations of the experiment are
summarized in Table 5.

4.1 ↵ events from 226Ra, 222Rn and 210Po
contaminations

Strong contributions from 210Po can be observed in the
energy spectra shown in Fig. 5 . No other ↵ peaks with
similar intensity can be identified. However, there are
hints for other peak like structures at 4.7 MeV, 5.4 MeV
and 5.9 MeV. These can be attributed to the decays of

8

surroundings their energy spectra might vary. Further-
more, the experimental conditions might change due to
changes of the experimental setup. Thus, a proper selec-
tion and grouping of the data can optimize the result.
This selection is performed on the “background data”
and will be applied also to the “0⌫�� data”.

3.1 Background spectra

Fig. 5 compares the energy spectra in the range from
100 keV to 7.5 MeV obtained from the three detector
types: (i) the enriched coaxial detectors (top), (ii) the
enriched BEGe detectors (middle) and (iii) the coax-
ial low background detector GTF 112 (bottom) with
natural isotopic abundance.

Some prominent features can be identified. The low
energy part up to 565 keV is dominated by the �-decay
of cosmogenic 39Ar in all spectra with di↵erences in
shape between the coaxial and BEGe type detectors
resulting from slight di↵erences of geometry and of the
n+ dead layer thickness.Between 600 and 1500 keV the
spectra of the enriched detectors exhibit an enhanced
continuous spectrum due to 2⌫�� decay [18]. In all
spectra, � lines from the decays of 40K and 42K can be
identified, the spectra of the enriched coaxial detectors
contain also lines from 60Co, 208Tl, 214Bi, 214Pb and
228Ac. A peak-like structure appears around 5.3 MeV
in the spectrum of the enriched coaxial detectors. This
can be attributed to the decay of 210Po on the detector
p+ surfaces. Further peak like structures at energies of
4.7 MeV, 5.4 MeV and 5.9 MeV can be attributed to
the ↵ decays on the detector p+ surface of 226Ra, 222Rn
and 218Po, respectively. These events are discussed in
more detail below.

The observed background rate of the coaxial en-
riched detectors in the energy region between 1550 and
3000 keV in 15 calender day intervals is displayed in
Fig. 6. The data are corrected for live time. Apart from
the time period directly after the deployment of the

date    
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Fig. 6 Time distribution of background rate of the en-
riched coaxial detectors in the energy range between 1550
and 3000 keV in 15 day intervals. An increase of the BI after
BEGe deployment in July 2012 is clearly visible.

BEGe detectors to the Gerda cryostat in July 2012,
the rate in this energy region was stable within uncer-
tainties over the whole time period.

3.2 Data sets

For further analysis of the background contributions
the data are divided into di↵erent subsets based on the
observed BI near Q

��

. In the energy region between 600
and 1500 keV, the spectrum of the enriched detectors is
dominated by 2⌫�� decay. Thus, characteristic � lines
expected from known background contributions might
be visible only with the natural GTF 112 detector.

Data taken with enriched coaxial detectors in runs
that were not a↵ected by the experimental performance
such as drift in gain stability, deterioration of energy
resolution etc. are contained in the SUM-coax data set.
The energy spectrum of this data set is shown in Fig. 5,
top. It has an overall exposure of 16.70 kg·yr (see also
Table 4). The higher BI observed after the deployment
of the BEGe detectors dropped to the previous level
after approximately 30 days as shown in Fig. 6. Hence,
the coaxial data are split: the SILVER-coax data set
contains data taken during the 30 days after the BEGe
detector deployment. The GOLD-coax data set contains
the rest of the data. The detectors from the HdM and
Igex experiments have di↵erent production, process-
ing and cosmic ray exposure history. A di↵erent back-
ground composition could be expected, despite their
common surface reprocessing before insertion into the
Gerda experiment. Indeed, 210Po ↵-contaminations are
most prominent on detectors from theHdM experiment
(see Table 6). The GOLD-coax data set is therefore di-
vided into two subsets GOLD-hdm and GOLD-igex to
verify the background model on the two subsets individ-
ually. The SUM-bege data set contains the data taken
with four out of the five Phase II BEGe detectors. The
GOLD-nat data set contains data taken with the low-
background detector GTF 112 of natural isotopic com-
position.

The data sets used in this analysis, the detectors
selected and the exposures E of the data used in this
analysis and seperatley for the upcoming 0⌫�� analysis
are listed in Table 4.

4 Background sources and their simulation

The largest fraction of theGerda Phase I exposure was
taken with the coaxial detectors from the HdM and
Igex experiments. Thus, the background model was
developed for these detectors first. Some preliminary
results were presented in Ref. [19].

background rate in the coaxial 
76Ge detectors versus time

grey band = silver-coax
rest = gold-coax

detailed exposures for all 
three data sets
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Fig. 12 Background decomposition according to the best fit minimum model of the GOLD-coax data set. The lower panel
in the plots shows the ratio between the data and the prediction of the best fit model together with the smallest intervals of
68% (green band), 95% (yellow band) and 99.9% (red band) probability for the ratio assuming the best fit parameters.
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Fig. 13 Same as in Fig. 12 for the GOLD-nat data set.

exchanger and the detector assembly with 214Bi, 228Th
and 228Ac. This explains the di↵erences of the derived
activities in the two models. The main di↵erence be-
tween minimum and maximum models is the number
of events on the p+ surface of the detectors.

A fit of the background model has also been made
to the SILVER-coax data set. Its overall spectral shape
can only be described su�ciently well, if either an ad-
ditional 42K contamination of the p+ surface and/or an
additional 214Bi contamination of the LAr is assumed.
Both additional contaminations seem plausible after a
modification of the experimental surrounding like the
insertion of BEGe detectors to the cryostat.

6 Background model for BEGe detectors

An equivalent procedure as for the coaxial detectors
was used to model the energy spectrum observed for
the SUM bege data set. Since the exposure collected
with the BEGe detectors is much smaller than for the
coaxial data set, only a qualitative analysis is possible
for this data set. The lower mass of the BEGe detectors

with respect to the coaxial detectors reduces the detec-
tion e�ciency for the full energy peaks. Hence, fewer
� lines are positively identified in the BEGe spectrum.
This makes it even more di�cult to establish and to
constrain possible background components.

The contributions to the BEGe background model
were simulated using an implementation of the Gerda
Phase I detector array containing the three coaxial de-
tector strings and an additional string with the five
BEGe detectors. The n+ dead layer thicknesses used
in the Monte Carlo are listed in Table 1. The e↵ective
p+ dead layer thickness was set to 600 nm.

The minimum model contributions were considered.
Additionally, two contributions were added to the BEGe
model: 68Ge decays in germanium and 42K decays on
the n+ surface. A contribution from 68Ge is expected
due to cosmogenic activation at the surface, analogously
to 60Co in germanium. Due to the rather small half life
of 271 d the 68Ge contribution can be neglected for the
coaxial detectors, which have been stored underground
for several years. For the newly produced BEGe detec-
tors, however, these decays and the subsequent decay
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Table 7 Activities of the individual contaminations of di↵erent hardware components derived from the global models of dif-
ferent data sets. The location of the sources is also indicated. The numbers are according to the best fit model. The uncertainty
interval (upper/lower limit) obtained as the smallest 68% interval (90%/10% quantile) of the marginalized distributions of the
parameters are given as well. Also the activities as derived from the coincident spectra (see sec. 7) are shown.

source location GOLD-coax GOLD-nat GOLD-coax
units minimum maximum minimum coincident

40K c) det. assembly µBq/det. 152[136,174] 151[136,174] 218[188,259] 252[164,340]
42K c) LAr µBq/kg 106[103,111] 91[72,99] 98.3[92,108] 168[150,186]
42K c) p+ surface µBq 11.6[3.1,18,3]
42K c) n+ surface µBq 4.1[1,2,8.5]

60Co c) det. assembly µBq/det. 4.9[3.1,7.3] 3.2[1.6,5.6] 2.6[0,6.0] 5.0[2.5,7.5] ?)
60Co c) germanium µBq >0.4 †) >0.2 †) 6[3.0,8.4]
214Bi c) det. assembly µBq/det. 35[31,39] 15[3.7,21.1] 34.1[27.3,42.1] 40[28,52]
214Bi c) LAr close to p+ µBq/kg <299.5

214Bi m) radon shroud mBq <49.9
214Bi c) p+ surface µBq 2.9[2.3,3.9] †) 3.0[2.1,4.0] †) 1.6[1.2,2.1] †)
228Th c) det. assembly µBq/det. 15.1[12.7,18.3] 5.5[1.8,8.8] 15.7[10.0,25.0] 9.4[7.9,10.9]
228Ac c) det. assembly µBq/det. 17.8[10.0,26.8] <15.7 25.9[16.7,36.7] 33[18,48]

228Th m) radon shroud mBq <10.1
228Ac m) radon shroud mBq 91.5[27,97]
228Th f ) heat exchanger Bq <4.1

source distance: c) close (< 2 cm); m) medium (2-50 cm); f ) far (> 50 cm)
†) prior: discussed in the text
?) single: Obtained from coincident spectrum with histogram entries for each detector event separately.
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Fig. 14 Same as in Fig. 12 for the SUM-bege data set.

of 68Ga have to be taken into account. The contribu-
tion from 42K decays on the n+ surface, on the other
hand, is enhanced with respect to the coaxial detectors
due to the thinner dead layer and has to be taken into
account for the model. The n+ surface dead layer is
found to be partially active [30], which in particular af-
fects the detection e�ciency for surface � interactions.
Thus, the Monte Carlo simulation used for 42K on n+

surface included an approximation of this e↵ect.

The contributions of 60Co and 68Ge to the model
are limited to 0.05 cts/day and 0.32 cts/day, respec-
tively. The upper values for these cosmogenically pro-
duced isotopes are derived from an assumed activation
rate for these isotopes according to Ref. [24] and the
known histories of exposure to cosmic rays of the indi-
vidual detectors.

The procedure to obtain the best fit was equivalent
to the model definition of the coaxial detectors. The
best fit model for BEGe detectors is shown in Fig. 14.
Around Q

��

the largest contribution arise from 42K on
the n+ surfaces (see last column of Table 10).

The presented BEGe background model is consis-
tent with a background decomposition obtained by pulse
shape discrimination of the data.

7 Cross checks of the background model

The background model developed has some predictive
power that can be checked with the available data. This
section describes cross checks performed on the back-
ground model.

Sum-BEGe
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Background in the ROI for the double beta decay
• Consistent with a flat background in the energy region: 1930 keV - 2190 keV23
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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

The background level interpolated into 
the region of interest, before PSD, is:

Coaxial:

BEGe

�
1.75+0.26

�0.24

�
· 10�2 events/(keV kg yr)

�
3.6+1.3

�1.0

�
· 10�2 events/(keV kg yr)

Linear fit with flat background in 
1930 keV - 2190 keV, excluding 
peaks at 2104 keV and 2119 keV

min model

max model
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Pulse shape discrimination
• BEGes: simple A/E-parameter cut (A= max of current pulse; E = energy)

➡ rejects 80% of background events
➡ keeps 92% of signal-like events

• Coaxial Ge: neural network analysis (cross-checked by two additional methods)
➡ rejects 45% of background events
➡ keeps 90% of signal-like events

• Tested on events in double-escape peak (DEP), Compton-edge, 2nbb spectrum (all signal-
like), and full energy peak (background-like)
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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

8

Table 2 Removed fractions by the low A/E cut and high A/E cut and total surviving fractions applying both cuts in several
energy regions in physics data and 228Th calibration data (combined data sets of all detectors). In the physics data set, the
1839 keV - 2239 keV region excludes the blinded 8 keV window around Q

��

. Peak regions have the underlying Compton
continuum subtracted. Uncertainties are statistical only.

region low A/E cut high A/E cut surviving fraction
A/E < 0.965 A/E > 1.07 0.965 < A/E < 1.07

228Th calibration

DEP 1592.5 keV 0.054± 0.003 0.015± 0.001 0.931± 0.003
FEP 1620.7 keV 0.771± 0.008 0.009± 0.002 0.220± 0.008
SEP 2103.5 keV 0.825± 0.005 0.011± 0.001 0.165± 0.005

physics data

FEP 1524.7 keV 0.69± 0.05 0.027± 0.015 0.29± 0.05
1000 - 1450 keV 0.230± 0.011 0.022± 0.004 0.748± 0.011
1839 - 2239 keV 30/40 3/40 7/40
> 4 MeV (↵ at p+) 1/35 33/35 1/35

cluding an 8 keV blinding window) are kept and hence
the background for BEGe detectors is reduced from
(0.042 ± 0.007) to (0.007+0.004

�0.002

) cts/(keV·kg·yr). In the
smaller 230 keV region three out of 23 events remain.
Table 2 shows the surviving fractions for several in-
teresting energy regions in the physics data and 228Th
calibration data. The suppression of the 42K � line at
1525 keV in physics data is consistent with the one of
the 212Bi line at 1621 keV. The rejection of ↵ events at
the p+ electrode is consistent with measurements with
an ↵ source in a dedicated setup [17].

The energy spectrum of the physics data can be used
to identify the background components at Q

��

as de-
scribed in Ref. [1]. About half of the events are from 42K
decays on the n+ electrode surface which are rejected
by the low sideA/E cut with large e�ciency [19]. About
one third of the background at Q

��

is due to 214Bi
and 208Tl. Their survival probability can be determined
from the calibration data (52% for 208Tl) or extrap-
olated from previous studies [21,22] (36% for 214Bi).
The remaining backgrounds e.g. from 68Ga inside the
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Fig. 11 Energy spectrum of the combined BEGe data set:
grey (blue) before (after) the PSD cut. The inset shows a
zoom at the region Q

��

± 200 keV with the 8 keV blinded
region in green.

detectors and from the p+ surface are suppressed ef-
ficiently [15,17]. The rejection of 80% of the physics
events at Q

��

is hence consistent with expectation.
In Fig. 12, the A/E distribution of physics data in

the Q
��

± 200 keV region is compared with the distri-
butions from di↵erent background sources. The peak at
0.94 can be attributed to n+ surface events. The A/E

distribution of the other events is compatible within
statistical uncertainty with the ones expected from the
di↵erent background sources.

3.3 Evaluation of 0⌫�� cut survival fraction for BEGes

The PSD survival fraction of DEP events can vary from
the one for 0⌫�� events because of the di↵erence of
the event locations in a detector (see Sect. 2.3) and
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Fig. 12 A/E histogram of the physics data within 200 keV
of Q

��

(red) compared to Compton continuum events (green
dot-dot-dashed) and 1621 keV FEP events (black) from cal-
ibration data. Also shown are simulations of 42K decays at
the n+ electrode surface (blue dashed) and 60Co (black dot-
dashed) [15]. The scalings of the histograms are arbitrary.
Three physics data events have large A/E values (p+ elec-
trode events) and are out of scale. The accepted interval is
shown in grey.

BEGe, background spectrum Coaxial, 228Th calib spectrum
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Pulse shape discrimination for Gerda Phase I data
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After unblinding

• Observed and predicted number of 
background events in the energy region 
Qßß ± 5 keV

4

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 keV272

before the PSD, to be compared to 5.1 ± 0.5 expected273

background counts. No excess of events beyond the ex-274

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

shape analysis. Of the six events from the semi-coaxial277

detectors, three are classified as SSE by ANN, consis-278

tently with the expectation. Five of the six events have279

the same classification by at least one other PSD method.280

The event in the BEGe data set is rejected by the A/E281

cut. No events remain within Q�� ± �E after PSD. All282

results quoted in the following are obtained with PSD.283

To derive the signal strength N0⌫ and a frequentist284

coverage interval, a profile likelihood fit of the three data285

sets is performed. The fitted function consists of a con-286

stant term for the background and a Gaussian peak for287

the signal with mean at Q�� and standard deviation �E288

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

and 1/T 0⌫
1/2, which relates to the peak integral by Eq. 1.291

The likelihood ratio is only evaluated for the physically292

allowed region T 0⌫
1/2 > 0. It was verified that the method293

has always su�cient coverage. The systematic uncertain-294

ties due to the detector parameters, selection e�ciency,295

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

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 de-
tectors 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 spectrum
zoomed to Q�� is superimposed with the expectations (with
the 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, T 0⌫
1/2 = 2.1 · 1025 yr (blue solid).

count. The best fit value is N0⌫ = 0, namely no excess298

of signal events above the background. The limit on the299

half-life is300

T 0⌫
1/2 > 2.1 · 1025 yr (90% C.L.) (3)301

including the systematic uncertainty. The limit on the302

half-life corresponds to N0⌫ < 3.5 counts. The system-303

atic uncertainties weaken the limit by about 1.5%. Given304

the background levels and the e�ciencies of Table I, the305

median sensitivity for the 90%C.L. limit is 2.4 · 1025 yr.306

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

taken for 1/T 0⌫
1/2 between 0 and 10�24 yr�1. The toolkit309

BAT [25] is used to perform the combined analysis on310

the data sets and to extract the posterior distribution311

for T 0⌫
1/2 after marginalization over all nuisance parame-312

ters. The best fit is again N0⌫ = 0 and the 90% credible313

interval is T 0⌫
1/2 > 1.9 · 1025 yr (with folded systematic314

uncertainties). The corresponding median sensitivity is315

T 0⌫
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

The Gerda data show no indication of a peak at Q�� ,318

i.e. the claim for the observation of 0⌫�� decay in 76Ge319

is not supported. Taking T 0⌫
1/2 from Ref. [11], 5.9 ± 1.4320

decays are expected (see note [26]) in �E = ±2�E and321

2.0±0.3 background events after the PSD cuts, as shown322

in Fig. 1. This can be compared with three events de-323

tected, none of them within Q�� ± �E . The model (H1),324

“Claim”, PLB586 (2004)

GERDA lower limit from PL fit of the 3 data sets,
with constant term for background (3 parameters 
for the 3 data sets) and Gaussian term for signal: 
best fit is Nsignal = 0

T 0⌫
1/2 > 2.1⇥ 1025 yr (90%C.L.)

Observed Predicted  
background

No PSD 7 5.1

PSD 3 2.5

• 5.9 ± 1.4 events are expected for 
“claim”, and 2.0±0.3 signal events

Claim of evidence for 0νbb-decay:
signal: 28.8 ± 6.9 events
BG level: 0.11 counts/(keV kg yr)
HVKK et al., PLB 586 (2004) 198-212- the limit on the half life corresponds to Nsignal < 3.5 counts

T 0⌫
1/2 = 1.19⇥ 1025 yr
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After unblinding

4

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 keV272

before the PSD, to be compared to 5.1 ± 0.5 expected273

background counts. No excess of events beyond the ex-274

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

shape analysis. Of the six events from the semi-coaxial277

detectors, three are classified as SSE by ANN, consis-278

tently with the expectation. Five of the six events have279

the same classification by at least one other PSD method.280

The event in the BEGe data set is rejected by the A/E281

cut. No events remain within Q�� ± �E after PSD. All282

results quoted in the following are obtained with PSD.283

To derive the signal strength N0⌫ and a frequentist284

coverage interval, a profile likelihood fit of the three data285

sets is performed. The fitted function consists of a con-286

stant term for the background and a Gaussian peak for287

the signal with mean at Q�� and standard deviation �E288

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

and 1/T 0⌫
1/2, which relates to the peak integral by Eq. 1.291

The likelihood ratio is only evaluated for the physically292

allowed region T 0⌫
1/2 > 0. It was verified that the method293

has always su�cient coverage. The systematic uncertain-294

ties due to the detector parameters, selection e�ciency,295

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

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 de-
tectors 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 spectrum
zoomed to Q�� is superimposed with the expectations (with
the 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, T 0⌫
1/2 = 2.1 · 1025 yr (blue solid).

count. The best fit value is N0⌫ = 0, namely no excess298

of signal events above the background. The limit on the299

half-life is300

T 0⌫
1/2 > 2.1 · 1025 yr (90% C.L.) (3)301

including the systematic uncertainty. The limit on the302

half-life corresponds to N0⌫ < 3.5 counts. The system-303

atic uncertainties weaken the limit by about 1.5%. Given304

the background levels and the e�ciencies of Table I, the305

median sensitivity for the 90%C.L. limit is 2.4 · 1025 yr.306

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

taken for 1/T 0⌫
1/2 between 0 and 10�24 yr�1. The toolkit309

BAT [25] is used to perform the combined analysis on310

the data sets and to extract the posterior distribution311

for T 0⌫
1/2 after marginalization over all nuisance parame-312

ters. The best fit is again N0⌫ = 0 and the 90% credible313

interval is T 0⌫
1/2 > 1.9 · 1025 yr (with folded systematic314

uncertainties). The corresponding median sensitivity is315

T 0⌫
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

The Gerda data show no indication of a peak at Q�� ,318

i.e. the claim for the observation of 0⌫�� decay in 76Ge319

is not supported. Taking T 0⌫
1/2 from Ref. [11], 5.9 ± 1.4320

decays are expected (see note [26]) in �E = ±2�E and321

2.0±0.3 background events after the PSD cuts, as shown322

in Fig. 1. This can be compared with three events de-323

tected, none of them within Q�� ± �E . The model (H1),324

4

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 keV272

before the PSD, to be compared to 5.1 ± 0.5 expected273

background counts. No excess of events beyond the ex-274

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

shape analysis. Of the six events from the semi-coaxial277

detectors, three are classified as SSE by ANN, consis-278

tently with the expectation. Five of the six events have279

the same classification by at least one other PSD method.280

The event in the BEGe data set is rejected by the A/E281

cut. No events remain within Q�� ± �E after PSD. All282

results quoted in the following are obtained with PSD.283

To derive the signal strength N0⌫ and a frequentist284

coverage interval, a profile likelihood fit of the three data285

sets is performed. The fitted function consists of a con-286

stant term for the background and a Gaussian peak for287

the signal with mean at Q�� and standard deviation �E288

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

and 1/T 0⌫
1/2, which relates to the peak integral by Eq. 1.291

The likelihood ratio is only evaluated for the physically292

allowed region T 0⌫
1/2 > 0. It was verified that the method293

has always su�cient coverage. The systematic uncertain-294

ties due to the detector parameters, selection e�ciency,295

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

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 de-
tectors 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 spectrum
zoomed to Q�� is superimposed with the expectations (with
the 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, T 0⌫
1/2 = 2.1 · 1025 yr (blue solid).

count. The best fit value is N0⌫ = 0, namely no excess298

of signal events above the background. The limit on the299

half-life is300

T 0⌫
1/2 > 2.1 · 1025 yr (90% C.L.) (3)301

including the systematic uncertainty. The limit on the302

half-life corresponds to N0⌫ < 3.5 counts. The system-303

atic uncertainties weaken the limit by about 1.5%. Given304

the background levels and the e�ciencies of Table I, the305

median sensitivity for the 90%C.L. limit is 2.4 · 1025 yr.306

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

taken for 1/T 0⌫
1/2 between 0 and 10�24 yr�1. The toolkit309

BAT [25] is used to perform the combined analysis on310

the data sets and to extract the posterior distribution311

for T 0⌫
1/2 after marginalization over all nuisance parame-312

ters. The best fit is again N0⌫ = 0 and the 90% credible313

interval is T 0⌫
1/2 > 1.9 · 1025 yr (with folded systematic314

uncertainties). The corresponding median sensitivity is315

T 0⌫
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

The Gerda data show no indication of a peak at Q�� ,318

i.e. the claim for the observation of 0⌫�� decay in 76Ge319

is not supported. Taking T 0⌫
1/2 from Ref. [11], 5.9 ± 1.4320

decays are expected (see note [26]) in �E = ±2�E and321

2.0±0.3 background events after the PSD cuts, as shown322

in Fig. 1. This can be compared with three events de-323

tected, none of them within Q�� ± �E . The model (H1),324

Bayesian analysis with flat prior on 1/T1/2: T 0⌫
1/2 > 1.9⇥ 1025 yr (90% credible interval)

4

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, consis-
tently 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-

Bayes factor = P(H1)/P(H0) = 0.024 disfavors signal claim
H(1): model that includes background + claimed signal; H(0): model with background only
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Combination with previous 76Ge results 
(from HdM and IGEX)

T 0⌫
1/2 > 3⇥ 1025 yr (90%C.L.)
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]-1 yr-25 [10-1
1/2T

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

)λ
-lo

g(

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

GERDA
IGEX
HdM

Ge76All 

 y
r

25
 1

0
×

 >
 3

.0
 

1/
2

T

Ge data76Profile Likelihood - All 

Combined&analysis&with&HdM&and&IGEX&experiments&

HdM:&Eur.&Phys.&J.&A&12,&147&(2001)&
IGEX:&Phys.&Rev.&D&65,&092007&(2002),&
Phys.&Rev.&D&70&078302&(2004)&

IdenEcal&limits&with&&
FrequenEsts&&&Bayesian&analysis&
&

•  Bayes&factor:&P(H1)/P(H0&)=2×10S4&strongly&disfavors&claim&
•  Comparison&is&independent&of&NME&and&physical&mechanism&which&generates&0νββ&&
&

Profile likelihood, all Ge data

Bayes factor = P(H1)/P(H0) = 2x10-4 strongly 
disfavors signal claim

H(1): model that includes background + claimed 
signal; H(0): model with background only

HdM: Eur. Phys. J A 12, 147 (2001)
IGEX: Phys. Rev. D 65, 092007 (2002)
and Phys. Rev. D 70, 078302 (2004)

Comparison is independent of nuclear matrix elements and mechanism which generates the 
neutrinoless double beta decay 
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Summary and outlook

• No indication for a peak at Q = 2039 keV in 
GERDA phase I data

• GERDA provides a model-independent test of 
the signal claim

• Combined with HdM and IGEX:

• This yields an upper limit on the effective 
Majorana neutrino mass in the range:

• GERDA phase II will start later in 2013

T 0⌫
1/2 > 3⇥ 1025 yr (90%C.L.)

m�� < 0.2� 0.4 eV

arXiv:1307.4720 [nucl-ex]

http://arxiv.org/abs/1307.4720
http://arxiv.org/abs/1307.4720
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One of the prototype detectors was mounted in a support
of the Phase I design to test the electrical and mechanical
performance. This confirmed the mounting procedure, the
mechanical stability, the signal and HV contact quality, and
the spectroscopic performance of this design. During this
test, the energy resolution was the same as was achieved pre-
viously when the same detector was mounted in a standard
vacuum cryostat, i.e. ∼2.2 keV full width at half maximum
(FWHM) at the 1332 keV spectral line of 60Co.

Figure 5 shows one of the Phase I detectors before and
after mounting in its custom made support structure. The
Phase I detectors were mounted in their final low-mass sup-
ports in 2008 and their performance parameters (leakage
current, counting efficiency, energy resolution) were mea-
sured in LAr as a function of bias voltage [56]. The detector
handling was performed in GDL entirely within an environ-
ment of N2 gas. The LC of the majority of the detectors was
at the same level as measured at the detector manufacturer
after reprocessing. The detectors ANG 1, ANG 3 and RG 3
showed high LCs even after successive thermal cycling and
required additional reprocessing to reach an acceptable per-
formance. Spectroscopic measurements were performed, as
described in Ref. [65], with the preamplifier mounted in a
gaseous Ar environment in the neck of the LAr cryostat.

Fig. 5 Left: A Phase I detector after reprocessing at Canberra, Olen.
The conductive lithium layer (n+ contact) and the boron implanted
bore hole (p+ contact) are separated by a groove. Right: The detector is
mounted upside down in a low-mass holder (groove no longer visible)

The energy resolutions of the Phase I detectors was between
2.5 and 5.1 keV (FWHM) for the 1332 keV spectral line of
60Co. An improvement of the energy resolution of the de-
tectors was observed after polishing the diode surface in the
location of the HV contact.

Since November 2011 all the enriched Phase I detectors
have been inserted into the GERDA cryostat.

3.3 Phase II detectors

In order to increase the active mass a new set of enriched
germanium detectors is currently in production for Phase II
of GERDA. A brief description of the activities is given here.

A batch of 37.5 kg of enrGe was procured by the Electro-
chemical Plant (ECP) in Zhelenogorsk, Russia [66] in 2005.
The isotopic content of the enriched germanium is given in
Table 2. The enrichment was performed by centrifugal sep-
aration of GeF4 gas, and the enrGe was delivered in the form
of 50 kg enrGeO2.

A major concern during all steps is the production of
long-lived radioisotopes via cosmogenic activation, in par-
ticular 68Ge and 60Co. Specially designed containers were
used to transport the material [51] by truck from Siberia to
Germany; the enrGeO2 was then kept in the HADES facility
in underground storage while not being processed.

A series of reduction and purification tests with depGe
was organized. A complete test of the production chain from
enrichment to the tests of working diodes was performed
within a year. Based on results on isotopic dilution and yield,
it was decided to further process the material at PPM Pure
metal GmbH [67]. The processing of the enrGeO2 took place
in spring 2010. The steps included a reduction of GeO2
to “metallic” Ge, with typical purity of 3N (99.9 % Ge)
and then zone refinement to 6N purity, corresponding to
≥99.9999 % chemical purity in Ge. After reduction 37.2 kg
of germanium metal remained. From this material, 36.7 kg
of germanium remained after zone refinement, 35.5 kg of
which satisfies the 6N requirement. The biggest loss of ma-
terial came from the etching of the reduced metal. The ma-

Table 2 The relative number of nuclei for the different isotopes is shown for the different detector batches. The isotopic composition of the
depleted material is the average of measurements by the collaboration and ECP; that for natural germanium is given for comparison

detector batch Ref. germanium isotope

70 72 73 74 76

natural [64] 0.204(2) 0.273(3) 0.078(1) 0.367(2) 0.078(1)

HDM–ANG 1 [73] 0.0031(2) 0.0046(19) 0.0025(8) 0.131(24) 0.859(29)

IGEX [63] 0.0044(1) 0.0060(1) 0.0016(1) 0.1329(1) 0.8551(10)

GERDA depleted 0.223(8) 0.300(4) 0.083(2) 0.388(6) 0.006(2)

GERDA Phase II ! [66] 0.0002(1) 0.0007(3) 0.0016(2) 0.124(4) 0.874(5)

MAJORANA [74] 0.00006 0.00011 0.0003 0.0865 0.914

!Numbers in brackets represent the range of measurements from ECP
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Table 1 Characteristics of the
Phase I enriched and natural
detectors. The isotopic
abundances for 76Ge, f76, of the
ANG-type detectors are taken
from Ref. [62]; those for
RG-type detectors are from
Ref. [63]; the natural
abundance [64] is taken for GTF
detectors. The numbers in
parentheses in the last column
give the 1σ -uncertainties (for
details see Table 2)

"Produced by Canberra, serial
nr. b 89002
†As different types of
measurements vary, an
uncertainty of 2 % is taken in
evaluations

detector
name

serial nr.
ORTEC

diam.
(mm)

length
(mm)

total
mass (g)

operat.
bias (V)

abundance
f76

ANG 1 " 58.5 68 958 3200 0.859 (13)

ANG 2 P40239A 80 107 2833 3500 0.866 (25)

ANG 3 P40270A 78 93 2391 3200 0.883 (26)

ANG 4 P40368A 75 100 2372 3200 0.863 (13)

ANG 5 P40496A 78.5 105 2746 1800 0.856 (13)

RG 1† 28005-S 77.5 84 2110 4600 0.8551 (10)

RG 2† 28006-S 77.5 84 2166 4500 0.8551 (10)

RG 3† 28007-S 79 81 2087 3300 0.8551 (10)

GTF 32 P41032A 89 71 2321 3500 0.078 (1)

GTF 42 P41042A 85 82.5 2467 3000 0.078 (1)

GTF 44 P41044A 84 84 2465 3500 0.078 (1)

GTF 45 P41045A 87 75 2312 4000 0.078 (1)

GTF 110 P41110A 84 105 3046 3000 0.078 (1)

GTF 112 P41112A 85 100 2965 3000 0.078 (1)

during reprocessing resulting in 17.7 kg enriched diodes for
Phase I. The active masses of the detectors were assessed at
typically ∼87 % by comparing γ -ray detection efficiencies
to Monte Carlo simulations of the diodes with dead layer
thicknesses varied [56]. This assessment will be refined with
in-situ GERDA data.

Cosmogenically produced isotopes 68Ge and 60Co can
lead to an internal contamination that represents a back-
ground in the region of interest. The detectors are always
stored at an underground facility to avoid exposure to cos-
mic rays. This applies also for the reprocessing steps, where
the detectors were stored underground at the HADES facil-
ity [61], located at a depth of about 500 m w.e. at a distance
of 15 km from the detector manufacturer. The total exposure
above ground was minimized to ∼5 days [56]. At the start
of Phase I in November 2011, the estimated BI contribution
from the cosmogenically produced 60Co is on average about
(1–2) · 10−3 cts/(keV kg yr). The bulk of the 60Co activity
comes from the production before the underground instal-
lation of the detectors for the HDM and IGEX experiments.
The contribution from 68Ge is negligible since it decayed
away.

The mounting scheme of the detectors has competing re-
quirements. It must have a low mass to minimize sources
of radiation near to the detectors. However, the construc-
tion must be sufficiently sturdy to provide safe suspension.
It must support the cables for detector bias and readout. Fur-
thermore, the diodes must remain electrically isolated from
all other materials. The chosen support design is depicted in
Fig. 4 where the contacting scheme is shown as well. In or-
der to reach the background goals of GERDA, the amount of
material is minimized. Only selected high radiopurity mate-
rials were used: copper (∼80 g), PTFE (∼10 g), and silicon

Fig. 4 Drawing of a Phase I detector assembly. The signal contact is
realized by a conical copper piece (“Chinese hat”) that is pushed by
a silicon spring onto the p+ contact (inset left top). High voltage is
applied to the n+ contact by a copper strip (not shown) pressed by a
copper disc which in turn is electrically insulated by a PTFE cylinder
(inset bottom left). The force to achieve good electrical contact is actu-
ated through a copper screw. Masses and dimensions of the assembly
are given for the RG3 detector

(∼1 g). The results of the γ ray spectroscopy measurements
(see Sect. 6), combined with Monte Carlo simulations give
an upper limit on the BI contribution from the detector sup-
port of ≤10−3 cts/(keV kg yr).



Two-neutrino double beta decay

• The 2nbb half life derived when using the full background model:
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Table 8 T 2⌫
1/2 values derived from di↵erent background

models. The uncertainties are those from the fit parameters
and do not include systematic uncertainties.

model E [kg·yr] T 2⌫
1/2·10

21yr

GOLD-coax minimum 15.40 1.92+0.02
�0.04

GOLD-coax maximum 15.40 1.92+0.04
�0.03

GOLD-nat minimum 3.13 1.74+0.48
�0.24

SUM-BEGe 1.80 1.96+0.13
�0.05

Analysis in Ref. [18] 5.04 1.84+0.09
�0.08 fit

+0.11
�0.10 syst

7.1 Half life derived for 2⌫�� decay

From the best fit models the resulting best fit half
life T 2⌫

1/2 for 2⌫�� decay can be extracted. The num-
ber of decays inside the full detector mass needed to
explain the best fit simulated 2⌫�� spectrum is derived
for each fit to the individual data sets. The half life T 2⌫

1/2
is then calculated equivalently to eq. 3 using the rela-
tion

T 2⌫
1/2 =

ln 2 ·N
A

m76

E
N

model

h"2⌫i, (9)

where N
model

is the best fit number of 2⌫�� decays for
the individual model. The e�ciency h"2⌫i depends on
the detection e�ciency of 2⌫�� decays in the fit range,
"
i

,

h"2⌫i =
P

i

f
av,i

f76,iMi

t
i

"
i

E . (10)

Table 8 gives the half lives extracted from the di↵er-
ent background models. All results are consistent with
the earlier Gerda 2⌫�� analysis [18] within the uncer-
tainties. Note, that a three times larger exposure was
available for this analysis as compared to the analysis
in Ref. [18] while systematic uncertainties are not con-
sidered.

7.2 Intensities of � lines

At energies below 600 keV the energy spectrum is dom-
inated by 39Ar with an activity of A=[1.01±0.02(stat)
±0.08(syst)] Bq/kg [31] homogeneously distributed in
LAr. This part of the spectrum has not been included
into the background fit to avoid uncertainties due to
the n+ dead layer thickness and the theoretical shape of
the beta decay spectrum. A strong � line at 352 keV is,
however, expected from decays of 214Bi in the vicinity
of the detectors. The intensity of this line will strongly

depend on the distance of the 214Bi contamination from
the detectors. Hence, this cross check can give a hint on
how realistic the assumed distribution of the 214Bi con-
tamination is. The minimum (maximum) model pre-
dicts 294±27 (258±27) events in the peak while a fit
of a Gaussian plus a linear background to the data
gives 262±48 events for the GOLD-coax data set. For
the GOLD-nat data set the minimum model prediction
of 70±11 is also consistent with the 77±19 observed
events. This cross check makes it possible to distinguish
between the locations of 214Bi contaminations if it is
assumed that the decays of 214Bi and 214Pb happen
at the same location. It excludes the results for 214Pb
contamination on the shroud as the best fit maximum
model for the GOLD-nat data set predicts. This model
predicts only 15.2±9.5 events. Fig. 15 shows the energy
spectrum of the GOLD-coax data set in the energy re-
gion between 310 and 440 keV. The Gaussian plus lin-
ear background fit to the data as well as the minimum
model prediction without the 39Ar contribution domi-
nating the spectrum in this energy region is also shown.
This cross check confirms the indication from the back-
ground model that close source are responsible for most
of the 214Bi background contribution.
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Fig. 15 Energy spectrum of the GOLD-coax data set (filled
histogram) and the minimum model prediction (red his-
togram). The data and the model spectrum are fitted with a
Gaussian plus linear background (dashed lines).

As the fit has been performed with a binning larger
than the energy resolution of the detectors, the infor-
mation from the line intensities is not maximized in
the fitting procedure. Hence, it is instructive to cross
check the line intensities obtained from fitting the peaks
with a Gaussian plus linear background in the di↵erent
data sets with the expectation from the models. Ta-
ble 9 compares the �-line intensities from the minimum
and maximum models to those obtained from a fine
binned analysis, i.e. a fit on data. Note, that for some
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Table 10 The total background index and individual contributions in 10 keV (8 keV for BEGes) energy window around
Q�� for di↵erent models and data sets. Given are the values due to the global mode together with the uncertainty intervals
[upper,lower limit] obtained as the smallest 68% interval (90%/10% quantile for limit setting) of the marginalized distributions.

GOLD-coax GOLD-nat SUM-bege
component location minimum model maximum model minimum model minimum + n+

BI 10�3 cts/(keV·kg·yr)

Total 18.5 [17.6,19.3] 21.9 [20.7,23.8] 29.6 [27.1,32.7] 38.1 [37.5,38.7]

42K LAr homogeneous 3.0 [2.9,3.1] 2.6 [2.0,2.8] 2.9 [2.7,3.2] 2.0 [1.8,2.3]
42K p+ surface 4.6 [1.2,7.4]
42K n+ surface 0.2 [0.1,0.4] 20.8 [6.8,23.7]
60Co det. assembly 1.4 [0.9,2.1] 0.9 [0.3,1.4] 1.1 [0.0,2.5] <4.7
60Co germanium 0.6 >0.1 †) 0.6 >0.1 †) 9.2 [4.5,12.9] 1.0 [0.3,1.0]
68Ge germanium 1.5 (<6.7)
214Bi det. assembly 5.2 [4.7,5.9] 2.2 [0.5,3.1] 4.9 [3.9,6.1] 5.1 [3.1,6.9]
214Bi LAr close to p+ 3.1 <4.7
214Bi p+ surface 1.4 [1.0,1.8] †) 1.3 [0.9,1.8] †) 3.7 [2.7,4.8] †) 0.7 [0.1,1.3] †)
214Bi radon shroud 0.7 <3.5
228Th det. assembly 4.5 [3.9,5.4] 1.6 [0.4,2.5] 4.0 [2.5,6.3] 4.2 [1.8,8.4]
228Th radon shroud 1.7 <2.9
↵ model p+ surface 2.4 [2.4,2.5] 2.4 [2.3,2.5] 3.8 [3.5,4.2] 1.5 [1.2,1.8]

†) prior: discussed in sec. 5

the uncertainty intervals [upper,lower limit] obtained
as the smallest 68% interval (90%/10% quantile) of
the marginalized distributions of the parameters. Ac-
cording to the models the main contributions to the
background at Q

��

are due to the ↵-emitting isotopes
in the 226Ra decay chain, 42K, 60Co, 214Bi and 228Th.
The fraction with which each component contributes
depends on the assumed source location.

Fig. 16 shows the best fit minimum and maximum
models and the individual contributions together with
the observed spectrum around Q

��

for the GOLD-coax
data set. The spectral shapes of the best fit models
are constat around Q

��

. No peaks are predicted in the
blinded regions. This indicates that the BI at Q

��

can
be estimated by interpolating the results of a fit to
the observed number of events outside the signal search
window. The window to be used for this estimation is
chosen as sum of the 1930–2019 keV, 2059–2099 keV,
2109–2114 keV and 2124–2190 keV intervals for a total
width of 200 keV. The BI evaluation window excludes
the central 40 keV window around Q

��

and the regions
within ± 5 keV from the � lines expected from the back-
ground model – namely, single escape peak from 208Tl
at 2104 keV and the 214Bi � line at 2119 keV. The re-
sulting background indices from the interpolation are
listed in Table 11 for di↵erent data sets together with
the prediction of the background models for compari-
son. The lower panels of the plots in Fig. 16 demon-
strate that the background model can be described by
a constant in the BI evaluation windows. The di↵erence
in the resulting BI is less than 1% if a linear instead of

a constant distribution is assumed. The statistical un-
certainty for the approximation of the BI by an interpo-
lation is of the same size as the systematic uncertainty
expected by the model.

The global fits were performed by excluding the cen-
tral 40 keV region around Q

��

which was completely
blinded until May 2013. Thereafter, a 30 keV (32 keV)
window was opened for analysis by keeping the cen-
tral 10 keV (8 keV) window still blinded for the en-
riched coaxial (BEGe) detectors. The natural detector
GTF 112 was completely unblinded. The first step of
unblinding gives the possibility to compare the model
predictions to the observed number of events in those
regions as a consistency check for the model. Table 11
lists the predicted and observed number of events in
these energy regions for di↵erent data sets. In total 13
events were observed in the unblinded 30 keV window of
the GOLD-coax data set. The predictions in this win-
dow were 8.6 events from minimum and 10.3 events
from maximum model. The probability to observe 13
events or more given the predictions are 10% and 24%.
In the GOLD-nat data set 5 events were found in the
40 keV unblinded window, resulting in a 27% probabil-
ity for the minimum model prediction of 3.5 events and
a 41% probability for the maximum model prediction
of 4.2 events. Comparison of predictions and observed
number of events in the unblinded window agrees very
well for the other data sets as well.

If the additional events seen in the 30 keV unblinded
window are included to the interpolation the expected
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Table 11 BI as predicted by the minimum and maximum models as well as by interpolation in 10 keV (8 keV for BEGe)
energy window around Q�� . Comparison of counts in the previously blinded window (width di↵ers for di↵erent data sets) and
model predictions is also given. Values in the parentheses show the uncertainty interval.

GOLD-coax GOLD-nat SUM-bege

BI in central region around Q�� (10 keV for coaxial, 8 keV for BEGe)
10�3 cts/(kg keV yr)

interpolation 17.5 [15.1,20.1] 30.4 [23.7,38.4] 36.1 [26.4,49.3]
minimum 18.5 [17.6,19.3] 29.6 [27.1,32.7] 38.1 [37.5,38.7]
maximum 21.9 [20.7,23.8] 37.1 [32.2,39.2]

background counts in the previously blinded energy region
30 keV 40 keV 32 keV

data 13 5 2
minimum 8.6 [8.2,9.1] 3.5 [3.2,3.8] 2.2 [2.1,2.2]
maximum 10.3 [9.7,11.1] 4.2 [3.8,4.6]

a Poisson distribution, with expectation given by the
number of predicted background events.

The expected lower limit for T 0⌫
1/2 was estimated by

using both Bayesian and Frequentist analyses. In both
analyses the signal and background strengths were free
parameters. For the Frequentist analysis, the 0⌫�� de-
cay rates were estimated from a profile likelihood fit to
the unbinned energy spectrum of each realization. The
quoted 90% C.L. lower limit on T 0⌫

1/2 corresponds to the
median of the 90% quantile of the profile likelihood, and
T 0⌫
1/2 > 1.9·1025 yr (90% C.L.). In the Bayesian analysis,

the 90% probability lower limit for T 0⌫
1/2 was calculated

as the median of the 90% quantiles of the posterior
marginalized probabilities p(T 0⌫

1/2

��spectrum, H̄), where

H̄ is the hypothesis that both background and 0⌫��
events contribute to the spectrum. The result is T 0⌫

1/2

> 1.7·1025 yr (90% C.L.). The di↵erence in the numer-
ical values from the Bayesian and frequentist analysis
(which have conceptually a di↵erent meaning) is mainly
due to the behavior of the two approaches in the cases
when the number of observed counts is smaller than the
background expectation. The Gerda sensitivity is ex-
pected to be about 10% better than calculated from the
GOLD-coax data set only, because of the extra exposure
available in the SILVER-coax and SUM-bege data sets.
Also the sensitivity might further increase by applying
pulse shape discrimination techniques to the GOLD-
coax, SILVER-coax and SUM-bege data sets.

9 Conclusions

The background measured with the Gerda experiment
has been presented in an energy range between 100 and
7500 keV. It has been demonstrated that stable low
background data taking with the innovative technique

of operating bare HPGe detectors in a cryogenic liquid
is possible over a time period of about 1.5 yr. More than
20 kg·yr of data have been acquired by the Gerda ex-
periment with six enriched coaxial detectors of a total
mass of 14.6 kg and with four enriched BEGe detec-
tors of a total mass of 3.0 kg. A background model
has been developed with the �E=40 keV around Q

��

blinded that allows to predict the BI in this energy
range. The predictions of the models have been tested
for consistency on a 30 keV (32 keV) range for the coax-
ial (BEGe) detectors, while the central �E=10 keV re-
gion of interest and �E=8 keV region for the BEGe
detectors around Q

��

was still blinded. The model de-
scribes the background in an energy range from 570 to
7500 keV well. The only significant background con-
tributions in Gerda are originate from decays of 42K
in the LAr bath, from 214Bi in the detector assembly,
from residual 222Rn dissolved in LAr, from 228Th in the
detector assembly, and from surface ↵ particles. The
largest contributions come from contaminants located
close to the detectors. Several cross checks confirm the
validity of the background model. The 68% confidence
interval for the BI at Q

��

of 76Ge is between 17.6 and
23.8 10�3 cts/(keV·kg·yr) depending on the assump-
tions of source locations and contributions.

Predictions for the number of events in the blinded
region around Q

��

have been made. It could be shown
that the expected background is flat in a region of
⇡ 200 keV around Q

��

and that no peak like struc-
tures are expected in the blinded energy region. The
background model and an interpolation of a fit to data
from a 200 keV energy window into the blinded energy
window give compatible results.

The BI interpolated into the region of interest is
(1.75+0.26

�0.24)·10�2 cts/(keV·kg·yr) for the coaxial detec-
tors and (3.6+1.3

�1.0)·10�2 cts/(keV·kg·yr) for the BEGe


