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Outline

• probing the nature of neutrino with neutrinoless double-beta decay
• the GERDA experiment: design and detection principle
• GERDA performances w.r.t. to other experiments
• GERDA physics results:

• measurement of two-neutrino double beta decay half-life
• the background models for GERDA Phase I
• the Pulse Shape Discrimination of GERDA events
• GERDA result on 0νββ half-life

• on the way to Gerda Phase II
• GERDA and Majorana
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Investigate existence of 0νββ

• 0νββ → Majorana nature of neutrino
• lepton number violation
• physics beyond Standard Model
• shed lights on absolute neutrino mass
• shed lights on neutrino mass

hierarchy
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Search for 0νββ decay
2νββ

(Z ,A)→ (Z + 2,A) + 2e− + 2νe

∆L = 0 =⇒Predicted by SM

0νββ
(Z ,A)→ (Z + 2,A) + 2e−

∆L = 2 =⇒Prohibited by SM
Light Majorana neutrino exchange

Q = Mi −Mf − 2me

The GERmanium Detector Array

experiment is an ultra-low background
experiment designed to search for 76Ge
0νββ decay.

motivation

NOW2012 , 10 Sep 2012            GERDA  - K.T.Knöpfle 03

Discovery of neutrinoless double beta decay would imply:
● Lepton number violation ∆L = 2
● Neutrino is its own anti-particle, has Majorana mass
● Access to absolute neutrino mass scale
● Further new physics beyond the standard model

sum of kinetic energies

exp. signature

observed searched
for

Ge-76 : Qββ=2039 keV

2νßß

0νßß

Until recently (EXO:), best limits for  neutrinoless double beta decay from
Ge-76 experiments, IGEX and Heidelberg-Moscow (HdM), 
T1/2 > 1.9·1025 yr at 90% confidence limit, 
as well as claim for evidence by part of HdM collaboration
KKDC, PL B586 (04) 198 ( 71.7 kg·yr, BI ~ 0.11 cts/(keV·kg·yr)   

measured deduced

phase space
nuclear matrix element
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un
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 / 
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Qββ = 2039 keV
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Search for 0νββ decay

In the hypothesis of light Majorana neutrino
exchange:

(T 0ν
1/2)−1 = G0ν |M0ν |2 〈mββ〉

2

m2
e

with 〈mββ〉 = effective electron neutrino mass

〈mββ〉 ≡ |Ue1|2m1 + |Ue2|2m2eiφ2 + |Ue3|2m3eiφ3

mi =masses of the neutrino mass eigenstates
Uei =elements of the neutrino mixing matrix

eiφ2 and eiφ3 =Majorana CP phases

→ information on the absolute mass scale!

GERDA Phase I Bound

GERDA Phase II Goal

• Phase I result: BI ∼ 10−2 cts/(keV kg yr) and ∼ 20 kg yr exposure
→ limit on 〈mee〉 between 0.2 and 0.4 eV

• Phase II goal: BI ∼ 10−3 cts/(keV kg yr) and 100 kg yr exposure
→ sensitivity on 〈mee〉 ∼ 100 meV

C. Macolino (LNGS) The GERDA experiment Princeton 10.15.2013 7 / 26



Ge detectors w.r.t. other isotopes
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Fig. 1. Regions in the renormalized specific phase space g4
AH0⌫ = g4

A ln(2) NA
Am2

e
G

(0)
0⌫ and matrix

element squared |M0⌫ |2 that encompass modern theoretical calculations, for the candidate neu-
trinoless double beta decay isotopes 76Ge, 130Te, 136Xe, and 150Nd. The vertical span reflects
the range of gA, which di↵ers for the shell model and other models, leading to non-rectangular
boundaries. The matrix-element calculational methods are shell model (SM), generator-coordinate
method (GCM), quasiparticle random-phase approximation (QRPA), interacting boson model
(IBM), and Projected Hartree-Fock Bogoliubov method (PHFB), as given in Table 1. The lines
indicate the e↵ective Majorana mass that would correspond to a count rate of 1 event per tonne
per year.

and not easily seen in linear-scale plots. A di↵erent view with the same information
is shown in Fig. 3. Here the geometric means of the squared matrix elements are
plotted for a phase-space factor with gA = 1. The nucleus 48Ca is generally con-
sidered to have a ‘hindered’ 0⌫�� matrix element, but it does not appear to be in
any sense unusual in these figures. One general conclusion is that (at the level of a
factor of 3 or so), there are no especially favored or disfavored isotopes for a 0⌫��

search. They all have roughly equivalent sensitivity from the theoretical standpoint.
The specific activity may be expressed as

�0⌫
N

M
= a0⌫g4

A |hmeei|2 (4)

log
✓

�0⌫
N

M

◆
= log a0⌫ + 4 log gA + 2 log |hmeei| ,

where a0⌫ = hH0⌫ |M0⌫ |2i is a constant with a value ⇠ 102.9±0.5 decays per year per
tonne per eV2. Of course, for experiments that are potentially very costly, factors
of a few are important, and the deviations from this general trend require the best
theoretical treatment possible.

Why would a large phase-space factor imply a small matrix element and con-
versely? For any given choice of gA, the specific phase space as defined above depends

Plot by R. G. H. Robertson, arXiv:1301.1323v1
• plot corresponding to 0νββ rate of 1 count/(ton·yr)
• no clear golden candidate
• similar specific rates within a factor of 2
• 76Ge important for historical reasons too
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Ge detectors
Sensitivity T1/2 ∝ ε · fA

mA
·
√

M·T
b·∆E

ε detection efficiency & 85%
fA enrichment fraction high natural or enrichment
M active target mass increase mass
T measuring time
b background rate minimize &

(cts/(keV kg yr)) select radio-pure material
∆E energy resolution use high resolution spectroscopy

Ge semiconductor detectors
Advantages:

• well established enrichment technique
fA = f76 = 86% for 76Ge

• M and T expandable

• very good energy resolution
∆E ∼ 0.1% - 0.2%

• very good detection efficiency ε ∼ 1
(Ge as source and detector)

• high-purity detectors → low background b

Disadvantages:

• low Qββ value
(lower than 208Tl 2614 keV)
→ background

• need enrichment from 7% to 86%
→ it is expensive
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GERDA @ LNGS

Construction completed in 2009 - Inauguration 9 Nov. 2010

Sep 18 2013, Erice P. Grabmayr

 Physikalisches Institut,     Kepler Center for Astro  and Particle Physics

construction @ LNGS

March 2008Text
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GERDA @ LNGS
• Hall A of Gran Sasso Laboratory (INFN)
• 3800 m.w.e.

Background from:
External:

• γ’s from Th and Ra chain
• neutrons
• cosmic-ray muons

Internal:
• cosmogenic 60Co (T1/2=5.3 yr)
• cosmogenic 68Ge (T1/2=271 d)
• radioactive surface contaminations

Background reduction and events identification

· Gran Sasso suppression of µ flux (106)
· material selection
· passive shields (H2O - LAr - Cu)

· muon veto
· detector anticoincidence
· pulse shape analysis (PSD)
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GERDA @ LNGS
GERDA BuildingGERDA Building 

September 2012 C.A. Ur - EuNPC2012 9 
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The GERDA collaboration, Eur. Phys. J. C 73 (2013)
• 3 + 1 strings
• 8 enriched Coaxial detectors: total mass

17.7 kg (6 out of 8 detectors working)

• GTF112 natural Ge: 3.0 kg
• 5 enriched BEGe: total mass 3.6 kg

(4 out of 5 working)
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Energy calibrations and data processing

• weekly calibrated spectra with 228Th sources and pulser with 0.05 Hz frequency
• data useful for monitoring of resolution and stability over time
• FWHM at Qββ is about 4.8 keV for Coaxials (0.23%) and 3.2 keV (0.16%) for

BEGes

Calibration of the GERDA Data

I Spectra calibrated (bi)-weekly with 228Th sources

I Data useful also for monitoring the resolution and gain
stability over time

I FWHM at Q�� : 4.8 keV for the coaxial detectors, 3.2 keV for
the BEGe’s (space for improvement with better filtering).
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Calibration & data processing

Processing: diode → amplifier →  FADC → digital filter → energy, rise time,
                                                                                             pulse shape, ...

Selection:    anti-coincidence muon / 2nd Ge (~20% rejected @ Qbb),  

                    quality cuts (~9% rej.), pulse shape discrimination (~50% rej.)

Calibration: 228Th (bi)weekly & pulser every 20 seconds for short term drifts

shifts are small compared to FWHM ~ 0.2% Qbb

shift of 2614.5 keV position
relative to previous calibration

1524.6 keV  42K line in physics data

peak pos. within 0.3 keV at correct position
FWHM ~ 4% larger than expected

from calibration data
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FWHM: 
0.12 keV±  4.47

GERDA 13-07

+0.05%

-0.05%

Data processing: diode→amplifier→FADC→digital filter →energy, pulse shape,...

Data selection: anti coincidence + quality cuts + pulse shape discrimination
(total fraction of accepted events = 65%)
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Energy spectra

TAUP 2013 GERDA result 6

Physics spectrum

Phase I data split into 3 sets
 - “golden coax” = 17.9 kg yr
   all semi-coax data  but 4 weeks
 - “silver coax” = 1.3 kg yr
    4 weeks when BEGe inserted
 - “BEGe” = 2.4 kg yr

blind analysis:

evt in Qbb ± 20 keV not reconst.

until calibr. + cuts  fixed

background level:

 GERDA HdM[1]

2615 keV
[cts/(kg yr)]

1.1±0.3 16.5±0.5

1764 keV
[cts/(kg yr)]

3.3±0.5 30.7±0.7

avg @ Qbb
[cts/(kev kg yr)]

0.018±
0.0021

0.16±
0.0052

1 “golden coax”, 1930-2190 keV, no PSD
2 Heidelberg-Moscow 1995-2003 data,
   2-2.1 MeV, no PSD
[1] Oleg Chkvorets, PhD thesis,
     NIM A522 (2004) 371.

T 1/2

2νββ=(1.84−0.10

+0.14 )⋅10
21

yr                                       J. Phys. G: 
Nucl. Part. Phys. 40 (2013) 035110

• Measurement of 2νββ decay
half-life published

• events in Qββ± 20 keV kept
BLINDED to not bias analysis
and cuts

• total exposure for enriched
detectors: 21.6 kg·yr

Average background level @Qββ before PSD:
0.018±0.002 cts/(keV kg yr)

Background 10x lower than previous Ge experiments!!
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Half-life of 2νββ decay of 76Ge
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Measurement of the half-life of the two-neutrino �� decay of 76Ge with Gerda 12
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Figure 4. Experimental results for T 2⌫
1/2

of 76Ge vs. publication year. The

plot includes results from the experiments ITEP-YPI [33], PNL-USC (natGe) [34]
PNL-USC-ITEP-YPI [35, 36], Heidelberg-Moscow (HdM) [11, 17] and Igex [12,
16], as well as the re-analysis of the HdM data by Klapdor-Kleingrothaus et al
[31] (HdM-K) and by Bakalyarov et al [37] (HdM-B). The NNDC-recommended
value [38] and the global weighted average evaluated by Barabash [2] are also
shown.

result is in better agreement with the two most recent results of [31, 37] that are based
on the re-analysis of the HdM data⇤. The fact that the half-lives derived in the more
recent works � and particularly in this one � are systematically longer is probably
related to the superior signal-to-background ratio, which lessens the relevance of the
background modelling and subtraction. Thus the total Gerda uncertainty is compa-
rable to what was achieved by HdM, in spite of the much smaller exposure.
The uncertainty of the Gerda result can be further reduced in the future by accumu-
lating more exposure and by performing a new and more precise measurement of the
active mass of the detectors. Large data sets will reduce also the uncertainty due to
the fit model, as background components can be better characterized and constrained
by the (non-)observation of � lines.

Using phase space factors from the improved electron wave functions reported in
[39], the experimental matrix element for the 2⌫�� decay of 76Ge calculated with the
half-life of this work is NME2⌫ = 0.133+0.004

�0.005 MeV�1.
The present value for NME2⌫ is 11 % smaller than that used in [5], which compares
the matrix elements for 2⌫�� and 0⌫�� decays. Ref. [5] also shows a relation between
the two matrix elements for QRPA calculations of 76Ge. According to this, the new
value for NME2⌫ results in an increase of the predicted half-life for the 0⌫�� by about
⇤ If T 2⌫

1/2
were as short as 1.5 · 1021 yr reported in [2], the 2⌫�� decay of 76Ge would account for

nearly all counts detected in the range 600–1800 keV (expected: 8782.7, detected: 8976), thus leaving
almost no space for any other background source in Gerda.

The GERDA collaboration J. Phys. G: Nucl. Part. Phys. 40 (2013) 035110
• T2ν

1/2 = (1.84+0.09+0.11syst
−0.08−0.06syst ) · 1021 yr

• Uncertainty comparable to best previous experiment (even with lower exposure).
• Such a careful systematic error analysis never done in the past.
• Good agreement with re-analysis of HdM data

HdM-K: Nucl. Instr. Meth. A 513, 596 (2003)
HdM-B: Phys. Part. Nucl. Lett. 2, 77/ Pisma Fiz. Elem. Chast. Atom. Yadra 2, 21
(2005)
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The Background Model of GERDA Phase I

The GERDA collaboration, submitted to Eur. Phys. J. C
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• simulation of known and
observed background

• fit combination of MC
spectra to data from 570
keV to 7500 keV

• different combinations of
positions and contributions
tested

Main contribution from close background sources:
228Th and 226Ra in holders, 42Ar

α on detector surface
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The Background Model of GERDA Phase I

The GERDA collaboration, submitted to Eur. Phys. J. C
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• no line expected in the blinded window
• background flat between 1930 and 2190

keV

8.6 (minimum) or 10.3 (maximum) expected
events while
13 observed in 30 keV window

Golden coax:
BI = 1.75+0.26

−0.24 · 10−2 cts/(keV kg yr)

BEGe:
BI = 3.6+1.3

−1.0 · 10−2 cts/(keV kg yr)
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Pulse shape discrimination of GERDA Phase I data

Bck reduction and events identification

• Gran Sasso æ Suppression of
µ-flux> 106

• Material screening
• Passive shield (H2O - LAr - Cu)
• Muon veto

• Detector anticoincidence
(presently done)

• Pulse-shape analysis (possible)
• LAr scintillation (R&D) (for Phase II)

SSE: ——, DEP MSE: Compton
Pulse-shape analysis

e signal: single site energy deposition
“ signal: multiple site energy deposition

C. Macolino (LNGS) Search for 0‹—— with GERDA La Thuile 25.02.2013 8 / 22
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Fig. 1 Cross section of a semi-coaxial detector (top) and
a BEGe detector (bottom). The p+ electrode is drawn in
grey and the n+ electrode in black (thickness not to scale).
The electrodes are separated by an insulating groove. Color
profiles of the weighting potential [14] are overlayed on the
detector drawings. Also sketched for the BEGe is the readout
with a charge sensitive amplifier.

selections and calibrations had been finalized. This arti-
cle presents the pulse shape analysis for Gerda Phase I
developed in advance of the data unblinding.

2 Pulse shape discrimination

Semi-coaxial and BEGe detectors have di↵erent geome-
tries and hence di↵erent electric field distributions. Fig. 1
shows a cross section of a semi-coaxial and a BEGe de-
tector with the corresponding weighting potential pro-
files. The latter determine the induced signal on the
readout electrode for drifting charges at a given posi-
tion in the diode [14]. For both detectors, the bulk is
p type, the high voltage is applied to the n+ electrode
and the readout is connected to the p+ electrode. The
electrodes are separated by an insulating groove.

2.1 BEGe detectors

The induced current pulse is largest when charges drift
through the volume of a large weighting potential gra-
dient. For BEGe detectors this is the case when holes
reach the readout electrode. Electrons do not contribute
much since they drift through a volume of low field
strength. The electric field profile in BEGes causes holes
to approach the p+ electrode along very similar tra-
jectories, irrespective where the energy deposition oc-
curred [15]. For a localized deposition consequently, the
maximum of the current pulse is nearly always directly
proportional to the energy. Only depositions in a small
volume of 3-6 % close to the p+ electrode exhibit larger
current pulse maxima since electrons also contribute in
this case [15,16]. This behavior motivates the use of the
ratio A/E for pulse shape discrimination (PSD) with A
being the maximum of the current pulse and E being
the energy. The current pulses are extracted from the
recorded charge pulses by di↵erentiation.

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

For MSE, e.g. from multiple Compton scattered �
rays, the current pulses of the charges from the di↵erent
locations will have – in general – di↵erent drift times
and hence two or more time-separated current pulses
are visible. For the same total energy E, the maximum
current amplitude A will be smaller in this case. Such
a case is shown in the top right plot of Fig. 2.

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

The n+ electrode is formed by infusion of lithium,
which di↵uses inwards resulting in a fast falling con-
centration profile starting from saturation at the sur-
face. The p-n junction is below the n+ electrode sur-
face. Going from the junction towards the outer surface,
the electric field decreases. The point when it reaches
zero corresponds to the edge of the conventional n+
electrode dead layer, that is 0.8 - 1 mm thick (1.5 -
2.3 mm) for the BEGe (semi-coaxial) detectors. How-
ever, charges (holes) from particle interactions can still
be transferred from the dead layer into the active vol-
ume via di↵usion (see e.g. Ref. [18]) up to the point
near the outer surface where the Li concentration be-

Current signal = q · v · ∆Φ
q=charge, v=velocity

(Schockley-Ramo theorem)
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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

0νββ events: 1 MeV electrons in Ge ∼ 1mm
one drift of electrons and holes SINGLE SITE EVENTS
(SSE)
background from γ’s: MeV γ in Ge ∼ cm
several electron/holes drifts MULTI SITE EVENTS
(MSE)
surface events: only electron or hole drift
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Pulse shape discrimination of GERDA Phase I data
The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

PSD for BEGe: A over E
parameter (A/E) - 92% eff.

PSD for Coaxials: Artificial
Neural Network ANN - 90% eff.

Both methods give high bkg rejection + high signal efficiency
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Results on 0νββ decay
The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503

• sum spectrum 21.6 kg yr
• unblinding after calibration

finished, data selection frozen,
analysis method fixed and PSD
selection fixed

• 7 events observed in 10(8) keV
window - 5.1 expected

• 3 events observed after PSD -
2.5 expected

• No events in ±1σE after PSD

TAUP 2013 GERDA result 15
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                   Unblinding       (arXiv:1307.4720, in PRL)

without PSD

after PSD cut

after calibration finished
& data selection frozen
& analysis method fixed
& PSD selection fixed

→ unblinding Qbb±5 keV

    @ meeting in Dubna

evt cnt in ±5 keV golden silver BEGe total

expt. w/o PSD 3.3 0.8 1.0 5.1

obs.  w/o PSD 5 1 1 7

expt. w/   PSD 2.0 0.4 0.1 2.5

obs   w/   PSD 2 1 0 3

No peak in spectrum at Qbb,

event count consistent with bkg,
→ GERDA sets a limit

No peak in spectrum
observed, number of events
consistent
with expectation from
background
→ GERDA sets a limit on the
half-life of the decay!

• profile likelihood result:
T0ν

1/2 >2.1 · 1025 yr at 90% C.L.
• Bayesian analysis result:

T0ν
1/2 >1.9 · 1025 yr at 90% C.I.

• best fit: N0ν=0
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Results on 0νββ decay

The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503
Comparison with Phys. Lett. B 586 198 (2004) claim

Compare two hypotheses:
• H1: T0ν

1/2 = 1.19+0.37
−0.23· 1025 yr

• H0: background only

• GERDA only:
Profile likelihood
P(N0ν=0|H1) = 0.01
Bayes factor
P(H1)/P(H0) = 0.024

After unblinding

• Observed and predicted number of 
background events in the energy region 
Q ± 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 and Gaussian 
term for signal: best fit is Nsignal = 0

T 0⌫
1/2 > 2.1⇥ 1025 yr (90% C.L.)

T 0⌫
1/2 = 1.19⇥ 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/(kg keV yr)
HVKK et al., PLB 586 (2004) 198-212

Compatible with no signal events
T0ν

1/2 = 2.1·1025 yr

Claim strongly disfavoured!

N.B.: T0ν
1/2 from Mod. Phys. Lett. A 21 (2005) 157 not considered because of inconsistencies

(missing efficiency factors) pointed out in Ann. Phys. 525 (2013) 259 by B. Schwingenheuer.
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Combining Ge and Xe

The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503
Comparison with previous half-life limits from Ge and Xe experiments

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 of:

• GERDA phase II will start later in 2013
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FIG. 2. Limits (90 % C.L.) on T 0⌫
1/2 of 76Ge (this work) and

136Xe [14, 15] compared with the signal claim for 76Ge of
Ref. [11] (68 % C.L. band). The lines in the shaded gray band
are the predictions for the correlation of the half-lives in 136Xe
and in 76Ge according to di↵erent NME calculations [27–33].
The selection of calculations and the labels are taken from
Ref. [34].

which includes the claimed 0⌫�� signal from Ref. [11],325

gives in fact a worse fit to the data than the background-326

only model (H0): the Bayes factor, namely the ratio of327

the probabilities of the two models, is P (H1)/P (H0) =328

0.024. Assuming the model H1, the probability to ob-329

tain N0⌫ = 0 as the best fit from the profile likelihood330

analysis is P (N0⌫ = 0|H1) = 1.0%.331

The Gerda result is consistent with the limits by332

HdM and Igex. The profile likelihood fit is extended333

to include the energy spectra from HdM (interval 2000-334

2080 keV; Fig. 4 of Ref. [8]) and Igex (interval 2020-335

2060 keV; Table II of Ref. [9]). Constant backgrounds for336

each of the five data sets and Gaussian peaks for the sig-337

nal with common 1/T 0⌫
1/2 are assumed. Experimental pa-338

rameters (exposure, energy resolution, e�ciency factors)339

are obtained from the original references or, when not340

available, extrapolated from the values used in Gerda.341

The best fit yields N0⌫ = 0 and a limit of342

T 0⌫
1/2 > 3.0 · 1025 yr (90 % C.L.). (4)343

The Bayes factor is P (H1)/P (H0) = 2 · 10�4; the claim344

is hence strongly disfavored.345

Whereas only 76Ge experiments can test the claimed346

signal in a model-independent way, NME calculations can347

be used to compare the Gerda result to the recent lim-348

its on the 136Xe half-life from KamLAND-Zen [14] and349

EXO-200 [15]. Fig. 2 shows the experimental results, the350

claimed signal (labeled “claim (2004)”) and the corre-351

lations for di↵erent predictions, assuming that the ex-352

change of light Majorana neutrinos is the leading mecha-353

nism. Within this assumption, the present result can be354

also combined with the 136Xe experiments to scrutinize355

Ref. [11]. The most conservative exclusion is obtained356

by taking the smallest ratio M0⌫(136Xe)/M0⌫(76Ge)'357

0.4 [32, 33] of the calculations listed in Ref. [34]. This358

leads to an expected signal count of 23.6±5.6 (3.6±0.9)359

for KamLAND-Zen (EXO-200). The comparison with360

the corresponding background-only models [35] yields a361

Bayes factor P (H1)/P (H0) of 0.40 for KamLAND-Zen362

and 0.23 for EXO-200. Including the Gerda result, the363

Bayes factor becomes 0.0022. Also in this case the claim364

is strongly excluded; for a larger ratio of NMEs the exclu-365

sion becomes even stronger. Note, however, that other366

theoretical approximations might lead to even smaller ra-367

tios and thus weaker exclusions.368

The range of the e↵ective electron neutrino mass which369

is obtained by using the combined 76Ge limit of Eq. 4,370

the recently re-evaluated phase space factors of Ref. [36]371

and the NME calculations mentioned above [27–33] is372

m�� < (0.2-0.4) eV.373

In conclusion, due to the unprecedented low back-374

ground counting rate and the good energy resolution in-375

trinsic to HPGe detectors, Gerda establishes after only376

21.6 kg·yr exposure the most stringent 0⌫�� half-life377

limit for 76Ge. The long-standing claim for a 0⌫�� signal378

in 76Ge is strongly disfavored, which calls for a further379

exploration of the degenerate Majorana mass scale. This380

will be pursued by Gerda Phase II aiming for a sensi-381

tivity increased by a factor of ⇠10.382
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T 0⌫
1/2 > 3⇥ 1025 yr (90% C.L.)

m�� < 0.2� 0.4 eV

• GERDA+HdM+IGEX:
• Bayes factor

P(H1)/P(H0) = 0.0002
• T0ν

1/2 >3.0 · 1025 yr at
90% C.I.

• best fit: N0ν=0

• GERDA+KamLAND+EX0:
• Bayes factor

P(H1)/P(H0) = 0.0022
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On the way to GERDA Phase II
How to get a higher sensitivity for the Phase II:

• reduce radiation sources and understand background sources
• improve background rejection
• increase mass and improve energy resolution

Strategy:
• transition currently ongoing at LNGS
• increase mass: additional 30 enriched BEGe detectors (about 20 kg)
• suppress background contamination by a factor of 10 w.r.t. GERDA Phase I:

1 make things clearer:
• use lower background Very Front End electronics w.r.t. Phase I
• use lower background Signal and HV cables w.r.t. Phase I
• minimize material around sources and special care in crystal

production
2 reject a posteriori residual radiation:

• use BEGes with Pulse Shape Analysis for high background recognition
efficiency

• use LAr scintillation light for background recognition and rejection
• start commissioning in Autumn 2013-Spring 2014
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Liquid Argon instrumentation for Phase II
PMT LAr instrumentation studies for Phase II in LArGe (a smaller GERDA facility)

Different possible hardware configurations:
• SiPM fiber curtain
• PMTs on top and bottom of the array
• hybrid solution
• meshed copper shroud around strings
• transparent mini-shroud
• VM2000 coated mini-shroud with large area SiPMs between

detectors
TAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration
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instrumentations
Different possibilities simulated:
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Simulations for
 

LAr
 

instrumentations
Different possibilities simulated:

•SiPM fibre

•PMTs 

•„Hybrid“
 

solution

•Meshed copper shroud around strings

•Transparent mini shrouds

•VM2000 coated mini shroud with 
large area SiPMs between detectors

High bkg suppression factors!→

Liquid Argon

Signal Background

128 nm 
scintillation light

To light detector
TAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration
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LAr
 

instrumentation measurements
First measurements with different configurations in LArGe show:
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GERDA and Majorana

• water buffer + LAr shield
• active muon veto
• low Z material around detectors
• LNGS ∼3800 m.w.e.
• Phase II goal: 10−3 cts

keV kg yr
• commissioning now
• start data taking in 2014
• ∼40 kg Ge detectors
Same bkg goal for Gerda and Majorana

The'MAJORANA'DEMONSTRATOR'

Sept.'9,'2013' Ma#hew'Green' 3'

Poly'Shield'

Lead'Bricks'

Inner'Cu'
Shield'

Outer'Cu'
Shield'

Radon'Enclosure' Veto'Panels'

Cryogenics'

Vacuum'

Cryostats'

Talk by M. Green TAUP ’13

• compact Cu+Pb shield
• active muon veto
• high Z material around detectors
• SURF (Sanford) ∼4200 m.w.e.

• Demonstrator goal: 3 cts
(4 keV) ton yr

• commissioning in 3 fases:
• 2 nat Ge strings now

• 3 enr Ge + 4 nat Ge strings Early 2014

• 7 enr Ge strings Late 2014• ∼40 kg of Ge detectors
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GERDA and Majorana

• GERDA and Majorana already cooperate for:
• MC simulations: shared framework
• detector properties study
• annual meetings to discuss ongoing results

• last joined GERDA-Majorana meeting in Santa Fe in Sept. 2013
• next meeting in Munich in July 2014
• on the way to a Letter Of Intent to define shared data, shared detectors,

intercalibrations, etc.
• to abate costs learn how to grow Ge crystals in view of possible increase of mass:

MPI Munich cooperates with IKZ (Leibniz Institut für Kristallzüchtung)
• if the scientific case will remain, a possible Phase III with GERDA+Majorana

detectors
• best detection technique for Phase III depends on the future results
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Conclusions

• Phase I data taking successful!!
• 5 publications in the first 9 months of 2013
• total exposure of GERDA Phase I is 21.6 kg yr
• very low background 0.01 cts/(keV kg yr) after PSD
• 3 events observed while 2.5±0.3 expected in Qββ±5 keV
• half-life of 0νββ: T0ν

1/2 > 2.1 · 1025 yr (90% C.L.) for 76Ge
• previous claim signal refuted by GERDA at 99%
• ready to start with Phase II and improve sensitivity
• GERDA+Majorana possible joined experiment at the ton scale
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Thanks

Thank you for your attention!
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