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Je me présente

• 2010: PhD at Università degli Studi dell’Aquila - INFN.
Title of the thesis: Search for anisotropies in the arrival directions of UHECRs
detected by the Pierre Auger Observatory.
Study of anisotropy patterns in the arrival directions of Auger data.

• 2010-2012: Postdoc (CDD chercheur) at LPNHE-Paris, working in the Pierre
Auger experiment.
Study of the mass composition and radio detection of UHECRs (EASIER R&D).

• 2012-2014: Postdoc at LNGS (INFN), working in the GERDA experiment for the
search for 0νββ decay.

• 2014-today: Postdoc at GSSI and LNGS (INFN), working in the GERDA
experiment for the search for 0νββ decay.
Search for 0νββ decay, 2νββ decay to excited states, 0νECEC of 36Ar, data
reconstruction, study of GERDA background.

In total: 8 years of research activities in neutrino and astroparticle physics
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Outline

• Probing the nature of neutrino with neutrinoless double-beta decay

• The GERDA experiment

• The GERDA energy spectra

• The GERDA physics results from Phase I:
• The background model for GERDA Phase I
• Half-life of 2νββ decay
• Half-life of 0νββ decay with Majorons
• The Pulse Shape Discrimination of GERDA events
• Half-life of 0νββ decay

• On the way to GERDA Phase II
• Future perspectives for 0νββ decay search
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Investigate existence of 0νββ
• 0νββ decay probes fundamental questions:

◦ Neutrino properties: the only practical technique to determine if
neutrinos are their own anti-particles (Majorana or Dirac neutrino)

◦ Lepton number violation: might leptogenesis be the explanation for
the observed matter - antimatter asymmetry?

◦ Smallness of neutrino mass could be naturally explained by requiring
physics beyond Standard Model: see-saw mechanism,...Ettore Majorana bold proposition 

12

Neutrino’s charge conjugation

13

Charge conjugation reverses the 
electric charge of the electron.

But the neutrino has no electric 
charge that needs to be conserved.    
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Investigate existence of 0νββ

• If 0νββ is observed:
◦ Measurements in a series of different isotopes can reveal the

interaction process
◦ It is possible determine the absolute neutrino mass complementary

to other techniques
◦ It is possible to shed lights on the neutrino mass hierarchy
◦ It is possible to probe beyond Standard Model theories

Massive neutrinos and neutrino oscillations

20
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Fig. 1. The range of probability of finding the α-flavor in the i-the mass eigenstate as indicated
for the two different mass hierarchies for the present best fit values of the mixing parameters.

θ12) and (|∆m2
23|, θ23), respectively. The sign of the splitting of the atmospheric

state ∆m2
23 with respect to the solar doublet is one of the unknowns within the

neutrino sector. Consequently, the mass eigenstates ν1 and ν2 involved in the solar

doublet could have smaller mass than the third mass eigenstate ν3 (normal hierar-

chy) or larger mass than the former doublet (inverted hierarchy). Both possibilities

are illustrated in Fig. 1, extracted from Ref 9. The best fit point for the com-

bined analysis of solar neutrino data together with KamLAND reactor data 10 is at

∆m2
12 = 8.2× 10−5 eV2 and tan2 θ12 = 0.4. In the atmospheric neutrino sector, the

most recent analysis of K2K accelerator neutrino data and atmospheric neutrino

data 11 finds the best fit at |∆m2
23| = 2.7 × 10−3 eV2 and sin2 2θ23 = 1.

The mixing angle θ13 (which connects the solar and atmospheric neutrino realms)

and the amount CP violation in the leptonic sector are undetermined. At present,

the upper bound on the angle θ13 coming from CHOOZ reactor neutrino data 12 is

sin2 2θ13 < 0.1 (at 90% CL) for a value of the atmospheric mass gap close to the best

fit reported before. The CP-phase δ is unobservable in current neutrino oscillation

experiments. The experimental discovery of the existence of CP violation in the

leptonic sector, together with the discovery of the Majorana neutrino character

would point to leptogenesis as the source for the baryon asymmetry of the universe,

provided that accidental cancellations are not present.

Several oscillation experiments that exploit neutrino beams from nuclear reactors

and accelerators are taking data, and similar experiments will take data over the

next few years. All of them have inaugurated a precision era in neutrino physics.
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Investigate existence of 0νββ

Neutrinoless double beta decay and the neutrino mass

21
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Search for 0νββ decay

2νββ
(Z ,A)→ (Z + 2,A) + 2e− + 2νe

∆L = 0
2-nd order process
predicted by the Standard Model

0νββ
(Z ,A)→ (Z + 2,A) + 2e−

∆L = 2
Q = Mi −Mf − 2me
not allowed within the Standard Model
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Search for 0νββ decay

There are many possible underlying mechanisms for 0νββ decay and in general:

(T 0ν
1/2)−1 = G0ν |M 0ν |2η2

If light Majorana neutrino exchange is
the dominant mechanism and no
further sterile neutrino exists:

(T 0ν
1/2)−1 = G0ν |M0ν |2 〈mββ〉2

m2
e

〈mββ〉 ≡ effective neutrino mass ≡
|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!

Neutrinoless double beta decay and the neutrino mass

21
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Search for 0νββ decay

Clear experimental signature in the energy spectrum of the two emitted electrons

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

co
un

ts
 / 

bi
n

For 76Ge Qββ = 2039 keV
• Observe the monochromatic line at Qββ

• Reduce background as much as possible
• Estimate half-life of the decay (> 1025 yr)
• What is the mechanism beyond ? (light Majorana neutrino exchange or other?)
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The GERDA collaborationThe$GERDA$Collabora0on$

ITEP%
Moscow%

Kurchatov%%
Ins3tute%

16$ins0tu0ons$
~100$members$

h5p://www.mpi<hd.mpg.de/gerda/%

Laboratori Nazionali del Gran Sasso

INR%
Moscow%

112 physicists, 16 institutions, 7 countries
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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
GERDA BuildingGERDA Building 

September 2012 C.A. Ur - EuNPC2012 9 
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The GERDA collaboration, Eur. Phys. Journ. C 73 (2013)
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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 or active shield (H2O - LAr - Cu)

· Muon veto
· Detector anticoincidence
· Pulse-shape analysis
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The GERDA detectors in Phase I

  

21 February 2013 18

First BEGe's in GERDAFirst BEGe's in GERDA

Calibration spectra

Energy resolution and PSA properties

• 3 + 1 strings
• 8 enriched High Purity Ge detectors (coaxials): working mass 14.6 kg

(2 of them are not working due to high leakage current)
• GTF112 natural Ge: 3.0 kg
• 5 enriched Broad Energy Ge detectors (BEGe): working mass 3.0 kg

(testing Phase II concept in the real environment)

Total mass of enriched detectors: ∼ 17.6 kg(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 14 / 43



Experimental Sensitivity

Sensitivity T1/2 ∝ ε · εA ·
√

M·T
b·∆E and T1/2 ∝ 1

m2
ββ

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

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

Requirements:
• high enrichment of isotope material
• M and T large
• very good energy resolution

For GERDA ∆E < 0.2%
• very good detection efficiency because

GERDA detector ≡ source, ε ∼ 1
• high-purity detectors → low background

For GERDA b < 10−2 cts/(keV kg yr)
• higher M0ν w.r.t. other isotopes

Additional tools to distinguish from
background:

• Angular distribution
• Single electron spectrum
• Decay to excited states

(gamma-rays)
• Identification of daughter nucleus
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Ge isotope w.r.t. other isotopes
(T 0ν

1/2)−1 = G0ν |M0ν |2 〈mββ〉2

m2
e

January 8, 2013 1:19 WSPC/INSTRUCTION FILE
DBDmatrixElements1˙7mpla

6

Fig. 2. As Fig. 1 but with the addition of the isotopes 48Ca (2.2, 2143), 82Se (17, 514), 96Zr (13,
889), 100Mo (25, 660), 110Pd (33,181), 116Cd (9, 597), and 124Sn (10, 302). The number pairs are
the coordinates of the upper rightmost corner of each area, in lieu of labeling. It is more di�cult
to see the details but the overall trend of a correlation between the phase space factor and the
square of the nuclear matrix element is brought out.

Fig. 3. For each candidate isotope a point is plotted at the geometric mean of the squared matrix
element range limits (as shown in Fig. 2) and the phase-space factor evaluated at gA=1. The
points in order of increasing abscissa value are: 48Ca, 150Nd, 136Xe, 96Zr, 116Cd, 124Sn, 130Te,
82Se, 76Ge, 100Mo, and 110Pd.

explicitly on A, and implicitly on the Q-value and Z. The presence of the factor A

in the specific phase space has little e↵ect on the correlation but slightly reduces

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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Data processing and Energy calibrations
Analysis

• Processing: diode → amplifier → FADC → digital filter → energy/pulse shape/etc...
• Selection: anti-coincidence muon/2nd Ge (20% rejected at Qββ), quality cuts (9% rej.),

pulse-shape discrimination (∼ 50% rej.)
• Calibration: 228Th (bi)weekly and pulser every 20 seconds for short term drifts

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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Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 9(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 17 / 43



Data processing and Energy calibrations

TAUP 2013 GERDA result 5
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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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Time Stability and Energy Resolution

detector FWHM [keV]

SUM-coax

ANG2 5.8 (3)
ANG3 4.5 (1)
ANG4 4.9 (3)
ANG5 4.2 (1)
RG1 4.5 (3)
RG2 4.9 (3)

mean coax 4.8 (2)

SUM-BEGe

GD32B 2.6 (1)
GD32C 2.6 (1)
GD32D 3.7 (5)
GD35B 4.0 (1)

mean BEGe 3.2(2)

I If needed, correction term
applied to FWHM to
account for instabilities

Search of Neutrinoless Double Beta Decaywith the GERDA Experiment Giovanni Benato for the GERDA Collaboration 12

Results
• peak pos. within 0.3 keV at correct position (from 42K peak)
• FWHM ∼ 4% larger than expected from calibration data
• exposure-weighted FWHM at Qββ is:

4.8 keV for coaxials (0.23%)
3.2 keV for BEGes (0.16%)
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GERDA spectrum in fast motion

(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 19 / 43



Energy spectra
The GERDA experiment - data blinding

• Blinding is done for avoiding biases (due to low statistics)
• During data taking: All events in Q�� ± 20keV removed
• May 2013: All events up to Q�� ± 5keV unblinded ) additional check
• 2 copies of raw data kept for processing after unblinding
• Data processing details fixed before unblinding:

• quality cuts
• pulse shape discrimination parameters
• analysis method: three data sets

golden coaxial = 17.9 kg·yr
silver coaxial = 1.3 kg·yr
BEGe = 2.4 kg·yr

• Date unblinded in June 2013

Marco Salathe (MPIK) Results from GERDA Phase I LAPP, Annecy, January 10, 2013 16 / 40
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Phase I data divided in
three subsets:

• Golden coax: 17.9 kg yr
• Silver coax: 1.3 kg yr
• BEGe: 2.4 kg yr

Silver coax: data from coaxial detectors during
BEGe deployment (higher BI)
Golden coax: data from coaxial detectors
except Silver coax
BEGe: data from BEGe detectors

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

• Background level before PSD at
Qββ for Golden coax:
0.018±0.002 cts/(keV kg yr)

Background ∼10× lower than
previous Ge experiments!!
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The Background Model of GERDA Phase I
The GERDA collaboration, Eur. Phys. J. C 74 (2014) 2764
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The Background Model of GERDA Phase I
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Half-life of 2νββ decay of 76Ge

Consider the minimum background model to estimate
the 2νββ half-life of 76Ge

5

were added: 214Bi, 228Th and 228Ac. A 228Th contam-
ination was chosen as a representative for far distant
sources (above 50 cm). Whenever possible, screening
measurements were used to constrain the lower limit of

the expected background events.

In the Majoron analysis, also the data collected with
the BEGe diodes were used in order to maximize the
exposure. Consequently, the background model devel-
oped for these detectors was used [25,30]. The same

close, medium and far distant sources as for the coaxial
detectors were used. 68Ge was added as internal source.
This was necessary in order to take into account the

cosmic activation of the germanium due to the recent
production of these diodes.

6 Determination of the half-life of 2⌫�� decay

6.1 Analysis

The T 2⌫
1/2 of 2⌫�� decay of 76Ge was determined consid-

ering the golden data set of Phase I, amounting to an
exposure of 17.9 kg·yr, and using the background model
prediction for the contribution of the 2⌫�� spectrum to

the overall energy spectrum. Details of the background
analysis can be found in Ref. [29].

The global fit for the background modeling was per-
formed on the summed energy spectrum of the coaxial
detectors using a bin width of 30 keV. Thus, the scal-

ing parameter of the 2⌫�� spectrum in the model, Nfit
2⌫ ,

gives the number of events in the 2⌫�� spectrum in the
fit window of 570–7500 keV for all detectors. Using this
result for the number of measured 2⌫�� events, the

half-life is calculated as

T 2⌫
1/2 =

(ln 2) NA

menr Nfit
2⌫

NdetX

i=1

Mi ti f76,i

⇥
fAV,i "

fit
AV,i

+ (1 � fAV,i) "fit
DL,i

⇤
, (2)

where NA is Avogadro’s constant and menr = 75.6 g is
the molar mass of the enriched material. The summa-
tion runs over all the detectors (Ndet) considered in the

data set. All detector related parameters like the de-
tector mass (Mi), the time of the data taking for each
detector (ti), the fraction of 76Ge atoms (f76,i), the ac-

tive volume fraction (fAV,i), and the detection e�cien-
cies in the active volume ("fit

AV,i) and in the dead layer

("fit
DL,i) are taken into account separately for the indi-

vidual detectors. All values are listed in Table 1. The
e�ciency "fit

AV,i ("fit
DL,i) corresponds to the probability

that a 2⌫�� decay taking place in the active volume

(dead layer) of the detector deposits detectable energy
in the fit window considered for the background model.

Table 1 Parameters for the coaxial detectors (upper part)
and for the BEGe detectors (lower part): live time, t, total
mass, M , the fraction of 76Ge atoms, f76, and the active
volume fraction, fAV . For the coaxial detectors, the first un-
certainty on fact is the uncorrelated part, the second one the
correlated contribution. The values for M , f76 and fAV are
taken from Ref. [25].

detectors t M f76 fAV

[days] [kg] [%] [%]

enriched coaxial detectors

ANG2 485.5 2.833 86.6 ± 2.5 87.1 ± 4.3 ± 2.8
ANG3 485.5 2.391 88.3 ± 2.6 86.6 ± 4.9 ± 2.8
ANG4 485.5 2.372 86.3 ± 1.3 90.1 ± 4.9 ± 2.9
ANG5 485.5 2.746 85.6 ± 1.3 83.1 ± 4.0 ± 2.7
RG1 485.5 2.110 85.5 ± 1.5 90.4 ± 5.2 ± 2.9
RG2 384.8 2.166 85.5 ± 1.5 83.1 ± 4.6 ± 2.7

enriched BEGe detectors

GD32B 280.0 0.717 87.7 ± 1.3 89.0 ± 2.7
GD32C 304.6 0.743 87.7 ± 1.3 91.1 ± 3.0
GD32D 282.7 0.723 87.7 ± 1.3 92.3 ± 2.6
GD35B 301.2 0.812 87.7 ± 1.3 91.4 ± 2.9

The detection e�ciencies, on average "fit
AV = 0.667 and

"fit
DL = 0.011, are obtained through dedicated MC sim-

ulations. The statistical uncertainty due to the number
of simulated events is on the order of 0.1 %.

The background model resulted in a scaling parame-

ter of Nfit
2⌫ = 25690 +310

�330 for the 2⌫�� spectrum, which is
the best fit parameter. The uncertainty is given by the
smallest 68% probability interval of the marginalized
posterior probability distribution. Using this result, the

half-life derived according to Eq. 2 is

T 2⌫
1/2 = (1.926 +0.025

�0.022) · 1021 yr . (3)

6.2 Systematic Uncertainties

The systematic uncertainties a↵ecting the results for

T 2⌫
1/2 were grouped into the three categories (i) detector

parameters and fit model, (ii) MC simulation, and (iii)
data acquisition and selection. The contributions to the
total systematic uncertainty on T 2⌫

1/2 are summarized in

Table 2.

(i) detector parameters and fit model

– The systematic uncertainty on the active 76Ge expo-
sure (EAV,76) was determined using a MC approach.

EAV,76 is defined as

EAV,76 =

NdetX

i=1

MitifAV,if76,i . (4)

For evaluating its uncertainty, the parameters of the
individual detectors were randomly sampled from
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were added: 214Bi, 228Th and 228Ac. A 228Th contam-
ination was chosen as a representative for far distant
sources (above 50 cm). Whenever possible, screening
measurements were used to constrain the lower limit of

the expected background events.

In the Majoron analysis, also the data collected with
the BEGe diodes were used in order to maximize the
exposure. Consequently, the background model devel-
oped for these detectors was used [25,30]. The same

close, medium and far distant sources as for the coaxial
detectors were used. 68Ge was added as internal source.
This was necessary in order to take into account the

cosmic activation of the germanium due to the recent
production of these diodes.

6 Determination of the half-life of 2⌫�� decay

6.1 Analysis

The T 2⌫
1/2 of 2⌫�� decay of 76Ge was determined consid-

ering the golden data set of Phase I, amounting to an
exposure of 17.9 kg·yr, and using the background model
prediction for the contribution of the 2⌫�� spectrum to

the overall energy spectrum. Details of the background
analysis can be found in Ref. [29].

The global fit for the background modeling was per-
formed on the summed energy spectrum of the coaxial
detectors using a bin width of 30 keV. Thus, the scal-

ing parameter of the 2⌫�� spectrum in the model, Nfit
2⌫ ,

gives the number of events in the 2⌫�� spectrum in the
fit window of 570–7500 keV for all detectors. Using this
result for the number of measured 2⌫�� events, the

half-life is calculated as
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where NA is Avogadro’s constant and menr = 75.6 g is
the molar mass of the enriched material. The summa-
tion runs over all the detectors (Ndet) considered in the

data set. All detector related parameters like the de-
tector mass (Mi), the time of the data taking for each
detector (ti), the fraction of 76Ge atoms (f76,i), the ac-

tive volume fraction (fAV,i), and the detection e�cien-
cies in the active volume ("fit

AV,i) and in the dead layer

("fit
DL,i) are taken into account separately for the indi-

vidual detectors. All values are listed in Table 1. The
e�ciency "fit

AV,i ("fit
DL,i) corresponds to the probability

that a 2⌫�� decay taking place in the active volume

(dead layer) of the detector deposits detectable energy
in the fit window considered for the background model.

Table 1 Parameters for the coaxial detectors (upper part)
and for the BEGe detectors (lower part): live time, t, total
mass, M , the fraction of 76Ge atoms, f76, and the active
volume fraction, fAV . For the coaxial detectors, the first un-
certainty on fact is the uncorrelated part, the second one the
correlated contribution. The values for M , f76 and fAV are
taken from Ref. [25].

detectors t M f76 fAV

[days] [kg] [%] [%]

enriched coaxial detectors

ANG2 485.5 2.833 86.6 ± 2.5 87.1 ± 4.3 ± 2.8
ANG3 485.5 2.391 88.3 ± 2.6 86.6 ± 4.9 ± 2.8
ANG4 485.5 2.372 86.3 ± 1.3 90.1 ± 4.9 ± 2.9
ANG5 485.5 2.746 85.6 ± 1.3 83.1 ± 4.0 ± 2.7
RG1 485.5 2.110 85.5 ± 1.5 90.4 ± 5.2 ± 2.9
RG2 384.8 2.166 85.5 ± 1.5 83.1 ± 4.6 ± 2.7

enriched BEGe detectors

GD32B 280.0 0.717 87.7 ± 1.3 89.0 ± 2.7
GD32C 304.6 0.743 87.7 ± 1.3 91.1 ± 3.0
GD32D 282.7 0.723 87.7 ± 1.3 92.3 ± 2.6
GD35B 301.2 0.812 87.7 ± 1.3 91.4 ± 2.9

The detection e�ciencies, on average "fit
AV = 0.667 and

"fit
DL = 0.011, are obtained through dedicated MC sim-

ulations. The statistical uncertainty due to the number
of simulated events is on the order of 0.1 %.

The background model resulted in a scaling parame-

ter of Nfit
2⌫ = 25690 +310

�330 for the 2⌫�� spectrum, which is
the best fit parameter. The uncertainty is given by the
smallest 68% probability interval of the marginalized
posterior probability distribution. Using this result, the

half-life derived according to Eq. 2 is

T 2⌫
1/2 = (1.926 +0.025

�0.022) · 1021 yr . (3)

6.2 Systematic Uncertainties

The systematic uncertainties a↵ecting the results for

T 2⌫
1/2 were grouped into the three categories (i) detector

parameters and fit model, (ii) MC simulation, and (iii)
data acquisition and selection. The contributions to the
total systematic uncertainty on T 2⌫

1/2 are summarized in

Table 2.

(i) detector parameters and fit model

– The systematic uncertainty on the active 76Ge expo-
sure (EAV,76) was determined using a MC approach.

EAV,76 is defined as

EAV,76 =

NdetX

i=1

MitifAV,if76,i . (4)

For evaluating its uncertainty, the parameters of the
individual detectors were randomly sampled from
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were added: 214Bi, 228Th and 228Ac. A 228Th contam-
ination was chosen as a representative for far distant
sources (above 50 cm). Whenever possible, screening
measurements were used to constrain the lower limit of

the expected background events.

In the Majoron analysis, also the data collected with
the BEGe diodes were used in order to maximize the
exposure. Consequently, the background model devel-
oped for these detectors was used [25,30]. The same

close, medium and far distant sources as for the coaxial
detectors were used. 68Ge was added as internal source.
This was necessary in order to take into account the

cosmic activation of the germanium due to the recent
production of these diodes.

6 Determination of the half-life of 2⌫�� decay

6.1 Analysis

The T 2⌫
1/2 of 2⌫�� decay of 76Ge was determined consid-

ering the golden data set of Phase I, amounting to an
exposure of 17.9 kg·yr, and using the background model
prediction for the contribution of the 2⌫�� spectrum to

the overall energy spectrum. Details of the background
analysis can be found in Ref. [29].

The global fit for the background modeling was per-
formed on the summed energy spectrum of the coaxial
detectors using a bin width of 30 keV. Thus, the scal-

ing parameter of the 2⌫�� spectrum in the model, Nfit
2⌫ ,

gives the number of events in the 2⌫�� spectrum in the
fit window of 570–7500 keV for all detectors. Using this
result for the number of measured 2⌫�� events, the

half-life is calculated as

T 2⌫
1/2 =

(ln 2) NA

menr Nfit
2⌫

NdetX

i=1

Mi ti f76,i

⇥
fAV,i "

fit
AV,i
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⇤
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where NA is Avogadro’s constant and menr = 75.6 g is
the molar mass of the enriched material. The summa-
tion runs over all the detectors (Ndet) considered in the

data set. All detector related parameters like the de-
tector mass (Mi), the time of the data taking for each
detector (ti), the fraction of 76Ge atoms (f76,i), the ac-

tive volume fraction (fAV,i), and the detection e�cien-
cies in the active volume ("fit

AV,i) and in the dead layer

("fit
DL,i) are taken into account separately for the indi-

vidual detectors. All values are listed in Table 1. The
e�ciency "fit

AV,i ("fit
DL,i) corresponds to the probability

that a 2⌫�� decay taking place in the active volume

(dead layer) of the detector deposits detectable energy
in the fit window considered for the background model.

Table 1 Parameters for the coaxial detectors (upper part)
and for the BEGe detectors (lower part): live time, t, total
mass, M , the fraction of 76Ge atoms, f76, and the active
volume fraction, fAV . For the coaxial detectors, the first un-
certainty on fact is the uncorrelated part, the second one the
correlated contribution. The values for M , f76 and fAV are
taken from Ref. [25].

detectors t M f76 fAV

[days] [kg] [%] [%]

enriched coaxial detectors

ANG2 485.5 2.833 86.6 ± 2.5 87.1 ± 4.3 ± 2.8
ANG3 485.5 2.391 88.3 ± 2.6 86.6 ± 4.9 ± 2.8
ANG4 485.5 2.372 86.3 ± 1.3 90.1 ± 4.9 ± 2.9
ANG5 485.5 2.746 85.6 ± 1.3 83.1 ± 4.0 ± 2.7
RG1 485.5 2.110 85.5 ± 1.5 90.4 ± 5.2 ± 2.9
RG2 384.8 2.166 85.5 ± 1.5 83.1 ± 4.6 ± 2.7

enriched BEGe detectors

GD32B 280.0 0.717 87.7 ± 1.3 89.0 ± 2.7
GD32C 304.6 0.743 87.7 ± 1.3 91.1 ± 3.0
GD32D 282.7 0.723 87.7 ± 1.3 92.3 ± 2.6
GD35B 301.2 0.812 87.7 ± 1.3 91.4 ± 2.9

The detection e�ciencies, on average "fit
AV = 0.667 and

"fit
DL = 0.011, are obtained through dedicated MC sim-

ulations. The statistical uncertainty due to the number
of simulated events is on the order of 0.1 %.

The background model resulted in a scaling parame-

ter of Nfit
2⌫ = 25690 +310

�330 for the 2⌫�� spectrum, which is
the best fit parameter. The uncertainty is given by the
smallest 68% probability interval of the marginalized
posterior probability distribution. Using this result, the

half-life derived according to Eq. 2 is

T 2⌫
1/2 = (1.926 +0.025

�0.022) · 1021 yr . (3)

6.2 Systematic Uncertainties

The systematic uncertainties a↵ecting the results for

T 2⌫
1/2 were grouped into the three categories (i) detector

parameters and fit model, (ii) MC simulation, and (iii)
data acquisition and selection. The contributions to the
total systematic uncertainty on T 2⌫

1/2 are summarized in

Table 2.

(i) detector parameters and fit model

– The systematic uncertainty on the active 76Ge expo-
sure (EAV,76) was determined using a MC approach.

EAV,76 is defined as

EAV,76 =

NdetX

i=1

MitifAV,if76,i . (4)

For evaluating its uncertainty, the parameters of the
individual detectors were randomly sampled from

• golden coaxial data
• Fit range: 570-7500 keV
• 17.9 kg·yr exposure
• 30 keV energy bin
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Half-life of 2νββ decay of 76Ge
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Fig. 2 Upper panel: experimental data (markers) and the best fit model (black histogram) for the golden data set. The
contribution from 2⌫�� (green) and from the single background components are also shown. Lower panel: ratio between
experimental data and the prediction of the best fit model. The green, yellow and red regions are the smallest intervals
containing 68 %, 95 % and 99 % probability for the ratio assuming the best fit parameters, respectively [40].

array, for decays taking place in the active and dead
part of detector ↵, becomes:

�↵,0⌫�
i =

(ln 2) NA

menr T 0⌫�
1/2

M↵ f76,↵ ·

2
4fAV,↵

NdetX

j=1

tj"
↵
AV,j�

↵,0⌫�
AV,i,j

+(1 � fAV,↵)

NdetX

j=1

tj"
↵
DL,j�

↵,0⌫�
DL,i,j

3
5 (6)

with �↵,0⌫�
AV,i,j (�↵,0⌫�

DL,i,j) giving the content of the i-th bin
of the normalized energy distribution recorded with de-
tector j for 0⌫��� taking place in the active (dead)

volume of detector ↵. Summing up the simulations of
decays in all Ndet detectors results in the final model

spectrum:

�0⌫�
i =

NdetX

↵=1

�↵,0⌫�
i . (7)

For all four Majoron modes (n = 1, 2, 3, 7) only lower
limits on the half-life can be given. They were obtained
from the 90 % quantiles of the marginalized posterior

distributions. These lower limits for T 0⌫�
1/2 , not taking

into account the systematic uncertainties, are in units
of 1023 yr: >4.4, >1.9, >0.9, and >0.4 for n = 1, 2, 3,

and 7, respectively. The respective half-life of the 2⌫��
process derived from this analysis amounts to in units of
1021 yr: 1.96±0.03stat, 1.97±0.03stat, 1.98±0.03stat, and

1.99±0.03stat. Within the uncertainties coming from
the di↵erent background models and the di↵erent data

Binned maximum likelihood

Best fit result:

Nfit
2ν = 25690+310

−330

T2ν
1/2 = (1.926+0.025 +0.092

−0.022stat−0.092syst ) · 1021 yr

Signal to background ratio 3:1
between 570 and 2039 keV.

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

The GERDA collaboration
submitted to Eur. Phys. J. C
arXiv:1501.02345
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0νββχ decays

Search for Majoron accompanied 0νββ decay of 76Ge
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Table 3 Experimental results for the limits on T 0⌫�
1/2 of 76Ge for the Majoron models given in Refs. [7,42,43,44]. The first

section considers lepton number violating models (I) allowing 0⌫�� decay, while in the second section lepton number conserving
models (II) are listed, where 0⌫�� decay is not allowed. The first column gives the model name, the second the spectral index,
n, the third the information on whether one Majoron, �, or two Majorons, ��, is emitted, the fourth if the Majoron is a
Goldstone boson, the fifth provides its lepton number, L, the sixth the experimental limit on T 0⌫�

1/2 of 76Ge obtained in this

analysis. The nuclear matrix elements, M0⌫�, the phase space factor, G0⌫�, and the resulting e↵ective coupling constants,
hgi, are given in the seventh, eighth and ninth columns, respectively. The limits on T 0⌫�

1/2 of 76Ge for the Majoron models and

hgi correspond to the 90 % quantiles of the marginalized posterior probability distribution. For the case of n = 1, the nuclear
matrix element, M0⌫�, from Refs. [45,46,47,48,49,50,51] and the phase space factor, G0⌫�, from Ref. [52] are used for the
calculation of hgi. The given range covers the variations of M0⌫� in these works. For n = 3 and 7, hgi is determined using
the matrix elements and phase space factors from Ref. [42]. The results for 0⌫��� (n = 3, 7) account for the uncertainty on
M0⌫�. For n = 2, only the experimental upper limit is given.

Model n Mode Goldstone L T 0⌫�
1/2 M0⌫� G0⌫� hgi

boson [1023yr] [yr�1]

IB 1 � no 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IC 1 � yes 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

ID 3 �� no 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IE 3 �� yes 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IF 2 � bulk field 0 > 1.8 – – –

IIB 1 � no -2 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IIC 3 � yes -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

IID 3 �� no -1 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IIE 7 �� yes -1 > 0.3 10�3±1 1.21 · 10�18 < 2.2+4.9
�1.4

IIF 3 � gauge boson -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

The uncertainty from data acquisition and selection is

estimated to be below 0.1 % and does not alter the de-
rived limits on T 0⌫�

1/2 .

7.3 Results and Discussion

Fig. 3 shows the global model for the case of spectral in-

dex n = 1 together with the energy spectra for both the
coaxial and the BEGe data sets. The contributions from
the background contaminations, from the 2⌫�� decay

only, and the combined spectra from the background
contaminations and 2⌫�� decay are drawn separately.
The 35868 events in the data spectrum of the golden
data set were matched with 35834 events in the best-

fit model for n = 1. Of those events, in the best fit,
54.5 are attributed to 0⌫���. For the BEGe data set,
the best-fit model contains 5081.4 counts for the 5035

measured events. In this fit, 7.8 events are attributed
to 0⌫��� decay. The limit of T 0⌫�

1/2 at 90 % C.I. derived

from the fit is also drawn (green histogram). The up-

per limits at 90% C.I. for the remaining three modes
are reported for illustrative purpose (blue histogram for
n = 2, orange for n = 3 and red for n = 7). The maxi-

mum of the corresponding distributions shifts to higher
energy with the diminishing of the spectral index n.
The resulting lower limits on T 0⌫�

1/2 , determined as the

90 % quantiles of the posterior probability distributions
and taking into account all uncertainties related to the

fit model, are (in units of 1023 yr): >4.2, >1.8, >0.8
and >0.3 for n = 1, 2, 3 and 7, respectively. The results

are summarized in Table 3 for the di↵erent Majoron
models.

The limits on T 0⌫�
1/2 presented here are the most

stringent limits obtained to date for 76Ge. The limits
for n = 1 and n = 3 are improved by more than a fac-

tor six [9], the limit for n = 7 is improved by a factor
five [8] compared to previous measurements. The limit
for the mode with n = 2 is reported here for the first

time.

From the lower limits on T 0⌫�
1/2 , upper limits on the

e↵ective neutrino-Majoron coupling constants hgi for
the models with n = 1, 3 and 7 can be calculated using
the following equations:

1/T 0⌫�
1/2 = |hgi|2 · G0⌫�(Q�� , Z) · |M0⌫�|2 (8)

and

1/T 0⌫�
1/2 = |hgi|4 · G0⌫��(Q�� , Z) · |M0⌫��|2 (9)

for single and double Majoron emission, respectively.
The matrix element for the models with n = 1 (IB,
IC and IIB) are taken from Refs. [45,46,47,48,49,50,

51], whereas the phase space factor is that of Ref. [52].
The matrix elements for the models with n = 3 (ID,
IE, IIC, IID, IIF) and with n = 7 (IIE) as well as

the corresponding phase space factors are taken from
Ref. [42]. The results for the upper limits on hgi are also

dN
dK ∼ G ∼ (Qββ − K)n
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containing 68 %, 95 % and 99 % probability for the ratio assuming the best fit parameters, respectively [40].

array, for decays taking place in the active and dead
part of detector ↵, becomes:
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with �↵,0⌫�
AV,i,j (�↵,0⌫�

DL,i,j) giving the content of the i-th bin
of the normalized energy distribution recorded with de-
tector j for 0⌫��� taking place in the active (dead)

volume of detector ↵. Summing up the simulations of
decays in all Ndet detectors results in the final model

spectrum:

�0⌫�
i =

NdetX

↵=1

�↵,0⌫�
i . (7)

For all four Majoron modes (n = 1, 2, 3, 7) only lower
limits on the half-life can be given. They were obtained
from the 90 % quantiles of the marginalized posterior

distributions. These lower limits for T 0⌫�
1/2 , not taking

into account the systematic uncertainties, are in units
of 1023 yr: >4.4, >1.9, >0.9, and >0.4 for n = 1, 2, 3,

and 7, respectively. The respective half-life of the 2⌫��
process derived from this analysis amounts to in units of
1021 yr: 1.96±0.03stat, 1.97±0.03stat, 1.98±0.03stat, and

1.99±0.03stat. Within the uncertainties coming from
the di↵erent background models and the di↵erent data
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DL,i,j) giving the content of the i-th bin
of the normalized energy distribution recorded with de-
tector j for 0⌫��� taking place in the active (dead)

volume of detector ↵. Summing up the simulations of
decays in all Ndet detectors results in the final model

spectrum:

�0⌫�
i =

NdetX

↵=1

�↵,0⌫�
i . (7)

For all four Majoron modes (n = 1, 2, 3, 7) only lower
limits on the half-life can be given. They were obtained
from the 90 % quantiles of the marginalized posterior

distributions. These lower limits for T 0⌫�
1/2 , not taking

into account the systematic uncertainties, are in units
of 1023 yr: >4.4, >1.9, >0.9, and >0.4 for n = 1, 2, 3,

and 7, respectively. The respective half-life of the 2⌫��
process derived from this analysis amounts to in units of
1021 yr: 1.96±0.03stat, 1.97±0.03stat, 1.98±0.03stat, and

1.99±0.03stat. Within the uncertainties coming from
the di↵erent background models and the di↵erent data
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Fig. 3 Best-fit model and data energy spectrum for the coaxial and the BEGe data sets for the case of spectral index
n = 1. The contributions from 2⌫�� decay and the background contributions are shown separately. The best-fit model does
not contain the contributions from 0⌫���. The smallest interval of 68 % probability for the model expectation is indicated in
grey. Also shown is the upper limit for 0⌫��� decay with n = 1 as determined from the 90 % quantile of the marginalized
posterior probability for 1/T 0⌫�

1/2 . For illustrative purpose, also the upper limits at 90 % C.I. of the other three spectral indices

n = 2, 3, 7 are reported.

shown in Table 3. The coupling constants allow a com-

parison with other isotopes. The best limits on 0⌫���

decay of isotopes other than 76Ge have been obtained

for 100Mo [10] and 136Xe [14]. When comparing with

the case of 100Mo, it becomes obvious that the limits

on T 0⌫�
1/2 determined in the present analysis are about

one order of magnitude more stringent, for the case of

n = 7 even two orders of magnitude. However, due to

the di↵erences in the matrix elements and the phase

space factors, the resulting limits on hgi from 100Mo

and 76Ge are comparable. The limits for hgi derived

from 136Xe are a factor of two to five more stringent

due to the higher limits that had been measured for

T 0⌫�
1/2 .

8 Conclusions

Phase I of the Gerda experiment, located at the INFN

Laboratori Nazionali del Gran Sasso (LNGS) in Italy,

has been executed between November 2011 and May

2013. Utilizing the collected exposure of Phase I, an im-

proved result of the half-life of the 2⌫�� process in 76Ge

was obtained and new limits for the half-lives of the

Majoron-emitting double beta decays were produced.
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Table 3 Experimental results for the limits on T 0⌫�
1/2 of 76Ge for the Majoron models given in Refs. [7,42,43,44]. The first

section considers lepton number violating models (I) allowing 0⌫�� decay, while in the second section lepton number conserving
models (II) are listed, where 0⌫�� decay is not allowed. The first column gives the model name, the second the spectral index,
n, the third the information on whether one Majoron, �, or two Majorons, ��, is emitted, the fourth if the Majoron is a
Goldstone boson, the fifth provides its lepton number, L, the sixth the experimental limit on T 0⌫�

1/2 of 76Ge obtained in this

analysis. The nuclear matrix elements, M0⌫�, the phase space factor, G0⌫�, and the resulting e↵ective coupling constants,
hgi, are given in the seventh, eighth and ninth columns, respectively. The limits on T 0⌫�

1/2 of 76Ge for the Majoron models and

hgi correspond to the 90 % quantiles of the marginalized posterior probability distribution. For the case of n = 1, the nuclear
matrix element, M0⌫�, from Refs. [45,46,47,48,49,50,51] and the phase space factor, G0⌫�, from Ref. [52] are used for the
calculation of hgi. The given range covers the variations of M0⌫� in these works. For n = 3 and 7, hgi is determined using
the matrix elements and phase space factors from Ref. [42]. The results for 0⌫��� (n = 3, 7) account for the uncertainty on
M0⌫�. For n = 2, only the experimental upper limit is given.

Model n Mode Goldstone L T 0⌫�
1/2 M0⌫� G0⌫� hgi

boson [1023yr] [yr�1]

IB 1 � no 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IC 1 � yes 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

ID 3 �� no 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IE 3 �� yes 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IF 2 � bulk field 0 > 1.8 – – –

IIB 1 � no -2 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IIC 3 � yes -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

IID 3 �� no -1 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IIE 7 �� yes -1 > 0.3 10�3±1 1.21 · 10�18 < 2.2+4.9
�1.4

IIF 3 � gauge boson -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

The uncertainty from data acquisition and selection is

estimated to be below 0.1 % and does not alter the de-
rived limits on T 0⌫�

1/2 .

7.3 Results and Discussion

Fig. 3 shows the global model for the case of spectral in-

dex n = 1 together with the energy spectra for both the
coaxial and the BEGe data sets. The contributions from
the background contaminations, from the 2⌫�� decay

only, and the combined spectra from the background
contaminations and 2⌫�� decay are drawn separately.
The 35868 events in the data spectrum of the golden
data set were matched with 35834 events in the best-

fit model for n = 1. Of those events, in the best fit,
54.5 are attributed to 0⌫���. For the BEGe data set,
the best-fit model contains 5081.4 counts for the 5035

measured events. In this fit, 7.8 events are attributed
to 0⌫��� decay. The limit of T 0⌫�

1/2 at 90 % C.I. derived

from the fit is also drawn (green histogram). The up-

per limits at 90% C.I. for the remaining three modes
are reported for illustrative purpose (blue histogram for
n = 2, orange for n = 3 and red for n = 7). The maxi-

mum of the corresponding distributions shifts to higher
energy with the diminishing of the spectral index n.
The resulting lower limits on T 0⌫�

1/2 , determined as the

90 % quantiles of the posterior probability distributions
and taking into account all uncertainties related to the

fit model, are (in units of 1023 yr): >4.2, >1.8, >0.8
and >0.3 for n = 1, 2, 3 and 7, respectively. The results

are summarized in Table 3 for the di↵erent Majoron
models.

The limits on T 0⌫�
1/2 presented here are the most

stringent limits obtained to date for 76Ge. The limits
for n = 1 and n = 3 are improved by more than a fac-

tor six [9], the limit for n = 7 is improved by a factor
five [8] compared to previous measurements. The limit
for the mode with n = 2 is reported here for the first

time.

From the lower limits on T 0⌫�
1/2 , upper limits on the

e↵ective neutrino-Majoron coupling constants hgi for
the models with n = 1, 3 and 7 can be calculated using
the following equations:

1/T 0⌫�
1/2 = |hgi|2 · G0⌫�(Q�� , Z) · |M0⌫�|2 (8)

and

1/T 0⌫�
1/2 = |hgi|4 · G0⌫��(Q�� , Z) · |M0⌫��|2 (9)

for single and double Majoron emission, respectively.
The matrix element for the models with n = 1 (IB,
IC and IIB) are taken from Refs. [45,46,47,48,49,50,

51], whereas the phase space factor is that of Ref. [52].
The matrix elements for the models with n = 3 (ID,
IE, IIC, IID, IIF) and with n = 7 (IIE) as well as

the corresponding phase space factors are taken from
Ref. [42]. The results for the upper limits on hgi are also

Most stringest limits obtained for 76Ge
• for n=1 and n=3 limits improved by

a factor 6
• for n=7 limit improved by a factor 5
• for n=2 limit reported for the first

time
The GERDA collaboration, submitted to Eur. Phys. J. C
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Table 3 Experimental results for the limits on T 0⌫�
1/2 of 76Ge for the Majoron models given in Refs. [7,42,43,44]. The first

section considers lepton number violating models (I) allowing 0⌫�� decay, while in the second section lepton number conserving
models (II) are listed, where 0⌫�� decay is not allowed. The first column gives the model name, the second the spectral index,
n, the third the information on whether one Majoron, �, or two Majorons, ��, is emitted, the fourth if the Majoron is a
Goldstone boson, the fifth provides its lepton number, L, the sixth the experimental limit on T 0⌫�

1/2 of 76Ge obtained in this

analysis. The nuclear matrix elements, M0⌫�, the phase space factor, G0⌫�, and the resulting e↵ective coupling constants,
hgi, are given in the seventh, eighth and ninth columns, respectively. The limits on T 0⌫�

1/2 of 76Ge for the Majoron models and

hgi correspond to the 90 % quantiles of the marginalized posterior probability distribution. For the case of n = 1, the nuclear
matrix element, M0⌫�, from Refs. [45,46,47,48,49,50,51] and the phase space factor, G0⌫�, from Ref. [52] are used for the
calculation of hgi. The given range covers the variations of M0⌫� in these works. For n = 3 and 7, hgi is determined using
the matrix elements and phase space factors from Ref. [42]. The results for 0⌫��� (n = 3, 7) account for the uncertainty on
M0⌫�. For n = 2, only the experimental upper limit is given.

Model n Mode Goldstone L T 0⌫�
1/2 M0⌫� G0⌫� hgi

boson [1023yr] [yr�1]

IB 1 � no 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IC 1 � yes 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

ID 3 �� no 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IE 3 �� yes 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IF 2 � bulk field 0 > 1.8 – – –

IIB 1 � no -2 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IIC 3 � yes -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

IID 3 �� no -1 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IIE 7 �� yes -1 > 0.3 10�3±1 1.21 · 10�18 < 2.2+4.9
�1.4

IIF 3 � gauge boson -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

The uncertainty from data acquisition and selection is

estimated to be below 0.1 % and does not alter the de-

rived limits on T 0⌫�
1/2 .

7.3 Results and Discussion

Fig. 3 shows the global model for the case of spectral in-

dex n = 1 together with the energy spectra for both the

coaxial and the BEGe data sets. The contributions from

the background contaminations, from the 2⌫�� decay

only, and the combined spectra from the background

contaminations and 2⌫�� decay are drawn separately.

The 35868 events in the data spectrum of the golden

data set were matched with 35834 events in the best-

fit model for n = 1. Of those events, in the best fit,

54.5 are attributed to 0⌫���. For the BEGe data set,

the best-fit model contains 5081.4 counts for the 5035

measured events. In this fit, 7.8 events are attributed

to 0⌫��� decay. The limit of T 0⌫�
1/2 at 90 % C.I. derived

from the fit is also drawn (green histogram). The up-

per limits at 90% C.I. for the remaining three modes

are reported for illustrative purpose (blue histogram for

n = 2, orange for n = 3 and red for n = 7). The maxi-

mum of the corresponding distributions shifts to higher

energy with the diminishing of the spectral index n.

The resulting lower limits on T 0⌫�
1/2 , determined as the

90 % quantiles of the posterior probability distributions

and taking into account all uncertainties related to the

fit model, are (in units of 1023 yr): >4.2, >1.8, >0.8

and >0.3 for n = 1, 2, 3 and 7, respectively. The results

are summarized in Table 3 for the di↵erent Majoron

models.

The limits on T 0⌫�
1/2 presented here are the most

stringent limits obtained to date for 76Ge. The limits

for n = 1 and n = 3 are improved by more than a fac-

tor six [9], the limit for n = 7 is improved by a factor

five [8] compared to previous measurements. The limit

for the mode with n = 2 is reported here for the first

time.

From the lower limits on T 0⌫�
1/2 , upper limits on the

e↵ective neutrino-Majoron coupling constants hgi for

the models with n = 1, 3 and 7 can be calculated using

the following equations:

1/T 0⌫�
1/2 = |hgi|2 · G0⌫�(Q�� , Z) · |M0⌫�|2 (8)

and

1/T 0⌫�
1/2 = |hgi|4 · G0⌫��(Q�� , Z) · |M0⌫��|2 (9)

for single and double Majoron emission, respectively.

The matrix element for the models with n = 1 (IB,

IC and IIB) are taken from Refs. [45,46,47,48,49,50,

51], whereas the phase space factor is that of Ref. [52].

The matrix elements for the models with n = 3 (ID,

IE, IIC, IID, IIF) and with n = 7 (IIE) as well as

the corresponding phase space factors are taken from

Ref. [42]. The results for the upper limits on hgi are also

Results from GERDA Phase I
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Table 3 Experimental results for the limits on T 0⌫�
1/2 of 76Ge for the Majoron models given in Refs. [7,42,43,44]. The first

section considers lepton number violating models (I) allowing 0⌫�� decay, while in the second section lepton number conserving
models (II) are listed, where 0⌫�� decay is not allowed. The first column gives the model name, the second the spectral index,
n, the third the information on whether one Majoron, �, or two Majorons, ��, is emitted, the fourth if the Majoron is a
Goldstone boson, the fifth provides its lepton number, L, the sixth the experimental limit on T 0⌫�

1/2 of 76Ge obtained in this

analysis. The nuclear matrix elements, M0⌫�, the phase space factor, G0⌫�, and the resulting e↵ective coupling constants,
hgi, are given in the seventh, eighth and ninth columns, respectively. The limits on T 0⌫�

1/2 of 76Ge for the Majoron models and

hgi correspond to the 90 % quantiles of the marginalized posterior probability distribution. For the case of n = 1, the nuclear
matrix element, M0⌫�, from Refs. [45,46,47,48,49,50,51] and the phase space factor, G0⌫�, from Ref. [52] are used for the
calculation of hgi. The given range covers the variations of M0⌫� in these works. For n = 3 and 7, hgi is determined using
the matrix elements and phase space factors from Ref. [42]. The results for 0⌫��� (n = 3, 7) account for the uncertainty on
M0⌫�. For n = 2, only the experimental upper limit is given.

Model n Mode Goldstone L T 0⌫�
1/2 M0⌫� G0⌫� hgi

boson [1023yr] [yr�1]

IB 1 � no 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IC 1 � yes 0 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

ID 3 �� no 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IE 3 �� yes 0 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IF 2 � bulk field 0 > 1.8 – – –

IIB 1 � no -2 > 4.2 (2.30 � 5.82) 5.86 · 10�17 < (3.4 � 8.7) · 10�5

IIC 3 � yes -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

IID 3 �� no -1 > 0.8 10�3±1 6.32 · 10�19 < 2.1+4.5
�1.4

IIE 7 �� yes -1 > 0.3 10�3±1 1.21 · 10�18 < 2.2+4.9
�1.4

IIF 3 � gauge boson -2 > 0.8 0.16 2.07 · 10�19 < 4.7 · 10�2

The uncertainty from data acquisition and selection is

estimated to be below 0.1 % and does not alter the de-
rived limits on T 0⌫�

1/2 .

7.3 Results and Discussion

Fig. 3 shows the global model for the case of spectral in-

dex n = 1 together with the energy spectra for both the
coaxial and the BEGe data sets. The contributions from
the background contaminations, from the 2⌫�� decay

only, and the combined spectra from the background
contaminations and 2⌫�� decay are drawn separately.
The 35868 events in the data spectrum of the golden
data set were matched with 35834 events in the best-

fit model for n = 1. Of those events, in the best fit,
54.5 are attributed to 0⌫���. For the BEGe data set,
the best-fit model contains 5081.4 counts for the 5035

measured events. In this fit, 7.8 events are attributed
to 0⌫��� decay. The limit of T 0⌫�

1/2 at 90 % C.I. derived

from the fit is also drawn (green histogram). The up-

per limits at 90% C.I. for the remaining three modes
are reported for illustrative purpose (blue histogram for
n = 2, orange for n = 3 and red for n = 7). The maxi-

mum of the corresponding distributions shifts to higher
energy with the diminishing of the spectral index n.
The resulting lower limits on T 0⌫�

1/2 , determined as the

90 % quantiles of the posterior probability distributions
and taking into account all uncertainties related to the

fit model, are (in units of 1023 yr): >4.2, >1.8, >0.8
and >0.3 for n = 1, 2, 3 and 7, respectively. The results

are summarized in Table 3 for the di↵erent Majoron
models.

The limits on T 0⌫�
1/2 presented here are the most

stringent limits obtained to date for 76Ge. The limits
for n = 1 and n = 3 are improved by more than a fac-

tor six [9], the limit for n = 7 is improved by a factor
five [8] compared to previous measurements. The limit
for the mode with n = 2 is reported here for the first

time.

From the lower limits on T 0⌫�
1/2 , upper limits on the

e↵ective neutrino-Majoron coupling constants hgi for
the models with n = 1, 3 and 7 can be calculated using
the following equations:

1/T 0⌫�
1/2 = |hgi|2 · G0⌫�(Q�� , Z) · |M0⌫�|2 (8)

and

1/T 0⌫�
1/2 = |hgi|4 · G0⌫��(Q�� , Z) · |M0⌫��|2 (9)

for single and double Majoron emission, respectively.
The matrix element for the models with n = 1 (IB,
IC and IIB) are taken from Refs. [45,46,47,48,49,50,

51], whereas the phase space factor is that of Ref. [52].
The matrix elements for the models with n = 3 (ID,
IE, IIC, IID, IIF) and with n = 7 (IIE) as well as

the corresponding phase space factors are taken from
Ref. [42]. The results for the upper limits on hgi are also

The coupling constants allow a comparison with other isotopes
The GERDA collaboration, submitted to Eur. Phys. J. C

arXiv:1501.02345
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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 range
one drift of electrons and holes SINGLE SITE EVENTS
(SSE)
Background from γ’s: MeV γ in Ge ∼ cm range
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 detectors:

• A over E parameter (A/E) between 0.965 and 1.07
• Double Escape Peak of 2615 keV γ in 228Th from calibrations (1593 keV) → SSE

for 0νββ
• FEP at 1621 keV or SEP at 2104 keV are MSE
• 80% background rejection at Qββ
• 0.92±0.02 efficiency for 0νββ - 7/40 events kept in 400 keV window

TAUP 2013 GERDA result 12

 PSD for BEGe

Develop the  PSD method with calibration data and  then apply  it  to physics data

double escape peak (DEP)  events of 2615 keV g in 228Th spectrum are (mainly) SSE → proxy for 0nbb

A/E = max. of current pulse “A” / energy “E”  is robust & simple & well understood
accept events   0.965  <  A/E  < 1.07  (normalization A/E for DEP events = 1)

A/E versus E for physics data spectrum before (grey) & after (blue) cut

0nbb efficiency = 92±2 % determined from DEP efficiency & simulation

2nbb efficiency = 91±5 % in good agreement to DEP efficiency

reject >80%  of background events

(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 29 / 43



Pulse shape discrimination of GERDA Phase I data

The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

PSD for coaxial detectors:
• Artificial Neural Network ANN
• ANN analysis of 50 rise-time info (1,3,5,...,99%) with TMVA/TMlpANN
• trained on signal SSE: 208Tl (2614 keV) DEP at 1592 keV
• MSE training with background-like 212Bi FEP at 1621 keV

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 A1= 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

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

part subtracted), from the 1525 keV 42K � line (domi-
nantly MSE) and the qualifier for events in the 230 keV
window. The events from the 1525 keV gamma peak

are predominantly MSE and the shape agrees with the
SEP distribution. The events in the 1.0 - 1.4 MeV re-
gion are dominantly SSE and their distribution agrees

quite well with the one for DEP events. The red curve

Table 4 Survival fractions of the neural network PSD for
di↵erent event classes and di↵erent detectors. Numbers are
given for calibration (cal.) or physics data from the peri-
ods p1, p2 and p3. The statistics of physics data for p2 are
small and hence not always listed. “2⌫��” stands for the 1.0
- 1.4 MeV interval which consists dominantly of 2⌫�� decays.
42K signifies the 1525 keV full energy peak. ROI is here the
230 keV window around Q�� . The errors are typically 0.01
for SEP and ROI for calibration, 0.02 for the 2⌫�� data in-
terval and 0.06 for the 42K � peak. The last column list the
event count after/before the PSD cut.

det. period SEP ROI 2⌫�� 42K ROI

cal. cal. data data data

ANG 2 p1 0.33 0.58 0.74 0.30 2/4
ANG 2 p2 0.50 0.65 0.65 0/1
ANG 2 p3 0.47 0.63 0.73 0.40 6/8
ANG 3 p1 0.32 0.56 0.79 0.43 6/9
ANG 3 p2 0.34 0.56 0.75 2/3
ANG 3 p3 0.40 0.63 0.82 0.44 4/6
ANG 4 p1 0.29 0.54 0.78 0.45 1/1
ANG 4 p2 0.28 0.53 0.63 0/1
ANG 4 p3 0.33 0.58 0.83 0.44 2/4
ANG 5 p1 0.26 0.55 0.79 0.41 2/11
ANG 5 p2 0.21 0.45 0.57 0/2
ANG 5 p3 0.33 0.59 0.80 0.30 6/16
RG 1 p1 0.45 0.63 0.80 0.52 2/6
RG 1 p2 0.43 0.60 0.77 2/3
RG 1 p3 0.41 0.62 0.81 0.48 3/4
RG 2 p1 0.30 0.53 0.82 0.49 10/12
RG 2 p2 0.37 0.60 0.81 0.48 3/3
RG 2 p3 0.45 0.61 0.76 0.56 2/2
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Fig. 18 ANN response for 228Th calibration events for
DEP (green, long dashes) and SEP (dark blue) for ANG 3
in the first period. The distributions from Compton events at
these energies are subtracted statistically using events in en-
ergy side bands. Also shown in black are the qualifier values
of events from physics data taking from a 230 keV window
around Q�� . The grey vertical line marks the cut position.
Physics data events from the 1525 keV FEP of 42K are shown
in magenta and the ones from the interval 1.0 - 1.4 MeV by
brown dashes (dominantly 2⌫��, MSE part subtracted).

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

The training was performed for the periods individ-
ually by combining all calibration data. The rules can
then be applied to every single calibration to look for
drifts in time. Fig. 19 shows the DEP survival fraction

(blue triangles) for the entire Phase I from November
2011 to May 2013 for all detectors. The plots show a
stable performance. Also shown are the equivalent en-

tries (red circles) for events with energy around the SEP
position. For several detectors the rejection of MSE is
not stable. Especially visible is the deterioration start-
ing in July 2012. This is related to di↵erent conditions

of high frequency noise.

The distribution of the qualifier for all events in the

230 keV window around Q�� is shown in Fig. 20. Events
rejected by the neural network are marked in red. Cir-
cles mark events rejected by the likelihood method and
diamonds those rejected by the method based on the

current pulse asymmetry. Both methods are discussed
below. In the shown energy interval, all events removed
by the neural network are also removed by at least one

other method and for about 90 % of the cases, all three
methods discard the events. In a larger energy range
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Results on 0νββ decay
• Summed exposure: 21.6 kg yr
• Unblinding after calibration

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

• Consider the 3 data sets
separately in the analysis

• BI = 0.01 cts/(keV kg yr) after
PSD

• No events in ±σE after PSD
• 3 events in ±2σE after PSD

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, consistent
with the expectation. Five of the six events have the
same classification by at least one other PSD method.
The event in the BEGe data set is rejected by the A/E
cut. No events remain within Q�� ± �E after PSD. All
results quoted in the following are obtained with PSD.

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

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

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

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

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

data set detector energy date PSD
[keV] passed

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

1/2 = 1.19 · 1025 yr (red dashed) and with the 90 % upper

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

(blue solid).

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

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

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

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

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

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

1/2 after marginalization over all nuisance parame-

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

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

uncertainties). The corresponding median sensitivity is
T 0⌫

1/2 > 2.0 · 1025 yr.

DISCUSSION

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

1/2 from Ref. [11], 5.9 ± 1.4

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

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
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TABLE I. Parameters for the three data sets with and with-
out the pulse shape discrimination (PSD). “bkg” is the num-
ber of events in the 230 keV window and BI the respective
background index, calculated as bkg/(E · 230 keV). “cts” is
the observed number of events in the interval Q��±5 keV.

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

�14 1
BEGe 2.4 0.720 ± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

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

�0.070 9 30+11
�9 1

BEGe 2.4 0.663 ± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 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
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TABLE I. Parameters for the three data sets with and with-
out the pulse shape discrimination (PSD). “bkg” is the num-
ber of events in the 230 keV window and BI the respective
background index, calculated as bkg/(E · 230 keV). “cts” is
the observed number of events in the interval Q��±5 keV.

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

�14 1
BEGe 2.4 0.720 ± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

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

�0.070 9 30+11
�9 1

BEGe 2.4 0.663 ± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 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)

No peak in spectrum observed, number of events consistent with expectation
from background → GERDA sets a limit on the half-life of the decay!
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Results on 0νββ decay
The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503

• Frequentist analysis
Median sensitivity:
T0ν

1/2 >2.4·1025 yr at 90% C.L.
• Maximum likelihood spectral fit

(3 subsets, 1/T1/2 common)

• Profile likelihood result:
T0ν

1/2 >2.1 · 1025 yr at 90% C.L.
• N0ν<3.5 Best fit: N0ν=0

• Combine with HdM and IGEX:
T0ν

1/2 >3.0 · 1025 yr at 90% C.L.
• independent of NME and physical

mechanism for 0νββ
↓

Effective neutrino mass: upper limit
between 0.2 eV and 0.4 eV

(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 32 / 43



Results on 0νββ decay
Bayesian analysis based on Bayes theorem:

P(H|D) = P(D|H)·P(H)
P(D)

µ = λ+ ν Background (λ) + Signal(ν)
ni = number of observed events in dataset i, D = total number of measured events

1 H = data fully explained by background processes
2 H̄ = data explained by background plus signal

P(D|~λ,T1/2, H̄) =
∏

i
e−(λi +νi )(λi +νi )n

i
ni !

Power of Bayesian statistical method
the limit at 90% Credibility Interval, statistically means that T1/2 is greater than Tlim with
90% probability.
In the frequentist approach one can only state that, assuming 0νββ exists, the value of
Tlim derived will cover the true value of T1/2 in 90% of repetitions of similar experiment.

• Counting number of signal events
• Fitting signal + background
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Comparison with claim from Phys. Lett. B 586 198 (2004)
Bayesian approach: posterior distribution  
• Flat prior on 1/T1/2 between 0 and 10-24 yr-1 

TAUP2013, Sep 11 2013 40 

1.19+0.37
-0.23·1025 yr 

Gerda only 
Best fit: N0ν = 0 
T1/2

0ν > 1.9·1025 yr @ 
90% CI 
MC Median sensitivity: 
T1/2

0ν > 2.0·1025 yr @ 
90% CI 
 
 
Ge Combined(
Best fit: N0ν = 0 
T1/2

0ν > 2.9·1025 yr @ 
90% CI 

Ge combined 

90% prob 
GERDA only 

• Bayesian result (GERDA only)
• T 0ν

1/2 > 1.9·1025 yr at 90% C.redibility Interval
• Best fit N0ν=0
• MC Median Sensitivity: T 0ν

1/2 > 2.0·1025 yr at 90% C.I.
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Systematical uncertainties

Influence of the systematical uncertainty
on the estimation of the 90% C.I. limit on the half-life.

Evaluation of systematics

Consider the most probable configuration: 2(Golden) 0(Silver) 0(BEGe)
Marginalized posterior for 1/T1/2:

invT
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310

410

1/T 0‹
——=0.462 æ T 0‹

——=2.163 x 1025 yr (no systematics)
1/T 0‹

——=0.469 æ T 0‹
——=2.132 x 1025 yr (mean value from fluctuations

according to systematics)

æ 1.5% systematic error on estimation of half-life
Carla Macolino (LNGS) Bayesian Counting analysis Dubna GERDA mtg 18 / 22

• Uncertainty on energy resolution (FWHM at Qββ)
• Uncertainty on the total efficiency
• Error on the optimal window
• Uncertainty on εres : this is the effciency for a signal event to fall within the

energy window
• Systematic shift of the energy scale
• Uncertainty on PSD efficiency

The limit is weakened by a factor < 1.5%
(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 35 / 43



Comparison with claim from Phys. Lett. B 586 198 (2004)

Compare two hypotheses:
• H1: T0ν

1/2 = 1.19+0.37
−0.23· 1025 yr

• H0: background only

Bayes factor:
BF (n,T1/2) = P(signal+background|n,T1/2)

P(background)

= 1
νmax

∫ νmax
0 exp(−ν)

(
λ+ν
λ

)n dν

Bayes factor for GERDA only
P(H1)/P(H0) = 0.0002

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
g��den 17.9 0.688 ± 0.031 76 18±2 5
�i��er 1.3 0.688 ± 0.031 19 63+16

�14 1
� � � e 2.4 0.720 ± 0.018 23 42+10

�8 1
with PSD
g��den 17.9 0.619+0.044

�0.070 45 11±2 2
�i��er 1.3 0.619+0.044

�0.070 9 30+11
�9 1

� � � e 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

g��den ANG 5 2041.8 18-Nov-2011 22:52 no
�i��er ANG 5 2036.9 23-Jun-2012 23:02 yes
g��den RG 2 2041.3 16-Dec-2012 00:09 yes
� � � e GD32B 2036.6 28-Dec-2012 09:50 no
g��den RG 1 2035.5 29-Jan-2013 03:35 yes
g��den ANG 3 2037.4 02-Mar-2013 08:08 no
g��den RG 1 2041.7 27-Apr-2013 22:21 no

2025 2030 2035 2040 2045 2050 2055 2060

co
un

ts
/k

eV
 

0

1

2

3 GERDA 13-07

energy  [keV] 
1900 1950 2000 2050 2100 2150 2200

co
un

ts
/(2

 k
eV

)  

0

2

4

6

8

Bi
   

22
04

 k
eV

21
4

  

19
30

 k
eV

21
90

 k
eV

20
39

 k
eV

β
β

Q

background interpolation

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

AAAA

Compatible with no signal events
T0ν

1/2>2.1·1025 yr

N.B.: T0ν
1/2 from Mod. Phys. Lett. A 21 (2006) 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 with Ge and Xe previous results

The GERDA collaboration, Phys. Rev. Lett. 111 (2013) 122503
C. Macolino and the GERDA collab., Mod. Phys. Lett. A29 (2014) 1430001

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:
• T0ν

1/2 >3.0 · 1025 yr at
90% C.I.

• Bayes factor
P(H1)/P(H0) = 0.0002

• best fit: N0ν=0

• GERDA+KamLAND+EXO:
• 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:
• Phase I ended on Sept. 30th 2013. Phase II transition currently ongoing at LNGS
• increase mass: additional 30 enriched BEGe detectors (about 20 kg)
• reduce background by a factor of 10 w.r.t. GERDA Phase I:

1 make things cleaner:
• use lower background Signal and HV cables w.r.t. Phase I
• reduce material for holders and special care in crystal production

2 reject residual background radiation:
• by Pulse Shape Analysis for high background recognition efficiency
• by LAr scintillation light for background recognition and rejection

• First data in these days
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Liquid Argon instrumentation for Phase II
LAr scintillation veto in GERDA Phase II

• SiPM fiber curtain
• PMTs on top and bottom of the array

• 10th of November the LAr 
veto was assembled 

• Lock was closed 

• SiPMs tested at RT

Wednesday, November 12, 14

Liquid Argon

Signal Background

128 nm 
scintillation light

To light detector

Outlook - Gerda Phase II

sensitivity T 0⌫
1/2(

76Ge) ⇠ 1.4 · 1026 yr at 100 kg·yr

• Reduce BI by another order of magnitude to 0.001
cts/(keV·kg·yr)

• more BEGe detectors with better PSD and resolution

• instrumentation of LAr to veto specific backgrounds

• less and cleaner material in detector holders, cables, ..

• double detector mass (15 kg coaxial + 20 kg BEGe)

• new readout electronics, radio-purer + better resolution

• get exposure of ⇠100 kg·yr within 3 years

Marco Salathe (MPIK) Results from GERDA Phase I LAPP, Annecy, January 10, 2013 31 / 40LAr veto + PSA allows a strong reduction of the background at Qββ!
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Experimental scenario
The GERDA experiment - millestones and location

GErmanium Detector Array

• 2004: Letter of Intent

• R&D: material selection and
screening, tests of bare diodes
in LAr

• 2008-2010: construction at
LNGS (Laboratori Nazionali
del Gran Sasso, Italy,
3400mwe)

• 2010-2011: commissioning

• Nov. 2011 - May 2013: data
taking Phase I data

• Change to Phase II presently
ongoing

Marco Salathe (MPIK) Results from GERDA Phase I LAPP, Annecy, January 10, 2013 8 / 40

Neutrinoless double beta decay and the neutrino mass

21

Majorana ν mass:  
mββ ≡ ｜∑i mi Uei

2｜
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E
A / mi for each ⌫i

GERDA Phase I result

GERDA Phase II goal

GERDA + Majorana 200 kg ?

• Phase I result: BI ∼ 10−2 cts/(keV kg yr) and ∼ 20 kg·yr exposure
Claim from Phys. Lett. B 586 (2004) 198 rejected with high probability

• Phase II goal: BI ∼ 10−3 cts/(keV kg yr) and 100 kg·yr exposure
sensitivity on T0ν

1/2 ∼ 1.4·1026 yr (factor 7 better than Phase I)
• GERDA + Majorana: discussion on possible 200 kg (1 ton) experiment
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Latest results

Most stringent limits on 0νββ decay

Isotope Experiment T0ν
1/2 at 90% CL [yr] 〈mββ〉 [eV] Ref.

76Ge GERDA Phase I 2.1 · 1025 yr 0.25 - 0.42 (1)
136Xe EXO 1.1 · 1025 yr 0.19 - 0.45 (2)
136Xe KamLAND-Zen 1.9 · 1025 yr 0.14 - 0.34 (3)
130Te CUORICINO 2.8 · 1024 yr 0.31 - 0.76 (4)
100Mo NEMO-3 1.1 · 1025 yr 0.34 - 0.87 (5)

(1): Phys. Rev. Lett 111 (2013), 122503
(2): Nature 510 (2014), 229-234
(3): Phys. Rev. Lett. 110 (2013), 062502
(4): Astropart. Phys. 34 (2011) 822-831
(5): Phys. Rev. D 89, 111101 (2014)

In summary: 〈mββ〉 < 0.4 eV (90% CL)
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Experimental scenario

Exciting time with running and upcoming experiments!!!

Experiment Isotope Mass of Sensitivity Sensitivity Status
Isotope [kg] T0ν

1/2 [yr] mββ [eV]
GERDA 76Ge 18 3 × 1025 0.2 ÷ 0.4 running

40 2 × 1026 0.1 in progress
1000 6 × 1027 0.03 R&D

CUORE 130Te 200 1 × 1026 0.04 ÷ 0.1 in progress
MAJORANA 76Ge 40 2 × 1026 0.1 in progress

1000 6 × 1027 0.03 R&D
EXO 136Xe 200 5 × 1025 0.08 ÷ 0.3 in progress

1000 8 × 1026 0.01 ÷ 0.03 R&D
SuperNEMO 82Se 7 6.6 × 1024 0.2 ÷ 0.5 in progress

100 1 × 1026 0.04 ÷ 0.11 R&D
KamLAND-Zen 136Xe 400 4 × 1026 0.06 in progress

1000 1 × 1027 0.02 R&D
NEXT 136Xe 1000 5 × 1026 0.03 ÷ 0.07 in progress
SNO+ 130Te 200 1 × 1026 0.06 ÷ 0.1 in progress

800 1× 1027 0.02 ÷ 0.06 R&D
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Conclusions

◦ Phase I data taking successful! Phase II ongoing
◦ total exposure of GERDA Phase I is 21.6 kg yr
◦ very low background 0.01 cts/(keV kg yr) after PSD
◦ half-life of 0νββ: T0ν

1/2 > 2.1 · 1025 yr (90% C.L.) for 76Ge
◦ this translates in a limit on the effective neutrino mass:

mββ between 0.2 eV and 0.4 eV
◦ probability that the signal from the previous claim produces the

GERDA outcome is 1%
◦ starting Phase II with improved sensitivity
◦ exciting results to come from different experiments!
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Systematic uncertainties on T2ν
1/2

6

Table 2 Contributions to the systematic uncertainty on T 2⌫
1/2 taken into account in this work. The total systematic uncertainty

is obtained by combining the individual contributions in quadrature.

Item Uncertainty on T 2⌫
1/2

[%]

Active 76Ge exposure ±4

Background model components +1.4
�1.2

Binning ±0.5
Shape of the 2⌫�� spectrum < 0.1

Subtotal fit model ±4.3

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

Subtotal Monte Carlo simulation ±2.2

Data acquisition and handling < 0.1

Total ±4.8

Gaussian distributions with mean values and stan-
dard deviations according to the corresponding val-

ues listed in Table 1. The correlated terms for fAV

were also taken into account. The uncertainty on
the live time t is 0.3 %, whereas the total detec-

tor masses are known with good accuracy (uncer-
tainty smaller than 0.1%). The calculation yields
EAV,76 = (13.45 ± 0.54) kg·yr. The uncertainty of

4 % is driven by the uncertainties on fAV and f76,
which mainly a↵ect the number of 76Ge nuclei in
the active volume of the detectors, with a relatively
smaller impact on the detection e�ciency for the

background sources.
– The reference background model used for determin-

ing T 2⌫
1/2 accounts only for the dominant source loca-

tions in the setup. The systematic uncertainty due
to the choice of the background model components
was evaluated by repeating the global fit with al-

ternative models, which account for di↵erent source
locations for all the background sources considered
in the reference model. The model that accounts for
228Th and 228Ac contributions also in the radon-

shroud instead of only in the holders results in a
1.4 % longer T 2⌫

1/2. The same increase occurs if 40K
in the radon-shroud is added to the model compo-

nents. The model including the contribution from
214Bi in the radon-shroud in addition to the p+ sur-
face and holders yields a 0.7 % longer T 2⌫

1/2. In all the

cases mentioned above, the contribution from back-
ground in the 2⌫�� spectrum region increases, since
the peak-to-Compton ratio of the �-rays decreases
for farther source locations leading to longer T 2⌫

1/2

estimates. Excluding contributions from very close
source locations, like 214Bi on the p+ surface and
60Co on the germanium, results in a smaller increase

of the best T 2⌫
1/2 estimate. In this case, the contri-

butions from these components are compensated by

214Bi and 60Co decays in the holders, respectively.
Consequently, the source locations are moved fur-

ther out with respect to the reference model. Con-
sistently, the models that include additional con-
tributions from close source locations yield a de-

crease in the T 2⌫
1/2 value, e.g. including 214Bi in LAr

close to the p+ surface (-1.0 %) or 42K on the n+

(-1.2 %) and p+ (-0.6 %) surfaces. Comparing alter-

native background models to the reference one, the
deviations in the T 2⌫

1/2 result range between -1.2%
and +1.4 %.

– For the standard fit, a bin width of 30 keV was used

for the data and MC energy spectra. In order to take
into account the systematic uncertainty related to
binning e↵ects, the fit was repeated twice using bin

widths of 10 and 50 keV. The bin width of 10 keV
was chosen in order to minimize as much as possible
the bin size taking into account the energy resolu-
tion of ⇡4.5 keV of the coaxial detectors and the

necessity to have enough statistics in all bins. Above
50 keV, peak structures are washed out, leading to
a deterioration of the fit. The deviations in the T 2⌫

1/2

result range between -0.5 % and +0.5% with respect
to that using the standard bin width.

– The primary spectrum of the two electrons emitted

in the 2⌫�� decay of 76Ge, which was then fed into
the MC simulation, was sampled according to the
distribution given in Ref. [33] implemented in De-
cay0 [34]. The systematic uncertainty due to the as-

sumed 2⌫�� spectral shape was evaluated by com-
paring the spectrum generated by Decay0 to the
one given in Ref. [35]. Considering the analysis win-

dow used for background modeling, the maximum
deviation is 0.2 % and the total deviation of the in-
tegral in the analysis window is 0.1%. When the fit

with the background model is repeated using the
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Systematic uncertainties on Majoron accompanied
emissions

• Detector parameters and fit model
• minimum number of events expected from 214Bi and 228Th decays
• energy binning (from 10 to 50 keV)
• uncertainties on the active volume fractions
• uncertainties on enrichment in 76Ge
• uncertainty on exact position of medium and near sources
• uncertainty on transition layer thickness in BEGes

• MC simulation: total 2.2% uncertainty on Monte Carlo due to effects related to
geometry implementation and particle tracking, weakly affecting the limit

• Data acquisition and selection: estimated to be below 0.1%, it does not affect
the limit

In total, limit is weakened by:
• 2.8% (n=1)
• 5.8% (n=2)
• 10.6% (n=3)
• 5.7% (n=7)
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Expected sensitivity
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Number of counts Vs. Effective Mass

Number of GERDA events versus effective mass for 200 kg·yr exposure

 events/(200 kg*yr)ββν0
5 10 15 20 25 30 35 40
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ββ
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NME comparisons as described in A. Smolnikov and P. Grabmayr, Phys. Rev. C 81, 028502.
(2010).
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Number of counts Vs. Effective Mass

Number of decays versus effective mass for 1 ton·yr exposure

 decays/(ton*yr)ββν0
10 20 30 40 50 60 70 80 90 100
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NME comparisons as described in A. Smolnikov and P. Grabmayr, Phys. Rev. C 81, 028502.
(2010).
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Background lines in GERDA Phase IObserved gamma lines 
TAUP2013, Sep 11 2013 27 

counts/(kg yr) 
Energy 
(keV) 

212Bi 
137Cs 
e+ 
42K 

727 
662 
511 

1525 

< 4.0 
< 4.8 

9±3 
60.5 ± 2.1 

GERDA 
arXiv: 1306.5084v1 

181 ± 2 
55 ± 1 
51 ± 1 
29.8 ± 1.6 
17.6 ± 1.1  
36 ± 3 
16.5 ± 0.5 
138.7 ± 4.8 
105 ± 1 
26.9 ± 1.2 
30.7 ± 0.7 
8.1 ± 0.5 
8.1 ± 1.2 
282 ± 2 

30 ± 3 
N.A. 

counts/(kg yr) 

Heidelberg-Moscow 
O. Chvorets, PhD thesis 
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From counts to half-life
Backup: From counts to halflife

T 0⌫
1/2 =

ln 2 · NA

menr · N0⌫
· " · ✏

✏ = f76 · fAV · "FEP · "PSD

Dataset Exposure [kg·yr]
Golden-coax 17.9
Silver-coax 1.3
BEGe 2.4

NA = Avogado Number
E = Exposure
" = Exposure averaged e�ciency

menr = Molar mass of enriched Ge
N0⌫ = Signal counts /limit

f76 = Enrichment fraction
fAV = Active Volume detector fraction

"FEP = Full Energy Peak e�ciency for 0⌫2�
"PSD = Signal acceptance

hf76i hfAV i h"FEPi h"PSDi "

Coax 0.86 0.87 0.92 0.90+0.05
�0.09 0.619+0.044

�0.070

BEGe 0.88 0.92 0.90 0.92 ± 0.02 0.663 ± 0.022

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 19(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 43 / 43



The Heidelberg-Moscow claim

HPGe detectors enriched at 86% in 76Ge

Exposure: 71.7 kg yr
Background: 0.11 counts/(keV kg yr) (without pulse shape)

• T 0ν
1/2 = 1.2(0.69− 4.18)× 1025 yr

Phys. Lett. B 586, 198 (2004)
3σ range
4.2σ C.L. evidence for 0νββ

• T 0ν
1/2 = 2.23(1.92− 2.67)× 1025 yr

Mod. Phys. Lett. A 21, 1547 (2006)
Critized in arXiv:1210.7432

• mββ=(0.24-0.58) eV / (0.29-0.35) eV

IGEX: T 0ν
1/2 = 1.57× 1025 yr (90% C.L.)
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Why GERDA does not use KK 2006 result?Backup: Why GERDA does not use KK 2006 result?

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 20
see B. Schwingenheuer, Ann. Phys. 525, 269 (2013) arXiv:1210.7432
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Why GERDA does not use KK 2006 result?Backup: Why GERDA does not use KK 2006 result?

  

spectrum after PSD

b) 2006 publication:  Mod Phys Lett A21  p. 1547-1566

PSD based on 3 previous methods 
(2 neural networks + pulse boardness)
&  library of SSE pulses:
Event accepted  IF pulse in library  OR
found by neural network of Ref. 16 but 
not by the other two neural networks

NO event overlap between the 2 sets!?

fit gives 11.32±1.75 signal events

→                                     

error on signal count not correct 
since smaller than Poisson error

statement of publication:
- “multi site events are suppressed
   by 100%”,  

� 0��� efficiency = 1 used for         

efficiency factor not considered
→ calculation of        not correct
→ GERDA does not use this result

T 1/2

0ν

T 1/2

0ν =(2.23−0.31

+0.44 )⋅10
25

yr
T 1/2

0ν

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 21see B. Schwingenheuer, Ann. Phys. 525, 269 (2013) arXiv:1210.7432
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Comparison with claim from Mod. Phys. Lett. A 21 1547
(2006)

Comparison with Mod. Phys. Lett. A 21 (2006) 1547   

TAUP2013, Sep 11 2013 50 

•   Compare two hypotheses  
•  H2: T1/2

0ν = 2.23+0.44
-0.31·1025 yr  vs. H0: background only 

 Expected Signal (w/ PSD): (3.1  ± 0.8) cts in ±2σ 
 Expected Bckgd (w/ PSD): (2.0  ±  0.3) cts in ±2σ 
 Observed:                           3.0  in ±2σ (0 in ±1σ) 

GERDA only: 
Profile likelihood: 
P (N0ν=0|H2)=5% 
Bayes factor 
P(H2)/P(H0)=0.052 
 

GERDA+HdM+IGEX: 
Bayes factor P(H2)/

P(H0)=0.027 
 

  

Still disfavoured 

Bayesian posterior pdf (flat prior on 1/T1/2 
between 0 and 10-24 yr-1) 

2.23+0.44
-0.31·1025 yr Ge combined 

GERDA 
only 90% prob 
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Pulse shape discrimination of GERDA Phase I data

The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

PSD for Coaxials

Pulse Shape Discrimination for coaxial detectors⇤

PSD selection in 2⌫2� and 0⌫2� energy ranges

I For 2⌫2� data and model are in good
agreement

I 2⌫2� survival fraction: 0.85 ± 0.02

I Estimated survival fraction for 0⌫2�
event: 0.90+0.05

�0.09

⇤arXiv:1307.2610
Search of Neutrinoless Double Beta Decaywith the GERDA Experiment Giovanni Benato for the GERDA Collaboration 23

Pulse Shape Discrimination for coaxial detectors⇤

PSD selection in 2⌫2� and 0⌫2� energy ranges

I For 2⌫2� data and model are in good
agreement

I 2⌫2� survival fraction: 0.85 ± 0.02

I Estimated survival fraction for 0⌫2�
event: 0.90+0.05

�0.09

⇤arXiv:1307.2610
Search of Neutrinoless Double Beta Decaywith the GERDA Experiment Giovanni Benato for the GERDA Collaboration 23

• Good agreement between model and data for 2νββ
• 2νββ survival fraction: 0.85±0.02
• Estimated survival fraction for 0νββ events: 0.90+0.05

−0.09
• Other 2 methods for PSD considered for cross-check: 90% of the events rejected

by ANN are also rejected by the others 2 methods
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Liquid Argon instrumentation for Phase II

Background rate
without cuts

(10−3 cts/(keV·kg·yr)
228Th (near) ≤5

228Th (1m away) <3
228Th (distant) <3

214Bi (holder/MS) ≤5
214Bi (near p+) <6

214Bi (n+) <7
214Bi (1m away) <3

60Co (near) 1
60Co (in Ge) ≤0.3
68Ga (in Ge) ≤2.3

226Ra (α near p+) 1.5
42K (β on n+) ∼20
unknown (n?) ?

• Phase II background based on Phase I
• background decomposition from

coaxial detectors compatible with
BEGe spectral decomposition

• 42K dominant background source
• 42K with Cu MS
• 226Ra contamination dominated by

226Ra in LAr near p+

The GERDA detectors

  

21 February 2013 18

First BEGe's in GERDAFirst BEGe's in GERDA

Calibration spectra

Energy resolution and PSA properties

• 3 + 1 strings
• 8 enriched High Purity Ge detectors (coaxials): working mass 14.6 kg

(2 of them are not working due to high leakage current)
• GTF112 natural Ge: 3.0 kg
• 5 enriched Broad Energy Ge detectors (BEGe): working mass 3.0 kg

(testing Phase II concept in the real environment)

Total mass of enriched detectors: ≥ 17.6 kgCarla Macolino (LNGS) Results from GERDA CPPM Marseille 25.11.2013 13 / 38
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PSD and 42K mitigation

Experimental evidence of efficient 42K rejection by PSD on GERDA Phase I data
The GERDA collaboration, Eur. Phys. J. C 73, 2583 (2013)

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

8

arXiv:1307.2610 

Experimental verification of 42K n+ surface event 
recognition by GERDA phase I data

GERDA phase II principles: BEGe
 

detectors

Dušan Budjáš  (TUM) 

Closer look at 42K

42K , MS or AC 
BI without cuts 

~ 2010-3 

Phase I PSD cuts 

(1 ÷ 4)10-3 

[cts/(keV·kg·yr)] 

4 

 surface  rejection can be traded against  acceptance 
 final cut level will be optimised for optimal sensitivity 
 however, with stronger cut systematic uncertainties play  

much larger role! 
 better signal noise/stability directly translates in better rejection 

• surface β rejection can be traded against 0νββ acceptance
• final cut level will be optimised for optimal sensitivity
• better signal noise/stability directly translates in better rejection
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Background mitigation
Expected background contributions from MC simulations

with background rejection from PSD and LAr veto
Background without cuts after PSD

+ Veto
(10−3 cts/(keV·kg·yr) (10−3 cts/(keV·kg·yr)

228Th (near) ≤5 ≤0.01
228Th (1m away) <3 <0.01

228Th (distant) <3 <0.1
214Bi (holder/MS) ≤5 ≤0.13

214Bi (near p+) <6 <0.03
214Bi (n+) <7 <0.15

214Bi (1m away) <3 <0.08
60Co (near) 1 0.001

60Co (in Ge) ≤0.3 ≤0.0004
68Ga (in Ge) ≤2.3 ≤0.04

226Ra (α near p+) 1.5 <0.03
42K (β on n+) ∼20 <0.86
unknown (n?) ? ?

We are confident to reach 0.001 cts/(keV kg yr) given
NO additional background components
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Phase II hardware status
TAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration

14

Simulations for
 

LAr
 

instrumentations

Choice of configuration for phase II decoupled 
from remaining hardware

Simulated suppression factors:

Choice of configuration for Phase II decoupled from remaining hardware
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Phase II hardware status
42K suppression measurements in LArGe

with different possible configurations for the Mini-ShroudSummary table for all solutions 

25.07.2013 GERDA Phase II meeting, Munich, June 25-26 23 

Experimental condition Date 
dd/mm/yy 

1510-1540 
keV1 

cts/(kg d) 

1540-3000 
keV1 

cts/(kg d) 

Suppression 
to bare BEGe 

PMT veto 
acceptances  
1540-3000 

keV1 

Bare BEGe, PMTs off 17.02.2013 216(11) 514(18) 1 - 

MMS, HV = 0, PMTs off 15.12.2012 481(15) 552(16) 0.9 - 

MMS, HV = 0, PMTs on 24.12.2012 225(11) 154(9) 3.3 0.75 

MMS, HV = +4kV, PMTs on 01.01.2013 57(8) 58(8) 8.9 0.76 

Nylon MS, PMTs off 22.02.2013 168(9) 203(10) 2.5 - 

Nylon MS, PMTs on 01.03.2013 90(3) 64(3) 8.0 0.73(5) 

Nylon MS, PMTs on2 21.03.2013 94(7) 60(6) 8.6 0.63(9) 

Nylon MS, PMTs off 25.03.2013 75(5) 58(4) 8.9 - 

Foil MS + SiPM, PMTs off 16.04.2013 50(3) 69(4) 7.5 - 

Foil MS + SiPM, PMTs off 07.05.2013 46(3) 61(3) 8.4 - 

Foil MS + SiPM, PMTs on 17.05.2013 85(4) 49(4) 10.5 0.30(5) 

LAr refilling 29.05.2013 

Foil MS + SiPM, PMTs off 10.06.2013 k3*45(3) k*81(4) ~ 5.8 - 

Glued Nylon MS, PMTs off 13.07.2013 k*40(3) K*28(2) ~ 17 - 

1 Only statistical error is taken into account, no correction 
on the evaporation of the LAr during runs.   
2 After irradiation for 6 days with 228Th source 

3 k is the correction factor on the evaporation of the LAr 
during refilling  
(rude estimation ~ 1.1) 
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Phase II hardware status
TAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration

16

Hardware status of
 

LAr
 

instrumentations

Test SiPM fibre setup: 
Spectrum recorded using 

contaminated LAr (low light yield)

Hardware for integration to GERDA phase II being produced

a.
u.
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Phase II hardware status
TAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration

17

Hardware status of
 

LAr
 

instrumentations

Test PMT setup :
 Spectra recorded

Low background PMTs
 

being 
commissioned 

Hardware for integration to GERDA phase II being produced
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Phase II hardware status
TAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration

18

Status of hardware preparations:
integration including front end

Integration tests of VFE 
electronics holder system 

ongoing. 

Bonding of VFE 
electronics to detectors 

without problem

VFE 50 ȝm Cuflon
 cables (3g) and preamps 

being down selected

Performance of VFE prototype with test BEGe: 
A/E resolution (FWHM): 1%

 Energy resolution @ 2.6 MeV (over 4 hours: 1.6 keV)
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PSD for Phase IITAUP, Sept. 8.-13. 2013, Asilomar, California USA B. Majorovits for the GERDA collaboration

24

PSD in Phase II

A/E�resolution�(FWHM):�<�1%
Acceptance:

 
~�90%�at�DEP�of�2614�keV

 

208Tl�line
~11%�at�1620�keV

 

212Bi�line
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Energy calibration - 228Th sources

Coaxials: Exposure-weighted average for FWHM at Qββ ' 4.8±0.2 keV
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Energy calibration - 228Th sources

The first The first enrenrBEGeBEGe stringstring operatedoperated in  GERDAin  GERDAThe first The first BEGeBEGe stringstring operatedoperated in  GERDAin  GERDA

511 k V
DEP  SEP

511 keV

18/09/2012 20TAUP 2011- MunichQuy Nhon 17/07/2012 C Cattadori RdV- BSM 20

BEGe: Exposure weighted average for FWHM at Qββ ' 3.2±0.2 keV
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The Background Model of GERDA Phase I

TAUP 2013 GERDA result 9

    background model in small binning
“minimal model”: fit to “golden coax” data Nov 2011 – March 2013 (= 15.4 kg yr) with 30 keV bins
here: scale the fit to total “golden coax” exposure of 17.9 kg yr and compare to physics data of entire period 
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The Background Model of GERDA Phase I

TAUP 2013 GERDA result 10

    background model in small binning

950 bins in total:

   3  bins outside red     (>99.9%) bands

 37  bins outside yellow (>95%)   bands

200 bins outside green  (>68%)   bands

no hint for additional (strong) peaks

Note: bands are for integer valued intervals

of the model with coverage at least as large

as indicated → over-coverage especially for

the green band & low counts
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The Background Model of GERDA Phase I: BEGEs
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Minimum model fit with the addition of 68Ge in Ge and 42K decays on the n+ surface
Dominant background source is 42K on n+ surface
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Background from Argon

NOW2012 , 10 Sep 2012            GERDA  - K.T.Knöpfle 17

preliminary results                    background: unstable Ar isotopes

81.9% ► gs
17.6% ► 1525 

2+ 1525

γ

Published activity of (1.01±0.08) Bq/kg 
(Benetti et al., NIM A574 (2007) 83) fully 

compatible with our data.

Lower limit of 41 µBq/kg  (90% CL)
(Ashitkov et al.,arXiV:nucl-ex/0309001) 

NOT compatible with our data.

Convincing evidence that charged K-42 
ions drift in electric field of Ge-diodes.
► minishroud as shield against E-field. 

Intensity of 1525 keV line, in E-field free 
setup - indicates Ar-42 activity to be 

more than twice the value of above LL..

not relevant for BI at Qββ

NOW2012 , 10 Sep 2012            GERDA  - K.T.Knöpfle 17

preliminary results                    background: unstable Ar isotopes

81.9% ► gs
17.6% ► 1525 

2+ 1525

γ

Published activity of (1.01±0.08) Bq/kg 
(Benetti et al., NIM A574 (2007) 83) fully 

compatible with our data.

Lower limit of 41 µBq/kg  (90% CL)
(Ashitkov et al.,arXiV:nucl-ex/0309001) 

NOT compatible with our data.

Convincing evidence that charged K-42 
ions drift in electric field of Ge-diodes.
► minishroud as shield against E-field. 

Intensity of 1525 keV line, in E-field free 
setup - indicates Ar-42 activity to be 

more than twice the value of above LL..

not relevant for BI at Qββ

• 39Ar

Published activity of (1.01 ± 0.08) Bq/kg
(Benetti et al., NIM A547 (2007) 83) fully
compatible with our data
Not relevant for BI at Qββ

• 42Ar
Lower limit of 41 µBq/kg (90% C.L.)
(Ashitkov et al., arXiv:nucl-ex:0309001)
Count rate at 1525 keV about 2 times
expectation

Convincing evidence that charged 42K ions drift in the E field of Ge-diodes
→ thin Cu foil (mini-shroud) as electrostatic and physical shield

(GSSI-LNGS) Recherche de 0νββ par GERDA LAL-Orsay 20.01.2015 43 / 43



Radioactivity in Argon

39Ar
β−,269yr,Q=565keV

−→ 39K
Expected, clearly visible, and not a background for GERDA!
42Ar

β−,32.9yr,Q=600keV
−→ 42K

β−,12.36h,Q=3525keV
−→ 42Ca

The 1524.7keV line arises from the 42K decay (BR 17.6%).
Rate 2x than expected! These photons are not a concern,
but the β emitted in the decay of 42K is a possible
background!

Treating the 42K problem

• The initial decay 42Ar→ 42K produces the daughter
in a charged state, which can drift close to the
detectors under the action of electric fields.

• Background source only if 42K comes very close to
the detectors.

• A string of detetors can be surrounded by a Cu
shield, the minishroud, (φ = 11.5cm) to limit the
drift of ions

Enriched detectors inside the minishrouds
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The mini-shroud

Treating the Argon problem

• The initial decay 42Ar→ 42K produces the daughter
in a charged state, which can drift close to the
detectors under the action of electric fields.

• Background source only if 42K comes very close to the
detectors.

• A string of detetors can be surrounded by a Cu shield,
the mini-shroud, (φ = 11.5cm) to limit the drift of
ions

Enriched detectors inside the mini-shrouds
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