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Physics goal of GERDA

• Search for the neutrinoless double beta decay (0νββ) of 76Ge


• Observe the 2 final-state e-, expect sharp “peak” at the Q-value


• Excellent energy resolutions and ultra-low background: essential for a discovery
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What is the observable decay rate?

• with the effective Majorana neutrino mass:


➡a coherent sum over mass eigenstates with potentially CP violating phases


➡a mixture of m1, m2, m3, proportional to the Uei2, with α1,α2 = Majorana CPV phases
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One Slide Current Status of the Field

• No observation of this extremely rare nuclear decay (so far) 

• Best lower limits on T1/2: 1.07x1026 y (136Xe), 5.3x1025 y (76Ge), 2.7x1024 y (130Te)


• Running and upcoming experiments (a selection):


• 130Te: CUORE, SNO+


• 136Xe: KAMLAND-Zen, KAMLAND2-Zen, EXO-200, nEXO, NEXT, DARWIN


• 76Ge: GERDA Phase-II, Majorana, LEGEND (GERDA & Majorana + new groups)


• 100Mo AMoRE, LUMINEU; 82Se: LUCIFER, CUPID = CUORE with light read-out


• 82Se (150Nd, 48Ca): SuperNEMO

|hmeff i| = |⌃iU
2
eimi|  0.06� 0.4 eV



Effective Majorana neutrino mass

normal inverted

0.1- 1 counts/(y kg)

0.5 - 5 counts/(y t)

0.1-1 counts/(y 100 t)

Del’Oro, Marocci, Vissani, PRD 90, 2014

T1/2 ⇠ 1026y

It is also useful to express the parametermββ as a function
of a directly observable parameter, rather than as a function
of the lightest neutrino mass. A natural choice is the
cosmological mass Σ, defined as the sum of the three active
neutrino masses (Σ≡m1 þm2 þm3). The close connec-
tion between the neutrino masses’measurements obtained in
the laboratory and those probed by cosmological observa-
tions was outlined long ago [6]. Furthermore, the measure-
ments of Σ have recently reached important sensitivities, as
discussed below. For these reasons, we also update the plot
of the dependence of the Majorana effective massmββ on the
cosmological mass Σ, using the representation originally
introduced in [7].
From the definition of Σ, we can write

Σ ¼ ml þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ a2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ b2
q

; ð4Þ

whereml is the mass of the lightest neutrino and a and b are
different constants depending on the neutrino mass hier-
archy. Through Eq. (4) one can establish a direct relation
between Σ andml and thus, it is straightforward to plotmββ
as a function of Σ. Concerning the treatment of the
uncertainties, we use again the assumption of Gaussian
fluctuations and the prescription reported in the Appendix.
The result of the plotting in this case is shown in the right
panel of Fig. 1.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A. Experimental bounds

Recently, several experiments have obtained bounds on
t1=2ðexpÞ above 1025 yr. The results are summarized in the
upper part of Table I. They were achieved thanks to the
study of two nuclei: 76Ge and 136Xe. The 90% C.L. bound
from 76Ge, obtained by combining GERDA-I, Heidelberg-
Moscow, and IGEX via the recipe of Eq. (A1), 3.2 · 1025 yr,

is almost identical to the one quoted by the GERDA
Collaboration, 3.0 · 1025 yr [11]. By combining the first
KamLAND-Zen results on 0νββ (namely, KamLAND-
Zen-I [12]), and the new ones obtained after the scintillator
purification (KamLAND-Zen-II [13]), the same procedure
gives2.3 · 1025 yr,whichdiffers a little bit from the combined
limit quoted by the Collaboration [13], 2.6 · 1025 yr. When
we combine the two results of KamLAND-Zen and the one
fromEXO-200 using again the procedure of Eq. (A1), we get
2.6 · 1025 yr, which is equal to the KamLAND-Zen limit
alone. In view of the above discussion and in order to
be as conservative as possible, we will adopt as combined
90% C.L. bounds the following values:

t1=2Ge > 3.0 · 1025 yr and t1=2Xe > 2.6 · 1025 yr: ð5Þ

More experiments are also expected to produce important
new results in the coming years. A few selected ones are also
reported in the lower part of Table I.

B. Nuclear physics and 0νββ

Assuming that the transition is dominated by the
exchange of ordinary neutrinos with Majorana mass, the
theoretical expression of the half-life in an ith experiment
based on a certain nucleus is

t1=2i ðthÞ ¼ m2
e

G0ν;iM2
i m

2
ββ

; ð6Þ

where me is the electron mass, G0ν;i the phase space factor
(usually given in inverse years), andMi the nuclear matrix
element, an adimensional quantity of enormous impor-
tance. In recent works, this last term is written emphasizing
the axial coupling gA:

Mi ¼ g2A ·M0ν;i: ð7Þ
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FIG. 1 (color online). Updated predictions on mββ from oscillations as a function of the lightest neutrino mass (left) and of the
cosmological mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3σ regions due to error propagation of
the uncertainties on the oscillation parameters.
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The GERDA Experiment: Overview
HPGe detectors, enriched to ~86% in 76Ge

Liquid argon as cooling medium and shielding   
(U/Th in LAr < 7x10-4 µBq/kg)

A minimal amount of surrounding materials


Phase I (2011-2014)

 ~18 kg HPGe detectors


Phase II (2015-2018)

 ~ 36 kg HPGe detectors
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Fig. 6 Cross section of the LAr cryostat inside the water tank (right
part cut away). The following components are indicated: skirt (1), ac-
cess hole (2), Torlon support pads (3), radon shroud (4), internal copper
shield (5), lower and upper heat exchanger (6), bellow in neck of in-
ner vessel (7), balcony (8), DN200 ports (9), manifold (10), bellow
between cryostat and lock (11) and DN630 shutter (12). The skirt pro-
vides 6 mounts for PMTs (13)

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

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

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

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

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

4.1.2 Cryogenic system

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

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

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

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

1 Introduction

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

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

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

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

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

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

Total exposure used in neutrinoless double beta analysis: 21.6 kg yr

Background level: 0.011(2) events/(keV kg y)


Background model: EPJC 74, 2014 T 0⌫
1/2 > 2.1⇥ 1025 yr (90%C.L.)

PRL 111, 2013



GERDA Phase II

• Start science run in December 2015 

• 37 detectors (35.6 kg) enriched in 76Ge


• Improve phase I sensitivity by factor 10:


• 100 kg y exposure 


• background: 0.001 events/(kg y keV)


• LAr veto: 0.5 m diameter, 2 m high


• Viewed by optical fibres + SiPMs and 
16 (7 + 9) 3-inch PMTs (R11065-10/20)


• 7 detector strings (one out of natGe 
detectors) fully operational

9



GERDA Phase II
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FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2
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GERDA Detectors

• BEGe and coaxial


• p+ electrodes: 


• 0.3 μm boron implantation


• n+ electrodes: 


• 1-2 mm lithium layer (biased 
up to +4.5 kV)


• Low-mass detector 
holders (Si, Cu, PTFE)
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Extended Data Fig. 2. Cross section through the germanium detector types (left) and the corresponding photos (right). The
p+ electrode is made by a ⇠0.3 µm thin boron implantation. The n+ electrode is a 1-2 mm thick lithium di↵usion layer and
biased with up to +4500 V. The electric field drops to zero in the n+ layer and hence energy depositions in this fraction of the
volume do not create a readout signal. The p+ electrode is connected to a charge sensitive amplifier.
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GERDA Detector Strings

• 7 strings, 40 detectors in total:


• 7 semi-coax (15.8 kg), 30 BEGe (20 kg), 3 nat semi-coax (7.6 kg)

S.!Schönert!(TUM):!GERDA!Phase!II!!&!LEGEND,!XVII!NuTel,!Venice!15.3.2017!

•  7!strings,!40!detectors!in!total!
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•  3!natural!semiHcoax!(7.6!kg)!

•  HPGe!array!enclosed!by!liquid!argon!veto!
•  Phase!II!data!started!Dec.!2015!!
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Background Suppression Methods

• Example: calibration data with 228Th sources, background rejection via:


➡Muon Veto (MV)


➡Anti-coincidence detector array (AC)


➡Anti-coincidence liquid argon veto (LAr)


➡Pulse shape discrimination (PSD)
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Phase II Data Taking and Exposure
• 30 enriched BEGe detectors: 20.0 kg, 7 enriched coaxial detector: 15.6 kg


• Dec 2015 - May 2016: 85% duty cycle, 10.8 ky y exposure


• 1st unblinding Neutrino2016 (published in Nature, Vol. 544, April 2017)

dataset,	energy	scale
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• Dec	2015	to	May	2016,	85%	duty	cycle energy [keV]

500 1000 1500 2000 2500
FW

H
M

 [k
eV

]

1

1.5

2

2.5

3

3.5

 enriched coaxial
 enriched BEGe
calibration data
physics data

 
 G

ER
D

A 
16

-0
7

energy [keV]
2600 2610 2620

co
un

ts
 / 

0.
1 

ke
V

210

310

410

energy [keV]
1460 1480 1500 1520 1540

co
un

ts
 / 

1 
ke

V

0

50

100

150

FWHM	at	a00
coaxials 4.0 2 	keV
BEGe 3.0 2 	keV

exposure used for Neutrino	2016	data release

coaxials 5.0	kg ; yr
BEGe 5.8	kg ; yr

9

Date
Jan/16 Mar/16 May/16 Jul/16 Aug/16 Oct/16 Dec/16

liv
e 

tim
e 

fra
ct

io
n

0

0.2

0.4

0.6

0.8

1

ex
po

su
re

 [k
g 

yr
]

5

10

15

20

25

30

GERDA 17-03, PRELIMINARY

10
.8
	k
g	
yr

28.5	kg	yr

Data unblinded so far Data accumulated since



Calibration: Stability and Energy Resolution

• Weekly calibration with three 228Th sources


• FWHM at Qββ: (3.0 ± 0.2) keV for BEGe, (4.0 ± 0.2) keV for coaxial

4
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FIG. 1. Average energy resolution (FWHM) for � lines
of the calibration spectrum (filled symbols) and the 42K line
from physics data (open symbols) for BEGe (symbols and
solid line in blue) and coaxial (symbols and dashed line in
red) detectors. The insets show the K lines and the 2615 keV
calibration peak.

T 2⌫
1/2 = (1.926± 0.094) · 1021 yr [26].268

The time profile of the germanium detector current sig-269

nal is used to discriminate 0⌫�� decays from background270

events. While the former have point-like energy deposi-271

tion in the germanium (single site events, SSE), the latter272

have often multiple depositions (multi site events, MSE)273

or depositions on the detector surface. The same pulse274

shape discrimination (PSD) techniques of Phase I [27]275

are applied.276

Events in the double escape peak (DEP) and at the277

Compton edge of 2615 keV gammas in calibration data278

have a similar time profile as 0⌫�� decays and are hence279

proxies for SSE. These samples are used to define the280

PSD cuts and the related detection e�ciencies. The lat-281

ter are cross checked with 2⌫�� decays.282

The geometry of BEGe detectors allows to apply a sim-283

ple mono-parametric PSD based on the maximum of the284

detector current pulse A normalized to the total energy285

E [28, 29]. The energy dependence of the mean and the286

resolution �ae of A/E are measured for every detector287

with calibration events. After correcting for these de-288

pendences and normalizing the mean A/E of DEP events289

to 1, the acceptance range is determined for each detec-290

tor individually: the lower cut is set to keep 90% of DEP291

events and the upper position is twice the low-side sep-292

aration from 1. Fig. 3 shows a scatter plot of the PSD293

parameter ⇣ = (A/E�1)/�ae versus energy and the pro-294

jection to the energy axis. Events marked in red survive295

the PSD selection. Below 1.7 MeV 2⌫�� events domi-296

nate with a survival fraction of (83+2
�1)%. The two potas-297

sium peaks and Compton scattered photons reconstruct298

at A/E < 1 (below the SSE band). All 234 ↵ events at299

higher energies exhibit A/E > 1 and are easily removed.300

The average 0⌫�� survival fraction is (87 ± 2)%. The301

uncertainty takes into account the systematic di↵erence302

between the A/E centroids of DEP and 2⌫�� events and303

di↵erent fractions of MSE in DEP and 0⌫�� events.304

For coaxial detectors a mono-parametric PSD is not305

su�cient since SSE do not have a simple signature [27].306

Instead two neural network algorithms are applied to dis-307

criminate SSE from MSE and from ↵ surface events. The308

first one is identical to the one used in Phase I. The cut309

on the neural network qualifier is set to yield a survival310

fraction of DEP events of 90% for each detector. For311

the determination of the 0⌫�� e�ciency, 2⌫�� events in312

physics data and a complete Monte Carlo simulation [30]313

of physics data and calibration data are used. The simu-314

lation considers the detector and the electronics response315

to energy depositions including the drift of charges in the316

crystal [31]. We find a survival fraction for 0⌫�� events317

of (85 ± 5)% where the error is derived from variations318

of the simulation parameters.319

The second neural network algorithm is applied for the320

first time and identifies surface events on the p+ contact.321

Training is done with physics data from two di↵erent en-322

ergy intervals. After the LAr veto cut events in the range323

1.0–1.3 MeV are almost exclusively from 2⌫�� decay and324

hence signal-like. Events above 3.5 MeV are almost all325

from ↵ decays on the p+ electrode and represent back-326

ground events in the training. As 0⌫�� e�ciency we327

measure a value of (93 ± 1)% for a 2⌫�� event sample328

not used in the training. The combined PSD e�ciency329

for coaxial detectors is (79± 5)%.330

RESULTS331

This analysis includes the data sets used in the pre-332

vious publication [5, 32], an additional coaxial detector333

period from 2013 (labeled “PI extra”) and the Phase II334

data from December 2015 until June 2016 (labeled “PIIa335

coaxial” and “PIIa BEGe”). Table I lists the relevant336

parameters for all data sets. The exposures in the ac-337

tive volumes of the detectors for 76Ge are 234 and 109338

mol·yr for Phase I and II, respectively. The e�ciency is339

the product of the 76Ge isotope fraction (87%), the ac-340

tive volume fraction (87–90%), the 0⌫�� event fraction341

reconstructed at full energy in a single crystal (92%),342

pulse shape selection (79–92%) and the live time fraction343

(97.7%). For the Phase I data sets the event selection344

including the PSD classification is unchanged. An im-345

proved energy reconstruction [25] is applied to the data346

as well as an updated value for the coaxial detector PSD347

e�ciency of the neural network analysis of (83±3)% [30].348

Fig. 4 shows the spectra for the combined Phase I data349

sets and the two Phase II sets. The analysis range is from350

1930 to 2190 keV without the intervals (2104 ± 5) keV351
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Energy Spectra in Phase II: 10.8 kg y

• Measured and expected for the            - decay (blue)


• LAr veto effect: ~ factor 5 background suppression at 1525 keV (42K)

2⌫��

Q��
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BEGe Pulse Shape Spectra

• Mono-parametric event 
selection based on A/E:


➡current pulse amplitude A


➡total energy E 

• Tuned by calibration data 
(DEP from 2615 keV)


• Efficiencies:


➡DEP: ~87%


➡2νββ: ~85%


• All surface α’s removed 

• γ-lines: factor 6 lower

γ-lines

surface α’s



GERDA Phase II Initial Unblinding 
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GERDA Phase II + Phase I Data
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FIG. 3. For BEGe detectors: PSD parameter � = (A/E �
1)/�ae versus energy for physics data and the projection to
the energy axis. Red circles and red spectrum represent events
that pass the selection.

for a prior flat in the e↵ective neutrino mass m�� for389

light Majorana exchange (flat in 1/
p

1/T with above 1/T390

range) T

0⌫
1/2 > 5.6 · 1025 yr (90% C.I.). The sensitivities391

are 3.0 · 1025 yr and 4.7 · 1025 yr for the flat priors in 1/T392

and m�� , respectively.393

DISCUSSION394

The second phase of Gerda takes data since Decem-395

ber 2015 in stable condition with all channels working.396

The background index at Q�� for the BEGe data set is397

(0.7+1.1
�0.5) · 10�3 cts/(keV·kg·yr). This is a major achieve-398

ment since the value is consistent with our ambigious399

design goal.400

We find no hint for a 0⌫�� decay signal and place a401

limit of T 0⌫
1/2(Ge) > 5.2 · 1025 yr (90% C.L., sensitivity402

4.0 · 1025 yr). For light Majorana neutrino exchange and403

a nuclear matrix element range for 76Ge between 2.8 and404

6.1 [32–38] the Gerda half-life limit converts to m�� <405

0.15� 0.33 eV.406

We expect only a fraction of an event in the energy re-407

gion of interest at design exposure of 100 kg·yr. Gerda is408

hence the first “background free” experiment in the field.409

Our sensitivity grows therefore almost linearly with time410

instead of by square root like for competing experiments411
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FIG. 4. Combined Phase I data (top), coaxial Phase II data
(middle) and BEGe Phase II data (bottom) in the analysis
window. The binning is 2 keV. The red histogram is the final
spectrum, the filled grey one without pulse shape discrimina-
tion and the open one in addition without argon veto cut. The
blue line is the fitted spectrum together with a hypothetical
signal corresponding to the 90% limit of 5.2 · 1025 yr.

and reaches 1026 yr for the half-life limit within 3 years of412

continuous operation. With the same exposure we have413

a 50% chance for the detection of a signal with 3� signif-414

icance if the half-life is below 1026 yr.415

Phase II has demonstrated that the concept of back-416

ground suppression by exploiting the good pulse shape417

performance of BEGe detectors and by detecting the ar-418

gon scintillation light works. The background index (BI)419

at Q�� is at a world-best level: it is lower by typically420

a factor of 10 compared to experiments using other iso-421

topes after normalization by the energy resolution and422

total e�ciency (BI·FWHM/✏). This is the reason why423

the Gerda half-life sensitivity is similar to the one of424

Kamland-Zen for 136Xe (sensitivity is 5.6 · 1025 yr using425

an exposure of 3700 mol·yr of 136Xe) even though our426

exposure is more than one order of magnitude smaller.427

A discovery of 0⌫�� decay would have far reaching428

consequences for our understanding of particle physics429

and cosmology. Key features for a convincing case are430

an ultra low background with a simple flat distribution,431

excellent energy resolution and the possibility to identify432

the events with high confidence as signal-like as opposed433

to an unknown � line from a nuclear transition. The lat-434

ter is achieved by the detector pulse shape analysis and435
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• No hint for a signal, and:

T 0⌫
1/2 > 5.3⇥ 1025 y (90%CL)

m�� < 0.15� 0.33 eV (90%CL)

NME: 2.8 - 6.1
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ARTICLE
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Background-free search for neutrinoless 
double-β decay of 76Ge with GERDA

One of the most puzzling aspects of cosmology is the unknown reason 
for the dominance of matter over antimatter in our Universe. Within 
the Standard Model of particle physics there is no explanation for 
this observation and hence a new mechanism has to be responsible. 
A favoured model called leptogenesis1 links matter dominance to the 
nature of neutrinos and to the violation of lepton number—that is, 
the total number of electrons, muons, taus and neutrinos minus the 
number of their antiparticles.

In most extensions of the Standard Model2–4, neutrinos are assumed 
to be their own antiparticles (that is, they are Majorana particles). This 
might lead to lepton-number-violating processes at the TeV energy 
scale observable at the LHC (Large Hadron Collider)4 and would result 
in neutrinoless double-β (0νββ) decay where a nucleus of mass number 
A and charge Z decays as (A, Z) →  (A, Z +  2) +  2e−. Lepton number 
violation has not been unambiguously observed so far; indeed, its 
observation would motivate fundamental modifications of the Standard 
Model. There are several current experimental 0νββ decay programmes 
using, for example, 76Ge (refs 5, 6), 130Te (refs 7, 8) or 136Xe  
(refs 9–11). They all measure the sum of the electron energies released 
in the decay, which corresponds to the mass difference Qββ of the two 
nuclei. The 0νββ decay half-life ν

/T( )1 2
0  is at least 15 orders of magnitude 

longer than the age of the Universe. Its observation therefore requires 
the best suppression of backgrounds.

In the GERmanium Detector Array (GERDA) experiment, bare 
 germanium detectors are operated in liquid argon (LAr). The  detectors 
are made from germanium with the fraction of the 76Ge isotope 
enriched from 7.8% to about 87%. Since the source and the detector of 
0νββ decay are identical in this calorimetric approach, the detection 
efficiency is high.

This Article presents the first results from GERDA Phase II. In the 
first phase of data taking (Phase I), a limit of > . ×ν

/T 2 1 10 yr1 2
0 25  (90% 

confidence level, CL) was found5 for an exposure of 21.6 kg yr  
and a background rate of 0.01 counts keV−1 kg−1 yr−1 at Qββ =   
2,039.061 ±  0.007 keV, called background index (BI) (ref. 12). At that 

time, the result was based on data from 10 detectors (17.6 kg total 
mass). In December 2015, Phase II started with 37 detectors (35.6 kg) 
from enriched material. The mass is hence doubled relative to Phase I. 
The goal is an improvement of the half-life sensitivity to > 1026 yr for 
about 100 kg yr exposure by reducing the background index by an order 
of magnitude. The latter is achieved by vetoing background events 
through the detection of their energy deposition in the LAr and the 
characteristic time profile of their current signals in the germanium 
detectors. Up to the design exposure, the average expected background 
contribution is less than 1.0 in the energy region of interest (Qββ ±  0.5 
full-width at half-maximum, FWHM), defined according to the 
FWHM energy resolution. This implies that GERDA is the first 
 ‘background-free’ experiment in the field.

We will demonstrate here that GERDA has reached this target back-
ground level, which—if weighted by our superior energy resolution—is 
the best available at present. GERDA is therefore best suited to not only 
quote limits for a 0νββ decay but to identify such a signal with high 
confidence.

The experiment
The GERDA experiment13 is located at the underground Laboratori 
Nazionali del Gran Sasso (LNGS) of INFN, Italy. A rock overburden 
of about 3,500 m water equivalent removes the hadronic components 
of cosmic ray showers and reduces the muon flux at the experiment by 
six orders of magnitude, to 1.2 muons m−2 h−1.

The pioneering feature of GERDA is the operation of bare germanium  
detectors in a radiopure cryogenic liquid (LAr), which both cools the 
detectors to their operating temperature of about 90 K and shields them 
from external radiation originating from the walls (see Extended Data 
Fig. 1 for a sketch of the set-up)14. The 64 m3 LAr cryostat is inside a 
590 m3 water tank, and the clean water completes the passive shield. 
Above the water tank is a clean room with a glove box and lock, used for 
the assembly of germanium detectors into strings and the integration 
of the LAr veto system (see below).

Many extensions of the Standard Model of particle physics explain the dominance of matter over antimatter in our 
Universe by neutrinos being their own antiparticles. This would imply the existence of neutrinoless double-β decay, 
which is an extremely rare lepton-number-violating radioactive decay process whose detection requires the utmost 
background suppression. Among the programmes that aim to detect this decay, the GERDA Collaboration is searching 
for neutrinoless double-β decay of 76Ge by operating bare detectors, made of germanium with an enriched 76Ge fraction, 
in liquid argon. After having completed Phase I of data taking, we have recently launched Phase II. Here we report that 
in GERDA Phase II we have achieved a background level of approximately 10−3 counts keV−1 kg−1 yr−1. This implies that 
the experiment is background-free, even when increasing the exposure up to design level. This is achieved by use of an 
active veto system, superior germanium detector energy resolution and improved background recognition of our new 
detectors. No signal of neutrinoless double-β decay was found when Phase I and Phase II data were combined, and we 
deduce a lower-limit half-life of 5.3 × 1025 years at the 90 per cent confidence level. Our half-life sensitivity of 4.0 × 1025 
years is competitive with the best experiments that use a substantially larger isotope mass. The potential of an essentially 
background-free search for neutrinoless double-β decay will facilitate a larger germanium experiment with sensitivity 
levels that will bring us closer to clarifying whether neutrinos are their own antiparticles. 

The GERDA Collaboration*  

*Lists of participants and their affiliations appear at the end of the paper.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Science Run in Progress

• New background spectra; signal region blinded; unblinding in late June 2017cont’d	data	taking,	new	background	spectra
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cont’d	data	taking,	new	background	spectra
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• New background spectra; signal region blinded; unblinding in late June 2017
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Summary & Outlook
• Blind analysis: 10.8 kg y of phase II data


• New limit on the 0νββ-decay of 76Ge


• Exposure increased to 28.5 kg y 

• New background index: 

• BEGe: 0.6 (+0.6 - 0.4) x 10-3 events/(keV kg y)


• Coaxial: 2.2 (+1.1 - 0.8) x 10-3 events/(keV kg y)


• GERDA will stay “background-free” 

• Sensitivity 100 kg y:

conclusions
• blind	analysis	of	first	10.8	kg ; yr	of	Phase	II	data

background	index	at	a00

coaxials 2.28K.ä
z"." ; 108D ; cts (keV ; kg ; yr)⁄

BEGe 0.68K.*
zK.à ; 108D; cts (keV ; kg ; yr)⁄

new	limit	on	2/00 decay	in	76Ge

ås/.
2ç > {. t ; s2.{	no	 Å2%	ÇÉ

é00 < 2. s{ − 2. tt	qr	 Å2%	ÇÉ

• exposure	increased	to	28.5	kg ; yr

14

> high	resolution background free 04SS search
> GERDA will	stay background free

Phase II	goals

background ~108D	cts/(keV ; kg ; yr) �

exposure ≳ 100	kg ; yr

sensitivity ås/.
2ç ≳ s2.ã	no	

> accepted for publication in	Nature
T 0⌫
1/2 > 5.3⇥ 1025 y (90%CL)

T 0⌫
1/2 � 1⇥ 1026 y (90%CL)

m�� < 0.15� 0.33 eV (90%CL)



Beyond GERDA: LEGEND

• Large Enriched Germanium Experiment for 
Neutrinoless Double Beta Decay 

• Collaboration formed in October 2016


• 219 members, 48 institutions, 16 countries 
(legend-exp.org)


• Background goal:


• Detector mass: 200 kg -> 1 t


• Discovery potential:
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• LEGEND (Large	Enriched Germanium	Experiment	

for Neutrinoless SS Decay)	collaboration has

been formed in	October 2016

- 219	members,	48	institutions,	16	countries

- www.legend-exp.org
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LEGEND goals

background ~108*	cts/(keV ; kg ; yr)
detector	mass ë(1M)
discovery	potential(!) ås/.2ç > s2.|	no	

• first stage:	200	kg	in	upgrade	of existing
infrastructure at	LNGS

⇠ 10�4 events/(kg y keV)

T 0⌫
1/2 > 1027 y

Results from GERDA and prospects for LEGEND:  
background-free search for neutrinoless double beta 

decay of 76 Ge!

Stefan!Schönert,!TU!München!

on!behalf!of!the!GERDA!and!LEGEND!collabora<ons!

!

XVII!Interna<onal!workshop!on!neutrino!telescopes,!!

!13H17!March!2017,!Venice,!Palazzo!FrancheO!H!Is<tuto!Veneto!di!Scienze,!LePere!ed!Ar<!



LEGEND: Physics Reach

• Ton-scale experiments are indeed required to explore the inverted mass hierarchy scale


• Several other technologies also move into this direction


• 76Ge experiments: the advantage of an excellent energy resolution coupled to ultra-low 
backgrounds

Future experiments 
(ton-scale)

10 meV

Experiments in 
construction40 meV

Advances in High Energy Physics 27
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Figure 19: (a) Allowed regions for !!! as a function of Σ with constraints given by the oscillation parameters. The darker regions show
the spread induced by Majorana phase variations, while the light shaded areas correspond to the 3# regions due to error propagation of
the uncertainties on the oscillation parameters. (b) Constraints from cosmological surveys are added to those from oscillations. Different
CL contours are shown for both hierarchies. Notice that the 1# region for the IH case is not present, being the scenario disfavored at this
confidence level.The dashed band signifies the 95% CL excluded region coming from [136]. Figure from [211].

The impact of the new constraints onΣ appears to be even
more evident by plotting!!! as a function of the mass of the
lightest neutrino. In this case, (62) becomes(% − !!! (!))2((# [!!! (!)])2 + !2!(Σ")2 < 1. (63)

The plot in Figure 20 globally shows that the next generation
of experiments will have small possibilities of detecting a
signal of 0]-- due to light Majorana neutrino exchange.
Therefore, if the new results from cosmology are confirmed
or improved, ton or even multi-ton-scale detectors will be
needed [124].

On the other hand, a 0]-- signal in the near future could
either disprove some assumptions of the present cosmologi-
cal models or suggest that a different mechanism other than
the light neutrino exchange mediates the transition. New
experiments are interested in testing the latter possibility by
probing scenarios beyond the SM [118, 122, 213].

7.2. Measurements Scenario. Here we consider the implica-
tions of the following nonzero value of Σ [135]:Σ = (0.320 ± 0.081) eV. (64)

We focus on the light neutrino exchange scenario and assume
that 0]-- is observed with a rate compatible with

(1) the present sensitivity on !!!; in particular, we use
the limit coming from the combined 136Xe-based
experiments [81]; we refer to this as to the “present”
case;

(2) a value of!!! that will be likely probed in the next few
years; in particular, we use the CUORE experiment
sensitivity [83], as an example of next generation of

0]-- experiments; we refer to this as to the “near
future” case.

For the sake of completeness, it is useful to recall a few
definitions and relations. The likelihood of a simultaneous
observation of some values for Σ and!!! (resp., with uncer-
tainties #(Σmeas) and #(!meas!! ) and distributed according to
Gaussian distributions) can be written as follows:

L

∝ exp[−(Σ − Σmeas)22# (Σmeas)2 ] exp[[[−(!!! − !
meas!! )22# (!meas!! )2 ]]] . (65)

Recalling the relation between 92 and the likelihood, namely,
L ∝ e−$2/2, we obtain

92 = (Σ − Σmeas)2# (Σmeas)2 + (!!! − !meas!! )2# (!meas!! )2 (66)

which represents an elliptic paraboloid. Since we are dealing
with a two-parameter 92, we need to find the appropriate
prescription to define the confidence intervals. At the desired
confidence level, we get

CL =∬$2<$20 ;< ;% 12=#%#& e−%2/2'2!−&2/2'2" (67)

and thus 920 = −2 ln (1 − CL) . (68)

This defines the value for 92 correspondent to the confidence
level CL.



The end
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GERDA phase II result

• p-value for the hypothesis test as a function of the inverse T1/2 for the data and the 
median sensitivity

12
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Extended Data Fig. 5. p-value for the hypothesis test as a function of the inverse half-life 1/T 0⌫
1/2 for the data (full black line)

and the median sensitivity (dashed black line). The 68 (90)% interval is given by the green (yellow) range. The red arrows
indicate the results at 90% confidence level: the limit for T 0⌫

1/2(
76Ge) > 5.3 · 1025 yr (full red line), the median sensitivity for

T 0⌫
1/2(

76Ge) > 4.0 · 1025 yr (dashed red line).

T1/2 > 5.3⇥ 1025 y

T1/2 > 4.0⇥ 1025 y



GERDA Pulse Shape Discrimination

• Signal-like: Single Site Events (SSE)


• Background-like: Multiple Site 
Events (MSE)


• BEGe detectors: E-field and 
weighting potential has special 
shape: pulse-height nearly 
independent of position

Event types

● Signal is a single-site event (SSE)

● Backgrounds are mostly multi-site (MSE) or surface events

● Discrimination using the electronic signals from the crystal

2

ββ

42K β

210Po α

γ ray

AJ Zsigmond DPG-Frühjahrstagung 2017 Münster

Pulse shapes

3

● Broad energy germanium (BEGe) detectors have an electric 
field and weighting potential with a special shape → pulse 
height nearly independent of interaction position

JINST 6 (2011) P03005

AJ Zsigmond DPG-Frühjahrstagung 2017 Münster

Pulse shapes

3

● Broad energy germanium (BEGe) detectors have an electric 
field and weighting potential with a special shape → pulse 
height nearly independent of interaction position

JINST 6 (2011) P03005

AJ Zsigmond DPG-Frühjahrstagung 2017 Münster



GERDA Pulse Shape Discrimination

• A/E: amplitude of the current pulse over energy


• Multiple energy depositions: multiple peaks in current pulse => decreasing A/E


• p+ surface events: shorter signals => higher A/EA/E parameter

● A/E = amplitude of the current pulse / energy

● Multiple energy depositions can make multiple peaks in the 
current pulse decreasing A for the same E

● p+ surface events have shorter signal in time → higher A/E

4

E A

EPJC 73 (2013) 2583

ββ

42K β210Po α

γ ray

AJ Zsigmond DPG-Frühjahrstagung 2017 Münster



LEGEND Physics Reach

• 60% efficiency, including isotope fraction, active volume fraction, analysis cuts


• GERDA-II/MJD: 3 events/(ROI t y)


• LEGEND-200 (LEGEND-1000): 0.6 events/(ROI t y) (0.1 events/(ROI t y))


• )

LEGEND:	sensitivity	for	limit	setting	/	discovery

T1/2	limit	(90%	C.L.)	

GERDA-II		/	MJD

LEGEND	200kg

LEGEND	1000kg

18	meV,	different	NME

GERDA-II	/	MJD

LEGEND	200kg

LEGEND	1000kg

Discovery	(50%	chance	for	a	3σ	signal)

Plot	details:	

• 60%	“efficiency”	including	isotope	fraction,	
active	volume	fraction,	analysis	cuts

• GERDA-II	/	MJD:	3	counts/(ROI	t	yr)
• LEGEND-200:	0.6	counts/(ROI	t	yr)
• LEGEND-1000:	0.1	counts/(ROI	t	yr)

N.B.:	background-free	operation	
is	a	prerequisite		for	a	discovery	



Matrix elements for 

• Past years: improved agreement among the various methods


• Still spread by a factor 2-3 => uncertainty of ~ 4 - 10 in T1/2

Patrick Decowski/University of Amsterdam

Nuclear Matrix Elements
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Past 7-8 years: much better agreements between various models (e.g. NSM and QRPA)
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Isotopes and sensitivity to 0⌫��February 21, 2013 16:18 WSPC/146-MPLA S0217732313500211 5–10

Empirical Survey of Neutrinoless Double Beta Decay Matrix Elements

Fig. 1. Regions in the renormalized specific phase-space g4
A
H0ν = g4

A
ln(2) NA

Am2
e

G
(0)
0ν and matrix

element squared |M0ν |2 that encompass modern theoretical calculations, for the candidate neu-
trinoless double beta decay isotopes 76Ge, 130Te, 136Xe and 150Nd. The vertical span reflects the
range of gA, which differs for the shell-model and other models, leading to nonrectangular bound-
aries. The matrix-element calculational methods are SM, generator-coordinate method (GCM),
quasiparticle random-phase approximation (QRPA), IBM and Projected Hartree–Fock Bogoliubov
method (PHFB), as given in Table 1. The lines indicate the effective Majorana mass that would
correspond to a count rate of one event per tonne per year.

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 difficult
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.
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R. G. H. Robertson, Mod. Phys. Lett. A28 (2013) 1350021 

|M|2 uncertainty

gA4 uncertainty

Isotopes have comparable sensitivities in terms of rates per unit mass

1 event/ (tonne-year)

effective value for the axial 
vector coupling constant 
gA: ~ 0.6 - 1.269 (free 
nucleon value)



GERDA phase II and beyond
• Demonstrated that a background of ≤ 10-3 events/(keV kg yr) is feasible


• Will explore T1/2 values in the 1026 yr range, probing the degenerate mass region


• LEGEND, a ton-scale experiment (in collaboration with Majorana) is in design phase

 07/10/2014  Mark Heisel, Upgrades for GERDA Phase II 10

a = enrichment fraction
e

eff
 = detection efficiency

M·t = exposure

DE = energy resolution

BI = background index

Sensitivity:

GERDA sensitivity

i.e. “no 

background“
Phase II

Phase I

“1 ton“

1.4∙1026 yr
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Phase II upgrade strategy:

► to collect total exposure: 100 kg·yr within 3 years

→ produce ~20 kg more detectors

► to reach background index: 1 x 10-3 cts/(keV·kg·yr)

→ use improved detector support & electronics

→ use active background suppression (PSD & LAr veto)
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Claim

Theory: neutrino mixing and masses from a minimum principle

GERDA Phase II

GERDA Phase I

Alonso, Gavela, Isidori,Maiani, JHEP 1311 (2013) 187
Blankenburg,Isidori, Jones-Perez, EPJC 72 (2012) 2126



Which nuclei can decay via          ?

• Even-even nuclei


• Natural abundance is low (except 130Te)


• Must use enriched material

0⌫��

(A, Z+1)

(A, Z+2)

(A, Z)
��

Candidate* Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.040 7.8

82Se -> 82Kr 2.995 9.2

96Zr -> 96Mo 3.350 2.8

100Mo -> 100Ru 3.034 9.6

110Pd -> 110Cd 2.013 11.8

116Cd -> 116Sn 2.802 7.5

124Sn -> 124Te 2.228 5.64

130Te -> 130Xe 2.530 34.5

136Xe -> 136Ba 2.479 8.9

150Nd -> 150Sm 3.367 5.6

* Q-value > 2 MeV
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Experimental requirements

• Experiments measure the half life of the decay, T1/2 with a sensitivity (for non-zero 
background)

Minimal requirements: 

large detector masses

high isotopic abundance

ultra-low background noise

good energy resolution


     Additional tools to distinguish signal 
from background: 

event topology

pulse shape discrimination

particle identification



