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Calorimeters
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KamLAND inner view 

KamLAND Experiment 

6/11/2013 7 CYGNUS2013 

~1000m depth 
2700 m.w.e 

R9m 
stainless 
tank 

R6.5m ballon 
(125μ  thickness) 

20
m

 

20m 

Water Cerenkov Outer Detector 
225 tubes of 20inch PMT in pure water 

Muon veto, Water shield 

1,000𝒕  Liquid Scintillator 
Dodecan(80%), Pseudocumene(20%), PPO(1.36g/ℓ𝓁) 

238U 3.8 × 10 g/g,  232Th 5.2 × 10 g/g 

Mineral Oil 
1,325 tubes of 17inch + 554 tubes of 20inch PMT 

34% photo coverage 

� Many physics results  
solar neutrinos, geo neutrinos,  
reactor neutrinos, supernova neutrinos  
etc… 

� Wide energy range,  ultra-low BG  

The GERDA Experiment

Experiment structure

I 590 m3 Water Tank as shielding and
veto for cosmic muons (PMTs)

I 64 m3 Liquid Argon (LAr) for cooling
and shielding (and vetoing)

I Plastic scintillators above the
cryostat to veto cosmic muons

I Located in Hall A at Laboratori
Nazionali del Gran Sasso of INFN

I 3800 mwe overburden

I Array of bare enriched Ge detectors
in liquid argon (LAr)

I Minimal amount of material in
proximity of the diodes
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High resolution experiments: Ge diodes, Te bolometers 
and scintillation bolometers
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Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV



Germanium detectors 
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• Ge has three desirable properties as as a detector: 
• Is dense (therefore suitable as a calorimeter) 
• Can be manufactured with high purity (avoiding backgrounds in the 

material itself) 
• Is a semiconductor: very good energy resolution  

!
Ge detectors must be cooled (~120 K) to avoid thermal excitation of electron-
pair holes that would spoil energy resolution

Germanium detectors for GERDA Phase IGermanium detectors for GERDA Phase I

Phase I detectors
Existing high-purity Ge
detectors from past 
experiments will be deployed:

8 enriched Ge detectors:
•86% enrichment in 76Ge
•total mass 18 kg 
6 nat Ge detectors:
•total mass 16 kg

All the detectors were
reprocessed to use common 
design, suitable for bare 
operation in liquid argon.

Conventional operation

Detector cooled
by Cu finger

vacuum cryostat

Novel technique
Bare Ge detector in LAr

p-type germanium

p+ electrode
= signal contact

p-n junction
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= high voltage 

contact (+)

Detector in low-mass holder
To achieve low background, 
the amount of material in the 
detector holder is minimized
(background contribution
≤10-3 cts/(kg⋅y⋅keV) at Qββ).

All detectors were tested in 
LAr. They are ready for their
operation in GERDA.

Test stand – detector 
immersed in cryoliquid

Spectrum of radiation
energy depositions

Pb shield

Liquid
Nitrogen

T=77 K

Applying reverse bias voltage of typically thousands of Volts to the p-n
junction removes free charges from most of the detector volume. This 
enables the detection of the charges created by the ionizing radiation 
(α, β, γ). Germanium detectors need to be cooled below 120 K to avoid e--
hole pair creation by thermal excitation. 

Signal processing Electric signal

holes 
drift to p+ 
contact

ionizing radiation 
creates e--hole pairs 
which are drifted by 
the electric field

electrons
drift to n+
contact

Germanium semiconductor detector operating principle
Germanium (Ge) is the predominant material for high-resolution γ-ray 
detectors. It is ideal due to its high absorption coefficient, its suitable 
semiconductor properties and its availability in high purity.

Detector string operation in GERDA
In GERDA, three detectors are assembled into a string 
under nitrogen atmosphere in a clean environment. 
The string is deployed inside the GERDA cryostat via a 
lock system. 

The signal read-out electronics must work at 
cryogenic temperature. A custom made charge-
sensitive preamplifier was developed for GERDA. One 
3-channel preamplifier serves one detector string. 

Before operating the enriched detectors, a 
commissioning phase with natural Ge detectors is 
presently ongoing to:
! Test the electronics
! Test the mechanical system
! Investigate the background

Calibration energy 
spectra collected with 
the first detector string 
operated in GERDA

Ge

Read-out
electronics

cryogenic 
liquid shield

Germanium detectors for GERDA Phase IGermanium detectors for GERDA Phase I

Phase I detectors
Existing high-purity Ge
detectors from past 
experiments will be deployed:

8 enriched Ge detectors:
•86% enrichment in 76Ge
•total mass 18 kg 
6 nat Ge detectors:
•total mass 16 kg

All the detectors were
reprocessed to use common 
design, suitable for bare 
operation in liquid argon.

Conventional operation

Detector cooled
by Cu finger

vacuum cryostat

Novel technique
Bare Ge detector in LAr
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Detector in low-mass holder
To achieve low background, 
the amount of material in the 
detector holder is minimized
(background contribution
≤10-3 cts/(kg⋅y⋅keV) at Qββ).

All detectors were tested in 
LAr. They are ready for their
operation in GERDA.

Test stand – detector 
immersed in cryoliquid

Spectrum of radiation
energy depositions

Pb shield

Liquid
Nitrogen

T=77 K

Applying reverse bias voltage of typically thousands of Volts to the p-n
junction removes free charges from most of the detector volume. This 
enables the detection of the charges created by the ionizing radiation 
(α, β, γ). Germanium detectors need to be cooled below 120 K to avoid e--
hole pair creation by thermal excitation. 

Signal processing Electric signal

holes 
drift to p+ 
contact

ionizing radiation 
creates e--hole pairs 
which are drifted by 
the electric field

electrons
drift to n+
contact

Germanium semiconductor detector operating principle
Germanium (Ge) is the predominant material for high-resolution γ-ray 
detectors. It is ideal due to its high absorption coefficient, its suitable 
semiconductor properties and its availability in high purity.

Detector string operation in GERDA
In GERDA, three detectors are assembled into a string 
under nitrogen atmosphere in a clean environment. 
The string is deployed inside the GERDA cryostat via a 
lock system. 

The signal read-out electronics must work at 
cryogenic temperature. A custom made charge-
sensitive preamplifier was developed for GERDA. One 
3-channel preamplifier serves one detector string. 

Before operating the enriched detectors, a 
commissioning phase with natural Ge detectors is 
presently ongoing to:
! Test the electronics
! Test the mechanical system
! Investigate the background

Calibration energy 
spectra collected with 
the first detector string 
operated in GERDA

Ge

Read-out
electronics

cryogenic 
liquid shield



GERDA  (GERmanium Detector Array)
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Fig. 1 Representation of energy spectra for definition of the
energy windows used in the blind analysis.

Data were taken until until May 2013. These data
provide the exposure E for Phase I. The data used in
this analysis of the background are a subset containing
data taken until March 2013.

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

The data with exposure E is used to interpolate the
background within �E. The expectation for the BI is
given in this paper before unblinding the data in the
energy range �E, the region of highest physics interest.

The paper is organized as follows: after presenting
the experimental details, particularly on the detectors
used in Phase I of the Gerda experiment, coaxial and
BEGe type (sec. 2), the spectra and the identified back-
ground sources will be discussed (sec. 3 and 4). These
are the basic ingredients for the background decomposi-
tion for the coaxial detectors (sec. 5) and for the BEGe
detectors (sec. 6). The models work well for both types
of detectors. After cross checks of the background model
(sec. 7) the paper concludes with the prediction for the
background at Q

��

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

2 The experiment

This section briefly recalls the main features of the
Gerda experiment. The main expected background com-
ponents are briefly summarized. Due to the screening
of the components before installation, the known inven-
tory of radioactive contaminations can be estimated.
Finally, the stable performance of the experiment is
demonstrated and the data selection cuts are discussed.

2.1 The hardware

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

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

3 Ω

3

590 m    > 0.17 M     m

64 m    LAr

Ge
detector
array

2m

water tank

cryostat

5m

heat
exchanger

shield
copper

shroud
radon

66 PMT
Cherenkov
veto

clean room

twin lock

glove box

shutter

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

• Array of Ge detectors located inside a 
cryostat containing 64 m3 of LAr 
• LAr acts as coolant and as shield of 

external backgrounds 
• Copper shield inside (steel) cryostat 

(further shielding from external 
backgrounds) 

• Cryostat inside water tank 
• Water shielding gammas from rocks 
• Instrumented to veto cosmic muons 

!
!
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The GERDA Experiment

Experiment structure

I 590 m3 Water Tank to absorb
neutrons and veto cosmic muons

I 64 m3 Liquid Argon (LAr) for cooling
and shielding (and vetoing)

I Plastic scintillators above the
cryostat to further veto cosmic
muons

I Located in Hall A at Laboratori
Nazionali del Gran Sasso of INFN

I 3800 mwe overburden

I Array of bare enriched Ge detectors
in liquid argon (LAr)

I Minimal amount of material in
proximity of the diodes

Search of Neutrinoless Double Beta Decaywith the GERDA Experiment Giovanni Benato for the GERDA Collaboration 6



Gerda detectors
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• Coaxial 
• 0.2 % resolution  (~5 keV @ Qββ) 
• Reprocessed from previous 

experiments. Active volume 87% 
• Total enriched (useful mass): 14.7 kg 
• Deployed in strings of 3 detectors

• BEGe (Broad Energy Germanium) 
• 0.1 % resolution at 2.6 MeV (~3 keV @ Qββ) 
• Enhanced Pulse Shape Discrimination 
• 20 kg already produced and tested 
• 1 strings of 5 detectors inserted in Gerda. 

Active volume 92%

7

two distinct pulses are observed during the digitization
time window (80 µs) are marked as pile-up and are
discarded from the analysis. From the total number of
triggers roughly 91% are kept as physical events. Due
to the very low counting rate, the Gerda data set has
a negligible contamination of accidental pile-up events
and the selection e�ciency for genuine 0⌫�� events is
hence practically una↵ected by the anti pile-up cuts.
Similarly, the loss of physical events above 1 MeV due to
mis-classification by the quality cuts is less than 0.1%.

The linearity and the long term stability of the en-
ergy scale as well as the energy resolution given as full
width at half maximum (FWHM) were checked regu-
larly with 228Th sources. Between calibrations the sta-
bility of the gain of the preamplifiers was monitored
by test pulses induced on the test inputs of the pream-
plifiers. Whenever unusual fluctuations on the pream-
plifier response were observed, calibrations were per-
formed. The linearity of the preamplifier has been checked
using test pulses up to an energy range of 6 MeV. It was
found that between 3 and 6 MeV the calibration has a
precision of better than 10 keV; above 6 MeV some
channels exhibit larger non-linearity.

Physical events passing the quality cuts are excluded
from the analysis if they come in coincidence within 8 µs
with a valid muon veto signal (muon veto cut) or if
they have energy deposited in more than one HPGe de-
tector (anti-coincidence cut). The anti-coincidence cut
does not further a↵ect the selection e�ciency for 0⌫��
decays, since only events with full energy deposit of
2039 keV are considered. The dead time induced by
the muon veto cut is practically zero as the rate of
(9.3± 0.4)·10�5 /s of events coincident between germa-
nium detectors and the Gerda muon veto system is
very low.

The stability of the energy scale was checked by
the time dependence of the peak position for the full
energy peak at 2614.5 keV from the 228Th calibration
source. The maximal shifts are about 2 keV with the
exception of 5 keV for the GD32B detector. The dis-
tributions of the shifts are fitted by a Gaussian with
FWHM amounting to 1.49 keV for the coaxial and to
1.01 keV for the BEGe detectors. The respective uncer-
tainties are smaller than 10%. The shifts are tolerable
compared to the energy resolution.

To obtain the energy resolution at Q
��

the results
from the calibration measurements are interpolated to
the energyQ

��

using the standard expression FWHM=p
a2 + b2 · E [19]. The energy resolution during nor-

mal data taking is slightly inferior to the resolution
during calibration measurements. The resulting o↵set
was determined by taking the di↵erence between the
resolution of the 42K line and the interpolated resolu-

tion determined from calibrations. The scaled o↵set is
added to the resolution at Q

��

expected from calibra-
tion measurements. The FWHM of all enriched detec-
tors at 2614.5 keV is determined to be between 4.2 and
5.8 keV for the coaxial detectors and between 2.6 and
4.0 keV for the BEGes. The resolutions are stable in
time to within 0.3 keV for the BEGes and to within
0.2 keV for the coaxial detectors. The resolutions of all
relevant enriched detectors are shown in Table 3.

The total exposure E used for the upcoming 0⌫��
analysis is given by the sum of products of live time
t
i

and total mass M
i

, where the index i runs over the
active detectors. For the evaluation of T 0⌫

1/2, the accep-
tance of PSD cuts, "

psd

, the e�ciencies "
res

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

fep

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

��

value. An exposure av-
eraged e�ciency is defined as

h"i =
P

i

f
av,i

f76,iMi

t
i

"
fep,i

E , (1)

where f
av,i

is the active volume fraction and f76,i the
enrichment fraction of the individual detector i.

With N
A

, the Avogadro number, m
enr

the molar
mass of the germanium and N the number of observed
counts the half life reads

T 0⌫
1/2 =

ln 2 ·N
A

m
enr

E
N

h"i "
psd

"
res

. (2)

3 Background spectra and data sets

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

��

. All other parts of the energy
spectrum can be considered as background. As detec-
tors have their own history and experienced di↵erent
surroundings their energy spectra might vary. Further-
more, the experimental conditions might change due to
changes of the experimental setup. Thus, a proper selec-
tion and grouping of the data can optimize the result.

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

detector FWHM [keV] detector FWHM [keV]

SUM-coax SUM-bege

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

mean coax 4.8 (2) mean BEGe 3.2 (2)
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GERDA Phase I Data Taking

I Total Phase I exposure: 21.6 kg·yr between 9th Nov 2011 and 21st May 2013
I Total livetime of 492.3 days with 88% duty factor
I 5% of data not used due to temperature-related instability of the electronics
I Used for analysis: 6 enr-Ge coaxial detectors (14.6 kg) and 4 BEGe (3.0 kg)
I Blinding of events in the [2019; 2059] keV range!

date
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22 I Spikes: (Bi)-weekly
calibration runs

I Flat parts: BEGe’s
insertion (June
2012), maintenance
operations

I Dataset for
background model:
Nov 2011 - March
2013

I Dataset for 0⌫2�
analysis: Nov 2011 -
May 2013

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 9

• Total mass of detectors deployed 
• 8 coaxial: 17. 7 kg 
• 5 BeGe: 3.6 kg. 
• Total mass: 21.3 kg 
• Not all detectors active at all times due to 

different deployment times and 
instrumental issues 

• total running time 
• 18.6 months, duty factor 88%: 492.3 

days 
• total exposure 

• 21.6 kg x yr  
• Thus the overall “exposure efficiency” is 

roughly 12/18 ~ 66% 
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2⌫2� Measurement
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I Measured by GERDA with
5.04 kg·yr exposure

I High signal-to-background
ratio: small systematic error
due to background model

I T2⌫
1/2 = (1.84+0.14

�0.10) · 1021 yr

I J. Phys. G: Nucl. Part.
Phys. 40 (2013) 035110
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• The strategy is to blind out the region 
where the signal is expected, to avoid 
biases. 

• Then measure the expected background 
in the signal region using an energy 
window around it.  

• Construct the background model from the 
known activities of the materials in the 
detector and the environment. 

• Use the known, narrow energy lines 
(resolution!) to normalise 

3

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

Data were taken until until May 2013. These data
provide the exposure E for Phase I. The data used in
this analysis of the background are a subset containing
data taken until March 2013.

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

The data with exposure E is used to interpolate the
background within �E. The expectation for the BI is
given in this paper before unblinding the data in the
energy range �E, the region of highest physics interest.

The paper is organized as follows: after presenting
the experimental details, particularly on the detectors
used in Phase I of the Gerda experiment, coaxial and
BEGe type (sec. 2), the spectra and the identified back-
ground sources will be discussed (sec. 3 and 4). These
are the basic ingredients for the background decomposi-
tion for the coaxial detectors (sec. 5) and for the BEGe
detectors (sec. 6). The models work well for both types
of detectors. After cross checks of the background model
(sec. 7) the paper concludes with the prediction for the
background at Q

��

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

2 The experiment

This section briefly recalls the main features of the
Gerda experiment. The main expected background com-
ponents are briefly summarized. Due to the screening
of the components before installation, the known inven-
tory of radioactive contaminations can be estimated.
Finally, the stable performance of the experiment is
demonstrated and the data selection cuts are discussed.

2.1 The hardware

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

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

3 Ω

3

590 m    > 0.17 M     m

64 m    LAr

Ge
detector
array

2m

water tank

cryostat

5m

heat
exchanger

shield
copper

shroud
radon

66 PMT
Cherenkov
veto

clean room

twin lock

glove box

shutter

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

• Background sources  
• Ar42 →K42 (LAr shield) 
• Contamination of bulk materials and 

surfaces with trace elements from 
the two main radioactive chains, 
U238 and Th232. 

• Radon (Rn222)!
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Table 2 Gamma ray screening and 222Rn emanation measurement results for hardware components. The activity of the
mini shroud was derived from ICP-MS measurement assuming secular equilibrium of the 238U decay chain. Estimates of the
BI at Q�� are based on e�ciencies obtained by MC simulations [13,14] of the Gerda setup.

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

close sources: up to 2 cm from detectors
Copper det. support µBq/det. < 7 < 1.3 < 1.5 < 0.2
PTFE det. support µBq/det. 6.0 (11) 0.25 (9) 0.31 (14) 0.1
PTFE in array µBq/det 6.5 (16) 0.9 (2) 0.1
mini shroud µBq/det. 22 (7) 2.8
Li salt mBq/kg 17(5) ⇡ 0.003†
medium distance sources: 2 - 30 cm from detectors
CC2 preamps µBq/det. 600 (100) 95 (9) 50 (8) 0.8
cables and
suspension mBq/m 1.40 (25) 0.4 (2) 0.9 (2) 76 (16) 0.2

distant sources: further than 30 cm from detectors
cryostat mBq 54.7 (35) < 0.7
copper of cryostat mBq < 784 264 (80) 216 (80) 288 (72) ⇤

< 0.05
steel of cryostat kBq < 72 < 30 < 30 475
lock system mBq 2.4 (3) < 0.03
228Th calib. source kBq 20 < 1.0

†) value derived for 1 mg of Li salt absorbed into the surface of each detector
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Fig. 4 Live time fraction of the data acquisition for the
muon veto (top) and for the HPGe detectors (bottom) The
spikes in the live time fraction arise from the regular calibra-
tion measurements. The development of the exposure E of
the enriched detectors (bottom) and the total live time of the
muon veto system (top) is also shown. The red vertical line
indicates the end of the data range for the evaluation of the
background model.

in the detectors is accompanied by a signal in the veto
(overall muon rejection e�ciency) is "

µr

= 0.991+0.003
�0.004,

reducing the contribution of the muons to the BI to
< 10�3 cts/(keV·kg·yr) [15]. No evidence for delayed co-
incidences between µ veto events and germanium events
was found.

The bottom graph in Fig. 4 demonstrates the live
time fraction of data taking. The interruption in May
2012 was due to temperature instabilities in the Gerda

clean room, while the interruption in July 2012 was
due to the insertion of five Phase II type BEGe detec-
tors. The analysis presented here considers data taken
until March 3, 2013, corresponding to a live time of
417.19 days and an exposure of E =16.70 kg·yr for the
coaxial detectors; the four BEGe detectors acquired be-
tween 205 and 230 days of live time each, yielding a
total exposure of E =1.80 kg·yr. The end of run 43 in
March is marked by the red vertical line in Fig 4, bot-
tom.

The data have been processed using algorithms and
data selection procedures [16,17] implemented in the
Gerda software framework [18]. A set of quality cuts,
described in detail in Ref. [16], is applied to identify and
reject unphysical events, e.g. generated by discharges
or by electromagnetic noise. The cuts take into account
several parameters of the charge pulse, such as rise time,
baseline fluctuations and reconstructed position of the
leading edge. The cuts also identify events having a
non-flat baseline, e.g. due to a previous pulse happening
within a few hundreds of µs. Moreover, events in which
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Fig. 5 Spectra taken with all the enriched coaxial (top) and BEGe (middle) and a non-enriched (bottom) detector. The
blinding window of Q�� ± 20 keV is indicated as green line. The bars in the color of the histogram represent the 200 keV
region from which the BI of the dataset is determined.

Table 4 Data sets, the detectors considered therein and their exposures E are listed for the data used for this analysis and
the upcoming 0⌫�� analysis. E is calculated from the total detector mass.

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

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

This selection is performed on the “background data”
and will be applied in the same way to the “0⌫�� data”.

3.1 Background spectra

Fig. 5 compares the energy spectra in the range from
100 keV to 7.5 MeV obtained from the three detector

types: (i) the enriched coaxial detectors (top), (ii) the
enriched BEGe detectors (middle) and (iii) the coax-
ial low background detector GTF 112 (bottom) with
natural isotopic abundance.

Some prominent features can be identified. The low
energy part up to 565 keV is dominated by � decay
of cosmogenic 39Ar in all spectra. Slight di↵erences in
the spectral shape between the coaxial and BEGe type

• Green line: Blinded signal region 
• Horizontal bar: region used to measure background. 
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The Background Model of GERDA Phase I
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Minimum model for Golden
dataset

I Only known and visible
contributions considered

I Data used:
09.11.2011-03.03.2013 in order
to be in time for the unblinding

I Fit range: 570-7500 keV

I No hint for any di↵erent behavior
in the last 3 months of data

I Background Model published:
EPJC 74 (2014) 2764

I Alternative (maximum) model
constructed, including all
possible backgrounds

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 13



Background prediction before PSD
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Background prediction at Q��

I Both min and max model predict a flat bkg at Q�� ! unblind side-bands!

I BI predicted from bkg models and fitted from data are in agreement
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0.5

1.0

BI before PSD interpolated
in the Region of Interest:

GOLD-coax SUM-BEGe

BI in ROI before PSD
(10 keV for coaxial, 8 keV for BEGe)

[10-3cts/(keV·kg·yr)]

interpolation 17.5[15.1, 20.1] 36.1[26.4, 49.3]
minimum 18.5[17.6, 19.3] 38.1[37.5, 38.7]
maximum 21.9[20.7, 23.8] -

Analysis recipe: fit with Gaussian peak
and flat background in the 1930-2190 keV
region, excluding known gamma peaks at
2104 (208Tl SEP) and 2119 keV (214Bi).

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 14



Pulse Shape Discrimination
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Pulse Shape Discrimination: EPJC 73 (2013) 2583

I PSD: distinguish between (0⌫2�) signal-like events (SSE) and background-like
events (MSE, p+, n+)

I Di↵erent PSD needed for coaxial and BEGe detectors

I Simulated current
pulse in coaxial
detector

I Simulated current
pulse in BEGe

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 15



GERDA Phase I result
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GERDA Phase I Result

Golden dataset

Silver dataset

BEGe dataset

Profile Likelihood Method
I best fit N0⌫ = 0

I No excess of signal over bkg

I 90% C.L. lower limit:

T0⌫
1/2 > 2.1 · 1025 yr

I Median sensitivity: 2.4 · 1025 yr

Bayesian Approach

I Flat prior for 1/T0⌫
1/2 in [0; 10-24] yr-1

I best fit N0⌫ = 0

I 90% credibility interval:

T0⌫
1/2 > 1.9 · 1025 yr

I Median sensitivity: 2.0 · 1025 yr

Phys. Rev. Lett. 111 (2013) 122503
Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 18



Reproducing Gerda results
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• Run example GERDAI.py in 
pybbsens software 

• Input:  
• efficiency = 0.62  
• ΔE = 0.02 % at 2040 MeV 
• B = 1.32 x 10-2 ckky 
• Exposure = 21.6 kg x y 
• Statistical approach 
• 90 % CL using Feldman & Cousins. 
• Result 
• T0ν = 2.2 x 1025 y 

• Run example GERDAII.py in 
pybbsens software 

• Input:  
• efficiency = 0.62  
• ΔE = 0.01 % at 2.6 MeV 
• B = 1. x 10-3 ckky 
• Exposure: 200 kg x y 
• Mass 50 kg BeGe 
• Time 4 x 1.5 ~6 years 
• Statistical approach 
• 90 % CL using Feldman & Cousins. 
• Result 
• T0ν = 2.3 x 1026 y 



GERDA I
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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• In terms of mββ 
• ISM (worst case): 648.7 meV; IBM2 (best case): 257.8 meV 
• Not yet in “cosmo-region”



Phase II
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Towards GERDA Phase II

How to reach 1026 yr sensitivity in T0⌫
1/2?

I Increase the statistics
• More active mass (new BEGe detectors)

• Longer data taking

I Improve energy resolution
• Use BEGe detectors

• Improve shaping filter

I Reduce Background
• Cleaner cables and electronics

• Lighter detector holders

• Special care in crystal production

• Reject residual background radiation

• Improve PSD (BEGe detectors)
• Read LAr scintillation light

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 19

• The approach is incremental. No new 
technology providing an extra handle, but 
systematic improvement of the detector. 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy
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Bolometers using natural Te: CUORE
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3WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

Cryogenic Underground Observatory for Rare Events

● Search for 0vDBD in 130Te using an array of 988 natural 
TeO

2
 bolometers

Detector parameters:
● 130Te mass: 206 kg (~1027 nuclei)
● 988 TeO

2
 bolometers (741 kg)

● 19 towers
● 52 bolometers/tower

● Single bolometer:
● 5x5x5 cm3 TeO

2
 crystal

Goals:
● Resolution: 5 keV FWHM at 2.5 MeV
● Bkg: 0.01 counts/(keV kg y)

CUORE

Detector cool down at the end of 2014

8
0
 c

m



The Bo principle (also good for β experiments)

22
5WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE single module

Energy releases produce a measurable temperature rise of the absorber crystal: ΔT =
E

C

Sensor
NTD Ge Thermistor

Absorber
TeO

2
 crystal

Weak thermal link
PTFE supports

Heat bath (10 mK)
OFHC copper

Absorber
● Dimension: 5x5x5 cm3
● M ~ 0.75 kg
● C ~ 10-9 J/K
● ΔT/ΔE ~ 100 μK/MeV

Sensor
● R = R0 exp[(T

0
/T)1/2]

● R ~ 100 MΩ
● ΔR/ΔE ~ 3 MΩ/MeV

Output signal

5s

1
0

0
 μ

V
/M

e
V



Cuore assembly
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8WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE assembly

● Copper support structure

● Teflon supports

● Crystals

● Wire trays

All operations performed in glove boxes to avoid radon recontamination



Cuoricino (2003-2008)
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11WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORICINO

Astropart. Phys. 34 (2011) 822–831

● 62 TeO
2
 bolometers

● 41 kg (11.3 kg in 130Te)
● Statistics: 19.75 kg y in 130Te
● Resolution: 6.3 keV FWHM
● Bkg: 0.15 counts/(keV kg y)
   (790g crystals only)

Took data at LNGS between 2003 and 2008

Main background contributions

● Gammas from 208Tl (232Th cont. in cryostat shields): (30±10)%
● Radioactive contaminations from crystal surfaces: (10±5)%
● Radioactive contaminations from Cu holders surfaces: (50±20)%

Crystal contamination: double hit
Copper contamination: single hit

214Bi

60Co

208Tl

Q
ββ

degraded
alphas

Bkg spectrum

Cal spectrum

T
1/2

0ν
>2.8×10

24
y @ 90%CL

mββ<0.30÷0.71eV



Cuore-0
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12WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE-0

● A single CUORE-like tower:
● 52 5x5x5 cm3 TeO

2
 bolometers

● Test of the CUORE cleaning procedures
● Test of the CUORE assembly procedures
● A sensitive 0vDBD experiment

● Same detector mass as CUORICINO:
● TeO2 mass: 39 kg
● 130Te mass: ~11 kg

● Shielding:
● Internal and external lead shield
● Borated pohlyethylene shield
● Anti radon box

Started data taking in March 2013

Operated in the CUORICINO cryostat:
γ background not expected to change

study background due to 
near surface contaminations



Calibration

2614WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE-0 calibration: 232Th

Calibration performed by inserting a 
232Th source between the cryostat 
and the external lead shield

Energy resolution: 6.3 keV FWHM

Distribution of the energy 
resolution of the CUORE-0 
bolometers



Background (Cuore-0)
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15WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE-0 background

238U γ lines reduced by a factor 2 (better radon control)
232Th γ lines unchanged (originate from the cryostat)
238U and 232Th α lines reduced thanks to improved detector surface cleaning

Flat background
Avg flat bkg [counts/(keV kg y)] Signal efficiency [%]

0vDBD region 2.7 – 3.9 MeV region (detector + cuts)

CUORICINO 0.153 ± 0.006 0.110 ± 0.001 83 ± 1

CUORE-0 0.074 ± 0.012 0.019 ± 0.002 78 ± 1

Energy resolution in bkg
5.6 keV FWHM



Background budget
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18WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE background

Conservative 
upper limits

T h i s i s t h e “alpha” 
continuum background 
measured in CUORE-0 
(0.019 counts/(keV kg y)

Full MC simulation still in 
progress

● New cryostat with radio-pure materials: γ contributions are made negligible
● Less copper surface facing the crystals: α bkg from copper surfaces can be reduced
● More crystal surfaces facing each others: more effective anticoincidence, negligible 
α bkg from crystal surfaces 



Predicting CUORE results
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• Run example CUORE.py in 
pybbsens software 

• Input:  
• efficiency = 0.87  
• ΔE = 0.02 % at 2600 MeV 
• B = 1. x 10-2 ckky (projected) 
• Exposure =1000 kg x y 
• Statistical approach 
• 90 % CL using Feldman & Cousins. 
• Result 
• T0ν = 1 x 1026 y 

• Mass 206 kg  
• Time ~5-7 years 
• mββ = 41-129 meV 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy

– 5 –

3X

i=1

mi = 0.32± 0.11

• Reaches similar sensitivity on period than 
GERDA-I but more sensitive to mββ. 

•  Will cover a significant fraction of the 
cosmo-region (depending on NME)



Scintillating Bolometers
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The detection technique
Bolometers are ideal surveys for these purposes.

A particle interaction in the crystal causes a 
temperature increase.
The temperature increase can be transformed in a 
voltage variation by means of proper sensors.

Main advantages:
• They can be grown with most of the interesting 
emitters
• Large source mass;
• Radio-purity
• Energy resolution ( ≈5 keV in the region of 
interest)
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temperature increase.
The temperature increase can be transformed in a 
voltage variation by means of proper sensors.

If the crystal scintillates, a further 
background suppression can be achieved 
by means of the scintillation light read-
out.

events, indeed, emit more light with 
respect to events.
Therefore, we expect the two different 
events to lie on different bands in the 
light vs heat scatter plot.
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The detection technique
Bolometers are ideal surveys for these purposes.

A particle interaction in the crystal causes a 
temperature increase.
The temperature increase can be transformed in a 
voltage variation by means of proper sensors.

If the crystal scintillates, a further 
background suppression can be achieved 
by means of the scintillation light read-
out.

events, indeed, emit more light with 
respect to events.
Therefore, we expect the two different 
events to lie on different bands in the 
light vs heat scatter plot.
Æ Only background!!
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Lucifer (Lumineux)
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Lucifer 
Lucifer will be composed by an array of  32÷36 enriched (95%)  Zn82Se crystals. 
The total 82Se nuclei will be   (6.7÷8.0) 1025 

The expected background in the ROI (2995 keV) is of the order of 1÷2 10-3 c/keV/kg/y  
The energy resolution of the single detector is expected to be  ∼ 10÷15 keV FWHM 

The mass of the single detector will be 460 g 



Low resolution, high self-shielding experiments: LS 
calorimeters, KamLAND-ZEN and SNO+

33

34 Bruce Berger CLASSE Journal Club - March 28, 2014 

Mini-Balloon Inside KamLAND 



Large self-shielding calorimeters: Optimise ΔB

34

30 Bruce Berger CLASSE Journal Club - March 28, 2014 

KamLAND-Zen 
Basic idea: Deploy a mini-balloon full of Xe-loaded scintillator 

 into the middle of KamLAND 
 
Running detector 
-> relatively low cost, quick start 
-> detector well understood 
-> experience with balloons, 

 LS purification 
-> ongoing antineutrino program 

 outside Xe mini-balloon 
 
Large and clean 
-> negligible external backgrounds 
-> no escaping/invisible β/γ energy 
 
Highly scalable 
-> 100s of kg of 136Xe in first phase 
-> up to several tons 

 with larger mini-balloon 
 
Disadvantage: energy resolution (4.0% at 2.458 MeV) 

NOTICE: ΔE~10 % FWHM at Qββ (eg: factor 50-100 Ge calorimeters)



Mixing target and detector: Xe dissolved in LS 

3531 Bruce Berger CLASSE Journal Club - March 28, 2014 

Xe-Loaded LS 
Technical challenges:  Xe-loaded liquid scintillator (LS)  
•  Match light yield to existing KamLAND LS 

 -> Achieved: matched to within 3%  
•  Similar overall density to existing KamLAND LS, 

for mini-balloon integrity 
 -> Tuned to 0.10% higher density  

•  Xe loading: (2.52 ± 0.07) % by weight 

•  Composition: 
82% decane 
18% pseudocumene 
2.7 g/L PPO 
(2.52 ± 0.07) % Xe  

•  Xe is (90.93 ± 0.05)% 136Xe, (8.89 ± 0.01)% 134Xe 

•  129 kg 136Xe in the fiducial volume 



Mini-Ballon

3632 Bruce Berger CLASSE Journal Club - March 28, 2014 

Mini-Balloon 
Technical challenges:  Mini-Balloon  
•  Very thin: 25 µm nylon 
•  Welded seams (!) 
•  Must be Xe barrier 
•  High transparency 
•  Low contaminations of U, Th, K 

80 µm polyethylene test balloon 

Tests in water to establish procedures for 
deployment, inflation, LS replacement 

25 µm Nylon 6 balloon 
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Mini-Balloon Inside KamLAND 



Signal and background
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KamLAND-Zen Experiment 

6/11/2013 8 CYGNUS2013 

Xe advantage 

R1.54m 

Mini-Balloon 
25𝜇m thickness nylon film, 17m3 volume 

Xe loaded LS 
PC(18%,) Decan(82%), PPO(2.7g/ℓ𝓁) 

+ Xe gas(2.44wt%) 136Xe 91% enriched  

1. Isotopic enrichment is available  
2. Purification method is established  
3. Solubility to LS >3 wt% 
4. Slow 2𝜈 rate so good separation 

with 0𝜈 

Simulation 

𝑚 = 150meV,  Xe:400kg 
+ Large scale and Low BG  
   of KamLAND 

• Understanding the background 
model is crucial, since the 
experiment is pure counting (no 
peaks to fit).  

• But it is difficult to calibrate well 
the background model with data, 
precisely due to the absence of 
narrow peaks to calibrate.  

• Notice that 2ν mode, Bi-214 and 
Tl-208 background fully overlap 
with signal area. 

• Background is proportional to 
MLS and area ballon but the 
signal is proportional to MXe. 
Thus increasing the load 
increases signal “for free”



Recent results
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Recent Results 

6/11/2013 15 CYGNUS2013 

Energy [MeV] 

2𝜈𝛽𝛽 
� Event Selection 
1. Fiducial Cut 
2. 2ms veto after muon 
3. Remove Bi-Po events 
4. Anti-nu CC reaction cut 
5. Vertex-time-charge test to cut noise 

Unexpected Background 

𝑻𝟏 𝟐⁄
𝟎𝝂 > 𝟏. 𝟗 × 𝟏𝟎𝟐𝟓yr   90% C.L. 

Half-life & energy spectrum fitting 
Identified as 110mAg 

Background 

𝑻𝟏 𝟐⁄
𝟐𝝂 = 𝟐. 𝟑𝟎 × 𝟏𝟎𝟐𝟏year 

             ±𝟎. 𝟎𝟐 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟏𝟒 𝒔𝒚𝒔.  

110mAg 
0𝜈𝛽𝛽 

After subtracting known B.G. 
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Reproducing KamLAND-Zen results
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• Run example KZEN.py in 
pybbsens software 

• Input:  
• efficiency = 0.55  
• ΔE = 10 % at Qββ 
• B = 6 x 10-4 ckky 
• Exposure =89.5 kg x y 
• Statistical approach 
• 90 % CL using Feldman & Cousins. 
• Result 
• T0ν = 2.0 x 1025 y 

• Mass 170 kg in fiducial volume  
• mββ = 127-355 meV 
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy

– 5 –

3X

i=1

mi = 0.32± 0.11



Current KZ run: background distillation 
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Current Run: Background Reduction 
•  Run began Nov. 2013 
•  110mAg reduced by > 10x 

Xe#LS&+&110mAg& LS&+&110mAg&

density 
adjustment 
by PC 

Confirm 110mAg 
remains in LS 

vacuum 
extraction 
of 136Xe 

new&LS&

replace 
with 
new 
purified 
LS 

Confirm 110mAg 
removal 

new&Xe#LS&

replace 
with 
new 
purified 
Xe-LS 

BG 
reduction 

-  Distillation (XMASS prototype) 
-   Getter  
-   PTFE filters�

136Xe purification�



Second phase: the 600 kg run 
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• 440 kg x 5 yr ~2200 kg x yr  
• B=6 x 10-4 ckky ⇒ 

• T0ν=1 x 1026⇒mββ = 53-149 

meV 
• B=10-4 ckky ⇒ 

• T0ν=2.7 x 1026⇒mββ = 35-98 

meV
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Figure 1. 1� allowed regions for two degrees of freedom in the observables space m�� and
P

m⌫ by
neutrino oscillation and cosmological data, assuming normal (green) and inverted (sky blue) mass
hierarchy.

• 28  m��  145 for the inverted hierarchy.

We find that, irrespectively of the (quasi-degenerated) hierarchy, the 1� range of m��

is [26, 145]. Therefore, a confirmation of the results presented in [2] are very important to
validate the 20-meV target sensitivity for neutrinoless double beta decay experiments, needed
to identify the nature of neutrinos irrespectively of the mass hierarchy.

4 The current generation of ��0⌫ experiments

The detectors used to search for ��0⌫ are designed, in general, to measure the energy of the
radiation emitted by a ��0⌫ source. In a neutrinoless double beta decay, the sum of the kinetic
energies of the two released electrons is always the same, and equal to the mass difference
between the parent and the daughter nuclei: Q�� ⌘ M(Z,A)�M(Z + 2, A). However, due
to the finite energy resolution of any detector, ��0⌫ events would be reconstructed within
a given energy range centred around Q�� and typically following a gaussian distribution.
Other processes occurring in the detector can fall in that region of energies, thus becoming a
background and compromising drastically the sensitivity of the experiment [6].

All double beta decay experiments have to deal with an intrinsic background, the standard
two-neutrino double beta decay (��2⌫), that can only be suppressed by means of good energy

– 5 –

3X

i=1

mi = 0.32± 0.11

• The second phase of KamLAND-ZEN appears to be capable of covering a 
very large fraction of the cosmo-region. The crucial issue is to understand 
the background index, which is very low and very difficult to measure.



The SNO+ approach 
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Double%betaWdecay%search%

•  SNO+'DBD'concept:%deploy%element%containing%DBD%isotope%
in%LAB%liquid%scinDllator'

•  SNO+'isotope:'deploy%0.3%%loading%(~2.3%tonne)%of%Te'
–  800%kg%of%130Te%(160%kg%in%3.5m%fiducial%volume)%

–  IntenDon%to%increase%loading%once%technique%is%demonstrated%

Isotopic abundance (%)
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3.5
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4.5
Ca48

Ge76

Se82

Zr96

Mo100

Pd110

Cd116

Sn124

Te130
Xe136

Nd150

130Te:'

•  Highest%natural%abundance%

•  2νββ%background%100%Dmes%
lower%than%for%150Nd%

•  Large%0νββ%matrix%element%
•  Proven%ability%to%load%in%LAB%

LS%

No need to enrich the isotope! However, total isotope mass (today) 
less than that of KZ



SNO+ 
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Energy (MeV)
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Sum

Sum, background

 (270 meV)ββν0

ββν2

 ESνB 8

Bi214

Tl208

Po212Bi+212

External

SNO+ Preliminary
Te loadingnat0.3% 

Negligible cosmogenics

0νββ%expectaDon%

mββ=270meV%
2%year%liveDme%
3.5m%fiducial%volume%
100%%efficiency%of%detecDon%&%analysis%
99.99%%and%97%%efficient%internal%214Bi%
and%208Tl%α%tag%respecDvely%
Factor%200%rejecDon%212Bi%

Negligible%systemaDcs%
Negligible%cosmogenics%
Material%used%to%load%Te%has%
radioacDvity%between%SNO%H2O%and%D2O%
levels%
Acrylic%and%PMT%radioacDvity%at%SNO%
proposal%levels%

Light%yield%and%detector%opDcs%based%on%
UPenn%and%BNL%measurements%

M0ν,gA%from%Phys.%Rev.%C,%87,%014315(2013)%
G0ν%from%Phys.%Rev.%C,%85,%034316%(2012)%

Assumes:'

Thanks%for%listening!%

Start run foreseen for 2014-2015


