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Laboratori Naztionali del Gran Sasso 
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INTRODUCTION 
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The birth 
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Underground Science Laboratories 

•   LNGS 
– Largest 

Plot adapted from http://www.deepscience.org/contents/facilities.shtml 
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Muon Flux versus depth 

Hime and Mei, Phys.Rev. D73 (2006) 053004 
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The LNGS Laboratory 

3400 m.w.e. 

1.1 µ / (m2 h) 

•  Muon flux: 3.0 10-4 m-2s-1 
•  Neutron flux:  

 2.92 10-6 cm-2s-1  (0-1 keV) 
 0.86 10-6 cm-2s-1  (> 1 keV) 

•  Rn in air: 20-80 Bq m-3 

•  Surface: 17 800 m2 
•  Volume: 180 000 m3 
•  Ventilation: 1 vol / 3 hours 
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A busy laboratory 
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Selected topics in APP at LNGS 
NOT 

a comprehensive review of physics at LNGS 

•  High energy neutrinos 
•  Cosmogenic and solar neutrinos 
•  Neutrino properties 
•  Dark matter searches 
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HIGH-ENERGY NEUTRINOS 
CNGS 
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OPERA 
������������������������������������������������������������������

τ  - appearance 
See Chiara Sirignano’s talk on Thursday"
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0.77 kton LAr-TPC 

ICARUS-T600 @ LNGS 



Vulcano 2014: Astroparticle Physics at LNGS                          14                   Stefano Ragazzi – LNGS & UNIMIB 

The LAR-TPC: the electronic bubble chamber 

Induction 

π0 

Conversion distances 
6.9 cm,  2.3 cm 

Primary vertex (A):  
very long µ (1), e.m.cascades( 2),  π (3) 

Secondary vertex (B):  
longest track (5) is a µ from stopping K (6) 
µ decay is observed 

Total visible energy 4.5 GeV 

close-up of two e.m. showers 

A B 

3D 

Collection 
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LSND-like exclusion 

•  ICARUS result strongly limits parameters for LSND anomaly  
–  (Δm2–sin22θ) = (0.5 eV2-0.005)  

•  overall agreement (90 % CL) between:  
  - ICARUS, KARMEN and “signals” of  LSND and MiniBooNE 

New exclusion 
 area from ICARUS 

Allowed by 
LSND/MiniBooNE 



Vulcano 2014: Astroparticle Physics at LNGS                          16                   Stefano Ragazzi – LNGS & UNIMIB 

•  2010: Successful assembly and commissioning of ICARUS-T600: 
–  May 28th : first CNGS neutrino 
–  October: start of physics runs 

•  2011 – Dec 3rd, 2012: 
–  T600 data-taking with CNGS beam and cosmic rays 

•  2800  CC + 900 NC 
•  Muons from upstream GS rock ≈ 12000 ev  (≈ 8200 on TPC front face) 
•  Intrinsic beam νe CC ≈  26 ev 
•   νµ ->  ντ  with kinematic ντ -selection  (~2 event τ ->e ) νµ ->  νe ( θ13) from e-like CC events  
•  excess at E < 20 GeV (~5 events CC) 
•  Search for νs in LSND parameter space, studying e-like CC events at   E > 10 GeV 

–  Nov. 2011 & March 2012: bunched beam for v velocity measurement 
•  Dec.2012 – June 2013: 

–  Data-taking with cosmic ray 
•  July 2013 - 2014 

–  Decommissioning 

•  2015 onward 
–  CERN 

ICARUS T600 timeline 
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SOLAR AND COSMOGENIC 
NEUTRINOS 
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Search for ν from Core Collapse Supernovae  
–  LVD live since 1992.  
–  90% c.l. upper limit of gravitational stellar collapses (D ≤ 20 kpc) 

 R < 0.12 events/year 
 

LVD 
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•  Need large mass 
– 1 kT 

•  Need high availability 
– ~100% 

Duty factor 
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   2001-2008. 

Seasonal modulation of muon flux 
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NOT the same as 

N.B. significant phase shift 

DAMA: see talk of Rita Bernabei on Tuesday  
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Continue data taking trying to keep the 
experiment as much performing as it 
was since the past 21 years! 

AND catch an SN collapse  

…. and for the future 
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Solar Neutrinos 

Of the 3 types of neutrino 
–  electron, muon, tau 

only electron neutrinos come from the sun 

•  neutrinos are produced in the sun 

Can we detect them? 
YES! 
Do they all reach the earth? 

 Apparently NO! 
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Borexino 

Overview!of!the!Borexino!Detector!
(Mostly!Ac>ve!Shielding)!

•  Shielding!Against!Ext.!Backgnd.!
–  Water: ! !!!!!2.25m!!!
–  Buffer!zones: !!!!!!2.5!m !!!
–  Outer!scin>llator!zone:!!!1.25!m!

•  Main!backgrounds:!in!Liq.!Scint.!
–  14C/12C!!

•  10\18!g/g.!!!cf.!!10\11!g/g!in!air!CO2!

–  U,!Th!!impuri>es!
–  222Rn!!daught!(210Pb,!210Bi,!210Po)!
–  85Kr!

•  Light!yield!(2200!PMT’s)!!
–  Detected:!!!500!pe/MeV!!(~4%)!

•  Pulse!shape!discrimina>on.!
–  Alpha\beta!separa>on!

LNGS!Scien>fic!CommiAee!Oct.!29!2013! 5!10/29/13!
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Borexino and solar neutrinos 
Borexino&Energy&Spectra&

PRL&107&141302&(2011)&
&

Data!are!based!on!740.7!live!days!between!
May!16,!2007!and!May!8,!2010.!
!

Prominent!backgrounds!are:!
!!!!210Po!!210Bi!!85Kr!&!14C!(not!shown)!
!

CNO!obscured!mainly!by!210Bi!due!to!similar!
shape.!
!

The!210Po!alpha!rate!was!very!high!but!
saved!by!alpha/beta!pulse!shape!
discrimina>on.!
!

The!pep!was!measured!by!applying!cuts!to!
reduce!the!11C!background.!

10/29/13! LNGS!Scien>fic!CommiAee!Oct.!29!2013! 6!

pep!
77Be!CNO!

pp!

740.7 live days from May 2007 to 
May 2010  
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Borexino solar ν results 

Before Borexino 

G. Bellini et al., Borexino Collaboration, Phys. Rev. Lett. 108 (2012) 051302.. 

Pep rate= 3.1 ±0.6 (stat)  ±0.3 (sys) cpd/100t  

G. Bellini et al., Borexino Collaboration, Phys. Rev. Lett. 107 (2011) 141362. 
7Be rate(0.862 MeV)=46.0± 1.5 (stat) +1.5

 -1.6 (sys)  cpd/100 t 

G. Bellini et al., Borexino Collaboration, Phys. Rev. D82 (2010) 033006. 
8B rate(E>3 MeV)= 0.22 ±0.04(stat) ±0.01 (sys) cpd/100t 

Combined analysis 
Borexino&solar 

Best upper limit on CNO n flux 
CNO< 7.9 cpd/100t 
Data/SSM<1.5 (with pep result) 

Absence of 7Be day night asymmetry  
0.001 ± 0.012(stat) ± 0.007(sys)  
G. Bellini et al., Borexino Collaboration, Phys. Lett. B707 (2012) 22. 

Neutrino Survival Probability Pee(E) 
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Geo Neutrinos 
Nreactor 
Expected 
with osc. 

 Nreactor 
Expected  
no osc. 

Others 
back. 
 

 Ngeo 
measured 

 Nreactor 
measured 

Ngeo 
measured 
 

Nreactor 
measured 
 

events Events events events events TNU TNU 

33.3±2.4 60.4±2.4 0.70±0.18 14.3±4.4 31.2-6.1
+7 38.8±12.0 

 
84.5+19.3

-16.9 

Exposure   613 ± 26 ton year 
(3.69 ± 0.16) 1031 proton year 

No  signal: rejected at 4.5 σ C.L. 

reactor 
geoν"

1MeV ≈ 500 p.e. 

2.4 times data more than in  Phys. Lett. B 687 (2010) 299 (Borexino Coll.) 



Vulcano 2014: Astroparticle Physics at LNGS                          28                   Stefano Ragazzi – LNGS & UNIMIB 

Borexino measurements 

Solar Neutrino rates (cpd/t)  

•  7Be:  0.460 ± 0.023      Phys. Rev. Lett. 107 141302 (2011)  
•  8B:  0.0022 ± 0.0004  Phys. Rev. D 82, 033006 (2010) 
•  pep:  0.031 ± 0.005      Phys. Rev,. Lett. 108, 051302 (2012) 
•    
Geo-neutrinos 
 
•  Total 14.3 ± 4.4 events         Phys. Lett. B722, 295 (2013)  
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NEUTRINO PROPERTIES 
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Testing LSND with SOX 

• Science motivations:

•  Search for sterile neutrinos or other  short-distance e#ects on Pee;

• Measurement of Weinberg angle θW at low energy (~ 1 MeV);

•  Improved limits of the neutrino magnetic moment;

• Measurement of the vector gV and axial gA  current coefficients at low energy;

• Technology

• Neutrino source: 51Cr 

• Anti-neutrino source: 144Ce

• Project:

•  ERC advanced grant for 51Cr (M. Pallavicini INFN-Genova);

•  ERC starting grant for 144Ce (T. Lasser APC-Paris: NEW: this project has 
recently moved from KamLAND/CeLAND to Borexino);

•  Additional funding from INFN, USA, Germany;

14 

SOX: Short distance νe Oscillations with BoreXino 
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SOX 

17 

Location for both sources: Borexino pit  

8.25 m from the detector center  

Sources located in Borexino pit 
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SOX sensitivity – sources in pit 

19 

Sensitivity plot for 144Ce source in the pit  

20 

Sensitivity plot for 51Cr source in the pit  

10 MCi;  1% precision in source activity; 1% in FV determination

144Ce 51Cr 

21 

Near future and conclusions 

•  Borexino Phase II: data with improved radiopurity 
•  pp-solar neutrino rate measurement to be completed soon: major 
progress in the analysis, how to treat 14C and its pile-up; 
• Study of the improved pep and CNO measurement ongoing; 
• 51Cr ad 144Ce source measurements (in the Borexino pit) estimated for 
2015: which source first? The one which will be ready first!  
• DAQ with 51Cr: few months 
• DAQ with 144Ce: 1.5 year 
• Long term: after completion of the solar neutrino program, possible SOX 
phase C with 144Ce source placed inside the detector: improved sensitivity 
but some HW changes required; 
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Phase space integral Nuclear matrix element 

220010
2/1 ||),()( eemMZQGT ννν =−

Expected decay rate:    

Effective neutrino mass ∑=
i

ieiee mUm 2

eiU Elements of (complex) PMNS mixing matrix 
 

Energy (keV) 

ar
bi

tra
ry

 u
ni

ts
 2νββ 

0νββ 

Experimental,signatures:,,
• ,peak,at,Qββ,=,m(A,Z):m(A,Z+2):2me,,
• ,two,electrons,from,vertex,
Discovery,would,imply:,
• ,lepton,number,violaFon,ΔL,=,2,
• ,ν’s,are,Majorana,type,,
• ,mass,scale,&,hierarchy,
• ,physics,beyond,the,standard,model,

Qββ=2039 keV  

Introduction: 0νββ 

Example 76Ge 
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GERDA  

3
4

GERDA @ LNGS
GERDA BuildingGERDA Building 

September 2012 C.A. Ur - EuNPC2012 9 

cryogeny & 
electronics 

water plant 
Rn monitor 

control room 
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clean room 

cryostat 

lock – detector insertion  
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Ge 
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to
  

DAQ  
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plastic muon veto 

Cu 
shield 

  

21 February 2013 18

First BEGe's in GERDAFirst BEGe's in GERDA

Calibration spectra

Energy resolution and PSA properties

The GERDA collaboration, Eur. Phys. J. C 73 (2013)
• 3 + 1 strings
• 8 enriched Coaxial detectors: working mass 14.6 kg

(2 of them are not working due to high leakage current)
• GTF112 natural Ge: 3.0 kg
• 5 enriched BEGe: working mass 3.0 kg (testing Phase II concept)

Carla Macolino (LNGS) Results from GERDA SC 29.10.2013 6 / 29
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GERDA – calibration and data processing Energy calibrations and data processing
• weekly calibrated spectra with 228Th sources and pulser with 0.05 Hz frequency
• data useful for monitoring of resolution and stability over time
• exposure-weighted FWHM at Q—— is about 4.8 keV for Coaxials (0.23%) and 3.2 keV

(0.16%) for BEGes

Calibration of the GERDA Data

� Spectra calibrated (bi)-weekly with 228Th sources
� Data useful also for monitoring the resolution and gain

stability over time
� FWHM at Q�� : 4.8 keV for the coaxial detectors, 3.2 keV for

the BEGe’s (space for improvement with better filtering).
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Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 9

Time Stability and Energy Resolution
detector FWHM [keV]

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

mean coax 4.8 (2)

SUM-BEGe
GD32B 2.6 (1)
GD32C 2.6 (1)
GD32D 3.7 (5)
GD35B 4.0 (1)

mean BEGe 3.2(2)

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

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

TAUP 2013 GERDA result 5
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Calibration & data processing

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

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

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

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

shifts are small compared to FWHM ~ 0.2% Q��

shift of 2614.5 keV position
relative to previous calibration

1524.6 keV  42K line in physics data

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

from calibration data
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Time Stability and Energy Resolution
detector FWHM [keV]

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

mean coax 4.8 (2)

SUM-BEGe
GD32B 2.6 (1)
GD32C 2.6 (1)
GD32D 3.7 (5)
GD35B 4.0 (1)

mean BEGe 3.2(2)

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

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

Carla Macolino (LNGS) Results from GERDA SC 29.10.2013 7 / 29
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GERDA PSD Pulse shape discrimination of GERDA Phase I data

Bck reduction and events identification

• Gran Sasso æ Suppression of
µ-flux> 106

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

• Detector anticoincidence
(presently done)

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

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

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

C. Macolino (LNGS) Search for 0‹—— with GERDA La Thuile 25.02.2013 8 / 22

3

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

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

2 Pulse shape discrimination

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

2.1 BEGe detectors

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

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

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

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

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

Current signal = q · v · ��
q=charge, v=velocity

(Schockley-Ramo theorem)

4
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Fig. 2 Candidate pulse traces taken from BEGe data for a SSE (top left), MSE (top right), p+ electrode event (bottom left)
and n+ surface event (bottom right). The maximal charge pulse amplitudes are set equal to one for normalization and current
pulses have equal integrals. The current pulses are interpolated.

comes high enough to result in a significant recombina-
tion probability. Due to the slow nature of the di�usion
compared to the charge carrier drift in the active vol-
ume, the rise time of signals from interactions in this
region is increased. This causes a ballistic deficit loss
in the energy reconstruction. The latter might be fur-
ther reduced by recombination of free charges near the
outer surface. The pulse integration time for A is �100
times shorter than the one for energy causing an even
stronger ballistic deficit and leading to a reduced A/E
ratio. This is utilized to identify � particles penetrat-
ing through the n+ layer [19]. The bottom right trace
of Fig. 2 shows a candidate event.

A pulse shape discrimination based on A/E has
been developed in preparation for Phase II. It is applied
here and has been tested extensively before through ex-
perimental measurements both with detectors operated
in vacuum cryostats [16] and in liquid argon [20,21,22]
as well as through pulse-shape simulations [15].

For double beta decay events, bremsstrahlung of
electrons can reduce A and and results in a low side
tail of the A/E distribution while events close to the
p+ electrode cause a tail on the high side. Thus the
PSD survival probability of double beta decay is <1.

2.2 Semi-coaxial detectors

For semi-coaxial detectors, the weighting field also peaks
at the p+ contact but the gradient is lower and hence
a larger part of the volume is relevant for the current

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

2.3 Pulse shape calibration

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

0‹—— events: 1 MeV electrons in Ge ≥ 1mm range
one drift of electrons and holes SINGLE SITE EVENTS
(SSE)
Background from “’s: MeV “ in Ge ≥ cm range
several electron/holes drifts MULTI SITE EVENTS
(MSE)
Surface events: only electron or hole drift

Carla Macolino (LNGS) Results from GERDA SC 29.10.2013 12 / 29
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GERDA results Results on 0‹—— decay
• Summed exposure: 21.6 kg yr
• Unblinding after calibration

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

• Consider the 3 data sets
separately in the analysis

• BI = 0.01 cts/(keV kg yr) after
PSD

• No events in ±‡
E

after PSD
• 3 events in ±2‡

E

after PSD

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

without PSD

after PSD cut

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

→ unblinding Q��±5 keV

    @ meeting in Dubna

evt cnt in ±5 keV golden silver BEGe total

expt. w/o PSD 3.3 0.8 1.0 5.1

obs.  w/o PSD 5 1 1 7

expt. w/   PSD 2.0 0.4 0.1 2.5

obs   w/   PSD 2 1 0 3

No peak in spectrum at Q��,

event count consistent with bkg,
→ GERDA sets a limit

After unblinding

4

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

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

�14 1
BEGe 2.4 0.720 ± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

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

�0.070 9 30+11
�9 1

BEGe 2.4 0.663 ± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 keV272

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

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

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

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

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

tently with the expectation. Five of the six events have279

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

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

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

results quoted in the following are obtained with PSD.283

To derive the signal strength N0� and a frequentist284

coverage interval, a profile likelihood fit of the three data285

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

stant term for the background and a Gaussian peak for287

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

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

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

The likelihood ratio is only evaluated for the physically292

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

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

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

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

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

data set detector energy date PSD
[keV] passed

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

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

limit derived in this work, T 0�
1/2 = 2.1 · 1025 yr (blue solid).

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

of signal events above the background. The limit on the299

half-life is300

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

including the systematic uncertainty. The limit on the302

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

atic uncertainties weaken the limit by about 1.5%. Given304

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

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

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

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

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

the data sets and to extract the posterior distribution311

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

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

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

uncertainties). The corresponding median sensitivity is315

T 0�
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

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

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

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

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

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

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

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

4

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

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

�14 1
BEGe 2.4 0.720 ± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

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

�0.070 9 30+11
�9 1

BEGe 2.4 0.663 ± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 keV272

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

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

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

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

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

tently with the expectation. Five of the six events have279

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

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

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

results quoted in the following are obtained with PSD.283

To derive the signal strength N0� and a frequentist284

coverage interval, a profile likelihood fit of the three data285

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

stant term for the background and a Gaussian peak for287

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

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

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

The likelihood ratio is only evaluated for the physically292

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

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

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

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

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

data set detector energy date PSD
[keV] passed

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

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

limit derived in this work, T 0�
1/2 = 2.1 · 1025 yr (blue solid).

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

of signal events above the background. The limit on the299

half-life is300

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

including the systematic uncertainty. The limit on the302

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

atic uncertainties weaken the limit by about 1.5%. Given304

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

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

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

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

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

the data sets and to extract the posterior distribution311

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

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

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

uncertainties). The corresponding median sensitivity is315

T 0�
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

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

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

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

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

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

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

tected, none of them within Q�� ± �E . The model (H1),324
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TABLE I. Parameters for the three data sets with and with-
out the pulse shape discrimination (PSD). “bkg” is the num-
ber of events in the 230 keV window and BI the respective
background index, calculated as bkg/(E · 230 keV). “cts” is
the observed number of events in the interval Q��±5 keV.

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

�14 1
BEGe 2.4 0.720 ± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044
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�0.070 9 30+11
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BEGe 2.4 0.663 ± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 keV272

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

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

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

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

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

tently with the expectation. Five of the six events have279

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

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

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

results quoted in the following are obtained with PSD.283

To derive the signal strength N0� and a frequentist284

coverage interval, a profile likelihood fit of the three data285

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

stant term for the background and a Gaussian peak for287

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

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

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

The likelihood ratio is only evaluated for the physically292

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

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

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

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

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

data set detector energy date PSD
[keV] passed

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

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

limit derived in this work, T 0�
1/2 = 2.1 · 1025 yr (blue solid).

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

of signal events above the background. The limit on the299

half-life is300

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

including the systematic uncertainty. The limit on the302

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

atic uncertainties weaken the limit by about 1.5%. Given304

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

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

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

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

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

the data sets and to extract the posterior distribution311

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

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

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

uncertainties). The corresponding median sensitivity is315

T 0�
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

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

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

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

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

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

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

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

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

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

• Frequentist analysis
Median sensitivity:
T0‹

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

(3 subsets, 1/T1/2 common)
• Bayesian analysis also available

Median sensitivity:
T0‹

1/2>2.0·1025 yr at 90% C.L.

• Profile likelihood result:
T0‹

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

T0‹
1/2 >1.9 · 1025 yr at 90% C.I.

• Best fit: N0‹=0

Carla Macolino (LNGS) Results from GERDA SC 29.10.2013 18 / 29
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CUORE 
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CUORE Principle 
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The CUORE challenge 

LNGS Scientific Committee 
15-16 April 2014

CUORE 
Carlo Bucci

 The CUORE challenge

12

Operate a huge thermal detector array in a extremely low radioactivity and low 

vibrations environment 

!
Closely packed array of 988 TeO2 crystals (19 towers of 52 crystals 5×5×5 cm3, 0.75 kg each) 

Mass of TeO2: 741 kg ( ~206 kg of 130Te ) 

Energy resolution: 5 keV @ 2615 keV (FWHM) 

Stringent radiopurity controls on materials and assembly  

Operating temperature: ~ 10 mK 

Background aim: 10-2 c/keV/kg/year
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CUORE cryo system 

LNGS Scientific Committee 
15-16 April 2014

CUORE 
Carlo Bucci

 CUORE Cryogenic system

18

Custom, cryogen-free dilution refrigerator  

Detector suspension independent of refrigerator 

apparatus 

Total mass: ~ 20 tons 

Internal Roman lead shield: 6 cm thick 

Detector Calibration System to 

calibrate periodically the detector 

deploying radioactive sources close to 

the array 
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CUORE – Pb cold shielding 

LNGS Scientific Committee 
15-16 April 2014

CUORE 
Carlo Bucci

 Pb cold shielding

16

Lead discs interleaved with Cu sheets 
Suspended to 300K SS plate thermalized to 50 mK

Bottom plate + 6 sector side rings 
Suspended to 600 mK plate thermalized to 4K

2 main elements 

side & bottom: roman Pb, 6 cm thick 

top: 5 discs (6 cm thickness) of modern lead 
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CUORE sensitivity 
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COBRA:   The idea 

,,,,,Use,large,amount,of,,CdZnTe,Semiconductor,Detectors,

K. Zuber, Phys. Lett. B 519,1 (2001)  

• ,Source,=,detector,

• ,Semiconductor,,
,,,,,,,,,Good,energy,,resoluFon,,clean,

• ,Tracking/PixelisaFon,
,,,,,,,,“Solid,state,TPC”,

• ,Modular,design,,
,,,,,,,Coincidences,

•,Focus,on,116Cd,
,,,,,,,,,,Q:value,=,2813.50,±0.13,keV,

• ,Room,temperature,
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Current,spectrum,,(32,detectors),,51.1,kg*days,
Background,at,2813,keV,about,1,ct/keV/kg/yr,

,
Upgrade,to,64,detectors,soon,

Preliminary 

116Cd peak region 

Indication of  
2νββ-decay 
(after cuts) 

Published half-life 

22Na, 40K peaks 

Very preliminary 

Setup at Gran Sasso Lab 



Vulcano 2014: Astroparticle Physics at LNGS                          47                   Stefano Ragazzi – LNGS & UNIMIB 

Idea:,Massive,background,reducFon,by,parFcle,idenFficaFon,
According,to,Monte,Carlo,simulaFon,this,reduce,background,by,2:3,orders,of,magnitude,

200,,μm,pixel,simulaFon,

Bi:214,=,
Time,coincidence,of,both,

alpha, electron,

alpha,
electron,

Alpha 

Electron,3,MeV,

200,,μm,pixel,simulaFon,

55,,μm,pixel,real,event,

Real event! 

The$pixel$$op*on$–$Semiconductor$tracker$ 
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LUCIFER 
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LUCIFER 
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LUCIFER 

195 eV from a 2615 keV gamma,  ~zero  light  from  alpha’s  (117  gr crystal)  

gamma’s 

alpha’s 

alpha 

gamma 

98 eV from a 2615 keV gamma,  (CUORE crystal) ArXiv :1403.5528 

Measure obtained by using a 305 g TeO2 with  a  “CRESST”  light  detector.  This  measure  was   
performed in Collaboration with the MPI Munich.  It clearly shows that it is possible to  discriminate  
alpha  particles  at  a  level  >  3  σ  using  the  Cherenkov  emission. 

 JW Beeman et al, Astropart.Phys. 35 (2012) 558 

Smeared  α     2615 KeV 208Tl 

R&D towards future experiments - Cherenkov 
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DARK MATTER SEARCHES 
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• DAMA/LIBRA 
–  see R. Bernabei talk on Tuesday 

• XENON family 
–  See M. Messina talk on Tuesday 

• CRESST 
• DarkSide 

 

Dark Matter @ LNGS 
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CRESST-II 

→ phonon channel provides precise measurement of deposited energy 

→ Light channel distinguishes types of interaction 

→ Types of recoiling nuclei distinguished by different slopes in light energy plane 

300g 
scintillating 

CaWO4 crstal 

W sensor 
“phonon channel” 

light detector “light channel” 
W sensor 

light reflector 
which also scintillates 

β+γ 
neutron test latest run 

O 
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Darkside (LAr Dark Matter Search) 
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Darkside inner chambers 
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•  Pulse shape Discrimination 
– Primary Scintillation 

•  Ionization/scintillation Ratio 
•  Sub-cm Spatial Resolution 
•  Underground argon 
•  Active neutron veto (Boron loaded LSD) 

•  Active muon veto (Water Cherenkov) 
•  Sensitivity to high-mass WIMPS 

Darkside key features 
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DarkSide program @ LNGS 
DarkSide program @ LNGS 

!  Scalable technology for a two-phase TPC in LAr 
"   DarkSide-10 (DS-10) 

#  10 kg active mass 
#  Operated in 2012 @ LNGS 
#  Technical prototype for larger TPC 

"   DarkSide-50 (DS-50) 
#  50 kg active mass  
#  Built inside CTF Water Tank with active neutron veto 
#  Launch technology for next generation detectors 
#  In operation since Nov 2013 
#  Expected WIMP sensitivity 10-45 cm2 with UAr 

"   DarkSide-G2 
#  3600 kg fiducial 
#  Can be built inside present DS-50 neutron veto 
#  Expected sensitivity 10-47 cm2  
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2 LOI 
•  Sabre 

–   initially take advantage of Darkside 
•  DM-Ice 250 

–  Initally take advantage of Xenon-100 

New NaI DM experiments 
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Sabre 

DarkSide Liquid Scintillator Neutron Veto  

Darkside L.S. Veto is Operating. 
•  4 m diameter sphere 
•  ~30 tons of  PC + TMB 
•  110 high QE PMTs 
•  Light-yield ~0.52 p.e./keV with 

same Lumirror reflector used for 
SABRE. 

•  Shielded by >3-4 m of  water 
•  NaI(Tl) 1-kg detector radio-

purity tests start Summer 2014. 

•  Use of  3 ports for 70-kg SABRE 
to be decided by schedules of  
SABRE and large Darkside G2 
detector. 

8'

Clean Room 

Water Shielding 

Liquid 
Scintillator 

Ports for SABRE 

4/15/2014' LNGS'Scien0fi'Commi5ee'Mee0ng'April'15'
2014'
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Sabre 

SABRE Veto Detector for 50-60 kg NaI(Tl) 

•  Sufficient NaI(Tl) mass 
"  Bkgnd < 0.4 cpd/kg/keV 

•  Cylinder: 1.5 m x 1.5 m  
•  LAB scintillator: 2 tons 
•  PMTs: Ten 8-inch Ham. 
•  Reflector: Lumirror 
•  L.Y.:   0.22 p.e./keV 
•  Shielding:  25cm steel. 

•  Small footprint. 

•  Portable:  LNGS, 
SNOLab, Australia? 

•  Funded by NSF. 
•  In construction. 

7'4/15/2014' LNGS'Scien0fi'Commi5ee'Mee0ng'April'15'
2014'
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NUCLEAR ASTROPHYSICS 
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nuclear fusion reaction cross sections 
– Key parameters to model stars 

•  chemical composition, opacity… 
•  reactions cross sections   
•  Many reactions need high precision data 

C. Broggini talk today 

The LUNA experiment 
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•  The Scientific Programme at Gran Sasso is 
– World-leading 
– Addresses important astroparticle topics 
–   Neutrino physics 

•   neutrino oscillations 
•   solar physics 
•   double beta decay 
•   cosmogenic & geo neutrinos 

–   Dark Matter 
– And more… 

•  Foundations of physics  
•  Environment and health Physics 

•  A national lab & international asset 

Summary 


