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•   LNGS 
– Largest 
– Easy 

access 

Plot adapted from http://www.deepscience.org/contents/facilities.shtml 
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Hime and Mei, Phys.Rev. D73 (2006) 053004 

LNGS: 10-6 wrt surface 

LNGS 
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3400 m.w.e. 

1.1 µ / (m2 h) 

•  42.46°N 13.57°E 
•  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 / 3.5 hours 
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•  From Google Street View 
•  www.google.it/maps/@42.4538978,13.5746863,3a,75y,266.25h,74.88t/data=!3m5!1e1!3m3!1sU33rehgjcSpsBNVVJXXT_w!2e0!3e5 
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•  102 Staff 
•  Research 
•  Administration 
•  Operation 
•  Safety & Environment 
•  Mechanics design & workshop 
•  Electronics Laboratory 
•  Chemistry Laboratory 
•  Trace radioactivity measurements 

•  > 900 users 

•  ~ 220 daily presence 
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TOTAL USERS IN 2012 N. 938 
TOTAL COUNTRIES N. 27  

ITALIAN USERS N. 306  
FOREIGN USERS N. 632 

Norway 
Finland 
Slovakia 
Brazil 
Tunisia 
Netherlands 
Hungary 
Croatia 
Turkey 
Spain 
Korea 
Belgium 
Austria 
Argentina 
Portugal 
United Kingdom 
Israel 
Ukraine 
Poland 
China 
Japan 
Switzerland 
France 
Russia 
USA 
Germany 
Italy 
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Selected topics  
NOT 

a comprehensive review of Physics at LNGS 
 

Core activities in the LNGS program 

•  Neutrino Astrophysics 
•  Neutrino Physics 
•  Dark Matter searches 
•  Astro-Nuclear Physics 
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Men in pits or wells sometimes see the stars…  
Aristotle 
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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 
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•  Need large mass 
– 1 kT 

•  Need high availability 
– ~100% 
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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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•  Sun is a precious source of neutrinos 
•  studied on the Earth: ~1010 cm-2s-1 
 Sun Astrophysics 

 
Neutrino Physics 
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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!

“A remarkable detector called Borexino has operated for 
the past seven years…” 
 Wick Haxton Nature v.512 p.378, 28 August 2014 



NeuTel 3/3/2015: Physics at LNGS                          19                  Stefano Ragazzi – INFN LNGS & UNIMIB 



NeuTel 3/3/2015: Physics at LNGS                          20                  Stefano Ragazzi – INFN LNGS & UNIMIB 

Physics World: 2014 top ten achevments of the year 
… 
•  To the Borexino collaboration, for being the first to 

detect neutrinos from the main nuclear reaction 
that powers the Sun 

(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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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.) 
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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) 
•  pp:   1.44 ±  0.13 ± 0.10  Nature 512, 383 (2014) 
 
 
Geo-neutrinos 
 
•  Total 14.3 ± 4.4 events         Phys. Lett. B722, 295 (2013)  
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Rest of the world, combined 

Neutrino Survival Probability Pee(E) 

Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.

RESEARCH ARTICLE

Macmillan Publishers Limited. All rights reserved©2014

Borexino 
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(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).

Neutrino energy (MeV)

10–1 1 10

S
ol

ar
 n

eu
tr

in
o 

!u
x

102

103

104

105

106

107

108

109

1010

1011

1012

1013

pp (±0.6%)

8B (±14%)

7Be (±7%)

13N (±14%)

15O (±14%)

17F (±17%)

p + p → 2H + e+ + Qe  

pep (±1.2%)

Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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•  CNO ν rate is a fraction of beta rate from 210Bi 
•  210Bi rate monitored by 210Po α rate 

•  provided that rates are stable 
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• 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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17 

Location for both sources: Borexino pit  

8.25 m from the detector center  

Sources located in Borexino pit 
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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 

Start with 1.5 y run, beginning fall 2016, 
with 100 kCi 144Ce source   
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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
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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  

Example 76Ge 
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GERDA @ LNGS
GERDA BuildingGERDA Building 

September 2012 C.A. Ur - EuNPC2012 9 
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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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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 / 29Now preparing for phase-II 
More from C.Macolino at this conference  
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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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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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September 2014 
large cryostat 
 reached 6 mK  

COLDEST m3 in the 
Universe! 
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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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More about CUORE in Maura Pavan talk at this 
conference 
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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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• DAMA/LIBRA 
• CRESST 
• XENON family 
• DarkSide 
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•  Ultrapure Na(Tl) 
– Residual contamination 

•  232Th, 238U and 40K at level of 10-12 g/g  
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of a modulated behavior with proper features at 9.2σ C.L. 

Model Independent DM Annual Modulation Result 

2-5 keV!

2-6 keV!

A=(0.0167±0.0022) cpd/kg/keV 
χ2/dof = 52.3/49   7.6 σ C.L. 

2-4 keV!

A=(0.0122±0.0016) cpd/kg/keV 
χ2/dof = 41.4/49   7.6 σ C.L. 

A=(0.0096±0.0013) cpd/kg/keV 
χ2/dof = 29.3/49   7.4 σ C.L. 

Absence of modulation? No 
χ2/dof=111.2/50 ⇒ P(A=0) = 1.5×10-6 

Absence of modulation? No 
χ2/dof=98.5/50⇒ P(A=0) = 5.2×10-5 

Absence of modulation? No 
χ2/dof=83.1/50 ⇒ P(A=0) = 2.2×10-3 

DAMA/LIBRA-phase1 (1.04 ton×yr) 
experimental residuals of the single-hit scintillation events rate vs time and energy  

  

Acos[ω(t-t0)] ; !
continuous lines: t0 = 152.5 d,  T = 1.00 y !

EPJC73(2013)2648 

The data of DAMA/NaI + DAMA/LIBRA-phase1 favor the presence  
of a modulated behavior with proper features at 9.2σ C.L. 

Model Independent DM Annual Modulation Result 

2-5 keV!

2-6 keV!

A=(0.0167±0.0022) cpd/kg/keV 
χ2/dof = 52.3/49   7.6 σ C.L. 

2-4 keV!

A=(0.0122±0.0016) cpd/kg/keV 
χ2/dof = 41.4/49   7.6 σ C.L. 

A=(0.0096±0.0013) cpd/kg/keV 
χ2/dof = 29.3/49   7.4 σ C.L. 

Absence of modulation? No 
χ2/dof=111.2/50 ⇒ P(A=0) = 1.5×10-6 

Absence of modulation? No 
χ2/dof=98.5/50⇒ P(A=0) = 5.2×10-5 

Absence of modulation? No 
χ2/dof=83.1/50 ⇒ P(A=0) = 2.2×10-3 

DAMA/LIBRA-phase1 (1.04 ton×yr) 
experimental residuals of the single-hit scintillation events rate vs time and energy  

  

Acos[ω(t-t0)] ; !
continuous lines: t0 = 152.5 d,  T = 1.00 y !

EPJC73(2013)2648 

Analysis of residuals of single-hit events 

A: modulation amplitude 
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Multiple hits events = Dark Matter particle “switched off” 

Comparison between single hit residual rate (red points) and  
                multiple hit residual rate (green points);  
                A=-(0.0006±0.0004) cpd/kg/keV 
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•  No modulation above 6 keV  
•  No modulation in the whole energy spectrum 
•  No modulation in the 2-6 keV multiple-hit events 

( )[ ]00 cos)( ttSStR m −+= ω T=2π/ω=1 yr and t0= 152.5 day 

Systematics or other processes   do not explain 
quantitatively  
the measured modulation amplitude and 
simultaneously satisfy the signal characteristics. 

( )[ ]*0 cos)( ttYStR m −+= ω

ΔE = 0.5 keV bins 

EPJC 56(2008)333, EPJC 67(2010)39  DAMA/NaI (7 years) + DAMA/LIBRA (6 years)   Total exposure: 425428 kg×day = 1.17 ton×yr 

•  DAMA/LIBRA - phase 1 concluded:  
    the data of the last annual cycle will be released soon 

•  New investigations on other rare processes in progress 
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→ 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 TES 
“phonon channel” 

light absorber “light channel” 
W TES 

light reflector 
which also scintillates 

β+γ 
neutron test latest run 

O 
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energy/LY discrimination 

recoil bands 

accepted region 
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•  single upgraded detector module: new fully scintillating design 
(metal holding clamps replaced by CaWO4 sticks) 

•  fully-efficient active discrimination of Pb recoils 
•  low-theshold analysis 

29.35 kg day live in 2013 

•  Blue: all events 
•  Red: accepted region events 
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spin independent (~A2) WIMP-nucleon scattering 

CRESST 
earlier 

CRESST-II 

SuperCDMS 

LUX 

XENON100 
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XENON10 
15  cm drift TPC - 25 kg 

XENON100  
30 cm drift TPC - 161 kg 

2005 - 2007 2008-2015 2012- 2017

XENON1T 
100 cm drift TPC - 3300 kg 

The XENON Dark Matter Program

2
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Bkg 5.3×10-3 kg-1d-1 before S1/S2 disceimination 

SI < 2×10-45 cm2 for M=55 GeV 
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•  Two-phase TPC with 1 meter drift and ~1 m diameter 
electrodes exploiting ~3.3 tonnes of Xe 

•  Experiment designed to enable a fast upgrade to a larger 
diameter TPC exploiting ~7 tonnes of Xe 

•  Schedule: under construction at LNGS started fall 2013 

•  Science Goal: 2x10-47 cm2 with 2 ton-years of data or by 
2017 

•  Funded with 50% of capital cost covered by NSF and the 
rest from Europe and Israel.  
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XENON1T Systems

Cryogenic and Purification Room

Electronics and DAQ Room 

ReStoX and Kr-Column Room

26
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HALL-B 
Sep. 2014 

Data in late 
summer 2015 
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•  Pulse Shape Discrimination on 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 
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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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nuclear fusion reaction cross sections 
–  Stars powered by nuclear reactions 
–  Key parameters to model stars 

•  chemical composition, opacity… 
•  reactions cross sections   

–  determine the origin of elements 
–  stellar evolution and dynamics 

•  Many reactions need high precision data. 

The LUNA experiment 
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σ(E) = S(E) e–2πη  E-1 

2πη = 31.29 Ζ1Ζ2 √µ/Ε 

Reaction Rate(star) ≈ ∫ Φ(E) σ(E) dE 

Gamow Peak 

Maxwell 
Boltzmann 

σ	



"   Stellar Energy+Nucleosynthesis     

"   σ(Estar) with Estar << ECoulomb  
"   Hydrogen Burning    
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LUNA astrophysical motivation 
•  Solar neutrinos:  

–  3He(3He,2p)4He, 3He(4He,γ)7Be, 14N(p,γ)15O 

•  Age of globular cluster:   
–  14N(p,γ)15O 

•  Light nuclei nucleosynthesis  
•  (17/18O abundances, 19F production, 26Mg excess,...):  

–  15N(p,γ)16O, 17N(p,γ)18O, 25Mg(p,γ)26Al 

•  Big Bang Nucleosynthesis:  
–  2H(α,γ)6Li, 3He(4He,γ)7Be, 2H(p,γ)3He 

•  Next: 
•  Light nuclei nucleosynthesis:  

–  17O(p,α)14N, 22Ne(p,γ)23Na, 23Na(p,γ)24Mg, 18O(p,γ)19F, 18O(p,α)15N 
•  He burning and stellar evolution:  

–  12C(α,γ)16O 
•  s process nucleosynthesis:  

–  13C(α,n)16O, 22Ne(α,n)25Mg 
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•  Higher energy machine 
–  3.5 MV single ended positive ion accelerator 
–  Mainly devoted to He-burning in stars 
–  Relevant at higher temperatures than H-burning 

12C(α,g)16O the most important reaction of nuclear astrophysics: 
production of the elements heavier than A=16, star evolution from 
He burning to the explosive phase (core collapse and 
thermonuclear SN) and ratio C/O 
Sources of the neutrons responsible  for the S-process: 50% of 
the elements beyond Iron 

13C(α,n)16O: isotopes with A≥90 during AGB phase of low mass 
stars  
22Ne(α,n)25Mg: isotopes with A‹90 during He and C burning in 
massive stars 
(α,γ) on 3He, 14N, 15N, 18O…… 
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•  C-beam upgrade 
–  12C-12C fusion 
–  More precise measurement of C-α reactions 

•  Accelerator funded 
•  Accelerator construction tendered 
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•  Borexino 
–   Fully exploit its remarkable capabilities 

•  What next to SOX? 

•  LUNA-MV 
–  It is a long-term measurements plan 



NeuTel 3/3/2015: Physics at LNGS                          70                  Stefano Ragazzi – INFN LNGS & UNIMIB 

•  Neutrino Physics 
–  Support run of 2nd generation ββ experiments 
–  Attract 3rd generation ββ experiments 

•  Invest in strategic facilities 
•  Dark Matter searches 

–  Test the puzzling DAMA result 
•  Encourage and support new NaI experiment 

–  Full support to run of 2nd generation: XENON1T 
–  Attract 3rd generation DM experiments 

•  Crystals: synergies with R&D for ββ	


•  Facility for noble gas(es)? 


