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Rare processes

In the search for rare processes, the rate of the searched events that can be
measured with the detectors is very low:

from few events per day to few events per year

These events would be completely hidden by the background events if the
experiments were not carried out under defined conditions

In particular:

* in underground laboratory to reduce the flux of cosmic rays

with heavy shields to reduce the contribute of environmental radiation

with insulating system to eliminate the radon gas contamination

using selected and purified materials with high radio-purity levels

with an experimental approach that optimizes the signal/background ratio



Examples of rare processes

d Very low cross section or flux:

v Nevtrino (solar, atmospheric, supernovae, accelerator, reactor, ...

v Dark Matter
v' Exotic particles in cosmic rays

d Very long lifetime:
v Double beta decays
v’ Rare o and B decays
v' Cluster decays
v' Spontaneous fransition of nuclei to a superdense state;
v Stability of matter (electron or nucleon decay)
v' Processes violating the Pauli exclusion principle
v Charge non-conserving (CNC) processes
v Long-lived superheavy elements
v Many other rare processes of and beyond the Standard Model



Neutrino physics
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 Neutrino flavour eigenstates differ from
their mass eigenstates

« Neutrino oscillate, hence they must have mass  |my™+

* Mixing angles and Am? values known (with
varying accuracies)

”
L
solar~7x105¢V?

2
_—Inl"

atmospheric
~2x107%eV?

atmospheric
' 2| ~2x107%V?
What we don't know "

" solar~7x 10 3¢ V2
m>L

2
* Normal or inverted hierarchy 1
Dirac or Majorana particle?

CP violating phases in mixing matrix? 0

9 absolute
) scale ?

0

No information about absolute mass scale! y
(only upper limits) |
Evidence of sterile neutrinos?

How to know

* Neutrino Oscillations

* Double Beta Decay

« Cosmology

* Direct Beta Decay Endpoint
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Neutrino properties and Ov-DBD

d IS absorbed at this vertex
_a RH antineutrino (L=1)
d IS emitted at this vertex/

= |F neutrinos are massive DIRAC patrticles:

Helicities can be accommodated thanks to the finite mass,

BUT Lepton number is rigorously conserved

= |F neutrinos are massive MAJORANA patrticles:

Helicities can be accommodated thanks to the finite mass,

AND Lepton number is not relevant

Observation of Ov-DBD ‘

\
a LH neutrino (L=-1)

in pre-oscillations

standard particle physics

(massless neutrinos),

>the process is forbidden because
neutrino has not the correct
helicity / lepton number
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Primary cosmic rays

~90% protons, 9% “He nuclei, and ~1%
heavier particles, hit the earth atmosphere
at a rate of about 1000 m s -1

( + relativistic electrons, X-rays and y rays
and solar and SN neutrinos)

Secondary cosmic rays

The interaction of primary cosmic rays
with atmospheric nuclei generates:

- © and k mesons

- muons

- electrons and positrons

- neutrons and secondary protons

- e.m. radiation

- atmospheric neutrinos
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Most cosmic radiation that reaches the
Earth’s surface consists of muons and

neutrinos

Beyond solar and atmospheric neutrinos, at sea level,
the secondary radiation is made of two components:

the soft one and the hard one, that behave differently
when passing through dense materials

Hard component (about 70% of the secondary radiation)
= Muons, the most numerous charged particles;
Their mean energy is = 4 GeV;
Their flux is = 1 cm=min~! for horizontal detectors
— Depending on their energy muons can penetrate
thicknesses of materials from few m to several km
(for very high energy muons).

Soft component (about 30% of the secondary radiation)

= electrons, positrons, and photons primarily from
cascades initiated by decay of neutral and charged
mesons. Muon decay is the dominant source of low-
energy electrons at sea level

= itis able to pass through only a few millimetres of
dense material.



Example of cosmic rays reduction in a underground lab
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Thanks to this cosmic silence, underground laboratories provide the low radioactive
background environment necessary to host key experiments to search for extremely

rare phenomena in the field of particle and astroparticle physics, nuclear astrophysics
and other disciplines



Deep Underground Laboratories (>1000 mwe) in the world

Boulby Underground

Laboratory, UK Laboratoire Souterrain

de Modane, France
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Underground Laboratories in the world

Europe

Asia

North
America
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Boulby: Boulby Palmer Laboratory (UK)

LNGS: Laboratorio Nazionale del Gran Sasso (ltaly)
LSC: Laboratorio Subterraneo de Canfranc (Spain)
LSM: Laboratoire Subterrain de Modane (France)
CallioLab: Centre for Underground Physics in Pyhasalmi (Finland)
Solotvina Underground Laboratory (Ukraine)
Baksan: Baksan Neutrino Observatory (Russia)

Y2L: YangYang Laboratory (Korea)

Oto Cosmo Observatory (Japan)

Kamioka: Kamioka Observatory (Japan)

INO: India based Neutrino Observatory (India)

CJPL: China Jinping Underground Laboratory (China)
SNOLab: Sudbury Neutrino Observatory (Canada)
SUL: Soudan Underground Laboratory (USA)

SURF: Sanford Underground Research Facility (USA)



Gran Sasso Laboratory

The largest underground laboratory in the world
Currently 1100 scientists from 29 countries
‘ 3 main halls A B C ~100 x 20 m? (h 18 m) \ are taking part in the experimental activities

P,
| Muon Flux Neutron Flux
<N /—/— 3.010% pm2st  29210%ncm2st  (0-1keV)

W 0.86 106 ncm2st (> 1 keV)

Depth: 1400 m (3800 m w.e.)
3 halls surface ~ 6000 m?

Total surface: 17300 m?
Volume: 180000 m3
Rn in air: 50-100 Bg/m3

Air-ventilation: 1lab volume/3.5 h

Primordial Radionuclides

238 0.42 ppm Rock (Hall B)
1.05 ppm Concrete All Halls

232Th 0.062 ppm Rock (Hall B)
0.656 ppm Concrete All Halls

K 160 ppm Rock
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Suppression of background

Underground laboratories

Shielding against Radon, its progenies and other airborne nuclides
External shielding

Material selection for detector construction

Limitation to the cosmic rays exposure

Active determination of background (PSD, other bckg identification
techniques, id. of a Fiducial Volume ...)

Coincidence techniques

Montecarlo simulations



Neutron flux @ LNGS:

SO urces Of ba C kg roun d thermal =~1.08x106 n cm2 st

epithermal =2x10"° ncm=—=2s7?
fast ~0.9x10" ncm2 s71
Muon-related backgr'ound E,>10 MeV (mostly p-induced) =0.5x10° n cm™2 571

direct or indirect (via activation of radioactive nuclides and
via neutron production)

| muon induced neutron flux |

Mei and Hime, PRD (2006)
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Neutrons:
* At deep locations the neutron flux is dominated by fission
and (a, n) reaction

Neutron Flux
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* The flux of p-produced neutrons is ~3 orders of magnitude " 3T A
lower than that from natural activity, but at higher energy 1 J
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* Inelastic scattering and radiative capture (n,y) are the el L
main channels for direct neutron induced background E e
Radon e A I S e S
. . . . . Depth (km.w.e.)
The environmental air contains traces of radioactive radon
gas, which belong to the U and Th chains. Its daughters w B
attach themselves to surfaces by various processes. I
° 238U: 222Rn (T1/2:3.82 9) 'Y\\ VETO
SRR ORn(T, .=D5.6's)
. 235\);  219Rn (T,/,=3.96 s) e \‘\ X 1
26Me . \)l ] .
Environmental radioactivity \er“‘ ( Hﬁém‘:"""’
: : -k DET |
External active or passive shielding of the detectors ——
/" ) osl .\m'\.\ 1
Radioactive contaminations in detector and shield material pr Pb K e
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Origin of radioactive contaminations

Fossil radioactivity (present since the formation on the Earth)

» Most elements present on Earth condensed from a interstellar cloud about 4.5 x 10° yr ago.

* This cloud consisted (mostly) of “primordial” *H and “He produced in the first minutes after the “Big Bang”
and heavier elements produced in earlier generations of stars

At the present epoch, only nuclei with mean lives greater than 108 yr are still present in significant numbers

Cosmogenic radioactivity (elements continuously produced by cosmic rays)

Cosmic-rays produce radioactive nuclei via their interactions with nuclei in the atmosphere and in the Earth’s
crust. = e.g.: the (n,p) reaction on abundant atmospheric nitrogen: n+4N — p+4C T, (}*C) = 5730yr
or the “spallation” reactions in a Ge crystal: n+’°Ge — 3n+%Ge T,,, (°8Ge)=270.7day

or for tritium formation in atmosphere: n+10 — 3H + 14N T, ,(3H) = 12.35yr

Artificial radioactivity (due to the development of nuclear technologies)



Fossil radioactivity

These long-lived nuclei involve either highly forbidden p decays (large spin changes)
or are a-decays that happen to have Q-values that place the half-lives in this range.

Nuclei with 108 yr < T, ,, < 102 yr

decay half-life isotopic activity activity
(years) abundance (Bqkg™!) (Bqkg™?)
(percent) (element)  (crust)
* For the activity in the Earth's N i ) ]
. . K — “Cae Ve 89% 1.28 x 10 0.0117 3.0x10*  6.3x10
cru;‘(, .The.urcmuum and ‘rhorlym 2 Oary, 1%
activities include the activities of _
the daughters 87Rb — %7Sre Ve 4.75 x 101 27.83 8.8x10° 8.0 x 10!
1469m — “42Nd o 1.03x108 <1077 <1 = 104
" : 40 ,
Note that three nuclldes, K, 147Sm — “*Nda 1.06 x 10**  15.1 1.3x10° 9x107!
147Sm and 235U have lifetimes | |
much less than the age of the 1761,y — 1"%Hf e~ 3.78 x 101  2.61 55x10* 4x107?
Earth (~4.5 x 107 yr) and 187Re — ¥"0se Ve 415 x 100 626 11x10°  8x 107
therefore have very small isotopic 232Th — 228Raq 1.405 x 10 100 4.05 x 108 3.5 x 102
abundances , ,
061 — WTh 7.038 x 108 0.72 5.7 x 10° 1.7 x 10!
2388y —» #Tha 4.468 x 10°  99.275 1.2 x 10”7 4.7 x 102




The three natural radioactivity chains

uranium series

2389y 4.468 Gyr
234Thge 24.10 d
234Pag; 1.17 m
23409y 245.5 kyr
230Th90 7538 kyr
226Rags 1600 y
222Rnge 3.8235 d
218Ppgs 3.10 m
214phg, 26.8 m
214Bi83 19.9 m
214Pogy 164.3 s
210phg, 22.3 y
210Big43 5.013 d
210Pog, 138.376 d

206Phgy > 1020 yr

actinium series

235U92 0.7038 Gyr
231Thgg 25.52 h
231Pa91 32760 y
2271AC89 21.773 y
227Thgo 18.72 d
223Rags 11.435 d
219Rn86 3.96 s
215Pogs 1.781 ms
211Pb82 36.1 m
211Bi83 2.14 m
207T1g; 4.77 m

207Pbgy > 10 yr

thorium series

232Thgo 14.05 Gyr
228Ragg 5.75 y
228 Acg9 6.15 h
228Thgo 1.9116 y
224Ragg 3.66 d
220Rngg 55.6 s
216pogs 0.145 s
212phg, 10.64 h
212Bi83 60.55 m
64% 2**Pogs 0.299us
36% 2°®Tlg; 3.053 m
208Phgy > 10 yr

disequilibrium in natural decay chains

sample activity of U/Th progenies [mBq/kg] and their ratios
234mpgq 226Rq 234mpq/226Rq 228Th 228Rq 228Th/228Rq
WTS steel | 121£18 | 0.99:0.15 122+26 3.7:0.4 1.7:0.2 2.18+0.35
pre wwi Steel | 5.7:14 | 015:002 |  38:11 [ 046+0.07 | 0.47:0.05 | 0.98:0.18




238 decay chain

O > gamma active nuclides
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Origin of radioactive contaminations

Cosmogenic radioactivity (elements continuously produced by cosmic rays)
Cosmic-rays produce radioactive nuclei via their interactions with nuclei in the atmosphere and in the Earth’s
crust. = e.g.: the (n,p) reaction on abundant atmospheric nitrogen: n+*“N — p+4C T, (**C) = 5730yr
or the “spallation” reactions in a Ge crystal: n+°Ge — 3n+%Ge T,,, (°8Ge)=270.7day
or for tritium formation in atmosphere: n+1%0 — 3H + N T,,(3H) = 12.35yr



Most important cosmogenic radionuclides

“Nuclei coinvolti”: the main nuclei in Earth’s crust (atmosphere) involved in the prodution of the
isotopes in the first column

Radio Modo del T} /2 (anni) Nuclei coinvolti
Nuclide decadimento
‘H B~ 12.33 anni 0,Mg,Si,Fe(O,N)
3He stabile (O)
19Be B~ 1.51-10° anni  O,Mg,Si,Fe(O,N)
i # B~ 5730 anni 0,Mg,Si,Fe(N)
21Ne stabile Mg,Al,Si,Fe
- B~ 3.01-10° anni Fe,Ca,K,CI(Ar)
36 Ap CE, Bt 35 giorni Fe,Ca,K,CI(Ar)
39 Ar B~ 269 anni Fe,Ca,K (Ar)
#1Ca CE; gt 1.03 - 10° anni Ca, Fe
| B~ 1.57-10" anni  Te,Ba,La,Ce(Xe)

e stabile Te,Ba,La,Ce,I




Origin of radioactive contaminations

Fossil radioactivity (present since the formation on the Earth)

« Most elements present on Earth condensed from a interstellar cloud about 4.5 x 10° yr ago.

» This cloud consisted (mostly) of “primordial” *H and “He produced in the first minutes after the “Big Bang”
and heavier elements produced in earlier generations of stars

At the present epoch, only nuclei with mean lives greater than 108 yr are still present in significant numbers

Cosmogenic radioactivity (elements continuously produced by cosmic rays)

Cosmic-rays produce radioactive nuclei via their interactions with nuclei in the atmosphere and in the Earth’s
crust. = e.g.: the (n,p) reaction on abundant atmospheric nitrogen: n+N — p+4C T, (**C) = 5730yr
or the “spallation” reactions in a Ge crystal: n+°Ge — 3n+%Ge T,,, (°8Ge)=270.7day

or for tritium formation in atmosphere: n+1%0 — 3H + N T,,(3H) = 12.35yr

Artificial radioactivity (due to the development of nuclear technologies)



Anthropogenic radioactivity

(appeared as result of human activity)

60Co 1) Y 53y
0gy - 90y 2) B 29y
137Cg, 134Cs 2) vy 30y,2.1y

238,239,240,242p3) 89y, 24x10%y, 6.5x10%y, 3.7x10%y
241,243 Am 3) o 432y, 7370y
244Cm 3) o 18y

1) production of steel
2) nuclear bomb tests; Chernobyl, Fukushima

3) Nuclear power stations; handling of nuclear materials; Chernobyl, Fukushima



Materials radiopurity screening
Material selection is the most fundamental prerequisite in low-radioactivity experiments

Chemical methods

Atomic methods

« X-ray fluorescence spectrometer: study the characteristic X-rays emission from a sample excited
with high-energy X-rays;

« Atomic absorption spectrometry: study the absorption of optical radiation by atoms of the sample
Mass-spectrometry

« The molecules of the sample are firstly ionized, then sorted and separated by external electric
and magnetic fields according to their mass-to-charge ratio, and finally detected

Neutron activation analysis

* The sample is irradiated with neutrons and unstable isotopes are produced mainly by (n,y)
reactions. They can be identified by y spectrometry and their concentration determined.

Gamma spectroscopy

« The sensitivity can be improved by increase: 1) the sample mass; 2) the measuring time; 3) the
detection efficiency

Especially developed radiopurity test facilities
The experiment itself as radiopurity detector

* The detector measures its radioactive contamination itself (active technique). It gives most of the
times the best sensitivities



Comparison of different methods sensitivity

method suited for sensitivity for U/Th

X-ray fluorescence spectrometry  primordial parents 10 mBq/kg
Alpha spectroscopy 210Pg, o emitting nuclides 1 mBq/kg
Liquid scintillation counting o emitting nuclides 1 mBq/kg
Atom Adsorption Sp. primordial parents 1-1000 pBqg/kg
Mass spectrometry (ICP-MS; GDMS) primordial parents 1-100 uBq/kg

Ge-spectroscopy™ y emitting nuclides 10-100 uBq/kg
Scintillation detectors* internal U/Th 1-10 uBq/kg
Rn emanation assay 226Rq, 228Th 0.1-10 uBq/kg
Neutron activation primordial parents 0. 01 uBq/kg
Large scintillation counters * U/Th, cosmogenic 1-10 nBq/kg

* Needs counting time of several weeks to several month



Low background STELLA HPGe facility @ LNGS
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Low-Level laboratory: 15 HPGe spectrometers

- Material screening for experiments

- Background characterization

- Development of new detectors

- Physics measurements (rare decays)

- Environmental measurements (radiodating)

GEMPI2 detector: 44 cpd/kg 40-2700 keV
0.13 cpd/kg @ 1460 keV




Active method
Srl,(Eu) scintillation detector

+ Montecarlo
24 PMT simulations as a
FEU-125 very useful tool

Sri2(Eu)

.. 10°
scintillator

v'¥Cs, 662 keV

Counts / 50 keV
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light-guide
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Purification of the materials

Omnipresence of primordial radionuclides in ores and other raw materials results

in a wide range of contamination in the final product

Alongside selection techniques, the purification techniques are equally important

There exist many purification methods that takes advantage of different chemical
or physical properties to separate the impurities from the material

* Crystallization
« Sedimentation
« Filtration

« Distillation

« Sublimation

« Adsorption

* Extraction

Zone melting

Chromatography (Ion exchange)
Electrodialysis

Reverse osmosis

Electrophoresis

Electrolysis

Others very specific methods



Shielding from external background sources

An example of passive shield

. -
Copper OFHC 10 cm

- —
— N

A shell-like construction:
passive shield typically is
made of a few layers to
shield against gamma and
neutrons, sealing from
radon, and to minimize cost

Plexiglas
flushed by high
purity nitrogen

| gas

Neutron shield: Polyethylene + Cadmium = moderate + capture
= Low A materials as water, paraffin or polyethylene moderate neutrons

— Materials as Cd, B, Li have an high efficiency for thermal neutrons capture

Thr'ee level system to exclude Radon from the detectors:

* Walls and floor of the installation sealed in Supr
cm?/s permeability)

* Whole shield in plexiglas box maintained in HP Nitrogen
atmosphere in slight overpressure with respect to environment
- Detectors in the inner Cu box in HP Nitrogen atmosphere in slight

overpressure with respect to environment

onyl (2x10-11

Lross 3ecuion iB)

22
= 210 §
goPb 8
Q=635 ®
®
84% 55 - W 46.539 .5 o
6% 79 2 5013d
210p;;
g3Bi

Copper: very radiopure, but more expensive than Lead

Lead: High Z (important to shield y rays) and low
background interference resulting from the interaction
with neutrons and p and from activation. It contains
210Pp (T,,,=22 y). Its cost depends on 2!19Pb concentration

| 5-B-10(n.tetw) ENDF B-vii.0|

low

energy/intensity
[ and
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A curiosity: the use of Roman lead

Navis oneraria magna
+ Sank ~70 a.c. at ~7 miles from the Sardinian coast (Oristano) at 28 m depth
+ 2000 Lead bricks of 33 kg each, ~1000 recovered
- Absence of X-rays and bremmstrahlung from 1162 keV b decay

Roman lead is used in fundamental physics and in Industry (low activity soldering)

Measurement of lead with GeMPI

210pp is ~200 Bg/kg in common lead

lead sample | weight | time specific activity [uBq/kg]
kg] | [d] | *Ra | *Th | *K 207g; 210py, Spectra recorded with shields made with various
1446 | 101.7 98+24 | (27+0.4)x10 BpEs Er [Ee
DowRun : T <29 <22 | 440+140 * RTE0A)x 1. Common modern lead;
Boliden 73 | 750 | <25 31 |azin| <3 | C3z0ax0 2. Modern lead with a certified content of less that
20 Bg/kg of 219Pb
Gt 21 | 372 | <45 <72 <270 <19 <13x10° 3. Roman lead from Oristano
bolometric measurement: Allesandrello et al. NIM B142 (1998) 163 <4x10° -
10 a
2 .
> i(
.
s 1|
5 ,J L/\ /!
O 1
2
3 /2
o AL B B R | T |,F,T.
100 800

Energy [keV]




Shielding from external background sources

Examples of active shield (VETO)

The external layer of the detector serves as an active shield (e.g. for cosmic muons veto):

« Quter water Cherenkov detector;

* Plastic scintillators
» Liquid Scinftillators
* Inorganic scintillators

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel
ylon Inner Vessel
Fiducial volume

External water tank —,

Internal
PMTs

Steel plates
for extra
shielding

Water can be deeply purified by complex approach (e.g. in Borexino):
+ filtering (0.1 um)

* Osmosis unit

* De-ionization

* Current flow of high purity nitrogen in a stripping column

Water is unavoidable for very large set-ups due to high cost of metals

GERDA water shield

- f’
el ul Bare HPGe detectors 75Ge

Stainless steel cryostat
(with additional OFHC
shield against the cryostat
radioactivity)

Ultra-pure water passive
shield, acts also as active
Cherenkov muon veto



Shielding from external background sources

Use of Fiducial Volume

The volume where the background is reduced that
will be used to make physics measurements

* The choice of the FV is related to the effect searched for

* Trade off between high exposure and low background

z [m]

z [m]

a) 145 -

300 N__ (290 - 600 keV)

X [m]

650 N, (850 - 1300 ke'V)

Events /00144 m’

Events /00144 m’

b) 300 -375 N_ (650 - 850 keV)

z |m]

X [m]

d) 900 - 1500 wa (1800 - 3000 keV)

X [m]

10

Events /0.0144 m’

Events / 0.0144 m®

z [m]

Counts / 740.7 days / 1 N

R R R — B CRR T Y

Inner
Detector
Volume
Fiducial
Volume
E i /?B—L-:];m:r SOOIV
F Y //’\\\// -.\ \\
i // "Be \\
e e A
E ’ l[,'f \\\l ‘j
| 0
L )/ /| The case of Borexino
AN I ay
E AN s
\\\\ ~ ’///
3 T A o
54 3 2 10 1 2 3 4 5
p [m]
100 1. Muon|Cut
A 2. Cosmagenics
0% 3. Fiducial Volume
SR
1025—
10k
1-..‘.I....I....I....I....I....I».‘.I....
100 200 300 400 500 600 700 800

N.



Techniques for Background identification

Coincidence technique

In set-up with many detectors the anti-coincidence technique can strongly
reduce background. Its effectiveness depends on many factors as, e.g., set-up
geometry, energy threshold, presence of passive materials between detectors, ..

L~
An example from DAMA/LIBRA exp. (matrix 5x5 NaI(Tl) detectors)

residual "tK

YK EC 1.248x10° yr
Qw.=1504.7keV X = Y
B.R...= 10.86% K
o+ 1461 10.66%
04 0 . 020%
WOAr

» LO:

The 1461 keV y can escape from one
detector (A) and hit another one causing a
double coincidence. X-rays/Auger
electrons give rise in Ato a 3.2 keV peak

OK: §=0.0117 %; Ty, =1248x10°yr (EC =10.86%; P =89.14%)

EC,= 87.9%;

B""JJ{

[E_A(keV)
i =

The probability for 4°K EC from shell K to the 1461 keV level of 4°Ar is:
P ok ex_s1461 = 10.66% x 76.3% = 8.1% in such a case a 1461 keV y is
emitted together with the 3.2 keV X-rays/Auger electrons from shell K of
40Ar (this last is contained in the detector with efficiency ~ 1)

> L1461:(EC,= 76.3%;) EC,=20.9%; EC,,.=2.74%

EC,=8.6%; EC,.,=126%

10 -
9

8- . .

.= double coincidences
6

5-

- W
FETTF[ T

28 G e s e T P O T B A IR
800 1000 1200 1400 1600 1800

Ecoincidence cr_\'stul(kev)



Techniques for Background identification

Pulse Shape Discrimination (PSD) - live time = 570 h
the study of the shape of scinftillation pulses can be : 3
used to identify events induced by different particles 250 ¢ 5 o peaks 2"

P . > f

200 =, oo oppiominnic 1:' > Zs0

An example: s *’a _______ 2 150}
Identification of o particles from 238U and 232Th & 10 2 0k
residual contamination in a NaI(Tl) of DAMA/LIBRA 100 :

o 50
a/e PSD has practically It- f (t)dt Z ht. . !

9 i i = ~ ' L uy I i
l1\(l)OI/<i|_T1‘fec‘rweness in T j fOdt z " Are— L P
aL(Tl) i E(keV) E(keV)
. [ 1. 22Th(Q,=4.08 MeV) + 238U(4.27 MeV)
Contributions of « 2. 24U(4.86 MeV) + 2Th(4.77 MeV) + 26Ra(4.87 MeV)
decays from 232Th and i o 22 224
238\ chains to the five 3. “1%Po(5.41 MeV) + *°Th(5.52 MeV) + “**Rn(5.59 MeV) + “**Ra(5.79 MeV)
P ctineaks 4. 215P0(6.12 MeV) + 212Bi(6.21 MeV) + 2°Rn(6.41 MeV)
5. 216Po(6.91MeV)
—

The study of the « particles energy distributions exclude that 238U decay chain is at equilibrium

238 chain split into 5 subchains: 238U — 234U — 230Th — 226Rq —» 210Pp —» 206Ph

(2.1£0.1) ppt of 232Th;

(0.35 +0.06) ppt for 238U

(15.8+1.6) uBq/kg for 234U + 230Th subchain
(21.7+1.1) uBq/kg for 226Ra subchain
(24.2+1.6) nBq/kg for 219Pb subchain



Techniques for Background identification

Pulse Shape Discrimination between single site events and multi site events in
HPGe detectors (very useful, e.g., in double beta decay searches)

80 T 801
=600 Single site A El Mult| site
X, .ﬂ.
@ ‘
§ 40 event " E 400,‘ event
s =
= : A
2 20 £ 200
< <C ‘
0 PR T p, v 0< . ] i g |
-500 500 1000 1500 -500 0 500 1000 1500
Time after trigger [ns] Time after trigger [ns]
Energy [keV]
10 1600 1800 2000 2200 2400 2600
Y DEP FEP SEP FEP
=, 1592.5k\e\i 1@.7 keV 21035 keV 26145 keV |
Cg’-.10 I [ | 1
| IS
> %B g _J*w..w_“m IS, e b J
B B ’Y %C,: 10 )w«rﬂm SRR - " M,«NAWM M \‘«..., sl
il bt AL TSN el
B & 7 MK
10-: 1 )
0.4 . ‘
Y Multi site event OEF oo 20k hand accepted "
FEP full energy peak —03; ; Gy e KRS LR ‘jf.‘-jff;‘:;f{:_;i;:;éjé;téd‘ o
B SEP single escape peak ! Ve = -
DEP double escape peak < q>. l A \ |
SSE  single site event FEP SEP FeP | 100%
MSE multi site event 1620.1 keY | 2614.5keV o
Single site events o o0 1800 200 200 2400 200

Energy [keV]



Techniques for Background identification

Time-Amplitude Analysis

Study of correlated events in time: the arrival time and energy of each event is used for selection of
fast decay chains in 232Th, 238U or 235U family

Example for 232Th case in DAMA/LIBRA exp.

o 24Ra 0Lyt 220Rn Oyt B
400 400 400
% % Z
" hed 229Ra (Q,=5.8 MeV, T,,,=3.66 d) =300 = 300 = 300
e searche 7 % %
d g — 220Rn (Q,=6.4 MeV, T,,,=55.6 s) £200 £ 200 £ 200
ecay sequence - z E s
_, 212pp
3000 4000 5000 % 3000 4000 5000 ¥ 3000 4000 5000
This sub-chain has been selected by looking for: E(keV) E(keV) E(keV)
1. events in the energy window 3050-3900 keV —> _ 300,
2. followed within 60 s . '
3. by another event in the energy window 3400-4500 keV 200 . 600 | T,,=(0.14220.003) s
4. still followed within1s - LL b4
5. by the last event in the energy window 3650-5100 keV G150 | S w00 |
= z
al B=0.467(6)+0.0257(10) x E,_[MeV ] S 2
50 T,,=(67£7) s 200
o peaks as well as the distributions of the time intervals % 200 40 o0 % 02 04 o5 08
between the events are in a good agreement with those AT, 1 (9) AT 05 ()

expected 3310 triple delayed coincidences in 8100 kgxday

— (9.0+0.4) nBq/kg



Which detectors are used in the search for rare processes

It depends on the searched process.

Some features are common to most experiments as, e.g., high radio-purity levels and large
target mass. Others are specific of the searched process as, e.g., high energy resolution
and large number of candidate isotopes for OvBp decay searches, or low energy threshold
for Dark Matter experiments

 Scintillation detectors Characteristics of detectors
» Cherenkov counters
« Semiconductor detectors * Energy
« Cryogenic bolometers " Time }res°'”t'°"

Gei . | ¢ e Coordinate

elger, propor IoNa c?oun ers « Dead time

(radiochemical experiments) * Density, Z 4 (detection efficiency)

« Time projection chambers « Composition (presence of certain elements)

- Two-phase time projection chambers  * Available volume
. « Radiopurit
« Bubble chambers (Picasso) TP
] _ * Operational stability
* Track foils, emulsions
* Neutron detection



Which detectors are used in the search for rare processes

* There is no “ideal” detector, a variety of detectors is used in astroparticle physics

« Advantage of scintillation detectors: presence of element of interest, stability, good spectrometric
and time properties, large volume (liquid scintillators), very radiopure.

* Semiconductor detectors and bolometers provide a very high energy resolution

* Cherenkov detectors used in a case of huge mass request, allow o measure direction of particles,
can use water (ice, air) as detector material

« Sometimes a combination of different detectors is used in astroparticle-physics experiments

DIRECT DARK MATTER DETECTION

DAMA/LIBRA (Nal) %

KIMS (Csl)
XMASS (Xe) \
ANAIS (Nal)

XENON100 (Xe)
ZEPLIN-III (Xe)
DM-Ice (Nal) LUX (Xe)
DEAP3600 (Ar) XENONIT (Xe)
MiniCLEAN (Ar) ArDM (Ar)
CRESST (CaWO0,) * o (Ar) i

SIMPLE (C,CIF;)

COUPP (CF,l) Tracking—calorimeter
Noble Gas—>
charge+light

EURECA (CaWO0,)

CoGeNT (Ge) *
TEXONO-CDEX (Ge)
€ C-4(Ge)

DRIFT (CS,)
. DM-TPC (CF,) :
CDMS (Ge, Si* ) NEWAGE (CF,) Tonisation i Phanaiis
EDELWEISS-II (Ge) MIMAC (*He/CF,) :
SuperCDMS (Ge) MAJORANA (Ge)
EURECA (Ge) GERDA (Ge)

S
CUORE (Te0,)

Semiconductor

< GERDA >

Cryo-bolometer

< CUORE >




Examples of combined detectors

To achieve a statistical discrimination of different kinds of particles

Dual phase TPC detectors:

« prompt signal (S1): UV photons from

excitation and ionization

» delayed signal (S2): e~ driffed into gas
phase and secondary scintillation due

to ionization in electric field

— |

proportiona E . | WMP
Gas Xe 9

S2

Scintillating bolometers:

» Energy deposited in the bolometer via a
particle interaction is visible as a heat signal

» A small amount of the energy deposited is
emitted as scinfillation light collected by a
light detector

« Discrimination between a particles, e or
nuclear recoils can be achieved using as
discrimination parameter the fraction of light
and heat energy

heat bath

% -« thermal coupling

| (S2/81) yimp << (S2/S1) 0mms

Bottom PMT Array

XENON, WARP, Dark Side, LUX

-

:
L

(+

‘
i

Y
-]

3

+—— light detector (with TES)

+—— target crystal

-«<— reflective and
scintillating housing

T‘L_“‘——_J

heat bath

TES

LIGHT SIGNAL

2615 keV /j/
I 0v2p
| region o
Ev[égTs FVENTS
(j%'@"“ locaF > 1]

HEAT SIGNAL

CRESST, LUCIFER, LUMINEU, AMORE



http://www.cresst.de/material/CresstConventionalSchematic.png

Experimental approaches to B decay direct searches

N
Experiment observes Nu"=|n2f-a-e-MtITl,2 and
Experimental sensitivity
N
%f&-&mt forN®9=0
T.,(90%CL)>{ *
In—zﬁaf Mt o large N°¢
164 A B-AE

@ Source # Detector

@ Source = Detector

N®S=Mt-B-AE

M = mass of detector
t = measurement time
A = isotope mass per mole
N = Avogadro constant
a = fraction of OvpBp isotope
e = detection efficiency
B = background index in units cnt/(keV kg v)
AE = energy resolution = energy window size

o=

detector |

| e
| 7

source |

detector |

= scintillation

= gaseous TPC

= gaseous drift chamber with
magnetic field and calorimeter

difficulties for large source mass
neat reconstruction of event topology
several candidates with the same

detector

Event reconstruction
Low efficiency
Low energy resolution

© 06

© 000

/ 2vpp
> continuum
spectrum
o "/-_h\\
e o /\
scintillation / \
solid-state devices Lsy \ | ot
gaseous, liquid detectors / \ &/Q
- - { \
cryogenic bolometers “1 )
constraints on detector materials el / \ Ovpp
- Sl \ eak
very large masses possible / \ P
very high energy resolution oo N AL
Possible indication of event topology Too o2  oe o6 o8 1o
sum electron energy / Q

: g

High efficiency
Energy resolution

Q ~ 2-3 MeV for the most
promising nuclides




519891

absorber/

crystal

C, =1944— Iy 3K
A% ®

m

Incident
particle

Heat sink
T=10 mK

7

/

Thermal coupling

Energy absorber
TeO, crystal
Cz=2nJJK=z1MeV/0.1mK

WA
I I,
Mt
Rt

AL
WIS
AL
oo S5

oo 505
AT
oo 5]

R e ]

NTD Ge-thermistor

Gz4nW/K=4pW/mK

dR/dT = 100 kQ/uK

\

Thermometer

R = 100 MQ

)
A

Temperature signal: AT = E/C 2 0.1 mK for E = 1 MeV
¢ Bias: | 0.1 nA= Joule power =1 pW
—=Temperature rise = 0.25 mK
¢ Voltage signal: AV = | x dR/dT x AT
= AV=1mVforE=1MeV
¢ Signal recovery time: 1 =C/G=0.5s
¢ Noise over signal bandwidth (a few Hz): V. = 0.2 pV

Energy resolution (FWHM): = keV scale

008 T
nbwﬁﬂ
S oosf :ﬂ
3 | °
g (1 :
3T °
= | a
] mnm-i?ou 1 I
| | §38 L] 952
res ’ Temperature (mK)
* o negative; x| < 10 e « positive; 10 < « < 1000
« Resistance large « Resistance small
« Current bias and read voltage » Voltage bias and read current




5 Main LNGS activities on Ovfp decay

GERDA

]
2

Single dilution refrigerator ~10 mk for Rare Events

3 BB0v, Cold Dark Matter, Axion searches
proposal hep/ph 0501010

(Germany, Italy, Belgium, Russia)

Ytowers
o S0 detectors
cach

A stnghodower test (CLUORICINGO)

QE.BDA Closed packed array of 988 TeO_ 5x5x5 em’ erystals =741 kg TeO, = 204kg '™
Enriched 76Ge crystals
ry CUORE

Shielding with Liquid N, or Ar
Prove or reject Klapdor’s claim,
then attack inverted hierarchy region

TeO, crystals. 203 Kg of 13Te

Goal: 0.01 ¢/KeV/Kgly
m,, sensitivity ~ 0.03 — 0.17 eV



BOREXINO

* Reaction Vete v, +e

* EXp. site : Laboratori del Gran Sasso (3300 m.w.e.)

* Target ; 300 tons (fid.:100 tons) liquid scintillator
Pseudocumene + PPQO, sphere radius 18 m

» Goals ; "Be neutrinos and neutrino spectroscopy.

time behaviour; geo-neutrinos v

D+p—on+e’ n+p—d+y(2.2MeV)

Borexino Detector

tainless Steel Sphere
Nylon Outer Vessel
Ropes ylon Inner Vessel
Fiducial volume

External water tank —

Internal
PMTs

Steel plates
for extra
shielding

Borexino
Go after 7Be v’s
e 300 ton liquid scintillator
e 2200 8-inch phototubes
e E,>250keV

Detectv,+e" > v, +e"
* 55 events/day for SSM



DAMA/NaI

}

DAMA/LIBRA

http://people.roma2.infn.it/dama



Main recent DAMA results in the search for rare processes

First or improved results in the search for 2B decays of ~30 candidate isotopes: 49Ca, 46Ca,
48Ca, 64Zn, 79Zn, 100Mo, 96Ruy, 104Ry, 106Cd, 108Cd, 114Cd, 116Cd, 112Sn, 124G, 134Xe, 136Xe, 130Bg,

136Ce, 138Ce, 142Ce, 156Dy, 158Dy, 180\y, 186\\ 184Qg 192Qs, 190Pt and 198Pt

The best experimental sensitivities in the field for 2B decays with positron emission

First observation of a decays of 1>!Eu (T,,,=5%10%8yr) with a CaF,(Eu) scintillator and of 1°0Pt
to the first excited level (E..=137.2 keV) of 1860s (T,,=3x10%4yr)

Investigations of rare B decays of 113Cd (T,,,=8x101%yr) with
CdWO, scintillator and of 48Ca with a CaF,(Eu) detector

Observation of correlated e*e™ pairs emission in o decay of
1AM (fefe = 5 x 107°)
A

a

Search for long-lived super-heavy ekatungsten with radiopure
ZnWO, crystal scintillator

Search for CNC processes in 1271, 136Xe, 100Mo and 13°La
Search for 7Li solar axions resonant absorption in LiF crystal

Search for spontaneous transition of 23Na and 1271 nuclei to
superdense state;

Search for cluster decays of 1271, 138 3 and 13°La
Search for PEP violating processes in sodium and in iodine

Search for N, NN, NNN decay into invisible channels in 129Xe
and 136Xe

Counts / 5 keV

1500 ~

1000

500 4

2000

200

250

300

350

400 450 500
Energy (keV)

20000

w
(=3
=3
(=]

Counts/2 keV

3
=
(=3
=

(=]

Z 10000 |

113Cd B

T
100

200
Energy (keV)

300 400




Summary of searches for 3 decay modes in various isotopes
(partial list)

> O O D 0 S0 S0 0 S0 I S0 I~ T

ARMONIA: New observation of 2v2p- "®Mo— "Ry
(9.s.—04") decay NPA846 (2010)143
AURORA: New observation of 2v2@ ""®Cd decay

|
oy o S mm oo ]
= =5 P R R i =] IR o

B 0
90% C.L. J.Phys.:Conf.Ser.718(2016)062009
:  Many competitive limits obtained on lifetime of 23*, e*
: and 2¢ processes
- m (40Ca, 64Zn, %Ru, 106Cd, 108Cd, 139Ba, 136Ce, 138Ce, 180\, 190Pt, 1840,

156Dy, 158Dy, ...).

DAMA observed
Previous limits

» First searches for resonant Ov2e decays in some isotopes



The Dark Side of the Universe:
experimental evidences

First evidence and confirmations:
1933 F. Zwicky: studying dispersion velocity of Coma galaxies
1936 S. Smith: studying the Virgo cluster

1974 two groups: systematic analysis of mass density vs
distance from centre in many galaxies

isob- 0] rotational curve of

NGC 68503

a spiral galaxy
Other experimental evidences

bullet cluster

v from LMC motion around Galaxy

v from X-ray emitting gases s01r el gsco mineso
surrounding elliptical galaxies [ g

v’ from hot infergalactic plasma o SUEPEFENAN S
velocity distribution in clusters R (kpe)

Vo

. . bt ¥ & -

v' bullet cluster 1E0657-558

' Callision oftwo clqst_ers.o._f galaxies_

Mvisible Universe<< Mgrovi’ro’rioncl effect — abouft 90% of the mass is DARK




“Concordance /\CDM model-—

The Universe is flat

Q=Q, +Q,, =
close to 1

0= denswi’rical density

<] 6 atoms of H/m3
Q, ~0.69
Q ~0.31

| No Big Bang

1.0
5 0.5 _:

] R i i s B - — 2r

P - L Supernovae
Gro dDSt;uv ed 7]
-1.0 . HSTD B
‘ 0] 4
Supernovae T en = oS
_ 0.5 —: QA
: B St PSR 3 CMBE 7
0, Rl —g expands forever
05 Emply (©=0) 4710,9,5 7 0
_ 0,7027,0,=073 .
pI ishin, g g ay Dust ] \
05 10 15 20 | Clusters o
- 4,
Angular scale e,
90° 18° 1° 0.2° 0.1° 0.07° 1 %/
[ T T T T T ] - [ O
6000 P K 2013 %, AN
5000_ anC | \\\I\\II‘\I\\‘IIII‘\III‘I\\\
0 1 2

4000 | Q

M

3000 |

DK

Observations on:
* light nuclei abundance
. . , ‘  microlensings
500 1000 1500 2000 = o
Multipole moment, ¢ * visible ||ght

2000 |

1000 |

50

10

2

The baryons give “too small” O ~ 5%
contribution >

Non baryonic Cold Dark
Matter is dominant

Structure formation
in the Universe

Primordial
Nucleosynthesis

@) ~21%,
{Rcon ~ 2706,

~ 90% of the matter in the Universe IS non baryonic
A large part of the Universe is in form of non baryoni '




Relic DM particles from primordial Universe

SUSY

cral . axion-like (light pseudoscalar
as neutralino or sneutrino -

_( _ _ /\ and scalar candidate)

in various scenarios)

the sneutrino in the Smith _—"")
and Weiner scenario /\
sterile v / /

electron interacting dark matter

self-interacting dark matter

<\mirror dark matter
\ Kaluza-Klein particles (LKK)
| avy exotic canditates, as

family atoms”, ...

a heavy v of the 4-th family Elementary Black holes,

. . Planckian objects, Daemons
even a suitable particle not

yet foreseen by theories invisible axions, v’s
etc...

Moreover, several questions arise about:

* interaction type with ordinary matter and its description

* related nuclear and particle physics

* halo model and parameters

* halo composition. DM multicomponent also in the particle sector?
* non thermalized components?

* caustics?

* clumpiness?

* etc.




Some direct detection processes:

e Scatterings on nuclei e Inelastic Dark Matter:W + N> W* + N
— detection ogMn,ucleaqorgggogjl energy — W has Two mass states y+ , y- with §
> P Gesi mass splitting
//"/‘ | Bolometer: — Kinematical constraint for the inelastic
PMpy _, y// 160z Ge, CaWO,, scattering of y- on a nucleus
N JA\ Scintillation: 1 23 S S 20
Nal(Tl), — = ||=—=
L;é,C;FZ(Eu), 2 V- 20 V2V,
e Excitation of bound electrons in scatterings on nuclei
— detection of recoil nuclei + e.m. radiation
A e.g. signals
» Conversion of particle into e.m. radiation “{.._ Xray_* from these
— detection of y, X-rays, e ‘WVQNWV candidates are
completely lost
in experiments
: : : : based on
e Interaction only on atomic * Interaction of ligth DMp (LDM) “rejection
electrons on e or nucleus with .
: — production of a lighter particle plieteLIfRE™ o
— detection of e.m. radiation the e.m.
— detection of electron/nucleu component of
recoil energy k. _v, k, their rate
VL
e ... and more
e.g. sterile v 5.« ™z j

... also other ideas ...



The annual modulation: a model independent signature for the
investigation of DM particles component in the galactic halo

With the present technology, the annual modulation is the main model independent signature for the
DM signal. Although the modulation effect is expected to be relatively small a suitable large-mass,
low-radioactive set-up with an efficient control of the running conditions can point out its presence.

Drukier, Freese, Spergel PRD86; Freese et al. PRD88

Requirements of the | 6’0/r
| dulation — — _A_&*—"-w‘“x"“-\‘\o){gt)ecember
annual moau & 7 * Vgn ~ 232 km/s
. : (Sun vel in the
1)Modulo.’re.d rate according cosine (, y SUN | ./ } halo)
2)In a definite low energy range \é{; 60 Ao v, =30 km/s
3)With a proper period (1 year) ~— . 94. = e (Earth vel
. " bout 2 | 3 T — QD around the

4) With proper phase (about 2 June) ;.. ,{7)7/8 sun)

5) Just for single hit events in a multi- e y=1/3, 0=
detector set-up : iy 2n/T, T=1 year

= + COsycos[m(t-

6) With modulation amplitude in the Volf) = Vsun * Vor, COSYCOS[w(1-1o)] e 1,=2ndJune
region of maximal sensitivity must dR (when vg is
be <7% for usually adopted halo Sy [n(t)]= I d?dER = Sox TS COS[a(t—t))]  maximum)
distributions, but it can be larger in AR, TR

case of some possible scenarios the DM annual modulation signature has a different origin and peculiarities

(e.g. the phase) than those effects correlated with the seasons

To mimic this signature, spurious effects and side reactions must not only - obviously - be able to
account for the whole observed modulation amplitude, but also to satisfy contemporaneously
all the requirements




DAMA/LIBRA ~250 kg ULB Nal(T1) |
(Large sodium Iodide Bulk for RAre processes) \

'« LIBRA

As a result of a second generation R&D for more radiopure NaI(TI) /X inDAM,
by exploiting new chemical/physical radiopurification techniques
(all operations involving crystals and PMTs - including photos - in HP Nitrogen atmosphere)

Cu etching with
super- and ultra-pure
HCI solutions, dried
and sealed in HP N,

improving installatioff Jses
and environment "N

-
N \, :
: 4 :‘



The BAMAILIBRA sex-un

For details, radiopurity, performances, procedures, etc.

Polyethylene/paraffin NIMAB592(2008)297
OFHC low
o, C 9 . radioactive
+ 25 x 9.7 kg NaI(Tl) in a 5x5 matrix copper
* fwo Suprasil-B light guides directly Glove-box for A Bl 7 Low radioactive
coupled to each bare crystal calibration 3= lead
* two PMTs working in coincidence at the | Rl A——
single ph. el. threshold T . foils
DAQ
i=ke o

5.5-7.5 phe/keV

Concrete from
GS rock

~ Im concrete from GS rock
Dismounting/Installing protocol (with "Scuba” system)
All the materials selected for low radioactivity

* Multicomponent passive shield (>10 cm of Cu, 15 cm of Pb + Cd
foils, 10/40 cm Polyethylene/paraffin, about 1 m concrete, mostl
outside the installation)

* Three-level system fo exclude Radon from the detectors

* Calibrations in the same running conditions as production runs

+ Installation in air conditioning + huge heat capacity of shield

* Monitoring/alarm system; many parameters acquired with the
production data

* Pulse shape recorded by Waweform Analyzer Acgiris DC270 (2ch
per detector), 1 Gsample/s, 8 bit, bandwidth 250 MHz
Data collected from low energy up to MeV region, despite the
hardware optimization was done for the low energy




Some on residual contaminants in new ULB NaI(Tl) detectors

00 a/e pulse shape discrimination has practically Second generation R&D for new DAMA/LIBRA

250 f’e 100% effectiveness in the MeV range crystals: new selected powders,

physical/chemical radiopurification, new

200 *wm* :> The measured o yield in the new | ¥ (o0 ction of overall materials, new protocol for
DAMA/LIBRA detectors ranges growing and handling

E’ 150 - from 7 to some tens a/kg/day
100
: 232Th pesidual contamination From time-amplitude method. If 232Th chain at

Sl equilibrium: it ranges from 0.5 ppt to 7.5 ppt

0Ll b L , , —
2000 3000 4000 5004 238 pesidual contamination First estimate: considering the measured o and 232Th

E(keV) activity, if 238U chain at equilibrium = 238U contents in
T ST new detectors typically range from 0.7 to 10 ppt
Iive Time = —
: 3 2381 chain splitted into 5 subchains: 238U — 234U — 230Th — 226Rq — 210Pb — 206Pp
Thus, in this case: (2.1+0.1) ppt of 232Th; (0.35 £0.06) ppt for 238U
% and: (15.8+1.6) uBq/kg for 234U + 230Th; (21.7+1.1) uBq/kg for 226Ra; (24.2+1.6) uBq/kg for
S 210pp 10,
E natK pesidual contamination :_
S The analysis has given for the "tk | , double coincidences
] content in the crystals values not ] 43
0" ", | exceeding about 20 ppb S
2000 3000 4000 5000 = 3E
E(keV) N ‘
e ISl;](] | .‘l()ll](]l | llzlﬂ(}l I .14JDUI I:‘lﬁll](] IISDD
L 2 Jrtr 129 210 Ecuincidcncc cn‘stal(kev)
P h 18 / \’RH I Gnd Pb
1 ‘ o ey 15 f e,
3 ] 1 g e JI 129 /natT 21.7x10713 for all the new detectors
£ f g /
e ] I 210Pb in the new detectors: (5 - 30) uBq/kg. ... more on
o (::r””j No sizable surface pollution by Radon NIMA552(2008)257

daugthers, thanks to the new handling protocols



DAMA/LIBRA calibrations

Low energy: various external gamma sources (241Am,

133Ba) and internal X-rays or gamma’s (49K, 12°1, 12°71),

routine calibrations with 241Am
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High energy: external sources of gamma rays (e.g.
137Cs, 60Co and 133Ba) and gamma rays of 1461 keV
due to 49K decays in an adjacent detector, tagged by
the 3.2 keV X-rays
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The curves superimposed to the experimental
data have been obtained by simulations
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Noise rejection near the energy .threshold

Typical pulse profiles of noise and of scinftillation event with the same ;‘g -
area, just above the energy threshold of 2 keV

.
I
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noise
The differ‘enT time characteristics Of nhoise (decay time Of order Of 40'50; I 2;0 I Iséol B Tl‘ﬂ I I1I0|0I0I I1I2|5I0I I1I5|0I0I I1I?|5I0I Izlolan
tens of ns) and of scintillation event (decay time about 240 ns) canbe fime e)
investigated building several variables o1
o p r
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From the Waveform Analyser

2048 ns time Wmdow,:bxrea (from 100 ns to 600 ns) .

Y~ Area (from 0 ns to 600 ns)
_Avrea (from 0 ns to 50 ns)
Area (from 0 ns to 600 ns)

paration between noise and scintillation
pulses is very good.

2

- Very clean samples of scintillation events

selected by stringent acceptance windows.

* The related efficiencies evaluated by

calibrations with 24'Am sources of suitable
activity in the same experimental conditions and
energy range as the production data (efficiency
measurements performed each ~10 days:
typically 104-105 events per keV collected)

This is the only procedure
applied to the analysed data



Complete DAMA/LIBRA-phasel

Period Mass (kg) | Exposure (kgxday) [ (a— ) )
| a ton X yr experiment? done
DAMA/LIBRA-1 | Sept. 0, 2003 - July 21, 2004 | 232.8 51405 0.562
*EPJC56(2008)333
I - =4 = 1o
DAMA/LIBRA-2 | July 21, 2004 - Oct. 28, 2005 | 232.8 52507 0.467 «EPIC67(2010)39
DAMA/LIBRA-3 | Oct. 28, 2005 - July 18, 2006 | 232.8 30445 0.501 *EP]C73(2013)2648
DAMA/LIBRA-4 | July 19, 2006 - July 17, 2007 | 232.8 40377 0.541 e calibrations: ~96 M events from
sources
DAMA/LIBRA-5 | July 17, 2007 - Aug. 20, 2008 | 232.8 66105 0.468 R RS Gl T 5 v
DAMA/LIBRA-6 | Nov. 12, 2008 - Sept. 1, 2000 | 2425 58768 0.519 (=3.5 M events/keV)
DAMA/LIBRA-7 | Sep. 1,2000- Sept. 8, 2010 | 2425 62008 0.515
DAMA /LIBRA phasel | Sept. 0, 2003 - Sept. 8, 2010 79705 ~ 1.04 tonxyr '\ 0518
DAMA /Nal + DAMA /LIBRA-phasel: 1.33 tonxyt

eFirst upgrade on Sept 2008:

- replacement of some PMTs in HP N, atmosphere

- restore 1 detector to operation

- new Digitizers installed (U1063A Acqiris 1GS/s
8-bit High-Speed cPCI)

- new DAQ system with optical read-out installed

START of DAMA/LIBRA - phase 2

e Second upgrade on Oct./Nov. 2010

<> Replacement of all the PMTs with higher Q.E. ones
from dedicated developments

<> Goal: lowering the software energy threshold

Fall 2012: new preamplifiers installed + special trigger modules. Other new

components in the electronic chain in development . .
... continuously running




Experimental single-hit residuals rate vs time and energy

* Model-independent investigation of the annual modulation
signature has been carried out by exploiting the time
behaviour of the residual rates of the single-hit events in the
lowest energy regions of the DAMA/LIBRA data.

* These residual rates are calculated from the measured rate
of the single-hit events (obviously corrections for the overall
efficiency and for the acquisition dead time are already
applied) after subtracting the constant part:

(K flatjk>jk

riik is the rate in the considered i-th time
interval for the j-th detector in the k-th

‘%/Deceii'ber energy bin

- flat; is the rate of the j-th detector in the
k-th energy bin averaged over the cycles.

N * The average is made on all the detectors (j
index) and on all the energy bins (k index)

* The weighted mean of the residuals must
obviously be zero over one cycle.




Model Independent DM Annual Modulation Result

experimental residuals of the single-hit scintillation events rate vs time and energy

DAMA/Nal + DAMA/LIBRA-phasel Total exposure: 487526 kgxday = 1.33 tonxyr
2-4 keV
s O —— DAVIANal (0'29'toq'xv1") ; : P ‘DA\IAMBRA (1 04t‘on>m)‘ — Acos[o(t-ty)] ;
CRbesd I | | 1 | | | continuous lines: t,=152.5d, T=1.00y
ED 0.04 i 1
R ¥ /2-4 keV \
E jﬁjj . A=(0.0179=%0.0020) cpd/kg/keV
£ oos y2ldof=87.1/86 9.0 o C.L.
o e ) Absence of modulation? No
I ' ¥2Idof=169/87 = P(A=0) = 3.7x107
s 3”3;5 DA\IAI\aI(O‘ZS"toq'ij , iDA\IA/LIBRA(l 04 torgw)——»
ER S RPN RN SRR YRR 2-5 keV
3 oo | BRI SRR : o AE SRR B
Et ;{rﬁh : ;5‘%\ i ;%‘\w&@f%%%%@ﬁ A=(0.0135+0.0015) cpd/kg/keV
S g ; g ; B '% """"" BEEN y?ldof=68.2/86 9.0 5 C.L.
Eiiﬁiziiiiii;_ Absence of modulation? No
0 =TI U I S NS N \3 '\ |I \5 1\ i \‘ U S NN N NURS ST PR I S S N !
! oS e 42/dof=152/87 = P(A=0) = 2.2x10°
ime (day)
2-6 keV '
:’; Dooé ; : DANIA/NaT (0.29] toqxvr) : P 3 : DA\[A/MIBRA (1.04 tonxyr)—-—)% 2—6 keV
R B e . ' ' A=(0.0110+0.0012) cpd/kg/keV
Y. y2ldof = 70.4/86 9.2 & C.L.
E oo Timoi SEEEEEEE R Absence of modulation? No
B “f‘olu — zd‘w' I 'w‘c‘o O “4UI|JLIII — ;olo'(, —

Time (day)

The data favor the presence of a modulated behavior with proper features at 9.2¢ C.L.



Modulation amplitudes (A), period (T) and phase (t;) measured
in DAMA/NaI and DAMA/LIBRA-phasel

DAMA/Nal (0.29 ton x yr) + DAMA/LIBRA-phasel (1.04 ton X yr)

total exposure: 487526 kgxday = 1.33 tonxyr

Acos[o(t-ty)]

A(cpd/kg/keV) T=2n/w (yr) to (day) C.L.
DAMA/Nal+DAMA/LIBRA-phasel
(2-4) keV 0.0190 +0.0020 | 0.996 +0.0002 | 134+6 9.50
(2-5) keV 0.0140 +0.0015 | 0.996 +0.0002 | 140+6 9.3
(2-6) keV 0.0112 £0.0012 | 0.998 +0.0002 | 144 +7

x? test (x?=9.5, 13.8 and 10.8 over 13 d.o.f. for the
three energy intervals, respectively; upper tail
probability 73%, 39%, 63%) and run test (lower tail
probabilities of 41%, 29% and 23% for the three
energy intervals, respectively) accept at 90% C.L.
the hypothesis that the modulation amplitudes are
normally fluctuating around their best fit values.

Compatibility among the annual cycles

e D AN AN AL = 100 kg € DAMA/LIBRA = 250 K m——
(0.29 tonxyr) (1.04 tonxyr)
- I 2 4 keV; y/dof = 9.5/13
04 F .
] I [ [ 7 I $
2 Bl : oy o I | S T
i | [ I 11 ;i
- 0 7 1 | I I 1 1 1 ] 1 1 | ] I | |
Z : 2-5 keV; y'/dof = 13.8/13
é 0.04 -~
z :[ I I I g { .
Sowfl L1 | S R
o r Q I )
i-_-.'LLJJ L x A B N
< - 2.6 keV; y*/dof = 10.8/13
04 |
C I 1 I
0.02 F ' I I ]
’ ‘% L I g0
Yy C 1 | J_ 1 1 * IJ 1

5000

T-im-e (day) p,




Power spectrum of single-hit residuals

5 251 DAMA/Nal (7 years) + DAMA/LIBRA-phasel (7 years)
I total exposure: 1.33 tonxyr
T 20}
= 2-6 keV — : :
g / Principal mode in the 2-6 keV region:
S ‘ 2.737 x 103 d1t = 1 yrt
1ok ‘ Not present in the 6-14 keV
: region (only aliasing peaks
6-14 keV g (only gp )
a8 .;J ‘ / The Lomb-Scargle periodogram, as reported in DAMA papers,
[ AM haSia A always according to Ap.J. 263 (1982) 835, Ap.]. 338 (1989) 277
o eea 0N LS AAL M Riarrsinniin with the treatment of the experimental errors and of the time
0 0.002 0.004 0.006 0.008 binning :
-1
Frequency (d ")
Given a set of data values r;, i=1,...N at respective observation In order to take into account the different time binning

times t;, the Lomb-Scargle periodogram is:

1 [[Zfr-Temots] [5fs-)snots—]

P =

() 20° Zicoszw(ti—r) Zisinza)(ti—f)

. __ 1 N 2 1 N —\2
where: r_ﬁzllri 7 S : (ri—r)
and, for each angular frequency o=2xf > 0 of interest, the time-offset zis:

sin (2ot
tan(Zwr)z—Z'sm( ia)
Y.cos(2at;)

and the residuals’ errors we have to rewrite the
previous formulae replacing:

i+

N sinot. - o J' sin ot dt
Al’i2 N 1 i oAt

Zi — Zi 1 =—12|F 1:+AA[:
ZiAsz ZiAsz " cosat, » — j cosot dt

i t-At;

The Nyquist frequency is ~3 y1 (~0.008 d-1); meaningless higher

frequencies, washed off by the integration over the time binning.

Clear annual modulation is evident in (2-6) keV, while it is absent just above 6 keV




Rate behaviour above 6 keV
e No Modulation above 6 keV

2 ol 614 keV Mod. Ampl. (6-10 keV): cpd/kg/keV DAMA/LIBRA-phasel
=3 - . (0.0016 = 0.0031) DAMA/LIBRA-1
3, 0308 107 cpdikglkeV 6 0610 + 0.0034) DAMA/LIBRA-2
1 -(0.0001 = 0.0031) DAMA/LIBRA-3 s000|
= e -(0.0006 =+ 0.0029) DAMA/LIBRA-4 -
2 -(0.0021 = 0.0026) DAMA/LIBRA-5 1000l
027 DAMA/LIBRA-phasel (0.0029 = 0.0025) DAMA/LIBRA-6 _.
o4l -(0.0023 =+ 0.0024) DAMA/LIBRA-7 é 2000k
b0 0 =5 - — statistically consistent with zero é—'
Time (day) e
e No modulation in the whole energy spectrum: 20007
studying integral rate at higher energy, Rq,
* Ry, percentage variations with respect to their mean values 1000 -
for single crystal in the DAMA/LIBRA running periods
Period Mod. Ampl. obnd N
« Fitting the behaviour with time, adding DAMA/LIBRA-1 |-(0.05£0.19) cpd/kg 0.1 0 0.1
a term modulated with period and phase ~DAMA/LIBRA-2 |-(0.1240.19) cpd/kg (Ryg - Rop>)/<Ryp>
as expected for DM particles: DAMA/LIBRA-3 [-(0.13£0.18) cpd/kg

DAMA/LIBRA-4 | (0.15+0.17) cpd/ke o =~ 1%, fully accounted by
DAMA/LIBRA-5 | (0.20+0.18) cpd/kg statistical considerations
DAMA/LIBRA-6 |-(0.20£0.16) cpd/kg

. ] _ DAMA/LIBRA-7 |-(0.28%0.18) cpd/kg
+ if a modulation present in the whole energy spectrum at the level found

in the lowest energy region —» Rgo ~ tens cpd/kg —» ~ 100 o far away

consistent with zero

No modulation above 6 keV
This accounts for all sources of bckg and is consistent
with the studies on the various components




DAMA/LIBRA-phasel

Multiple-hits events in " — " orm—— ;
- - = 0.0z AN e ,_._5_1:
< = cpd/kg/keV !
the region of the signal % oo | cpd/kglke —
. B ol et —§ 1 o |
e Each detector has its own TDs read- = | =
out — pulse profiles of multiple-hits £ —°°' H—i—' |
events (multiplicity > 1) acquired g -0z fp . N | . | | |
(exposure: 1.04 tonxyr)_ 250 300 350 300 250 500 550 800 850
Time (day)
e The same hardware and software
procedures as those followed for 3.5 keV
single-hit events = .02 E A =-(0.0008 % 0.0005) cpd/kglkeV |
== o i
%‘ 0.01 — s §
signals by Dark Matter particlesdonot & (| 9o+ » o8-+ . g
belong to multiple-hits events, that is: § oot _ ——+ ¢ 98—
E —0.02 ;—
mU|t|p|e‘h|tS Dark Matter S50 o0 E S TR 500 550 00850
events = particles events Time (day)
A\ : ” 2-6 keV
switched of > .02 | A=-(0.0005 = 0.0004)
< F cpd/kg/keV i
01 |—"!—|.
Evidence of annual modulation with § ’ F | S ;
proper features as required by the DM I °¢ % — ' Hﬁ s
annual modulation signature: é—o.m 3 — & !
- present in the single-hit residuals g -0z | o | | | | |
- absent in the multiple-hits residual T25 300 30 400 450 S0 550 500 650
Time (day)

This result offers an additional strong support for the presence of Dark Matter
particles in the galactic halo, further excluding any side effect either from
hardware or from software procedures or from background



Modulation amplitudes, S, ,, as function of the energy

The likelihood function of the single-hit experimental data in the k-th energy bin is defined as:

N..
— i /Jijk”k N;i is the number of events collected in the i-th
Lk = e time interval, by the j-th detector and in the k-th
J N ik I energy bin.

Njj follows a Poissonian distribution with expectation value:

tye = by + R (£) M AGAE s, =|b,, + Sy + S,k COS@(L, —t,) M AL AES,,

The bjk are the background contributions, M; is the mass of the j-th detector, At; is the detector
running time during the i-th time interval, Aé is the chosen energy bin, ¢, is the overall efficiency.

The usual procedure is to minimize the function y,=-2In(L,) - const for each energy bin; the free
parameters of the fit are the (b;, + Sy ) contributions and the S, , parameter.

The S,, « is the modulation amplitude of the modulated part of the signal
obtained by maximum likelihood method over the data considering
T=27n/w=1yr and t,= 152.5 day.



Energy distribution of the modulation amplitudes

Rt)=§+S, COSéW(t - tO)E] DAMA/Nal + DAMA/LIBRA-phasel

total exposure: 487526 kgxday ~1.33 tonxyr
hereT=27/w=1 yr and t,= 152.5 day - aid %

> 0.05 - .

; [ AE = 0.5 keV bins

§n0.025 - +++

= 0 | *%”‘h#fbrM DU + o, R, TSI S

= I ' == “?—_4,_ _?‘—l’r‘-'—‘?— -
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O 2 4 6 8 10 12 14 16 18 20
Energy (keV)
A clear modulation is present in the (2-6) keV energy interval, while S,
values compatible with zero are present just above

The S,, values in the (6-20) keV energy interval have random fluctuations
around zero with 2 equal to 35.8 for 28 degrees of freedom (upper tail
probability 15%)



Final model independent result
DAMA/Nal + DAMA/LIBRA-phasel

e Presence of modulation for 14 annual cycles at 9.3c C.L. with the proper distinctive

features of the DM signature; all the features satisfied by the data over 14 independent
experiments of 1 year each one

e The total exposure by former DAMA/Nal and present DAMA/LIBRA is 1.33 ton x yr (14

annual cycles)

e In fact, as required by the DM annual modulation signature:

1. The single-hit events
show a clear cosine-like
modulation, as expected
for the DM signal

4

4. The modulation is present
only in the low energy
(2-6) keV interval and
not in other higher energy
regions, consistently with
expectation for the DM

period, as expected for
the DM signal

2. Measured period is equal (144+7) days is
to (0.998+0.002) yr, well well compatible
compatible with the 1 yr with 152.5 days,

3. Measured phase

as expected for
the DM signal

y y

signal
y

5. The modulation is
present only in the
single-hit events,
while it is absent
in the multiple-hits,
as expected for the

DM signal
4

6. The measured modulation
amplitude in NaI(Tl) of
the single-hit events in
(2-6) keV is:
(0.0112 £ 0.0012) cpd/kg/keV
(9.30 C.L.). 7

No systematic or side process able to simultaneously satisfy all the many peculiarities of the
signature and to account for the whole measured modulation amplitude is available



Summary of the results obtained in the additional
investigations of possible systematics or side reactions

(NIMAS592(2008)297, EPJC56(2008)333, arXiv:0912.0660, Can. J. Phys. 82 (2011) 11, S.L.LF.Atti
Conf.103(211) (arXiv:1007.0595), PhysProc37(2012)1095, EPJC72(2012)2064 and refs therein)

Source Main comment Cauvutious upper
limit (90%C.L.)
RADON Sealed Cu box in HP Nitrogen atmosphere, <2.5x10°¢ cpd/kg/keV
3-level of sealing, etc.
TEMPERATURE Installation is air conditioned+

detectors in Cu housings directly in contact <104 cpd/kg/keV
with multi-ton shield— huge heat capacity
+ T continuously recorded

NOISE Effective full noise rejection near threshold <104 cpd/kg/keV
ENERGY SCALE Routine + infrinsic calibrations <1-2 x104 cpd/kg/keV
EFFICIENCIES Regularly measured by dedicated calibrations <104 cpd/kg/keV
BACKGROUND No modulation above 6 keV;

no modulation in the (2-6) keV <104 cpd/kg/keV

multiple-hits events;
this limit includes all possible
sources of background
SIDE REACTIONS Muon flux variation measured at LNGS <3x10-5 cpd/kg/keV

+ they cannot
satisfy all the requirements of

Thus, they cannot mimic the
observed annual
annual modulation signature modulation effect




Model-independent evidence by
DAMA/Nal and DAMA/LIBRA

Just few examples of interpretation
of the annual modulation in terms of
candidate particles in some

well compatible with several
candidates in many astrophysical,
nuclear and particle physics scenarios

o O scenarios
° WIMP: ST ‘Not best fit
= 0.06 ~ 0.06 *About the same C.L.
£ 0.04-; L 106eV | 2 0.04- 100-120 GeV
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..models...

Which particle?

Which interaction coupling? .
Which Form Factors for each .

target-material?
Which Spin Factor?

Which nuclear model framework?

Which scaling lawe

Which halo model, profile and °

related parameters?
Streams?

About interpretation

See e.g.: Riv.N.Cim.26 n.1(2003)1, TJIMPD13(2004)2127, EPJC47(2006)263,
IJMPA21(2006) 1445, EPJC56(2008)333, PRD84(2011)055014,
IJMPA28(2013) 1330022

..and experimental aspects...

Exposures

Energy threshold

Detector response (phe/keV)

Energy scale and energy resolution
Calibrations

Stability of all the operating conditions.
Selections of detectors and of data.

Subtraction/rejection procedures and
stability in time of all the selected windows
and related quantities

Efficiencies

Definition of fiducial volume and non-
uniformity

Quenching factors, channeling, ...

Uncertainty in experimental parameters,

as well as necessary assumptions on various related

astrophysical, nuclear and particle-physics aspects, affect all the results at various extent, both in
terms of exclusion plots and in terms of allowed regions/volumes. Thus comparisons with a fixed set of
assumptions and parameters’ values are intrinsically strongly uncertain.

No experiment can be directly compared in model

independent way with DAMA




DAMA/LIBRA phase2

Quantum Efficiency features : nn1n.

s Q.E.@ peak (%) ¢ Q.E@ 420nm (%)
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Possible DAMA/LIBRA-phase3

» The light collection of the detectors can further be improved
e Light yields and the energy thresholds will improve accordingly

The strong interest in the low energy range suggests the possibility
of a new development of high Q.E. PMTs with increased
radiopurity to directly couple them to the DAMA/LIBRA crystals,
removing the special radio-pure quartz (Suprasil B) light guides (10
cm long), which act also as optical window.

The presently-reached PMTs features, but not
for the same PMT mod.:

* Q.E. around 35-40% @ 420 nm (Nal(Tl) light)

« radiopurity at level of 5 mBq/PMT (4%K),
3-4 mBQ/PMT (232Th), 3-4 mBq/PMT (238U),
1 mBg/PMT (226Ra), 2 mBq/PMT (¢°Co).

R&D efforts to obtain PMTs matching
the best performances... feasible |

No longer need for light guides (a
30-40% improvement in the light

collection is expected)



