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The 'Dark Side of the Universe: , e o
about’ a century’of 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: systematical analysis of mass —_—
density vs distance from center v from LMC motion around Galaxy

in many galaxies v’ from X-ray emitting gases

surrounding elliptical

Non baryonic Cold Dark
Matter is dominant

“Concordance model” poo - 0-0 +Q, = galaxies
{ . . . LS | I\ . .
B, . close to 1 v from hot intergalactic '
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“wiid © % N\ evisiblelight, ( Structure forma..” Y e
The baryons give “too small” = E‘_tile Universe - 8 §°
contribution — y \ § LS




Modified
gravity?

Efforts To find al'rer'natwe explana‘rlons to DM
were proposed e.g.7 .

v Modlfled Gr'avrry Theor'y (MOG) in the 19805

4 Modlfled New’roman Dynamlcs (MOND) 1'heor'y
~in 1981 ‘

They hypothesize that the Theor'y of gravu'ry is mcomplete and 1'h01' a hew gravutahonal
theory rmgh'r explain the experumen‘ral observa'rlons » »

U MOND modlfles the law of motion for ver'y small acceleraﬂons

v MOG modlfles the EmsTems theory of gravu'raﬂon to aceount for an hypoThetlcaI flffhf‘
fundamental -force inaddition-to:the ‘gravitational, electromagnetic;, strong and weak
Sndask . . . . .

BUT

v no general underlymg prmcnple .,

v generally unable“to account for+dll small and large scale
observations; ; ; ;

v they fail to r'epr'oduce accurately The Bullet Cluster

v ‘generally require some amount of DM par"rlcles as seeds
for the structure formation. '




Relic DM particles from primordial Universe

usy utri axion-like (light pseudoscalar
(as neutralino or sneutrino and scalar candidate)

In various scenarios) : .
the sneutrino in the Smith falinisracting dark matior

and Weiner scenario mirror dark matter |
Sorha N p: Kaluza-Klein particles (LKK) ,

electron interacting dark ma%\ b B i itateson |

a heavy v of the 4-th family 4th family atoms®, ... |

@ —_ . Elementary Black holes,
even a suitable particle not ¥ T~ Planckian?bjects.
yet foreseen by theories etc... Daemons

:.1 ‘ 2 (& lmlslble axions, v's) |

. ~Right related nue
particle physics?



' .:’.. -3 4};‘ ' .:’.. SUSY )
g3 L SR K gl (as neutralino or sneutrino
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axion-like (light pseudoscalar

e 8 S - L TR et In various scenarios) and scalar candidate)
PR A PR R self-interacting dark matter
2 PO ¢ i Ve A R SR R ¢ the sneutrino in the Smith y 9
' B AL < riehn and Weiner scenario mirror dark matter

+ Dark Matter candidate parhclcsand ‘

&5 _4 ;4;";;'{;;;_, Do “ANS, GRS, Kaluza-Klein particles (LKK)
g : PR * |heavy exotic canditates, as

accelerators can.. . .¢. . s . * | “ath family atoms”, ...

prove the existence of - ‘possible *| cienentary Black holes,

5 Planckian objects,

{ Ddl'k Mm"cm '_' 4 Daemons

k. '.-. .. (& invisible axions, v's)
. -a. ce particle is in -
the halo as the sajution or the only
solution for particle Dark Matter ..

-

scenarios (even for neutralino candidate)
exist which cannot be investigated at

accelerators

. o P
Direct d@flection with a model independent gl ¢

approach and a low background widely
sensitive target material




Some direct detection processes:

e Scatterings on nuclei

— detection of nuclear recoil energy
DMp' Lonitatiun:
w, s1

Bolometer:
Te0,, Ge, CaWO,,

S
Nal(T1),
LXe.CaF (E). ...

Excitation of bound electrons in scatterings on
nuclei

— detection of recoil nuclei + e.m. radiation

~.4
<

» Conversion of particle into e.m. radiation
— detection of y, X-rays, e-

Interaction only on atomic

* Interaction of light DMp
electrons

(LDM) on e or nucleus with
production of a lighter
particle - detection of
electron/nucleus recoil
energy ku Vg

- \!
.
... even WIMPs e.g. sterile v ,,>< :

, ~
... also other possibilities ... :

- detection of e.m.
radiation
DMp

J

5;1\»" z2devay, =

)

>

e Inelastic Dark Matterr W+ N—-=W* + N

— W has Two mass states y+ , x- with §
mass splitting

— Kinematical constraint for the
inelastic scattering of - on a nucleus

20
u

e.g. signals
from these
candidates are
completely
lost in
experiments
based on
“rejection
procedures” of
the e.m.
component of
their rate

and more




The direct detection experiments can be classified in two
classes, depending on what they are based:

1.on the recognition of the signals due to Dark
Matter particles with respect to the background
by using a "model-independent” signature

2. on a-priori assumption on the nature and
interaction type of the DM particles + use of
large data selection/subtraction by uncertain
techniques (existing systematics and side
processes mimicing the nuclear recoil-like events
which can neither be distinguished nor estimated

and subtracted at needed level of precision on
the contrary of usual claims)




2 different questions:

* Are there Dark Matter particles in the galactic halo?

The exploitation of the annual modulation DM signature with highly
radiopure NaI(Tl) as target material can permit to answer to this
) question by direct detection and in a way largely independent on the
“Z»  nature of the candidate and on the astrophysical, nuclear and particle

e
D

"7y Physics assumptions

@ DAMA/NaI and DAMA/LIBRA

* Which are exactly the nature of the Dark
Matter particle(s) and the related astrophysical,
nuclear and particle Physics scenarios?

This requires subsequent model-dependent corollary analyses L 2
(see e.g. in recent DAMA - and other - literature;.. and more)

N.B. It does not exist any approach to investigate the nature of the
candidate in the direct and indirect DM searches, which can offer these
latter information independently on assumed astrophysical, nuclear and
particle Physics scenarios...




The annual/modulation:'a model independent signature for the
investigation of :Dark Matter. 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. PRDSS 3 -
Requirements of the annual modulation

December 1) Modulated rate according-cosine

T g
04./);\ ) 2)-+In a definite low energy range
<
>

3) With a.proper period (1 year)

SUN

4) With proper phase (about 2 June)
5) ‘Just for single hit events.in a multi-detector set-up
6) With modulation amplitude in the region of.

maximal sensitivity must be <7% for usually
adopted halo distributions, but it can be larger in

* Veun 232 km/s (Sun velocity in the halo) case of some possible scenarios
* Vo= 30 km/s (Earth velocity around the Sun)
"y=a/3, o=2n/T , T=1year To mimic this signature, spurious effects and side

* .= 2" June (when v is maximum) reactions must not only - obviously - be able to account
B for the whole observed modulation amplitude, but also
Ve(t) = Vg T Vo, cOSYCOS[0(t-t))] to satisfy contemporaneously all the requirements

dR

Sdn01= [ —AEy = Sy, +5,,, cos[(t = 1,)]

AE, “ER

The DM annual modulation signature has a
different origin and peculiarities (e.g. the phase)

because the revolution motion of the Earth than those effects correlated with seasons
around the Sun, which is moving in the Galaxy

Expected rate in given energy bin changes




The relevance of ULB NaI(TI) as 'rar'ge‘r ma‘remal

- Well known technology

- High duty cycle

- Large mass possible

“Ecological clean” set-up: no safety problems

- Cheaper than every other considered technique

-~ Small underground space needed

- High radiopurity by selections; chem./phys. purifications, protocols reachable
- Well controlled operational:condition feasible

* Neither re-purification procedures nor cooling down/warming up (reproducnblllty stability, ..
A of the NaI(Tl) scintillation light well directly match PMTs sensitivity

* Uniform-response in the realized detectors

- High light response (5.5 - 7.5 ph.e./keV in DAMA/LIBRA-phasel)

- Effective routine calibrations feasible down to keV. in the same conditions as production nuns

- Absence of microphonic noise + noise rejection at. threshold (v of NaI(Tl) pulses hundreds ns, while t of
noise pulses tens ns)

- Sensitive to /many candidates, m'rer'achon types and astrophysical, nuclear' and particle physucs
scenarios on the contrary of other proposed target-materials (and approaches)

< Sensitive to both high (mainly by Iodine target) and low mass (mainly by Na target) candidates

- Effective investigation of the annual modulation signature feasible in all the needed aspects

- Fragmented set-up ULB NaI(Tl) also allows the study of several rare processes

. ete. | c High benefits/cost:

--)

To develop ULB NaI(Tl): many years of work, specific experience in the specific
detector, suitable raw materials availability/selections, developments of
purification strategies, additives, growing/handling protocols, selective cuts,

abrasives, etc. etc. 2> long dedicated time and efforts.
The developments themselves are difficult and uncertain experiments.
ULB NaI(Tl) - as whatever ULB detector - cannot be simply
< bought or made by another researcher for you ..




Roma2,Roma1,LNGS IHEPlBeulng

+ by-products and small scale expts.: INR-Kiev and others
+ neutron meas.: ENEA-Frascati
+ in some studies on pf decays (DST-MAE project): IIT Kharagpur, India

&
- -

o o S
. ! P _'—‘,,—

DAMA: an NSt B M‘Ses WINGS

DAMA/CRYS
DAMA/R&D

DAMA/LXe DAMA/Ge

DAMA/NaI

DAMA/LIBRA

» http://people.roma2.infn.it/dama



The ploneer DAMA/NaI
~100"kg highly radlopure NaI(Tl)

Performances: N.Cim.A112(1999)545-575, EPJC18(2000)283,
Riv.N.Cim.26 n. 1(2003)1-73, LIMPD13(2004)2127

Results on rare processes:

. Possible Pauli exclusion prmC|pIe v10|at|on PLB4°8(1997)439
 CNC processes : , PRC60(1999)065501

« Electron stability and non- paullan
transitions in Iodine atoms (by L-shell) PLB450(1999)235

- Search for solar axions . PLB515(2001)6
« Exotic’'Matter search o EPJdirect C14(2002)1 - °
. Search for superdense nuclear matter EPJA23(2005)7 :

data taking completed on July
2002,"last data release 2003.
Still producing results

- Search for heavy clusters decays - EPJA24(2005)51 |

ReSults on DM particles: *° : |
* PSD . PLB389(1996)757

o Investlgatlon on diurnal effect N.Cim. A112(1999)1541
« Exotic Dark Matter search | PRL83(1999)4918

o Annual Modulation Slgnature

PLB424(1998)195, PLB450(1999)448, PRD61(1999)023512 PLB480(2000)23 EPJC18(2000)283
PLB509(2001)197, EPJC23(2002)61, PRD66(2002)043503, Riv.N.Cim.26 n.1 (2003)1, IJMPD13(2004) . /|
2127, IJMPA21(2006)1445, EPJCA47(2006)263, IJMPA22(2007)3155, EPJC53(2008)205, PRD77(2008)

0235086, MPLA23(2008)2125.

model* mdependent ewdence of a partlcle DM component in the galactlc halo,

at6.30 C.L. ~
% - total exposure (7 annual’cycles) 0.29 fon x yr



The DAMA/LIBRA set-up ~250 kg Nal(TI)
(Large sodium lodide Bulk for RAre processes)
As a result of a second generation R&D for more radiopure NaZI(T1l)
by exploiting new chemical/physical radiopurification techniques

(all oper‘a‘nons mvolvmg crystals and PMTs - including photos - in HP Nu’rr'ogen atmosphere)
D 8

Resudual con‘rammahons in fhe new DAMA/L IBRA aI(TI) |

de'recfor's 232Th, 238U and “K at level of 10‘12 Q/q
e w V v

* Radiopurity, performances, procedures, etc.: NIMA592(2008)297 JINST 7 (2012) 03009
* Results on DM particles: Ann. Mod. Signature: EPJC56(2008)333, EPJC67(2010)39,arXiv:1308.5109
related results: PRD84(201 1)055014 EPJC72(2012)2064, IJ MPA28(2013)1330022
* Results on rare processes: PEP violation in Na, I: EPJC62(2009)327, CNC in I: EPJC72(2012)1920
IPP in ?*’Am: EPJ A49(2013)64
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The DAMA/LIBRA set-up

For details, radiopurity, performances, procedures etc.:

Polyethylene/pargffin. NIMA592(2008)297, JINST 7(2012)03009
+ 25 x 9.7 kg NaI(TI) in a 5x5 maih. Installation o

copper

*two Suprasil-B light guides directly Glove-box for A S
coupled to each bare crystal calibration "o lead
*two PMTs working in coincidence at 7 ! ‘ T Cadmium
the single ph.el. threshold =T Electcani
f I Polyethylene/
DAMA/LIBRA-phase1: et Paraffin

9.5-7;5.phelkeV

Concrete from
GS rock

1Im concrete from GS rock

- Dismounting/Installingsprotocol in'HPN,

+ All the materials selected for low radioactivity

 "Multicomponent passive shield (>10 ¢m of OFHC Cu, 15 cm of

. boliden Pb + Cd foils, 10/40 e¢m Polyethylene/paraffin, about 1 m
concrete, mostly outside the installation)

* Three-level,system o exclude Radon from the detectons

- Calibrations in the same running condifions as produgtion runs

-, Installation jdgair conditioning + hugetheat capacity of ‘shield

« . Monitoring/alarm system; many parameters acquired with the
productign data

- Pulse:shape recorded by Waweform Analyzer Acqiris'DC270 (2chs &
per detector), 1'Gsample/s, 8 bit, bandwidth 250 Mhz both for
single-hit and multiple-hit events

+.. Data collected from low energy up.to MeV region, despite the
hardware optimization was done for the low energy




Shield from environmental radioactivity

>10 cm of Cu, 15 cm of Pb + Cd foils,
10/40 cm-Polyethylene/paraffin, =1 m
concrete (mostly outside the installation)

' High radiepure. materials; most
underground since 215 years

Pb and Cu etching and handling in clean room.
Storage underground in packed HP N, atmosphere

Heavy shield:

surrounding light gundes
and PMTs

Three-level system to exclude Radon from the detectors. : ,
» Walls and floor of the inner installation sealed in Supronyl (2x10'! cm?/s permeablhty)
» 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

Residual radioactivity in some:
components of the Cu box (95% C.L.)

Sens‘itivity limited by th_e method

Residual ‘contaminants in some
components of the passive shield
(95% C.L.)

Materials 238U (ppb) 22T (ppb) " K (ppm)

Cu < 0.5 < 1 < 0.6
feedthroughs S 1.6 < 1.8

Neoprene — 5 < 89

Materials 280 (ppb) 2327 (ppb) PatK (ppm)
Cu < 0.5 1

< 0.6
boliden Pb <8 0.03

< 0.06
< 0.06
<74 0.042 < 0.03
< 0.3 ).7 <2

< 0.64 27.: < 3.3

boliden2 Pb < 3.6 0.027



Some aspects of the monitoring/alarm system

J:jfjr-i[-:
I "I,
J63C.

to LNGS SAFETY SYSTEM -I

insi ] Monitori
+ Rn meter inside the first (of three)

insulation level (where'the Rn is at
level of sensitivity of the Rn meter,
that is few Bqg/m3)

Low oxigen level

Alarm interface

Nitrogen tank

+ several other acquired parameters
& sof."war‘e alar‘ms Read out and

mail utility

Computer



The first DAMA/LIBRA upgrade in fall 2008

: Replacemen‘r of some PMTs in HP N, atmosphere
Moun‘rmg of the new Acgqiris TD (Digitizers + Crate)
Mounhng of the new DAQ sysTem with optical read-out

Since Oct. 2008 again in data takmg
v

The second DAMA/LIBRA upgrade in fall 2010 ‘uw a4l |
=> DAMA/LIBRA-phase? 1% B

Short interruption to allow the second upgrade

Replacement-of all the PMTs with higher Q:E. ones from - \‘

dedicated developments \&' |
Se>/

Goal: lowering the software energy. threshold of the experimen

New PMTsswith higher QeE: ™. -

DAMA/LIBRA-phas?&Z in data taking

New preamplifiers installed fall 2012 + special trigger modules
Other new components in the electronic chain in development




N.B.: to get 4°K multiply by 10-

Which Nal(TI) ?

Qualification of Nal(Tl) Method of production C'P}, e N
Standard 2000 <500 < 500 Bridgman standard growth
K Selected batches
Low Background <500 <500 < 500 Bifidgitiai;grovtl
K, U+Th Selected batches (CL, BL)
Very Low Background | <100 <50 <50 +
Kyropoulos growth
Purified raw materials Nal and TII +
Ultr:fl Loy Hackgronnd << 40 <5 <35 Crafted Kyropoulos growth +
(project Gran Sasso) :
Handling protocol

+ as known, determination with the highest sensitivity by measurements

underground:

DAMA/LIBRA see NIMAS592(2008)297;
former DAMA/Nal see NCIMA112(1999)545, EPJC18(2000)283

)

Not all the cookings have the same taste

2) As whatever VLB or ULB detector used in whatever search for rare processes,
VLB or ULB Nal(TIl) cannot be simply “bought”

(for each new realization new materials selections, protocols, purification procedures, etc.
developed by/with involved scientists, periodical changes of people in a company, of safety rules, of material sources and sampling,
intellectual properties, agreements, etc.)



Some on residual contaminants in new. ULB-NaI(T]) detectors

300

: a/e pulse shape discrimination has practically Second generation R&D for new DAMA/
250 o 100% effectiveness-in the MeV range LIBRA crystals: new selected powders,
200 s The measured  yield in the new physical/chemical radiopurification, new
oo a : :
_ e ‘ DAMA/LIBRA defectors ranges selicholnfof overqll ma'r:r’:als&rnew
& 1500 from 7 to some tens o/kg/day protocol Tor growing anc hdndiing. ..
100
ok 232Th presidual contamination From time-amplitude method. If 232Th chain at
i equilibrium: it ranges from 0.5 ppt to 7.5 ppt
I R =

“2000 3000 4000 500¢ 2381 residual contamination First estimate: considering the measured o and 2°Th
E(keV) activity, if 238U chain at equilibrium = 238U contents
in new detectors typically range from 0.7 to 10 ppt

ORIl 35 ) chain splitted into 5 subchains: 238U — 234U —» 230Th =» 226Rq —» 210Pp . 206pp,
2001~ Thus, in this case: (2.1+0.1) ppt of 232Th; (0.35 £0.06) ppt for 238U

E 150 and: (15.8+1.6) uBq/kg for 233U + 230Th; (21.7+1.1) uBq/kg for %2°Ra; (24.2+1.6) uBq/kg for 219Pb.
= ;

@ : 10— S

*é‘ 100 - natK pesidual contamination oF double coincidences

© 50 The analysis has given for the "'K content in a

the crystals values not exceeding about 20
,,,, ppb (mean value 13 ppb)

=N W AR 1N ®
TEET SRRERERFRRERE

S e B R R T
800 1000 1200 1400 1600 1800

129T and 219Pb

1297 /natT x1.7x10-13 for all the new detectors

Ecnincidence crystal(kev)

210Pb in the new detectors: (5 - 30) uBq/ka.
No sizable surface pollution by Radon .. more on NIMA592(2008)297
daugthers, thanks to the new handling protocols




DAMA/LIBRA calibrations 32 i 673 ket

Low energy: various external gamma sources (24!Am, i |l ; oo
133Ba) and ‘internal X-rays or gamma’s. (%°K, 12°I, 12°T), Internal %K . Internal 25T | |

3 : . 3 Tagged by an i |
routine calibrations with 24'Am gged by first months

| adjacent
180007 47 / ‘- deTeCTor‘ 404‘ lTeV

Counts/bin
Counts/bin
®
=3
=

P o
=] 1=
=3 S

w
=]
S

16000

~ Linearity - Energy resolution
aor £ = 1000 2000 3000 40b0
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2000
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R = +(9.115.1).10‘3 0(;“":““331)0 oo %00&) “20000 ° TT1s000 20000
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High_energy: external sources of gamma rays (e.g. !37Cs, expg;‘i"mc:ﬂ’js di‘iﬁeﬁénvffffn?bﬂfne 4
60Co and !33Ba) and gamma rays of 1461 keV due to 4K ,
662 keV ™ 1173 keV

decays in an adjacent detector, tagged by the 3.2 keV-X- ,

rays 0 69Co 1;1332 keV

: T T TR TR TR TR TR '1; ol 02 03 04 05 ae g 304 kev ‘(
[
/

50
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100 (
I
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Linearity : * Energy resolution

w3
S o

The signals (unlike low 2505 ke
Vb gt ""L‘

energy events) for e A Tl
high energy events QADC e QADC e

are taken only from 356 keV 1461 keV
one PMT 53Ba | m 40K

80

o
P
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| | | | |
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Examples of energy resolutions

DAMA/LIBRA ULB Nal(T1) olE @ 122 keV.=13%

at zero field

Counts

(60keV) = 6.8%

m|Q

C13

>
3

,  Full absorption

+ 44 + o+
*h PP T B I A IR L
180 200 220 200 300 400 500 600 700 800

Energy (keV) (a) Energy (keV) (]))

e
[&)]
<
(=]
III|III|III|III|III|II

C 20 40 60 80

Energy {keV)

oy spectra taken with external ~-ray sources, superimposed with the
correspondil\g Monte Carlo simulations. (a) °"Co source (E = 122 keV, B.R. 85.6%,
and 136 keVAB.R. 10.7%), (b) 37Cs source (E = 662 keV).

subtraction of the spectrum'?

0 100 200 300 400 500 keV,,

ERCR XENON10

o

T ©

© g

Fig. 5. Typical energy spectra for 57Co ~-ray calibrations, showing S1 spectrum
(upper) and S2 spectrum (lower). The fits are double Gaussian fits which incorpo-
rate both the 122 keV and 136 keV lines in the 57Co ~-ray spectrum. The energy
resolution of the detector is derived from the width of the S1 peak, coupled with
calibration measurements at other line energies.
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Figure 3. (left) S1 scintillation spectrum from a 5"Co calibration. The light yield for the 122keV
photo-absorption peak is 3.1 p.e./keV. (right) S1 scintillation spectrum from a *7Cs calibration. The
light yield for the 662keV photo-absorption peak is 2.2 p.e./keV.

3000

JoP: Conf. Ser. 65 (2007) 012015



Examples of energy resolutions
DAMA/LIBRA ULB Nal(Tl) olE @ 122 keV.=13% NIMA 574 (2007) 8

at zero field 0

>
Q1600

Hﬂ WARP \ WARP
St !

liquid phe/keV@zero field | phe/keV(@working field
WARP2.31 one PMT 8” - 2.35 |
WARP2.31 7PMTs 2" |  0.5-1 (deduced) - M-
ZEPLIN-II 1.1 0.55 s with ihe
ZEPLIN-III 1.8 I

{ XENONI10 - 2.2 (137Cs), 3.1 (°*’Co)
XENON100 2.7 1.57 (37Cs), 2.2 (°’Co)

0.93 field not foreseen
E TR ,

© 250

C13

(60keV) 6.8% ﬂ

n edge

m'?

AP 28 2007 287

100
L

Neon

Compton scatters

™ 662 keV
Photo-absorption peak

r <50 mm

10f 80 < r <90 mm 20| Mlj
L 7 1
| -

i 1 1 " .
% 100 200 300 400 500 600 700 800 900 1000 % 000 1000 1500 2000 2500 3000

AII experlments except DAMA — use only callbratlon points at o
higher energy with extrapolation to low energy e 122keV

tion. The
light yield for the 662keV photo-absorption peak is 2.2 p.e./keV.

Fig. 5. Typical energy
(uppel) and S2 spectrum (lower). The fits are double Gaussian fits which incorpo-
rate both the 122 keV and 136 keV lines in the >"Co 5-ray spectrum. The energy
resolution of the detector is derived from the width of the S1 peak, coupled with
calibration measurements at other line energies.

JoP: Conf. Ser. 65 (2007) 012015




EPJC56(2008)333, EPJC67(2010)39.arXiv:1308.5109

Period Mass (kg) | Exposure (kgxday) | (a— 3%)
DAMA/LIBRA-1 Sept. 9, 2003 - July 21, 2004 232.8 51405 0.562
DAMA/LIBRA-2 July 21, 2004 - Oct. 28, 2005 232.8 52597 0.467
DAMA/LIBRA-3 Oct. 28, 2005 - July 18, 2006 232.8 39445 0.591
DAMA/LIBRA-4 July 19, 2006 - July 17, 2007 232.8 49377 0.541
DAMA/LIBRA-5 July 17, 2007 - Aug. 29, 2008 232.8 66105 0.468
DAMA/LIBRA-6 Nov. 12, 2008 - Sept. 1, 2009 242.5 58768 0.519
DAMA/LIBRA-7 Sep. 1, 2009 - Sept. 8, 2010 242.5 62098 0.515 ]
| DAMA/LIBRA-phasel | Sept. 9, 2003 - Sept. 8, 2010 379795 ~ 1.04 tonxyr & 0.518 J
DAMA /Nal + DAMA /LIBRA-phasel: 1.33 tonxyr
3 0 J.0 )/ eve 0 0 E
. L
r\\\\! .\\(“ an < «fo < ’
\ \4:\ ; . 0 Ayve V@ A



Model Independent DM. Annual Modulation Result

DAMA/Nal + DAMA/LIBRA-phase1

Total exposure: 487526 kgxday = 1.33 tonxyr

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

Residuals (cpd/kg/keV) Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

0.1 g
0.08 §
0.06 E

0.04
0.02

—0.02 B |
-0.04 F |

—0.06
—0.08
-0.1

2-4 keV

o N A

—— DANIA/NaI (0.29]ton<yf) ——> | | <—— DAMA/LIBRA(L.04 foniyr) ——

' H | H | H | H 1 H | H H [ L |
B H 1 H | H | H 1 H | H H 1 H 1 1 H | H 1 H |

Acos[w(t-t,)] ;

continuous lines: t;=1525d, T=1.00y

AR AR A AARAA
i eAtERhEGY

2-4 keV
A=(0.0179+0.0020) cpd/kg/keV

Time (day)
2-5 keV
00533 DAMA/LIBRA (1.04 fonofyr) ———

0.06 § |
0.04 F
0.02 f

-0.02 1
-0.04 F

—0.06
—0.08
=0.1

0.1 g
0.08 F |
0.06 f |
0.04 f
0.02 § |

—0.02 B
—0.04 E
-0.06 B
-0.08 F
-0.1 B

Time (day)

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

v2/dof = 87.1/86 9.0 o C.L.

Absence of modulation? No
x?/dof=169/87 = P(A=0) = 3.7x107

2-5 keV

A=(0.0135+0.0015) cpd/kg/keV
v2/dof = 68.2/86 9.0 o C.L.

Absence of modulation? No
¥?/dof=152/87 = P(A=0) = 2.2x10°

2-6 keV

A=(0.0110£0.0012) cpd/kg/keV
v2/dof = 70.4/86 9.2 o C.L.

Absence of modulation? No
y?/dof=154/87 = P(A=0) = 1.3x10°




experimental residuals of the single-hit scintillation events rate vs time and energy
DAMA/LIBRA-phase1 (1.04 tonxyr) Acos[m(t-ty)] ;

2-4 keV

continuous lines: t,=1525d, T=1.00y
I -4 keV

0.06

DAMA/LIBRA =280 kg (1.04 tdnxyr)

% : ; : ;
NIRRT
% ﬁf@i WAL P N AN N A=(0.0167+0.0022) cpd/kglkeV
Joefyf TN TW LY INT S0 R y?ldof = 52.3/49 7.6 o C.L.
5:0:06 : 535100 | e | 4;050 ' §5O|OO L i Absence of modulation? No
Time (day) y2/dof=111.2/50 = P(A=0) = 1.5x106
2-5 keV

% 0.06 : : : DAMA/LIBRA ~ 230 kg {1.04 tonxyr) ; : 2-5 keV
2ol T o A=(0.0122+0.0016) cpd/kg/keV
AT Nt NIE R - < ) cpdkg
ER ;ﬁ.;w lﬁﬁf TR Y TR AR v2/dof = 41.4/49 7.6 o C.L.
E‘O-O“ 3 | | | | | Absence of modulation? No

' 9500 4000 4500 5000 T ime - y2/dof=98.5/50= P(A=0) = 5.2x10°

2-6 keV
% 0.06 . ; ; DAMA/LIBRA ~ 230 kg (1.04 tonxyr) ; : 2'6 keV
% 0.04 | 1 1 i i § é
£ 002 - ; ; ; | ! A=(0.0096+0.0013) cpd/kg/keV
CRREE N N NI NN NI - Y. e
g . RN R R N x2/dof =29.3/49 7.4 o C.L.
£ oo | Absence of modulation? No
= :35|oo = 40‘00 — 45|o:o ' 1 soloo : 55|oo — Xz/d0f=831/50 == P(A=O) = 2.2)(10'3
Time (day)

The data of DAMA/Nal + DAMA/LIBRA-phasel favor the presence
of a modulated behavior with proper features at 9.2o C.L.



0.1
0.08
0.06
0.04
0.02

0

—0.02
—0.04
—0.06
—0.08

-0.1

Residuals (cpd/kg/keV)

DAMA/NaI & DAMA/LIBRA main upgrades and improvements

July 2000 new DAQ and new electronic
chain installed (MULTIPLEXER removed,
now one TD channel for each detector):
(i) TD VXTI Tektronix; (ii) Digital Unix
DAQ system; (iii) GPIB-CAMAC.

July 2002 DAMA/NaI
taking completed

T DANIA/Nal §29fora) == | | <—— DAMALIBRALO4 foniyr) —

o (targetmass =873 kg): . | . © 1 i 1 ! (targetmass=232.8kg} | | 1

IR EENE NI B | AR ST BN FEEREE AR AR
1000 2000 3000 5090

irxro Ldaxr)

On 2003 DAMA/LIBRA has begun
first operations (one TD channel for
each PMT; two for each detector)

The second DAMA/LIBRA upgrade in Fall 2010: replacement of all the PMTs with higher Q.E. ones

(+ new preamplifiers in fall 2012 & other developments in progress)

DAMA/LIBRA-phase2 in data taking

PHASE2



Modulation amplitudes (A), period (T) and phase (f;) measured

in DAMA/NaI and DAMA/LIBRA-phasel

A(cpd/kg/keV) T=2n/w (yr) t, (day) C.L.
DAMA/Nal
(2-4) keV 0.0252 +0.0050 1.01 £0.02 125 +30 5.00
(2-5) keV 0.0215 +0.0039 1.01 +0.02 140 30 5.50 Acos[m(t-t)]
(2-6) keV 0.0200 +0.0032 1.00 +0.01 140 +22 6.30
DAMA/Nal (0.29 ton x yr) + DAMA/LIBRA-
~ DAMA/LIBRA-phasel phase1 (1.04 ton x yr)
(2-4) keV 0.0178 £0.0022 0.996 +0.02 134+7 810 | total exposure:
(2-5) keV 0.0127 $0.0016 0.996 +0.02 137 +8 7.90 487526 kgxday = 1.33 tonxyr
(2-6) keV 0.0097 +0.0013 0.998 +0.02 144 +8 7.50
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 1406 9.30
(2-6) keV 0.0112 +0.0012 | 0.998 +0.0002 144 +7 9.30
€ D AMA/NaI = 100 kg DAMA/LIBRA = 250 Kg m————
(0.29 tonxyr) (1.04 tonxyr)
+2 test (x2 = 9.5, 13.8 and 10.8 over 13 d.o.f. for oo4 [ } ARV ol 9813
the three energy intervals, respectively; upper 0os EI l I l l ]% ? I 1 1 .
tail probability 73%, 39%, 63%) and run test jL I | [ 1 | L | ! lf T ‘ T 1
(lower tail probabilities of 41%, 29% and 23% for % 0 g 2.5 keV; ¥/dof = 13.8/13
the three energy intervals, respectively) accept E‘ .04 | {
at 90% C.L. the hypothesis that the modulation E 0.02 :—l ¥ T % % % I 1 13
E 1 -
amplitudes are normally fluctuating around their S | D I
best fit values < F 2.6 keV; y*/dof = 10.8/13
’ 0.04 |
0.02 :_% % % % ¥ I % T P S -
0 : | 1 IL 1 § | II 1 | 1 f 1 ?I | § 1 i 1 ISE ‘ 2\ I52
e ’ 1000 2000 3000 4000 5000
Compatibility among the annual cycles Time (day)




Power spectrum of single-hit residuals

5 25 DAMA/Nal (7 years) + DAMA/LIBRA-phasel (7 years)
1 total exposure: 1.33 tonxyr
T 20f
= 2-6 keV o ; ;
z / Principal mode in the 2-6 keV region:
Sur 2.737 x 103 d1 = 1 yrt

1ol Not present in the 6-14 keV

' ‘ region (only aliasing peaks)
6-14 keV
N '.|"' ‘V | The Lomb-Scargle periodogram, as reported in DAMA papers, always
. 3,] A u" {V according to Ap.J. 263 (1982) 835, Ap.J. 338 (1989) 277 with the
ooﬂdﬁm%g : ‘Wo”hgf b\()ﬁ(\{(\){\G/W\A({&OS treatment of the experimental errors and of the time binning:

Frequency (d' )

Given a set of data valuesr;, i =1, ...N at respective observation
times ¢,, the Lomb-Scargle periodogram is:

In order to take into account the different time binning
and the residuals’ errors we have to rewrite the

) B ) previous formulae replacing:

2. (0)- 1 [Ei(ri—;)cosw(ti—r)] +[Ei(ri—r)sina)(ti—1)1
. 20° zl_cos2 o(t,-7) Eisin2 o(t,-7)

_ N e -\2
where: r=12ri 02=—2(i;—r)
N N-1

and, for each angular frequency w=2x > 0 of interest, the time-offset T is:
isin(Za)tl.)

tan(2wr)= E cos(Za)t) The Nyquist frequency is =3 y! (=0.008 d-!); meaningless higher

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

L+

sinwt dt

i L-AL

i+

EJAFJ? Ef'Arf | cosmt, — Efcosa)tdt

i t;-At;

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



Rate behaviour above 6 keV

¢ No Modulation aboyve 6 keV
Mod. Ampl. (6-10 keV): cpd/kg/keV DAMA/LIBRA-phasel

300 400 500 600

Time (day)

e No modulation in‘'the whole energy spectrum:
studying integral rate!at higher energy; Rqg

* Ry, percentage variations with respect to their mean values for single crystal in the

% onal 6-14 keV

T | A (0.3£0.8) 10° cpdkglkeV (0.0016 % 0.0031) DAMA/LIBRA-1

Toml T -(0.0010 = 0.0034) DAMA/LIBRA-2

s -(0.0001 +0.0031) DAMA/LIBRA-3

R -(0.0006 = 0.0029) DAMA/LIBRA-4

£ -(0.0021 + 0.0026) DAMA/LIBRA-5

o027 DAMAILIBRA-phasef (0.0029 = 0.0025) DAMA/LIBRA-6 .,

-(0.0023 + 0.0024) DAMA/LIBRA-7 g w000l
— statistically consistent with zero %

DAMA/LIBRA running periods Period Mod. Ampl. :
A : £ ] (ot
« Fitting the behaviour with time, adding DAMA/LIBRA-11-(0.0520.19) cpd/kg 0.1 0 0.1
a term modulated with period and phase DAMA/LIBRA-2 |-(0.12+0.19) cpd/kg (Ryq - <Ryg>)/<Ryy>

DAMA/LIBRA-4 | (0.15+0.17) cpd/kg  Befed bR 1\ (oo 1T 0} {-To o)V}
. . DAMA/LIBRA-5 | (0.20+0.18) cpd/kg  BEAEUEULEIR o (e [Tg 1ol 5
DAMALIBRA-6 (0.2040.16) cpdike
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 —
Ry, ~ tens cpd/kg — ~ 100 o far away

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




Multiple-hits 2\V/=131 -8 DAMA/LIBRA-phasel (7 annual cycles)
in the. region of the signal

24 keV
A= -(0.0012 £ 0.0006) cpdikg/keV

—®
R = S e
P A ’

+

e Each detector has its own TDs read-
out — pulse profiles of multiple-hits
events (multiplicity > 1) acquired
(exposure: 1.04 tonxyr).

e The same hardware and software
procedures as those followed for
single-hit events 26 ke

A =-(0.00086 £ 0.0005) cpd'kg/keV

sighals by Dark Matter particles do not
belong to multiple-hits events, that is:

Resdduals (cpd g heV)

multiple-hits =~ Dark Matter
events = particles events

“switched off” g 246 ke
.. E A =-0.0005 £ 0.0004) cpd/kg/keV

Evidence of annual modulation with

proper features as required by the DM

annual modulation signature:

- present in the single-hit residuals

- absent in the multiple-hits residual
B

8

Residuals (epdRgheV)

v fro
J '. -"".:..~l‘('



Energy distribution' of the modulation amplitudes
Max-likelihood analysis of the single-hit scintillation events

R()=S5,+S, Cos[a)(t —1, )] DAMA/Nal + DAMA/LIBRA-phasel
hereT=2x/w=1 yr and t,= 152.5 day total exposure: 487526 kgxday =1.33 tonxyr

AE = 0.5 keV bins

I I I 11 1 I I | I 11 1 | | I — | 11 1 | | I | 11 1 | | I | 11 1

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 ¥% equal to 35.8 for 28 degrees of freedom (upper tail
probability 15%)




Statistical distributions of the modulation amplitudes (S,,)

a) S, for each detector, each annual cycle and each considered energy bin (here 0.25 keV)
b) <S> = mean values over the detectors and the annual cycles for each energy bin;: ¢ = error on'S

_ Each panel refers to each detector separately; 112
DAMA/LIBRA phasel (7 years) entries = 16 energy bins in 2-6 keV energy interval x 7
total exposure: 1.04 tonxyr DAMA/LIBRA-phasel annual cycles (for. crys 16, 2 annual

cycle, 32 entries)

Standard deviations of

(Sm'<sm>)/cj
for each detectors
rm.s. =1

nC.~00n On o o 00%0~,00
=25 O C0-g O o)

ONR NN INRO BN

[N e Y ] Pk
© prrrprerprerpee

IR T I TR SR SR TR I S S S
10 15
detector #

frequency

Individual S, 'values follow+*a normal distribution
since (S,,-<S,,>)/o is distributed as a Gaussian
with a unitary standard deviation:(r.m.s.)

= 2070 00 S,, statistically well distributed in all the
(Sy-<S,>)/o detectors, energy bin and annual cycles

A x=(S,-<S,>)/o,




Statistical analyses about modulation.amplitudes.(S,)

x*/d.of. values.of S distributions.for each DAMA/LIBRA-phasel detector in
the (2—-6) keV energy interval for the seven annual cycles.

2 .
18 E The line corresponds to an DAMA/LIBRA—phase1 (7 years)
16 E upper tail probability of 5%.
14 E — total exposure: 1.04 ton x yr
§ 12 E00®00096 9 "o 659, O
s 1¢ 5 5 O oo
o 08 E o O oYo Rl The x’/d.o.f. values range from 0.72 to 1.22 for
06 F all 25 detectors => at 95% C.L. the observed
0.4 3 annual modulation effect is well distributed in
0‘(2)§ . RIS I S all the detectors.
0 5 10 15 20 25
detector #

* The mean value of the twenty-five points is 1.030, slightly larger than 1. Although this can
be still ascribed to statistical fluctuations, let us ascribe it to a possible systematics.

* In this case, one would have an additional error of <3 x 10~* cpd/kg/keV, if quadratically
combined, or <2 x107° cpd/kg/keV, if linearly combined, to the modulation amplitude
measured in the (2 — 6) keV energy interval.

 This possible additional error (<3 % or < 0.2%, respectively, of the DAMA/LIBRA
modulation amplitude) can be considered as an upper limit of possible systematic effects




Energy distributions of cosine (S,) and sine (Z,) modulation amplitudes
R(1)=S,+85,,cos|o(t-1,)|+ Z,sin[w(r-1,)]

DAMA/Nal (7 years) & DAMA/LIBRA-phase1 (7 years)
total exposure: 487526 kgxday = 1.33 ton x yr

> 0.05
=z L o
20.025 -y AE = 0.5 keV bins fo5 192 X AGICIA% JUne)
<= 0 H+++* e +++—+++++*' Pty Ty
g ' h maximum at2° June
0.025 [ :
7 ; Z =0 as for DM particles
-0.05 L 1 I 1 1 l L1 1 I 11 1 l 11 1 [ 1 1 I 1 1 1 I 1 1 l L1 1 I 11 1
0 2 4 6 8 10 12 14 16 18 20
Energyv (keV)
> 0.05 [
=*]
Y-
E0.0ZS —
E_ 0F +++++¢+1++ S maEm e aaasenl  maximum at 1° September
T0.025 [ T/4 days*after 2° June
N ; S, =0
-0.05__lllllllllllllllllllllIlllllllllllllllll
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

The »? test in the (2-14) keV and (2-20) keV energy regions (x%/dof = 23.0/24 and
46.5/36, probabilities of 52% and 12%, respectively) supports the hypothesis that
the Z, , values are simply fluctuating around zero.
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DAMA/Nal (7 years) + DAMA/LIBRA-phase1 (7 years)
total exposure: 487526 kgxday = 1.33 ton x yr

R(#)=S§,+S§, cos[a)(t -1, )]+ Z, sin[a)(t —1, )]= S, +Y coslolt -t

or Da ] oNa
. ~
ase o
~ 1 o/
- D ompo
0.03
20 contours
0.02
< 0.01
2
D 6-14 keV
= ey V-
3 ° o0
&)
- 2-6 keV
N -0.01
-0.02
0% 002 oo 0 0.01  0.02 0.3
S,, (cpd/kg/keV)
E (keV) § S,, (cpd/kg/keV) Z,. (cpd/kg/keV) R Y,, (cpd/kg/keV) t* (day)
2-6 0.0106 £ 0.0012 -0.0006 + 0.0012 0.0107 £0.0012 | 149.5%7.0
6-14 0.0001 £ 0.0007 0.0000 £ 0.0005 0.0001 £ 0.0008 --

*

t (day)

) U U U e ¢ ‘A6
as e.g e Saqb ed
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20 contours
220 ¢
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Phase vs energy

DAMA/Nal (7 years) + DAMA/LIBRA-phase1 (7 years)
total exposure: 487526 kgxday = 1.33 tonxyr

For DMsignals:

0.05

AE = 1 keV bins
b4

m

| =185l

t =~t,=152.5d
w=27T; T=1year

m

"A
-
)
=
=TY
=2
~~
=
j=
)
-’
)
-~

v by by by by by by
8§ 10 12 14 16 18 20
Energy (keV)

Slight differences from 219
June are expected in case of

20 errors

contributions from non

thermalized DM components
(as the SagDEG stream)

TN S TN T N TN T NN T Y SN T T AN T N N

3 4 5
Energy (keV)




The analysis.at energies above 6 keV, the analysis of the multiple-hits events and the
statistical considerations about'S,, already exclude any sizable presence of systematical effects
Additional invesfigations on the stability paraméters

Modulation amplitudes obtained by fitting the time behaviours of main running
parameters, acquired with the production data, when including a DM-like modulation

Running conditions stable at a level better than 1% also in the last running period

P T oo [ owmoms | oumoms | oummm [ v | ownsons | oumanr
Temperature (°C) | -(0.0001 = 0.0061) (0.0001 = 0.0036) | (0.0007 = 0.0059)
Flux N, (I/h) (0.13 = 0.22) -(0.07 + 0.18) -(0.01 = 0.21) -(0.01 = 0.15)
Radon (Bg/m?) -(0.030 = 0.027) -(0.052 = 0.039) (0.021 = 0.037) -(0.028 = 0.036)

Hardware rate
above single ph.e. | -(0.20 = 0.18) x 102 (0.09 = 0.17) x 102 -(0.03 = 0.20) x 102 (0.15+ 0.15) x 102 (0.03+0.14) x 102 (0.08 £ 0.11) x 102 (0.06 = 0.10) x 102
(Hz)

All the measured amplitudes well compatible with zero
+ none can account for the observed effect
(to mimic such signature, spurious effects and side reactions must not only be
able to account for the whole observed modulation amplitude, but also
simultaneously satisfy all the 6 requirements)




Summarizing on
a hypothetical background modulation‘in DAMA/LIBRA-phase1

* No Modulation above 6 keV e No modulation in'the whole

energy spectrum

6-14 keV

+ if a modulation present in the whole
energy spectrum at the level found in

=

the lowest energy region — R, ~ tens
cpd/kg — ~ 100 o far away

frequency

500 600
Time (day)

0

20.1 0 01
Ry - <Rg>)/<Ry>

multiple-hits residual rate (filled
triangles) vs single-hit residual rate
(open circles)

Residuals (cpd/kg/keV)

600 650
Time (day)

No background modulation (and cannot mimic the signature):
all this accounts for the all possible sources of bckg

Nevertheless, additional investigations performed ... See DAMA literature




Can' a possible thermal neutron modulation
account for theobserved etfect?

s Thermal neutrons flux:measured at LNGS :
® =1.0810%n cm? s (N.Cim:A101(1989)959) e Nf (T;,=20ms)

@n2kv) o, =0.43 barn
0, =0.10 barn

» Experimental upper limit on the thermal neutrons flux “surviving” the XNa T,,714 96h
neutron shield in DAMA/LIBRA: .

»studying triple coincidences able to give evidence for the possible (@p=1391 V)
presence of >*Na from neutron activation: - @i key)
® <1.2x107ncm?s!(90%C.L.)

(1369 keV)

» Two consistent upper limits on thermal neutron flux have been obtained with

2
DAMA/Nal considering the same capture reactions and using different approaches. ioMg (st

Evaluation of the expected effect: R R

When @, =10%n cm? s!:
7-10 cpd/kg/keV
1.4-107 cpd/kg/keV

HYPOTHESIS: assuming very cautiouslya 10%

thermal neutron' modulation:

g S (thermal ) < () 8 100 cpd/kg/keV (< 0,01% S, bserved)

Capture rate = ®_ o, N <0.022 captures/day/kg

In all the cases of neutron captures (*Na, 18I, ...) a
possible thermal n modulation induces a variation in

all the energy spectrum
Already excluded also by Ry analysis




Can a possible fast neutron modulation

account for the observed effect?

A~ In the estimate of the possible effect of .the neutron background cautiously not

included the 1m concrete moderator, which almost:completely surrounds (mostly
outside the barrack) the passive shield

Measured fast neutron flux @ LNGS:
®_ =0.9 107 n cm? s! (Astropart.Phys.4 (1995)23)

!

HYPOTHESIS: assuming - very )
(fast n) -4 0 observed
cautiously - a 10% neutron modulation: St U0, CPUKEREMIEITD-0 70 )

By MC: differential counting rate
above 2 keV = 107 cpd/kg/keV

» Experimental upper limit on the fast neutrons flux “surviving” the neutron shield in DAMA/LIBRA:

»>through the study of the inelastic reaction >*Na(n,n")>*Na*(2076 keV) which produces two y’s in
coincidence (1636 keV and 440 keV):

® <22x107ncem? st (90%C.L.)

»well compatible with the measured values at LNGS. This further excludes any presence of a fast
neutron flux in DAMA/LIBRA significantly larger than the measured ones.

Moreover, a possible fast n modulation would induce:

» avariation in all the energy spectrum (steady environmental fast neutrons always accompained by
thermalized component)

already excluded also by Ry
» a modulation amplitude for multiple-hit events different from zero
already excluded by the multiple-hit events

Thus, a possible 5% ‘neutron modulation (ICARUS TMO03-01)' cannot quantitatively
contribute. to the DAMA/NaI observed signal, even if the neutron flux would be assumed

100 times larger than measured by various authors over more than 15 years @ LNGS




No, role for win DAMA annual modulation result
v Direct n inferaction in DAMAY/LIBRA set-up:
EP]JC72(2012)2064

DAMA/LIBRA surface =0.13 m?
u flux @ DAMA/LIBRA =2.5 u/day

MonteCarlo simulation:

* muon intensity distribution

» Gran Sasso rock overburden map
* Single hit events

rate (cpd/kg/keV)

& it.cannot mimic the signature: already
excluded by R,, by multi-hits analysis
+ different phase, etc.

10

Detector’'s matrix

v Rate, R, of fast neutrons produced by w: 20 %0

E o
Rn g (qut n bY u)/(flme unit) = (I)pL Y Meff nergy (MeV)
< @, @ LINGS = 204 m2d" “(£1.5% moedulated) g = geometricalfactor;
€

v - $ = detection eff. by elastic scattering
Measured neutron Yield @ LNGS: o X Wi ot A RS i
Y=1+7 104 n/u/(g/cm? i

singlell = Single hit effic,
Annuadl modulation amplitude atlow
energy due 1o wmodulation:
sm(m) = Rn ge fDE fsingle 2% /(Mseiup AE)

S, < (0.3-2.4) x 10°° cpd/kg/keV

Moreover, this modulation also induces It cannot mimic the signature: already

a variation in other parts of the energy excluded by Ry, by multi-hits analysis
spectrum and in the multi-hits events + different phase, etc.

Hyp.: Mg = 15 fons; g=e=fe=f;,5~0.5 (cautiously)
Knowing that: M, ;=250 kg and AE=4keV



[nconsistency of the phase between DAMA signal
and w modulation

d flux @ LNGS (MACRO, LVD, BOREXINO) =3:104m2s';
modulation amplitude 1.5%; phase- July 7 £ 6 d, June
29 + 6 d (Borexino)

but

« the muon phase differs from year to year (error no
purely statistical); LVD/BOREXINO value is a“‘mean”
of the muon phase of each year

« The DAMA: modulation amplitude 102 cpd/kg/keV,
in 2-6 keV energy range for single hit events; phase:
May.26.+ 7 days (stable over 13 years)

considering the seasonal weather al LNGS,
quite impossible that the max..temperature of
the outer atmosphere (onwhich u flux
variation is dependent) is observed e.g:In

The DAMA phase is 5.7 far from'the LVD/ June 15 which is'3 ¢ from DAMA
BOREXINO phases of muons (7.1 o far from

MACRO measured phase) Similar for the whole DAMA/LIBRA-phasel

v. Can (whadever) hypathetical cosmogenic’ produgtssoe. considered
as side effects, assiming that they. might produce:

«-ohly events at low energy, s if < T/2n: ¢

» only single-hit events, But “its bh houl h
* no sizable effect in the multiple-hit counting rate IoLJrglérS’r?wocrl]SE éh%z: ?e mbch)
Ji

* pulses with time structure as scinfillation light

=1,+T

side

. If > T/ 2_71;.' tside = t‘u + %

Also this cannot mimic the signature: different phase

... and for many others arguments and details EPJC72(2012)2064



s Summqry of the results ob’rcuned in the additional mveshgahons of } '
._possible systemafics or side reactions — DAN\A/LIBRA phasel

,(NIMA592(2308)297 Emcsazoosysés J. Phys. Conf, ser. 2J3(2010)01,z040 S. IFAt\[l Conf.103211), Can. prhys 89 (,2911) u,
k', . Phys.Proc. 37(2012)1095, EPJCT2(2012)2064; arxiv:1210.6199 & 1211, 6346, . 1JMPA28(2013)1330022), .

O
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 ks
with multi-ton shield— hu ge heat capacity -
+ T continuously recorde @
NOISE Effective full noise rejection near threshold <104 cpd/kg/keV
ENERGY SCALE Routine + instrinsic 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-° cpd/kg/keV

+ they cannot . g Thus, they cannot mimic
satisfy all the requirements of ) =4 the observed annual

>, annual modulation signature gy St S modulation effect



Final model independent.result
DAMA/NaI+DAMA/LIBRA-phasel

Presence of modulation over 14 annual cycles at 9.30 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

The total exposure by former DAMA/NaI and present DAMA/LIBRA is 1.33 fon x yr = (14 annual cycles)

In fact, as required by the DM annual modulation sighature:

1)

The single-hit events show a clear cosine-like 2) A
modulation, as expected for the DM signal
Measured period is equal to (0.998+0.002) yr,

3) well compatible with the 1 yr period,
Measured phase (144+7) days » as expected for the DM signal
is well compatible with the roughly about 152.5 days 4)

as expected for the DM signg The modulation is present only in the low
energy (2—6) keV energy interval and not
in other higher energy regions, consistently with

5) expectation for the DM signal

The modulation is present only in the single-hit
events, while it is absent in the multiple-hit ones

as expected for the DM signal 6)

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

No:systematic or’side process’able t6 simultanéously satisfy all'the many peculiarities'of
the signature and to aecotint.for the whole measured medulafion amplitude’is available



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

well compatible’with’several®candidates
(in many-possible astrophysical, nuclear-and particle physics scenarios)

Neutralino as LSP in various SUSY theories
amous kinds of WIMP candidates with
several different kind of interactions a heavy M of the 4-th famlly

Pure ST, pure SD, mixed + Migdal effect
+channeling,... (fraom low to high mass) mixed light bosons with

WIMP with pr'ef ed inelastic scattering axion-like interactions

) 5 Self interacting Dark Matter

for WIMP) elec’rron-in’rerac‘r :
heavy exotic cgrditates, as
"4th fa afoms
Elementary Black holes !
such as the Daemons e
L 1 Kaluza Klein particles

Pseudoscalar, scalar or

: " : e Available results from direct searches
Possible model dependent positive hints from indirec using different target materials and approaches

searches (but interpretation, evidence itself, derived
mass and cross sections depend e.g. on bckg modeling, on
DM spatial velocity distribution in the galactic halo, etc.)
as well null results not in conflict with DAMA results;

do not give any robust conflict
& compatibility with possible positive hints
In various scenarios




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

|1 106ev  WIMP:SI Zoodf, [156ev  WIMP: ST of best fit
L N.E.W. P N.E.W. bout the same C.L.
PR PPN = S * sty TR =

] | lV ‘rl Y‘ﬁ "‘f‘va 1 1
10 12 14 16 18 20 @ 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)

'cm N.F.W. 02f Evans power law
+ et et . :

AR ’ﬁ.ﬂ“‘*‘r‘ﬁ’.vvx i - bt ke henaand L
6 8 10 12 14 16 18 2 g § 10 12 14 16 18 20
Energy (keV) Energy (keV)

15 6oy WIMP: SI&SD| 3 o4 WIMP: SI&SD
N.F.W. ' N.F.W.

+
L IRAALTIRANNA [ AP | P PP 1. h AN [ Laag
10 12 14 16 18 2 d § 10 12 14 16 18 20

Energy (keV) Energy (keV)

. 100 6ev =~ WIMP: ST&SD
oy

{ T /' N Evans power law
2

’W*—T"——-;FWQAM%:L
Il * L 3

1 ' | L

vl 1 1
4 6 8 10 12 14 16 18 2 d 10 12 14 16 18 20
Energy (keV) Energy (keV)

LDM 3. _o LDM, bosonic DM
=

m

bt + U ST, . SR B S ' \t* + -* +. + .
AT ThaAthAhARNA I -

ad | - 1 | P 1 1

10 12 14 16 18 20 4 EUNECARTRSTRSCINTE  |pJC56(2008)333,
Energy (keV) S| V[ PA 28(2013)1330022

Compatibility.with several.candidates; other ones are open




About model'‘dependent exclusmn plots '

“Selecting just one simplified model
framework, making*lots of assumptions,

and’ expenmental aspects

fixing large numbers of parameters ... . . yurginal and “selected” exposures
buts. " X s Threshold, energy scale and energy
* which particle? ' resolution when calibration in other
2 ?;)hlflc)' X yplmgs? which model for the energy region (& few phe/keV)2
' Stability? Tc librati
» which form factors for each target material A T e l o5
and related parameters? procedures and often not in'the same
- which nuclegr t?nodel Jramework for each running conditions
target material:

«Selections of detectors and of data
» Which spin factor for each case? 55 5
- g * handling of (many) “subtraction”

* which ling laws?
WAL SCORIRE LAWY procedures and stability in time of all

s which hale profile?
e P f 3 . the cuts windows and related quantities,
* which-halo parameters: ete.? Efficiencies?

° . ° . . . 9
which velocity distribution: s fiducial volume vs dzsumformzty

s which parameters for velocnjy distribution? of detector response in liquids?

* which v,? . »Used values in the calculatton
* which vesc? ' g; ”w) ‘ “Used approxtmanons
> ...ete et Saa 5 /

etc., etc.

+ no uncertainties
accounted for

No sensitivity to DM
annual modulation
signature,

Different target materials

+ generally implications of
DAMA model-independent
results presented in
incorrect/incomplete/non-
updated way

A il Exclusion plots have no “universal validity” and cannot disproof a model
independent result in any given general model framework (they depend not
only on the general assumptions largely unknown at present stage of

road sign or labyrinth? " knowledge, but on the details of their cooking) + generally overestimated +
" Y " Y methodological robustness (see R. Hudson, Found. Phys. 39 (2009) 174) + etc.

On the other hand, possible positive hints should be interpreted. Large space for compatibility.



DAMA vs'possible positive hints 2010~ 2013

CoGeNT:
low-energy rise in the spectrum } 1o
(“irreducible” by the applied

background reduction procedures) +
annual modulation

I |
% 00F 4 R
e 1‘
]

_{_ 0.5-3.0 keV,, {
L L.

PO W W S S S S S PR B R S T
davs since Dec 3 2009

80+

counts / 30 days
E:
S

600 . . |

0
24 28 12

¢ 16 ¢
enerev (keV )

CDMS-Ge:

after many data selections and cuts, 2 Ge candidate
recoil-like survive in an exposure of 194.1 kg x day (0.8
estimated as expected from residual background)

10/27/07

08/05/07

H
10 20 30 70 80 %0 100

0 50 60
Recoil Energy (keV)

Indi Fanlo SMET CTIME Callabarsin

CRESST: ofter many data selections and cuts, 67 candidate recoil-like in the
O/Ca bands survive in an exposure of 730 kg x day (estimated as expected

residual backaground: 40-45 events, depending on minimization)

CDMS-Si:

ez after many data selections and cuts, 3 Si candidate recoil-like

'§:§f survive in an exposure of 140.2 kg x day. estimated as expected
02 residual background 0.41

All those possible recoil-like excesses with respect to an estimated bckg surviving cuts
as well as the CoGeNT hint are compatible with the DAMA 9.3 o C.L. annual modulation result
in various scenarios



New data from COGENT from talk by Collar at TAUP2013

What is new? =
+ + |

SUL N

60
® Detector recovered from 3 mo post-fire outage w/o +
significant changes in performance. It has been e

continuously taking data ever since. All data are usable .l

(compare to 10%-40% in CDMS low-energy analyses). Dotted: free T | ﬁ g — v . 4
Solid: T= 365 d o[~~~ T u".,:lll.-'....-.lcl'ljz
® Large exposure allows optimal separation of bulk and !
surface events down to 0.5 keVee threshold. Rise-time
behavior as predicted by simulations and calibrations ;‘:}:rls:ym Kos.

(PRD 88 (2013) 012002). Smooth variation of fit
parameters with energy.

® Paper under review, preprint to appear soon. Data to
be released in energy, +ime-s+amp, and rise-time
. : ndicates a

counts / 30 days

and for bulk events. Best-fit phase consistent with
DAMA/LIBRA (small offset may be meamngful) Simila
best= amete faset—but=with much
better bulk/Surface separation (790% SA for™90% BR)

Additional
® Unoptimized frequentist analysis yields ~2.20 f“:‘a:mm *,
preference over null hypothesis. This however does not  data acquired w0l ]
take into account the possible relevance of the  (unisstit  “1__ 4. v v ¥
modulation amplitude found... ongoing) sof AR

& also excess of recoil-like events with respect to f ‘ ﬂ ‘
estimated backgrounds surviving the cuts applied by 0 ’5«‘3 ~aon 'JI«;»{ }s.]..:qm o0
those expts: CRESST 4 ¢ C.L. effect, CDMS marginal R
(exposures orders of magnitude lower than DAMA)




.. an.example ...
DM particles inducing elastic s€atterings on’target-nucléi, SI case

Regions in the nucleon cross section vs DM particle mass plane

« Some velocity distributions and uncertainties considered.

» The DAMA regions represent the domain where the likelihood-function values differ
more, than:7.50 from the null hypothesis (absence of modulation).

* For CoGeNT a fixedwalue for the Ge quenchlng factor and a Helm*form factor with
fixed parameters are assumed.

* The CoGeNT region includes configurations whose likelihood-function values differ

more than 1.640 from the null hypothesis (absence of modulation). This corresponds
roughly to 90% C.L. far from zero signal.

i W |ncluding the Migdal effect
_ 7 >Towards lower mass/higher o

/44

DAMA allowed regions for a particular PRD84(2011)055014,

set of astrophysical, nuclear and particle ) = IJMPA28(2013)1330022
Physics assumptions without (green), with - '

(blue) channeling, with energy-dependent
quenching Factors (red)

7.5c C.L.

Co-rotating halo,
Non thermalized component

(nucleon)

- Enlarge allowed region

CoGeNT towards larger mass

1.64c C.L.

q.f. at a fixed
assumed value

Compatibility also with CRESST and CDMS, if the

two CDMS-Ge recoil-like events, the three \ . .

CDMS-Si and the CRESST ones surviving the man ~Lombining channeling and energy

applied cuts in marginal exposures are assumed as dependence of q.f. (AstrPhys33 (2010) 40)
nuclear recoils induced by DM interactions _ fl > Towards lower o




... examples in some given frameworks
DM particle with preferred inelastic interaction

In the.Inelastic DM (iDM) scenario, DMp scatter into an excited
state, split from the ground state by an energy comparable to the
avaitlable kinetic energy of'a Galactic DMp.

bt & el AL AL

— DMp has two mass states ", x> with & mass splitting

DAMA/Nal+DAMA/LIBRA
Slices from the 3-dimensional allowed volume-" __ Kinematical constraint for iDM
| | ' |

5/11/225@)\/21/ =

26

iDM interaction on Iodine nuclei thr

Fund. Phys: 402010)900

iDM interaction on T1 nuclei of the Nal(Tl) dopant?

110 GeV *For large splittings, the dominant scattering in Nal(T1) can

occur off of Thallium nuclei, with A~205, which are present
as a dopant at the 103 level in Nal(T1) crystals.

arXiv:1007.2688

*Inelastic scattering DMp swith large splittings do not give rise to
sizeable contribution on Na, I, Ge, Xe, Ca, O, ...nuclel.

... and much more considering experimental
and theoretical uncertainties



Possible constraints from indirect searches? Few examples

Some DM candidate particles in some scenarios might annihilate in celestial bodies if certain conditions are assumed
as fulfilled

Pamela positron fraction deviates from predictions of an assumed
secondary production model; but, some analogous models also
exist with different secondary production giving no/less

Possible positive hint

in Pamela
* Other known sources can account for a similar positron fraction (see
literature): pulsars, supernova explosions near the Earth, SNR

* Interpretation in terms of DM particle annihilation requires a very large
< boost factor (= 400): i) boost the cross section, ii) play with the propagation
parameters, iii) consider extra-source (subhalos, IMBHs)

no direct constraint

+ no excess is observed in the anti-proton spectrum

if Dark Matter in PAMELA, the particle seems to be “leptofillic”
to reconcile the antiproton and the positron data;
this would be lost by experiments investigating just presence of nuclear-recoil-like events
while detected in DAMA

Negative results e.g from model d.ep.endent result + the real DM particle(s) may not annihilate a.t all or
may annihilate but a “steady state” may not be reached, etc. + subtraction of the
measurements of existing competing processes, offered by the atmospheric neutrinos + model
“upgoing” muons uncertainties.
produced by v, v
it does not exist a biunivocal correspondence between the observables in
the two kinds of experiments: direct and indirect. In principle, the different
cross-sections can be correlated, but only when a specific model is
adopted and by non-directly pro\fortional relations

no direct constraint



Conciusion # 1

Positive evidence for the presence of DM particles in the
galactic halo now supported at 9.30 C.L. (cumulative
exposure 1.33 ton x yr — 14 annual cycles DAMA/Nal and

DAMA/LIBRA-phasel)

The modulation parameters determined with increased
precision

Full sensitivity to many kinds of DM candidates and
interactions types (both inducing recoils and/or e.m.
radiation), full sensitivity to low and high mass candidates.

No experiment exists whose result can be directly compared.
in a model independent way with those by DAMA/Nal and |
DAMA/LIBRA (in general: no direct model independent
comparison is possible in the field among-activities using
different target-materials and/or approaches)

» Possible positive hints in direct searches compatible with
DAMA in various scenarios; null searches not in robust conflict.
Consider also the experimental and theoretical uncertainties.

o Indirect model dependent searches not in conflict.

p e New/updated corollary analyses in.progress; other effects
under investigation

o Investigations of rare processes other than DM



DAMA/LIBRA - phase2

JINST 7(2012)03009
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Detector number
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typically
DAMA/
-. DA

BRA-phase: 5.5-7.5 phc/key

Since Dec 2010 data takmg and
optimizations in this new
configuration started




DM annual modula’non sugna’rure

The sensmvn‘ry of the DM annual modula’non sugna’rure depends aparT from the
counting rate - .on the product

f &€ X AE x M X x;(‘()(-ﬁz)

“incréased . , incredsed
in.DAMA/LIBRA-phase? with DAMA/LIBRA- phaseZ
o o increased n

in DAMA/LIBRA phaseZ

- Upgrade at fall 2010 & running time

also equivalent to have enlarged the exposed mass

&' DM annual modula’rlon sngna’rur'e acts itself as a strong bckg reduction
s’rraTegy as already pointed ouft in ’rhe original paper by Freese e‘r al.

&: . No systematic.or side process able to simultaneously satisfy all the
many peculiarities of the signafure and fo account for the whole
measured modula’rlon ampll’rude is avallable |



DAMA/LIBRA-phase 2

v" Replacement of all the PMTs
with new higher Q.E. ones a'r

/  fall 2010
v 1 keV software energy threshold
‘ at hand. (JINST 7(2012)03009)

v' In data fakihg in tThe new éonfigur'a'rion with lower
software energy threshold

v New preamplifiers and frigger. modules r'eallzed to
further implement low energy studies

v. Suitable exposure planned in the new configuration to -
deeper study the nature of the particles and features
of related astrophysical, nuclear and particle: physics
aspects

| v 'New-investigation on dark matter peculiarities-and
. second order effects

v Specual data Takmgs for other rare processes
.-and ‘more



Starting studies towards an interesting phase-3 ...

The strong interest in the low energy range suggest 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 quartz light guides which act also as otical window obtaining an
ultimate number of ph.e./keV.

.«..and multi-purpose DAMA/1ton

1) Proposed since 1996 (DAMA/Nal and DAMA/LIBRA intermediate
steps)

2) Technology largely at hand and still room for further
improvements in the low-background characteristics of the set-
up (NaI(Tl) crystals, PMTs, shields, etc.)

3) 1 ton detector: the cheapest, the highest duty cycle, the clear
signature,' fast realization in few years ' '

o the detectors of similar size than those already used

o the features of low-radioactivity of the set-up and of all the used

materials.would be assured by many years of experience in the
field :

o electronic chain and controls would profit by the previous
experience and by the use of compact devices already
developped, tested and used.
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e new digitizers will offer high expandibility and high
performances

o the daq can be a replica of that of DAMA/LIBRA
e Some:R&Ds carried out



Development of detectors. with omso'l'roplc response
(ADAMO PPOJCC‘l’) Eur. Phys J.€ 73 (2013) 2276,,7"

Anisotropic detectors are of great interest for many applicative fields, e.qg.:
= they can offer a unique way to study directionality for Dark Matter candidates that
induce nuclear recoils

Taking into account:

- the correlation between the direction of the nuclear
recoils and the Earth motion in the galactic rest frame;

- the peculiar' features of anisotropic de’rec’ror's;

December

The deTecTor' response is expected to vary as a function of the sndereal time

TG strategies |

Development of ZnWO, Development of Carbon Nano > 3D detectors multi-
scintillators Tubes (CNT) detectors wire chamber-like

. with nanotechnology
v Both light output and pulse shape (R|The detection principle is based on :
have anisotropic behavior and can |R|yariation of the transport properties - Poss.lble.o‘rh.er-
provide two independent ways to due to the particle irradiation applications:

tudy directionalit . : e
ey .lrec ORC , . The intrinsic 1-D nature of CNTs Par1'I|cIePPhy§|ce,
v’ Very high reachable radio-purity; makes them very promising for the =Health Physics:

{| v Threshold at keV feasible; study of directionality “efc..

> Spin-off and patents




DAMA/LIBRA still the highest radiopure set-up in the feld g
with the largest 7ull sensitive mass, full control of running _i
~ R

s
conditions, the largesi duty-cy
S Inagnitude larger than any vther activity in the fleld, eie,

~3
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