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Collaboration:

Roma Tor Vergata , Roma La Sapienza, LNGS, IHEP/Beljing

+ by -products and small scale expts.: INR-Kiev + other institutions

+ neutron meas.: ENEA -Frascati, ENEA-Casaccia

+ in some studies on b kdecays (DST-MAE and Inter -Universities project):

lITKharagpur and Ropar, India
web site: http ://people.roma2.infn.it/dama



Main results obtained by DAMA in the search for rare processes

A First or improved results in the search &y decaysof ~30 candidate isotopes*®Ca,*6Ca *éCa,
64Zn’7OZn’lOOMO’ 96Ru’104Ru,lOGCd,108Cd’114Cd’116Cd’112Sn,124Sn’134Xe,13®(e’13OBa’136Ce’138Ce,
142Ce 156Dy, 158Dy, 180\, 188\, 18405 19205 19Ptand1%8Pt(2 6 & SNIIS R H 1AM, 116G)S O | &

A Thebest experimental sensitivitiga the field for2b decayswith positronemission {°6Cd)
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Tihe Dark Side oftithe Universe: experinzittal evidences ...

1933 F.Zwicky: studyingdispersiorvelocity of Coma
galaxies
BN 1036 S. Smith:  studyingthe Virgo cluster

1074 two groups: systematicahnalysisof massdensityv
distancefrom centelin manygalaxies

Bl First evidenceand confirmations: Ry
' Py
o -

COMA Cluster

Other experimental evidences
sob T ] V from LMC motionaround
= NGC 6503 il Ga|axy

V from X-ray emitting gases
7 surroundingelliptical galaxies

halo

V from hotintergalacticplasma
i velocity distributionin clusters

@s | V from gravitationallensing
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Rotational curve of a spiral galaxy 'V bullet cluster 1E065558
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<M gravitational effectY

visible Universe

M about 90% of the mass is DARK
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Relic DM particles from primordial Universe

?Sssgeutralino . axion-like (light pseudoscalar
in various scenarios) /-\ LGS ERl ey Gt A1)

the sneutrino in the Smith
and Weiner scenario

sterile v f 4

electron interacting dark matte

e self-interacting dark matter

/\\mirror dark matter
-\ Kaluza-Klein particles (LKK) ("

avy exotic canditates, as
h family atoms”, ...

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

: . Planckian objects, Daemons
even a suitable particle not

yet foreseen by theories invisible axions
etc...

mlti-component non-baryonic DM?

Wh

+ DM candidatesand scenariosexist (evenfor neutralino
candidate) onwhich acceleratorscannotgive any information

DM direct detection method usinga model
independentapproachand alow-background




Some direct detection processes:

A Scatterings on nuclei A Inelastic Dark Matter: W + N - W* + N
- detection of nuclear recoil energy - W has 2 mass states c+ , c- with d mass
oM b ey splitting
. . - Kinematical constraint for the inelastic
// Bolometer: .
DMpl _, 4«7 T TeQ,Ge CawQq scattering of c- on a nucleus
N -?%4\ Scintillation: 1 2 c 2d
Nal(TI), “mc2 dU v2 Vg, =.|—
LXe,CaF,(Eu), é ) 2 m
A Excitation of bound electrons in scatterings on nuclei _
_ _ _ o e.g. signals
- detection of recoil nuclei + e.m. radiation from these
candidates are
A Conversion of particle into e.m. radiation completely lost
e 5% _ A Xray * in experiments
- detection of g, X-rays, e @ e G
- > ireject.i
_ _ procedur
A Interaction only on atomic A Interaction of light DMp (LDM) on e- mE e
r nucl with pr ion of
- detection of e.m. radiation their rate
- - detection of electron/nucleus
P recoil energy k. _v, Ky
DMp A’ e ‘Véi% . VL
W e.g. sterile n
... even WIMPs !.'&' J B2 >z
hy ej al so ot h



The annual modulationi:a medell iIndependenttsignature-fosithes
investigatiom oft DMI 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

Requirementss: b,
1) Modul d di i - '_“—f“&"v“‘———\___“ '{'/;7/ December
)Modulated rate according cosine = ,.\\& R

sun

(Sun vel in the

2)In low energy range

3)With a proper period (1 year) Yy halo)

: 7 A vy, =30 km/s
4)With proper phase (about 2 June) (Eabrth vel
5)Just for single hit events in a multi - around the

detector set -up Sun)
A g=p/3,w=

6) With modulation amplitude in the 20/T, T= 1 year

region of maximal sensitivity must VA() = Vgun + Vo, COSQCOS [W(E-t5)]

be <7% for usually adopted halo A (tohz 2 June

distributions, but it can be larger in _ . dR b=

case of some possible scenarios SdAM] = N dE, dE; @5, +S,, cosmt - 1)] Maximugy
DE,

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 be able to account for the
whole observed modulation amplitude, but also to satisfy contemporaneously all the requirements




The pioneer DAMA/Nal:
~100 kg highly radiopure Nal(Tl)

E— The DAMA/LIBRA set-up ~250 kg Nal(Tl)
Results on rare (Large sodium Iodide Bulk for RAre processes)

» Possible Pauli e
* CNC processes
» Electron stabilit
in lodine atoms
» Search for solar
» Exotic Matter se
+ Search for supel
» Search for heavy

As a result of a 2nd generation R&D for more radiopure Nal(Tl) by
exploiting new chemical/physical radiopurification techniques
(all operations involving - including photos - in HP Nitrogen atmosphere)

» Radiopurity, performances,
procedures, etc.: NIMA592(2008)297,
JINST 7 (2012) 03009

» Results on DM particles,

o Annual Modulation Signature:
EPJC56(2008)333, EPJC67(2010)39,
EPJC73(2013)2648.

o Related results:
PRD84(2011)055014,
EPJC72(2012)2064,

IJMPA28(2013) 1330022,
EPJC74(2014)2827,
EPJC74(2014)3196, EPJC75(2015)239,
EPJC75(2015)400, IJMPA31(2016)
dedicated issue, EPJC77(2017)83

» Results on rare processes:

o PEPy: EPJC62(2009)327,
arXiv1712.08082;

o CNC: EPJC72(2012)1920;

o IPP in 241Am: EPJA49(2013)64

Results on DM
« PSD
* Investigation ¢
¢ Exotic Dark M
e Annual Modul

Residual contaminations in the new
DAMA/LIBRA Nal(Tl) detectors: 232Th,
238 and 4K at level of 1012 g/g

| DAMA/LIBRA—phasel (7 annual cycles, 1.04 tonxvr) confirmed the
‘ model-independent evidence of DM: reaching 9.3c C.L.




DAMA/LIBRAphase?2

JINST 7(2012)03009

Q.E. of the new PMTs:
3371 39% @ 420 nm
361 44% @ peak




DAMA/LIBRAphase?2

JINST 7(2012)030¢

Lowering software energy threshold below 2 keV:
wto study the nature of the particles and features of astrophysical, nuclear and particle physics

Resolution 6/E(%)

aspects, and to investigaté®order effects
wspecial data taking foother rare processes

— —
%0.05 - |l
[ |
~—
o
=z
= |
(B 4 o - - —¢—_¢_
S 0 -
o I ! I | | I | L1 1 | L1 I_éﬁ I | | I | L1 1 | L1 1 | L1 1
o 0 2 4 6 8 10 12 14 16 18 20
Energy (keV)
, SIE@595keV s | The contaminations:
r. 2 Phasel: 7.5%(0.6% RMS)
o Q 1 26Rg 235y 28R4 228Th 0K
| Phasp2: 6.7%(0.5% RM) (Bakg) ~ (mBakg) (Bakg)  (mBalkg) (Balkg)
% o Mean 0.43 47 0.12 83 0.54
4 Contamination
N Standard 0.06 10 0.02 17 0.16
Deviation
6 co Bt The light responses:
: 1 i DAMALIBRAphasel: 5.5¢7.5ph.e/keV
0 2 W Rk 2 DAMALIBRAphase2 6-10ph.e/keV
Detector number




The DAMA/LIBRé&phase?2 setup

NIMA592(2008)297INST 7(2012)03000IMPA31(2017)issues

w 25 x 9.7 kdNalTl) in a 5x5 matrix

w two SuprasHB light guides directly 2l he .
coupled to each bare crystal

OFHC low
radioactive
copper

Glove-box for A Bl EE= Low radioactive
w two new high Q.E. PMTs for each calibration i{= L Jtead
crystal working in coincidence at the | ' Azl cadmium
single ph. el. threshold — = .foils
(6)) 6'10 phe/kev, 1keV SOftware — _[[)ZAQD Polyethylene/

Paraffin

energythreshold

Concrete from
GS rock

w Whole setup decoupled from ground

w Fragmented setip: singlehit events = each detector has all the
others as anticoincidence

w Dismounting/Installing protocol in HEN
w All the materials selected for lovdioactivity
w Multiton-multicomponent passive shield (>10 @FHCCu, 15 cnibolidenPb+ Cd foils, 10/40 cmagbyethylene/paraffin
about 1 m concrete, mostly outside the installation)
® Threelevel system to exclude Radon from the detectors ~ @ Pulse shape recorded byaweformAnalyzerAcqiris
w Calibrations in the same running conditions as prod runs DC270 (2chs per d_etectpr),GIsls, 8 t_"t’ ba_1ndW|dth
: _ 250 MHz both for singhait and multiplehit events

w Never neutron source in DAMAstallations _

R . _ _ C(]o Data collected from low energy up to MeV region,
w Installation in air conditioning + huge heat capacity of shiel

e _ _ despite the hardware optimizatiofor low energy
w Momtonng/glarm system; many parameters acquired with  DAQ with optical readout
the production data

w Newelectronic modules




600

" Noise rejectionninphase2?
JINST 7(2012)03009

A Comparison of the noise and the scintillation
pulses distributions in 1 -3 keV and 3-6 keV

| 400

200

Production

A production data vs g source

A scintillation events well separated from noise

X;=Area from 100 to 600 ns /Area from O to 600 ns

600 X,=Area from 0 to 50 ns /Area from O to 600 ns

400

]
o 556 g 150 -
= g 1-3 kevV £ 3-6 keV
) 0 5250 E
o 200
150
100
12 50
Z Evaluation of 4
s residual noise
> i E'gmo g150 .
o i g g Noise:
S osf ES— 1—(X2—X1> Z £ ES<0.60
S | 2 200
£ 06 (< 50
g 4 Q‘(\Qg Bottom plot obtained after 1™
© 04l subtraction from production 0
g 't data (continuous histos) of 0 ‘ :
O gsource data (dashed) 0 02 04 06 08 Esl 0 02 04 06 08 ES1 :
0.2 Software energy ——
S threshold = 1 keV- After cut the residual noise is compatible with 0
P ey Y noise contamination < 3% at software energy threshold




DAMA/LIBRA -phase2 data taking

Second upgrade at end of 2010: all PMTs replaced with new ones of higher Q.E.
JINST 7(2012)03009

Energy resolution @ prev. PMTs 7.5% (0.6% RMS)
60 keV mean value: new HQE PMTs 6.7% (0.5% RMS)

I Dec 23, 2010 o commissioning
——— Sept. 9, 2011
V' Fall 2012: new I Nov. 2, 2011 & 2425 62917 0.519
preamplifiers installed Sept. 11, 2012
+ special trigger Il Oct. 8, 2012 & 2425 60586 0.534
modules. Sept. 2, 2013
. \Y Sept. 8, 2013 & 2425 73792 0.479
V Calibrations 6 a.c.: °
Sept. 1, 2014
S baaae eueiom Vv Sept. 1, 2014 & 2425 71180 0.486
ept. 1, : :
RRLICES Sept. 9, 2015
V Acceptance window VI Sept. 10, 2015 & 2425 67527 0.522
eff. 6 a.c..° 3.4 x10° R, 2, AL
events (°1.4x10° VI Sept. 7, 2016 & 242.5 75135 0.480
events/ keV) Sept. 25, 2017 I

Exposure first data release of DAMA/LIBRA  -phase2: 1.13tonx yr
Exposure DAMA/ Nal+DAMA /LIBRA -phasel+phase2: 246 tonx yr



DM modelindependent Annual Modulation Result

Experimentalresidualsof the singlehit scintillationeventsrate vstime and energy
DAMA/LIBRAhase2(1.13 ton3 yr)

o 1-3keV Absenceof modulatior? No
% - 2 i DAMALIBRA- thf"‘ﬂ (i2twar)  — ; AlL-3 keVic2/ dof=127/52Y P(A=0) 32 108
2, T L A1-6 keV:c?/ dof=150/52Y P(A=0) 23 1011
i A s ﬁiﬁm ylas o162} M) ~ 10"
s ‘K | \M M’/ N L.ﬁ *H’f R2-6 keV:c?/dof=116/52Y P(A=0) =810
é -0.02 % ' v e +% %/ %\
Z

_.f,oj TRy B Fiton DAMA/LIBRAhase2
0.08 6250 0500 5?50 7000 ?250 7500 7750 8000 8250
Time (day)

Acos. (t10)] ;

1-6 keV . .
%‘ 008 .‘__ DAMA.-’L[BRA phasdz-zs{llig (1.13:tonxyrj : ; continuous lines:#= 152.5d, T =1.00
2 o} fe L 1-3 keV
g o ﬁﬁ%ﬁ%m@%ﬁ@m% w?%%\ A=(0.0184 0.0023)cpdkg/keV
g oo | T c?/dof=61.3/51 8.0s C.L.
g oo b . I :
™ —o0s | S emen al?lsu = ?oloo e o0 50 Booo 8260 1-6 keV
Time (day)

B 26 keV A=(0.010% 0.0011)cpdkg/keV
% o [ DAMALIRA a1 250kg (13t ————— cZdof=50.0/51 9.58 C.L.
E e ! LR I A=(0.009% 0.0011)cpdkg/keV
N S T PR TP SO MO PRI PPN NSRS DU SR AT \ c?/dof=42.5/51 8.6s C.L. /

Tlme (day)

The data of DAMA/LIBR#ase2 favor the presence of a modulated behavior with
LINRLISNJ FSI GdzZNBa i gpop” [ @] @



DM modetindependent Annual Modulation Result

Experimentalresidualsof the singlehit scintillationeventsrate vstime and energy

DAMA/LIBRAhasel+DAMA/LIBR#hase2(2.17 ton3 yr)

2-6 keV

0.06

v

< | | DAMA/LIBRA-phasel (1.04 tonxyr i —> 3 <——— DAMA/LIBRA-phase2 (1.13 tonxyr)

0.04 |-

. WL N

%
=
E, | | o : | | 1 1 : |
3 ooz b g R : | | § § 1 |
g o N %’%\ éﬁ%‘ilu‘% Tﬁg%‘* T% Jj%\\%rﬁ\éj%&\//\\ 'ﬁ%{ &ﬁ%g TTNY NG
Lt S S dndi b andh T hdSh ik dh k)
é o4 ; i i | | | i i i i i i i | |
oos it N T 5 N | R R L L
4000 5000 6000 7000 8000
Time (day)
/ Fiton DAMA/LIBRAhasel+ \
DAMA/LIBRAhase2
Absenceof modulatior? No Acod. (t-4.)]
A2-6 keV:c?/dof=199.3/102Y P(A=0)-2.% 10 continuous lines: 1=1525d, T=1.00

2-6 keV
A=(0.009% 0.0008)cpdkg/keV
K c?/dof=71.8/101 11.9s C.L. /

The data of DAMA/LIBR#asel +DAMA/LIBR#ase?2 favor the presence of a
modulated behavior with proper features at 11.9C.L.



Releasing period (T) and phase)(in the fit

DE A(cpdkg/ keV) T=2/w (yr) t, (day) C.L.

(1-3) keV 0.0184t 0.0023 | 1.000G: 0.0010 153t 7 8.0s
DAMA/LIBRAph2 (1-6) keV | 0.010& 0.0011 | 0.9993% 0.0008 148t 6 9.6s
(2-6) keV | 0.0096 0.0011 | 0.998%* 0.0010 145 7 8.7s

DAMA/LIBRApPh1 +

DAMA/LIBRAph?2 (2-6) keV 0.009a: 0.0008 | 0.998& 0.0008 4 145 5 12.0s

DAMA/Nal +
DAMALIBRAph1 + (2-6) keV 0.0103 0.0008 | 0.998& 0.0008 4 14% 5 12.9%
DAMA/LIBRAph2

Acoso - )l
DAMANal(0.29 ton xyr)
DAMA/LIBRAh1 (1.04 ton wr)
DAMA/LIBRAh2 (1.13 ton wr)

total exposure 2.46ton3 yr




Ratebehaviourabove okeV
wNo Modulation above 6 keV

Mod. Ampl (6-14 keV)cpdkg/keV

DAMA/LIBRAphase?2

z 0.04 10-20 keV ‘
E@ A=(L.G: 0.6) 10° cpalkglkeV (0.0032+ 0.0017)DAMA/LIBRAh2_2 2500 - i
2.0.02 (0.0016+ 0.0017)DAMA/LIBRAN2_3 \
% (0.0024+ 0.0015)DAMA/LIBRANh2_4 H
g 0 * -(0.0004+ 0.0015)DAMA/LIBRAN2_5 2000 i
é_m DAMA/LIBRAphase2 (0.0001+ 0.0015)DAMA/LIBRAh2_6 > | il
(0.0015+ 0.0014)DAMA/LIBRAN2_7 5 1500 - [
004 - statistically consistent with zero % '( ]l
""" 300400 500 600 = .
] Time (day) 1000 - ]
cNo modulation in the whole energy spectrum | |
studyingintegral rate at higher energy R 500/ ]' ]l
w Ry, percentage variations with respect to their mean values for single crystal ,f l
w Fitting thebehaviourwith time, adding Period Mod. Ampl. /;r '1\_
a term modulated with period and DAMA/UBR;‘phZ_Z (012014)de/kg 90.1 - 0 S 0.1

phase as expected for DM particles:
consistent with zero

+ if a modulation present in the whole
energy spectrum at the level found in the
lowest energy regionr Ry, ~tenscpdkg

- ~100" far away

DAMA/LIBRAh2_3
DAMA/LIBRAh2_4
DAMA/LIBRAh2_5
DAMA/LIBRAh2_6
DAMA/LIBRAN2_7

-(0.08 0.14)cpdkg
(0.070.15)cpdkg
-(0.05 0.14)cpdkg
(0.030.13)cpdkg
-(0.09 0.14)cpdkg

(Ryy - <Ryp>)/<Ry>

" 0 1%, fully accounted by
statistical considerations

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




DM modelindependent Annual Modulation Result
DAMA/LIBRAhase2 {.13ton 3 yr)

N

adzZf GALX S KAGa S@Syda I 51 N)] al dGddSNJ LI NI
1-6 keV
T oo A=(0.0004 0.0004)cpdkg/keV
E =S 2 T B ,ﬂﬁ Ly - Sngle hit residual rate (red)
£ JETI SPU i G
% oo b | Multiple hit residual rate
= I !25|30I - I3(|)OI I I:I35|)OI — I4—(!)0I II I4-E|50I — I5(|)OI s I5;0I — I6(|)OI — I650 (greer»
Time (day)
2-6 keV
S ow b A=(0.0002% 0 0004;)de/kg/kév A Clear modulation in the
é oo £ | single hit events;
. : @ ! . .
& oy e — — ANo modulation in the
oot T e § residual rate of the
g o0z - ; multiple hit events
- I25|50I - I3(|)OI I III:S;OI II I4C|)OI II I4;0I - I5(|)OI ”I I550 II I6(|)OI II I650
Time (day)

This result furthermore rules owanyside effect either from hardware or fro
software procedures or from background




Theanalysisin frequency

(accordingo PRD75 (2007) 0130)LO

To perform the Fourier analysisof the data in a wide region of frequency the singlehit
scintillationeventshavebeengroupedin 1 daybins

The whole power spectra up to tieyquist DAMANal+ DAMA/LIBRAph1+ph2) (2Gr)
5 80 3
: frequency 6 ke total exposure 2.46ton3 yr
S Zoomaround the 1 § peak
E
.Zs = 807
" E —— (2-6) keV
g | e (6-14) keV
20 N 60
90% C.L. =
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ g |
0 kbl o il it A ol At ;s
0 0.1 0.2 0.3 0.4 _10.5 Z [ . .
Frequency (@) 40 Principal mode:
I [ 3 A-1 w
. 00%CL - | 27#10°d*F W e
S 0
S 20
E.s 90% C.L.
z Nie ¢ .
| i E"' . g o ; .
5 0 e W TSI o\ M N AN WARA M
| ' 0 0.002 0.004 0.006 0.008 0.01 0.012 0.01;1
| ‘ | - . ' Frequency (d ")
' ' i | " | Green area: 980 C.L. regiocalculated
o MJ.MW. h_m.x Ll }Lli.hu..x.uh_m. HRAA A L\‘M.L‘AL.“LLLMU‘MJ taking into account the signal in-@ keV

Frequency (d'l)

Clear annual modulatiom (2-6) keV+ only aliasing peaks far from signal region



Investigating the possible presence of long
term modulation in the countingate

We calculated annuddaseline counting ratesthat is the averages on all the detectors (j inde
of flat; (I.e. the singlehit scintillation rateof the fth detector averaged over the annual cycle

For comparison the power spectra for the measured shgleesiduals in
(2- 6) keVare also shownPrincipal modes @ 2.7403d1F yw

DAMA/LIBRAph1+ph2) DAMANal+ DAMA/LIBR&ph1+ph2)
o = 80
5] b <% L
Z 60 (2-6) keV ” 2 (2-6)keV N
£ £ 70
= I = i
g 50 S 60
= | =
zZ | z
i 40
30j L
i 30
20| Range of few years period I
I 20: Range of few years period
10? l /\-/\J \\/ 10; l J\/\} k/y
O 0t o003 0.003 O =401 ""0.003 0.003
Frequency (d'l) Frequency (d'l)

No statistically significant peak at low&equency



Energy distribution of the modulation amplitudes

S ORI DAMA/Nal+ DAMA/LIBRAphasel
R(t) =S, + S, cogmft - t,) vs
hereT=20/ =1 yr andt,= 152.5day DAMA/LIBRAphase?2
> 0.05 - |
DE = 0.%eVbins
Eo.ozs :
= 0
> [
wEO'OZS 3 .2(6-20 keV)/dof = 35.8/28 P-value=15%)
0.05 - .2(6-20 keV)/dof =29.828 (P-value=37%
- * L1 | | | 11 | | | | | | | | | | | | | | | | | | | | | | | | | | 11 | | | | |
O 2 4 6 8 10 12 14 16 18 20
Energy (keV)

The twoS,, energy distributions obtained IDAMANal+DAMALIBRAphland in
DAMA/LIBRAh2are consistent in the 20)keVenergy interval.

2 e (220)keV .2/d.0.£=32.7/36  R=63%)
2= (G 1)K Qb ) (2-6) keV 2/d.0.£=10.7/8 R=22%)




Energy distribution of the modulation amplitudes

Maxlikelihood analysis DAMANal+ DAMA/LIBRAhase1l
R(t) - S) T Sm COE['/”(t - to)] + DAMA/LIBRAchase2(2.46ton3 yr)

hereT=20/ n=1 yr andt,= 152.5day

% 0.05 |- DE = 0.%keVbins
20025 | 44, .,
% _ _H-¢-+_¢_ -, S T, 0
2 _

20.025 |
m |

'0-05_|||||||||| L IR R

|
02468101214161820
Energy (keV)

A clear modulation is present in the-6) keVenergy interval, whil& values
compatible with zero are present just above

A TheS, values in the (614) keVenergy interval have random fluctuations around zero with
equal to 19.0 for 16 degrees of freedom (upper tail probability 27%).

AIn (6c20) keV ¢ dof = 42.6/28 (upper tail probability 4%6).K S 2 6 &vialieysSakher large due
mainly to two data points, whose centroids are at 16.75 and 1BeXbfar away from the (d6) keVenergy

interval. The Rralues obtained by excluding only the first and either the points are 11% and 25%.



A(cpd/kg/keV)

S, for each annual cycle

<— DAMA/LIBRA-phasel — < DAMA/LIBRA-phase2 —>

005 T 1-2 ke(\:;04 :;j:z]fi 105 P=52% B DAMA/LIBRAphasel +
__________________________________________________________ ot DAMA/LIBRAphase?
oL jf o total exposure 2.46ton3 yr
| | | | | | | | | | |
0.05 2-3keV; ;f/ dof=4712 P =97%
- *
S - TR b b , run test
o [ A ot b Energy probability
L | | | | | | | | | | | bin (keV)
0.05 I 3-4keV; Y dof=14.812 P = 25% Lower Upper
i 1-2 70% 70%
b e B S B A 0% | 0%
I I I I S S B N B B 2-3 50% 3%
0.05 _ 4-5keV; x¥dof=94/12 P =67% 3.4 8504 3504
) S R R o = 88% | 30%
| | | | | | | | | | | | | |
0.05 - 5.6keV; yYdof=8812 P =72% 5-6 88% 30%
i ¢ ) *it verifies the hypothesis that the positive
0 —+ ””” b %+ ’’’’’’’’ | N A e (above the mean value) and negative
T | | | | | | | | | | | | | (under the mean value) data points are
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 randomly distributed
Annual Cycle

Thesignal is welldistributed overall the annual cycles in each energy bin



detector ID

25

20

15

10

S, for each detector

(2-6) keV

y

.

Y /424

i

i

//;éii%

7

@

0 001 002 003
S_ (cpd/kg/keV)

DAMA/LIBRAphasel +
DAMA/LIBRAphase2
total exposure 2.17ton3 yr

S, integrated in the range- 6)
keVfor each ofthe 25detectors
(1 error)

Shadedand= weightedaveraged
S61

.?/dof=23.9/24d.0.f

Thesignal is welldistributed
over all the 25detectors



Externalvsinternal detectors: DAMA/LIBRAphase?2

DE=0.5 keV
> 0.04 _ A _external
=< - % v internal
> F
=l lﬁc( - + + ot
= Tt L T ﬁ%ﬂriu:*w
S : Skl rﬂ_rﬁ{_ _{%_,{J +
7 -0.02 -
-0-04;_||||||||||||||||||||||||||||||||||

0 2 4 6 8 10 12 14 16 18 20
%; Energy (keV)
v ;
E; 0.04 - Internal - External
g UUs
< ”r B Jf'ﬁl Es ﬁ@{lﬁ . 1-10keV c2/dof =12.1/8
3 R T | 4T+ Rt
s 0.02 b ! + {iME T uﬂk +oT 1-20keV c?/ dof =40.8/38
'EE
»n -0.04 : | | | | |

[ RI N R RN B R IR B R cea b e e b
O 2 4 o6 8 10 12 14 16 18 20



Isthere a sinusoidalcontribution in the signal? Phase, 152.5day?

R(t) =S, +S, coduft - t,)]+ Z,, sifuft - t,)] =, +¥,, coguft- t')

For DarkMatter signals .03

20 contours

Slightdifferencesfrom 2" Juneare
expectedin case otontributionsfrom
nonthermalizedDM componentsas

e.g. theSagDEGtream)

o
W| Z| «|Sp| 2| Yl 0.02
wt* 2 t,=152.5d _
S 0.01
L
(L)W: MT é} 6-14 keV 1-6 keV
_ < o O 240
wT = lyear 2
L 2-6 keV 220
N -0.01
200
DAMA/Nal +
DAMA/LIBRAphasel+ -0.02 180
DAMA/LIBRAphase?2 =
3 160
[2.46ton 3 yr] 00 =
2003 002 001 0 001 002 003 =
o 140
S,, (cpd/kg/keV) b
120
E (keV) S, (cpd/kg/keV) Z,, (cpd/kg/keV) Y., (cpd/kg/keV) t* (day)
DAMA/Nal + DAMA/LIBRA-ph1 + DAMA/LIBRA-ph2 100
2-6 0.0100 N 0.0008 - 0.0003 + 0.0008 0.0100 + 0.0008 150.5 + 5.0 80
6-14 0.0003 N 0.0005 -0.0009 + 0.0006 0.0010 + 0.0013 undefined
DAMA/LIBRA-ph2
1-6 0.0105 N 0.0011 0.0009 + 0.0010 0.0105 + 0.0011 157.5+5.0

6-14 keV

0.04 -0.03 -0.02 001 0

20 contours

1-6 keV

2-6 keV

Y, (cpd/kg/keV)



Phase vs energy

* DAMANal+ DAMA/LIBR#Ahasel +

R(t)=§+Y, COE[W(t - t )J DAMA/LIBR/phase2(2.46ton 3 yr)
= 005 A
%} Y., S, neg r wm 1Sk
30025

For DM signals: 3 e D
& 0 —t— —

¥l @154 o 0025 1

t*0t0:152.5d >:E 005

el e e b b g
o 2 4 o6 8 10 12 14 16 18 20

w=2pT, T=1year Energy (keV)
2S errors
Slight differences from 2 200 -
June are expected in case of - -
contributions from non *E 150 ——7—+— ]
thermalized DM components = 100 -
(as the SagDEG stream)
| I | |

Energy (keV)



Stability parameters of DAMA/LIBRAhase?2

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

Running conditions stable at a level better than 1% also in the new running periods

DAMA/LIBRA - DAMA/LIBRA - DAMA/LIBRA - DAMA/LIBRA - DAMA/LIBRA - DAMA/LIBRA -
phase2_2 phase2_3 phase2_4 phase2_5 phase2_6 phase2_7

Temperature C) (0.0012° 0.005) -(0.0002° 0.0049 -(0.0003° 0.003) (0.0009° 0.005Q (0.0018° 0.0036 -(0.0006° 0.0039
Flux N, (I/h) -(0.15° 0.18 -(0.02° 0.22 -(0.02° 0.12 -(0.02° 0.149 -(0.01° 0.10 -(0.01° 0.19

Pressure (mbar)

(1.1° 0.9 103

(0.2° 1.1) )x 103

(2.4° 5.4)x 103

(0.6° 6.2)x 103

(1.5° 6.9x 103

(7.2° 8.6)x 103

Radon (Bqg/rd)

(0.015° 0.039

-(0.002° 0.050

-(0.009° 0.029

-(0.044° 0.050

(0.082° 0.086

(0.06° 0.11)

Hardware rate above

single ph.e. (Hz)

' (0.12° 0.1§x 102

(0.00° 0.12 x 102

-(0.14° 0.22 x 102

-(0.05° 0.22 x 102

-(0.06° 0.16) x 102

-(0.08° 0.17) x 102

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)



AContributions to the total
ACounting rate in DAMA/LIBRA for

event s,
U neutrons,
U muons,

| n keV Brergy(re&gioniindugd by:

EPJC 74 (2014) 3196 (also EPJC 56 (2008) 333,
EPJC 72 (2012) 2064 ,IJMPA 28 (2013) 1330022)

U solar neutrinos.

neutron flux at LNGS; = a, = & (1 + nrcosw (t — tx))
single-hit

R_.ic = Rg’k (1 — Nk CosSW (t — tk,))

Modulation
amplitudes

Source (I)E;j,z M tr Rox A = Ro A,L-/S:,f:p
(neutrons cm~? s71) (cpd/kg/keV) (cpd/kg/keV)
thermal n 1.08 x 1075 [15] ~0 - <8x10-° 2,7, 8 < 8x1077 < T7x107°
(1072 -10"1 eV) however < 0.1 [2, 7, §
SLOW
neutrons epithermal n 2 x 107 [15] ~0 - <3x107 2,7, 8 <« 3x10™ < 0.03
(eV-keV) however <« 0.1 [2, 7, §]
fission, (,n) — n ~ 0.9 x 1077 [17] ~0 - <6x1077 2, 7, §] <6x107° < 5x107°8
(1-10 MeV) however < 0.1 [2, 7, §]
g — 1 from rock ~3x 107 0.0129 [23] end of June [23, 7, 8] | «7x107*  (see text and < 9 x 1078 < 8x107*
FAST (> 10 MeV) (see text and ref. [12]) 2,7, 8])
neutrons
1 — 1 from Pb shield ~6x 1077 0.0129 [23] end of June [23, 7, 8] | « 1.4 x 107* (see text and & 2x107% | < 1.6x 1073
(> 10 MeV) (see footnote 3) footnote 3)
v—1 ~ 3 x 1071 (see text) 0.03342 * Jan. 4th * < 7x107° (see text) < 2x1078 < 2x10~*
(few MeV)
direct p @E,”) ~20 g m~2d~! [20] 0.0129 [23] end of June [23, 7, §] ~10°7 2,7, 8 ~107° ~ 10~7
direct v B\ ~ 6 x 1010 v cm~2s~! [26] 0.03342 * Jan. 4th * ~ 109 31] 3% 107 3x10°°

* The annual modulation of solar neutrino is due to the different Sun-Earth distance along the year; so the relative

modulation amplitude is twice the eccentricity of the Earth orbit and the phase is given by the perihelion.

All are negligible w.r.t. the annual modulation amplitude observed by DAMA/ LIBRA
and they cannot contribute to the observed modulation amplitude.

+ In no case neutrons (of whatever origin) can mimic the DM annual modulation signature since some of the

peculiar requirements of the signature

the energy spectrum, variation in the multiple hit events,... which were not observed.

would fail, such as the neutrons would induce e.g. variations in all




Summary of the results obtained in the additional investigations
of possible systematics or side reactionst DAMA/LIBRA

NIMA592 (2008)297, EPJC56(2008)333, J. Phys. Conf . ser. 203(2010)012040, arXiv:0912.0660, S.I.F.Atti Conf.103(211), Can.
J. Phys. 89 (2011) 11, Phys.Proc.37(2012)1095, EPJC72(2012)2064, arxiv:1210.6199 & 1211.6346, IIMPA28(2013)1330022,
EPJC74(2014)3196, IIMPA31(2017)issue31

SIDE REACTIONS

Sealed Cu box in HP Nitrogen atmosphere,

with multi -ton shield - huge heat capacity

Regularly measured by dedicated calibrations

Source Main comment
RADON
3-level of sealing, etc.
TEMPERATURE Installation is air conditioned+
detectors in Cu housings directly in contact
+ T continuously recorded
NOISE Effective full noise rejection near threshold
ENERGY SCALE Routine + intrinsic calibrations
EFFICIENCIES
BACKGROUND No modulation above 6  keV;

no modulation inthe (2 -6) keV
multiple -hits events;

this limit includes all possible
sources of background

Muon flux variation measured at LNGS

Cautious upper
limit (90%C.L.)

<2.5310% cpd /kg/ keV

<104 cpd /kg/ keV

<104 cpd /kg/ keV

<1-2310*“cpd /kg/ keV
<104 cpd /kg/ keV

<104 cpd /kg/ keV

<3310° cpd /kg/ keV

+ they cannot
satisfy all the requirements of
annual modulation signature

-—)

Thus, they cannot mimic the
observed annual
modulation effect




Model-independent evidance by
DAMA/Nal and DAMA/LIBRA-phi, -ph2

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

o O

@)

Neutralino as LSE in various SUSY theories

/Vﬁous kinds of WIMP candidates with
several different kind of interactions

a heavy v of the 4-th family

Pure SI, pure SD, mixed + Migdal effect
+channeling,... (from low to high mass)

Pseudoscalar, scalar or
mixed light bosons with

WIMP with prefesred inelastic scattering axion-ljke interactions

MXMGTTW Light Qark Matter /
Dark Matter (inclum\a\sN Sterile neutrino J /§é|f m'r/e%:c‘rmglpark Matter
for WIMP) electron-interact .
) %&} > hea otic cagnditates, as
\ / " fami }'ns“,
/ /

Kaluza Klein particles

Elementary Black holes "
such as the Daemons F

.. and more




Model-independent evidance by
DAMA/Nal and DAMA/LIBRA-phi, -ph2

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
(o]
— 0.06_
2z a 50 GeV 15 GeV
= 0.04/ Evansélogarithmic Isothermal sphere
3 0.0ZM—“ (channeling)
@ 0 i Son A—b—_}_+_ﬂ_++ P = S S e S o T T A T AT S
IR aaARRh AR RRARAAARMhANRRTA
2 0O 2 4 6 8 10 12 14 16 18 20 8§ 10 12 14 16 18 20
Energy (keV) Energy (keV)
;&%—5 ~ 0.06;
2 b 65 GeV % 1 a 20 GeV
> 0.04| E v a rogadithmic = 0'045_ E v a pener law
% 0.02—% % 0.02 - (channeling)
% 0 §.|..‘|+.|‘..A‘f_hfrfﬁﬁ.vﬁ*ﬁ*ﬁfﬂrﬁf.+. % 0|| Ll ..+|‘+.‘|.H|‘..\.+.+.i
2 0O 2 4 6 8 10 12 14 16 18 20 wn 0O 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
~ 006 :
LDM with coherent > T LDM with m =0 GeV
scattering on nuclei %,3 0.04 i (U=my)
= 0.02s ok
& ot - e
g bl b L L .
2 0O 2 4 6 8 10 12 14 16 18 20

Energy (keV)



