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Main results obtained by DAMA in the search for rare processeé

A Firstor improved resultsn the search fo2b decaysof ~30 candidate isotopes'®46.4€Cg 64707,
100M0, 96,10Pu’106,108,114,11@d,112,12Z5n,134,13@(e’13OBa,136,l38,14Ce’150Nd’ 156,15q:)y’ 162,17(Er,
180,184\ 184.199)5 190,19t 2 § 4 S NJABJAY ifPMe, 16Cd 150Nd)

A Thebest experimental sensitivitiga the field for2b decayswith positronemission {°6Cd)

& cluster

of SearCh for 7\ 138\ a

7 | decays ©
2 \ and 139\ a

observation
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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
5 lonization: Tes
/EMpo - e splitting
. , - Kinematical constraint for the inelastic
// Bolometer: ;
DMp| _, / «~ T TeO,Ge, Cawq scattering of c- on a nucleus

i yg\ Scintillation: 1 - = 2d

Nal(Tl), —ny 2 dU V 2 Vthr = |[[==

LXe,CaF(Eu),é 2 m

A Excitation of bound electrons in scatterings on nuclei

- detection of recoil nuclei + e.m. radiation

A Conversion of particle into e.m. radiation

\a -

- ~o X-ra
- detection of g, X-rays, e M
n,.e_
A Interaction only on atomic A Interaction of light DMp (LDM) on e
electrons or nucleus with production of a

. =) lighter particle
- detection of e.m. radiation

>

e.g. signals
from these
candidates are
completely lost
in experiments
based on
Areject.i
procedur
the e.m.
component of

— - detection of electron/nucleus their rate
""" recoil energy k. vy k,
DMp o VL
)w e.g. sterile n7
. even WIMPs g T %
__A
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The annual modulationi:a medell indépendenttsignattre-fosthee
investigatiom off DMI particles component im 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

E _ Yo
Requirementss: rimcs ) —— &)@December
o~ 7

sun

1)Modulated rate according cosine A Vgyn ~ 232 km/s
(Sun vel in the

2)In low energy range ooy halo)
3)With a proper period (1 year) e R o= 30-KMIS
_ —= (Earth vel
4)With proper phase (about 2 June) o . arsund the
5)Just for single hit events in a multi - June ’{777/8 Sun)
detector set -up A g=p3,w=
6) With modulation amplitude in the Vi(t) = Vg, + V,,, COSQCOS [W(t-t)] e
region of maximal sensitivity must Aty =2 June

be <7% for usually adopted halo _dRrR (when v 4 is
distributions, but it can be larger in SlAM)] = nEdER @5, +S,cosit- t,)] ~ maximum)
DEy

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 be able to account for the
whole observed modulation amplitude, but also to satisfy contemporaneously all the requirements
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The pioneer DAMA/Nal:
~100 kg highly radiopure Nal(Tl)

g Nal(Tl) &
(Large sodium lodide Bulk for RAre processes)

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:

DAMA/LIBRA Nal(Tl) detectors: 232Th, PRD84(2011)055014,

22y and O ot lovel of 102/ S

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

» Results on rare processes:

o PEPv: EPJC62(2009)327,
arXiv1712.08082;
o CNC: EPJC72(2012)1920;

o IPP in 241 Am: EPJA49(2013)64

DAMA/LIBRA—phasel (7 annual cycles, 1.04 tonxyr) confirmed the
model-independent evidence of DM: reaching 9.3c0 C.L.




AMA/LIBRAphaSGZ JINST 7(20123009

Universed (2018)116
NPAE 192018)307
Bled W. in Phys.19 (2018) 27

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




,
DAMA/LIBRAphase?2 Universs (2016116 3
: NPAE 1$2018)207
Lowering software energy threshold below 2 keV: Bled W. in Phys.19 (2018) 27

wto study the nature of the particles and features of astrophysical, nuclear and particle physics
aspects, and to investigaté®order effects

wspecial data taking foother rare processes

—
>0.05
=z
S~
=1}
=
-a, 0 - h J_é_—é—L+ —é—_é_
\8/ I | i 11 1 | 11 1 | 11 1 | | | I_+—] I | I | I | I | I_?_I |
£ 0 2 4 6 8 10 12 14 16 18 20
Energy (keV)
o|S/E @ 59.5keV Meanvaie | PMTs contaminations:
O"? Phasel: 7. 5%(0 6% RMS) 226Rg 235 28R4 228Th 40K
- § ol Phase2 6. 7%(0 5% RMS) (Ba/kg) (mBg/kg)  (Bg/kg) (mBg/kg)  (Bglkg)
8__...‘0\..,'. . i
) 9 Mean 0.43 47 0.12 83 0.54
@/ P 3 - Contamination
6 Trat-——& 597 Standard 0.06 10 0.02 17 0.16
c i Deviation
i) ‘ T O : |
3 s : : :
o | 1 i DAMALIBRAphasel: 5.5¢ 7.5ph.e/keV
30 5 10 15 20 25 —
. DAMALIBRAphase2 6-10ph.e/keV
etector number —
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e "DAMA/LIBRA -phase?2 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 1l Oct. 8, 2012 & 242.5 60586 0.534
modules. Sept. 2, 2013
o \Y Sept. 8, 2013 & 242.5 73792 0.479
V Calibrations 6 a.c.: °
Sept. 1, 2014
%S X L0 event oy Vv Sept. 1, 2014 & 242.5 71180 0.486
ept. 1, : :
I EEES Sept. 9, 2015
V Acceptance window VI Sept. 10, 2015 & 242.5 67527 0.522
eff. 6 a.c.:°® 3.4x10° Aug. 24, 2016
events (°1.4x 10° il Sept. 7, 2016 & 242.5 75135 0.480
events/ keV) Sept. 25, 2017

Exposure first data release of DAMA/LIBRA -phase2: 1.13tonx yr /
- Exposure DAMA/ Nal+DAMA /LIBRA -phasel+phaseZ2: 2.46 tonx__r_r//




=DM modetindependent Annual Modulation Result

Experimentalresidualsof the singlehit scintillationeventsrate vstime andenergy DAMA/LIBRAbhase2(1.13ton3 yr)

Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

1-3 keV

006 | DAMALIBRA-phasdz-250 kg (113 ooy : : Absenceof modulatior? No
oot F % ;ﬁ Al1-3 keV:c2/dof=127/52Y P(A=0) 33 108
0.02 - : L - = 0 g
) ﬁ%q; %\My#ﬁ\¥%/ . H{ig{iﬂ h Q-G keV:c?/ dof—150/52\'( P(A=0) 231011
\/.f- . 1L -\ }\ 6 keV:c?/dof=116/52Y P(A=0) = 8107
S H Y it , %/ i
0.08 : IE;52|5(:: I 05|DD - 5?|5C| - ?ulDD - ?2|5C| - I?'5|DD — 77|50 - SDDD - 8250 Flton DAMA/LIBRﬂhasez
Time (day)
o 1-6 keV Acog- (t-ty)] ;
o -j—— DAMA/LIBRA-phass2~250kg (113tomyr)  — ; continuous lines: = 152.5d, T =1.00
-:},oz ﬁ %\ | /-%'{zti % %J m 1'3 keV
oo %ﬁ W ‘%ﬁﬁ” “?gy D™ P A=(0.0184 0.0023)cpdkg/keV
004 f_ ; : , : c¥dof=61.3/51 8.0s C.L.
-0.08 F I.62|5'2J — 65|00 - 6?|5(J — ?000 - ?250 = :?*'5|OC: — ?‘?lE:OII = It’r()UL" - II82|50I 1 6 keV
Time (day) i~
0.06 — | 2-6 keV , A=(0.010% 0.0011)cpdkg/keV
N — DAMA/LIBRA-phasé2 ~250 kg (1.13 tonxyr) ; ; e 9 53 C |_
oot g | | c?/dof = 50. . L.
C 2-6 keV

oo £ L ' A=(0.009% 0.0011)cpdkg/keV
e : 6?I§C : 653:: 6750 7000 7250 ;533 775:: SCEO“ :57]’53 l \\ CZ/dOf = 42.5/51 8-6 S C- L- /
Time (day)

The data of DAMA/LIBR#ase?2 favor the presence of a modulated behavior Wlth’
LINE LISNJ FSEHUdz2NBa a0 ddp [ Ol
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DM modelindependent Annual Modulation Result i

Experimentalesidualsof the singlehit scintillationeventsrate vstime and energy

DAMANal+DAMALIBRAphasel+DAMA/LIBR#hase2(2.46 ton3 yr)

2-6 keV
0.1 ;
— DAMA/NaI (0.29 tonxjry P DAMA/LIBRA_ph1 (1.04 fonxyr) +———> | € —T—DAMA/LIBRA_ph2 (1113 tonxyr) ————>
0.06

j\ I H«Jw%w%« ﬁ\ PN TN S SRS A NP
dhehdb-kdh st Ahdh St dh ik dndbabandh dhdi dh ek dusih

Residuals (cpd/kg/keV)

oo 24T Y P |
006 f i - 1
008 &1 || | ' | Lo S
0 UL SN N Y S S VS Y S S S SN U S [ ST N VRN IR N N RS NN SN YN N N N S SIS S SN ST S N VEN S SIS ST S '
1000 2000 3000 4000 5000 5000 7000 8000
Time (day)
/" Fiton DAMANaH DAMA/LIBRARL+
DAMA/LIBRAh2
Absenceof modulatior? No Acr?t?r; (t'to)]";n 5
06 keV:c2 dof=272.3/142Y P(A=0)=3.0 1010 e e el
2-6 keV
A=(0.0102 0.0008)cpdkg/keV

K c2/dof=113.8/138 12.8s C.L. /

The data of DAMAal+ DAMA/LIBRfhasel +DAMA/LIBR#hase?2 favor the presence
of a modulated behavior with proper features at 12.&.L.

—

/

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

DAMA/LIBRAph2

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

(1-3)keV | 0.0184: 0.0023 | 1.000@ 0.0010 153 7 | 8.0s

DAMA/LIBRAph2 | (1-6)keV | 0.010& 0.0011 | 0.999% 0.0008 148 6 | 9.6s

(26) keV |~ 0.0096: 0.0011  0.998% 0.0010 145 7 | 8.7s

gﬁmﬁggﬁgﬂy (2-6)keV | 0.0096& 0.0008  0.9987% 0.0008 145 5 & 12.0s
DAMA/Nal +

DAMALIBRAphL+ | (2-6)keV = 0.010% 0.0008 | 0.998% 0.0008 145 5 @ 12.9

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

total exposure 2.46ton3 yr

—

Bled 2019
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— Ratebehaviourabove 6keV \
oiNo Modulation above 6 keV DAMA/LIBRAphase2

2 oot 10-20 keV ~ Mod. Ampl (614 keV)cpdkg/keV
% A=(L@& 0.6) 10° cpdkg/keV (0.0032+ 0.0017)DAMA/LIBRAN2_ 2 2500 -
. 0.2 (0.0016+ 0.0017)DAMA/LIBRAh2_3
z (0.0024+ 0.0015)DAMA/LIBRAh2_4
g v « -(0.0004+ 0.0015)DAMA/LIBRAN2_5 2000 -
é_w DAMA/LIBRAphase2 (0.0001+ 0.0015)DAMA/LIBRAh2_6 -
(0.0015+ 0.0014)DAMA/LIBRAN2_7 5 1500 -
004 - statistically consistent with zero %
U300 400 s000 600 =
. Time (day) 1000 -
cNo modulation in the whole energy spectrum
studyingintegral rate at higher energy R 00
w Ry, percentage variations with respect to their mean values for single crystal >
w Fitting thebehaviourwith time, adding a term Period Mod. Ampl. \K
modulated \_/vith period and phase as eXpethgAMA/LIBR#phZ_Z (0.120.14)cpdkg (_)0'.‘1' e (‘) S— 0‘1
for DM particles: consistent with zero DAMA/LIBRAh2_3|-(0.08 0.14)cpdkg (R90 . <R90>)/<R90>

+ if a modulation present in the whole DAMA/LIBRAN2_4/ (0.070.15)cpdkg  * o 194, fully accounted by
energy spectrum at the level found inthe =~ DAMA/LIBRAh2_5|-(0.05°0.14)cpdkg  statistical considerations

lowest energy region Ry, ~ tenscpdkg DAMA/LIBRAh2_6| (0.030.13)cpdkg
- ~100°" far away DAMA/LIBRAh2_7(-(0.09 0.14)cpdkg

No modulation above &keV
This accounts for all sources of background and is

consistent with the studies on the various components/
A
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J—— _ .
DM modetlindependent Annual Modulation Result

DAMA/LIBRAhase2 {.13ton 3 yr)

A-0ZL AL S RA=l e =S SV U= GaF s akt= U= NI EIE= N
1-6 keV
T oo b A=(0.0004 0.0004)cpdkg/keV
g 0.01 F - : _
B, vy S %Hv v v Sngle hit residual rate (red)
73 oot £ @& ® — & I _ _VS :
% 0os b , Multiple hit residual rate
= | k I2%0I — I3é0I I Iil:55|OI — ‘4éOI II I4E|SOI II I5éO‘ e J5éOI — I6$OI II I650 (greerb
Time (day)
. AClI dulation in th
S F e : ear modulation in the
T oo [ A=(0.0002% 0.00040)cpdkg/keV s e e
g 0.01 £ L g ’
I S O e S : - = ANo modulation in the
R residual rate of the
g 002 £ multiple hit events
Time (day)

This result furthermore rules o@nyside effect either from hardware or fro
software procedures or from background

Bled 2019

DAMA Collaboration
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Theanalysisin frequency k

(accordingo PRD75 (2007) 013010

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

scintillationeventshavebeengroupedin 1 daybins

The whole power spectra up to tidyquist

Normalized Power
=) oe
[ Q

=
=l

20

frequency

(2-6) keV

90% C.L.

Normalized Power
~J
[ n

L
n

=

—
=
T

0 0.1 0.2 0.3 0.4 10.5
Frequency (d™)

_________________________ QQEJ/_O_Q_'I__L_______________(6__14)_w¥,

Frequency (d'l)

DAMANal+ DAMA/LIBRAph1+ph2) (2Gr)
total exposure 2.46ton3 yr

| i | Tl | l | | 1l | | i
MJMMMM. i Mul.l.ld“ UMLLMUIJE ‘Mlluh ML.‘] JLIMJ;.ML\JMIM uLL.;JHU.,LLMM‘um.L‘MJ.AJ-LJl...x“.JJ.Jiuuullulﬂ.uJu
0 0.1 0.2 0.3 0.4 0.5

Zoomaround the 1 ¥ “peak

2]
(=]

— (2-6) keV
.............. (6-14) keV

Normalized Power
(=)
>

Principal mode:
2.78103d1F W &

B
)
—

20

90% C.L.

0 VR AN LV AT T VA BYRY

0 0.002 0.004 0.006-0.008 0.1 0.012 0014
Frequency (d )

Green area: 9@ C.L. regiocalculated

taking into account the signal in-@ keV
. -

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

—
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mgy distribution of the modulation amplitudes k

Ma>!<-I|ke‘I|hooc!j‘ analzsus S i DAMA/Nal+ DAMA/LIBRAhasel
Yo Y YAIJQo o0)] VS

hereT=20/ n=1 yr andt,= 152.5day DAMA/LIBRAphase?2

> 0.05 |

v/ - DE = 0.%eVbhins

%00.025

ERIYSE
- B R S

£0.025 .2(6-20 keV)/ dof = 35.8/28 P-value=15%)
-0.05 - .2(6-20ke\)/dof =29.828 (P-value=37%

O 2 4 o6 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 2 828, 2 (2-20)keV .2/d.0.£=32.7/36  R=63%)
<=1 (FlC r2) K q 2) (2_6) keV .2/d.0.f=10.7/8 F(ZZZ%)

——
___ Bled 2019 DAMA Collaboration F. Cappella |
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Energy distribution of the modulation amplitudes

Max-likelihood analysis
YO Y Y AI[QOo 0)]
hereT=2p/ =1 yr andt,= 152.5day

\

DAMANal+ DAMA/LIBRAhasel
+ DAMA/LIBRAchase2(2.46ton3 yr)

> 0.05 -
20025 4y ..
I -

DE = 0.%eVbins

oy o0

" =
e v v

|
0O 2 4 6 8

10 12 14 16 18 20

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 tM
B

Bled 2019
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R S, for each annual cycle

<« DAMA/LIBRA-phasel — < DAMA/LIBRA-phase2 —>
(1.04 tonxyr) (1.13 tonxyr)

0-05 1-2keV; x¥dof=11.05 P =5.2% | DAMA/LIBRAphasel +
________________________________________________ *%% DAMA/LIBRAphase2
o [ to total exposure 2.46ton3 yr
- | | | | | | | | | | |
0.05 1 2-3keV; jfldof=4.7/12 P=97%
S — S T S S— by T : run test*
o [ | ! t Energy probability
- | | | | | | | | | | | | bin (keV)
> 005 | ks $/ dof = 14.812 P = 25% Lower | Upper
- i
T T e A S A bpbog| |12 | TO% | 70%
%‘ I R N N B S B I B 2-3 50% 73%
o " 45keV; yYdof=9412 P =67% 34 350, 350/
< = 0 0
i 7
o bt by 45 | 88% | 30%
[N N I N N SO NN Y AN BN AN RN SR N
0.05 I 5-6keV; yYdof=8812 P =72% 5-6 88% 30%
t *it verifies the hypothesis that th iti
S T R B A b L S A (Ial;gtlelfr?e meea>rllp\(/)aluees)lsandanegea'ltci)\c/)eSI ==
| | | | | | | | | | | | | | (under the mean value) data points are
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 randomly distributed

Annual Cycle

Thesignal is welldistributed overall the annual CycleW
_A
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25

20

15

10

detector ID

S, for each detector

(2-6) keV

y

i

Y424

i

i

//;%ﬁi%

—0—
——0—-

A

O

P -

0 001 0.02 0.03

S_, (cpd/kg/keV)

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

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

Shadedand= weightedaveragedy, 5 1’

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

Thesignal is welldistributed
over all the 25detectors

P

Bled 2019
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Stablility 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 fiké 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° 0.0039 -(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° 0.1

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° 0.1)

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 rW
A

Bled 2019

DAMA Collaboration
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AContributions to the total
ACounting rate in DAMA/LIBRA for
event s,

single-hit

| n ke bnergy(regioniinduged by:

U neutrons,

neutron flux at LNGS; =&, = & (1 + nrcosw (t — tx))
——=2 Ry = Rox (1 + nrcosw (t — t))

EPJC 74 (2014) 3196 (also EPJC 56 (2008) 333,

EPJC 72 (2012) 2064 ,IJMPA 28 (2013) 1330022)

0 muons, _
= . Modulation
U solar neutrinos. amplitudes
Source (I)E.Tkj e tk RU,F: Ak = RU,knk A;L/S:rfp
(neutrons cm~2 s~ 1) (cpd/kg/keV) (cpd/kg/keV)
thermal o 1.08 x 105 [15] =0 = <8x10° 2,7 8 <8x107 | <7x10°°
(1072 - 1071 eV) however < 0.1 [2, 7, §]
SLOW
neutrons epithermal n 2 x 1075 [15] ~0 - <3x107 2, 7, 8] < 3x107 < 0.03
(eV-keV) however < 0.1 [2, 7, §]
fission, (e, n) — n ~ 0.9 x 1077 [17] ~0 - <6 x 101 2, 7, 8] «6x107% | «5x107°
(1-10 MeV) however < 0.1 [2, 7, §
g — n from rock ~3x 107 0.0129 [23] end of June [23, 7, 8] | <« 7x107"  (see text and <« 9x 1078 <« 8x107*
FAST (> 10 MeV) (see text and ref. [12]) 2,7, 8])
neutrons
g — 1 from Pb shield ~6x 1079 0.0129 [23] end of June [23, 7, 8] | < 14 x 107* (seetext and <« 2x107% | < 1.6x10=*
(> 10 MeV) (see footnote 3) footnote 3)
v—o ~ 3 x 1071 (see text) 0.03342 * Jan. 4th * < 7x107° (see text) < 2x1078 < 2x10°*
(few MeV)
direct p &%) ~ 20 p m=2d-1 [20] 0.0129 [23] end of June [23, 7, 8] ~10°7 (2, 7, 8 ~107° ~ 107
direct v ‘19((}") =~ 6 x 1017 v cm—?s! [26] 0.03342 * Jan. 4th * ~10—° [31] 3 x 1077 3 x 1077

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

the energy spectrum, variation in the multiple hit events,... which were not observed.
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ary 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, IJIMPA28(2013)1330022,
EPJC74(2014)3196, IJIMPA31(2017)issue31, Universe4(2018)03009, Beld19,2(2018)27

Source

RADON

TEMPERATURE

NOISE

ENERGY SCALE
EFFICIENCIES
BACKGROUND

SIDE REACTIONS

Main comment

Sealed Cu box in HP Nitrogen atmosphere,
3-level of sealing, etc.

Installation is air conditioned+

detectors in Cu housings directly in contact
with multi -ton shield - huge heat capacity
+ T continuously recorded

Effective full noise rejection near threshold
Routine + intrinsic calibrations

Regularly measured by dedicated calibrations
No modulation above 6  keV;

no modulation in the (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
nnual modulation signature

Bled 2019
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WIMP-nucleon cross section [cm

1073
1040
10-4
10~%

10-5L

10-#
10~

problem of DM and comparisons?

S MS Soudan COME-ite
SuperCOME Soudan Low Threshald
YENON 10 82 2018) B
, ’ .4. 2l :.19 Low Threshold (2011) . 10_3
Loy WY . cocent
s 2 \ ‘\\ 8 @2 {1104
“% ¥ \\ \ ‘(‘\ < COMS Si
) = \\\ :\ - g
; N 10
107
1077
1078
q107°
a UL e er ""l‘ = -10
e Daﬂ‘ *|i 10
% T 10-—11
| (Blue oval) Extra dimensions XENON1T UPGRADE "" [
(Red circle) SUSY MSSM B Neutrino® 10
S M DS
A MSSM:Pure Higgsino " icand
@ MSSM:A funnel Wy = parmosPne 110-13
® MSSM: Bino-stop coannihilation
W MSSM: Bino:squark coannihilation DD SN NN, . e 10—14
1 10 100 1000 10
WIMP Mass [GeV/c?]

WIMP-nucleon cross section [pb]

No, | tThisisjusttatlargely arbitrary/partial/incorrect exercise
A
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About interpretations and comparisons \

See e.g.: Riv.N.Cim.26 n.1(2003)1, IJMPD13(2004)2127, EPJC47(2006)263,
IIMPA21(2006)1445, EPJC56(2008)333, PRD84(2011)055014,

IIMPA28(2013)1330022
éand experi ment al
A Exposures
A Energy threshold
, d | 7 A Detector response ( phe /keV)
€emo € S € A Energy scale and energy resolution
A Which particle? A Calibrations
A Which interaction coupling? A Stability of all the operating conditions
A Which Form I_:agtors for each A Selections of detectors and of data.
target -material’ A Subtraction/rejection procedures and
A Which Spin Factor? stability in time of all the selected windows
A Which nuclear model framework? and related quantities
A Which scaling law? A Efficiencies
A Which halo model, profile and A Definition of fiducial volume and non -
related parameters? uniformity
A Streams? A Quenching factors, chan
7 A é
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 . Thuscomparisons with a fixed set of
assumptions and p a r a me tvauessabe intrinsically strongly uncertain .

No experiment can be directly compared in model independen',
A

way with DAMA
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_—=""" Model-independent eviilznce 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 LSB in various SUSY theories

mous kinds of WIMP candidates with
several different kind of interactions
Pure SI, pure SD, mixed + Migdal effect
+channeling,... (from low to high mass)

a heavy v of the 4-th family

Pseudoscalar, scalar or
mixed light bosons with

WIMP with prefesred inelastic scattering axion-lfke interactions
‘ MiW atter ‘ Light Qark Matt¢r /
(

/ — _
If integact k Matt
Dark Matter (including eﬁqm\s SMrile-neutping= /§éf m/e%:c mg/Par' atter
for WIMP) electron-interact S = 7 2 e
h. : ea otic cgnditates, a

Elementary Black holes - s
Kaluza Klein particles

such as the Daemons
A
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Model-independent evidlemnee by
DAMA/Nal and DAMA/LIBRA-phi, -ph2

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

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

o @ scenarios
(o]
~ 0.06
Z . 50 GeV 15 GeV
i 0.04 L Evansdlogarithmic Isothermal sphere
< 0.02% (channeling)
@ 0 - g AM+_5_++ et -v-+-¢--v-'°'+ e ; e . 4 e ST U ey
T I N EhanrRRA NARTRRAARAhANRARTIRN
v 0O 2 4 o6 8 10 12 14 16 18 20 ot 0O 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
~ 0.06 ~ 0.06
oo b 65 GeV % d 20 GeV
S0 E v a nogadithmic < 0.04 Ev a pawer law
3 0.0Z—JM < 0.02- (channeling)
@ 0 < " A+_,_+-¢-+++ _v__¢_+_v__ﬂ__¢_L—0— "y o b \% 0 : - T S
Pl L \ | | N Pl il
2 0O 2 4 6 8 10 12 14 16 18 20 w 0O 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
-y 0-06 o~ 0.06 F gr 1
> LDM with coherent > 0.04 - LDM with m =0 GeV
ﬁa scattering on nuclei ﬁ : (G=m,)
= < 0.02s ek
2 gl _— B gt S .
2 0O 2 4 6 8 10 12 14 16 18 20 2 0 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
— R e
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Model-dependent analyses for some DM candidates

| Including DAMA/LIBRA/phase?2

U A large (but not exhaustive) class of halo models
IS considered,;
Class A: spherical pgm, isotropic velocity dispersion
. : : : A0 | Isothermal Sphere
U Local velocity, in the range [170,270] km/s; A1 | Prans logartthmie -
By [ ) A2 | Evans' power-law R.=16 kpe, =07
U Halo denS|tny in the range. A3 | Evans’ power-law R.=2kpe, 3=-0.1
; A4 | Jaffe a=1, =4,v=2 a=160 kpc
A[0.17, 0.67] GeV/chfor vy=170 km/s A5 | NFW a=1,8=3v=1a=20kpc
A A6 | Moore et al. ao=15 =3 v7=15 a=28 kpc
A [029, 111] GeV/crfor Vo= 220km/s A7 | Kravtsov et al. a=2 =3, v=04,a=10kpc
- Class B: spherical pgp,. non—isotropic velocity dispersion
A[0.45, 1.68)GeV/cnt for vy = 270km/s (Osipkov-Merrit, fo = 0.4)
: B1 | Ewvans' logarithmic R, =15 kpe
dependlngon the halomodel B2 | Evans’ power-law R: =16 kpe, 3 =0.7
B3 | Evans’ power-law RB.=2kpe, A=-0.1
- = B4 | Jaffe a=1, =4,v=2 a=160 kpc
u Vesc_— 550|_<m/8 . _ Bs | NFW a=13=3,v=1,a=20kpc
no sizabledifferences ifvs.in the range [550, 650]km/s | B6 | Moore et al. a=15 =3 v=15a=28kpc
B7 | Kravtsov et al. =2 3=3 v=04, a=10kpc
. : ; : Ik Class C: Axisymmetric pgm
And for DM candidates inducing nuclear recoils| e o ——
: ; C2 | Evans' logarithmic R.=5kpe, g=1/v2
0 constants _quenchmg factorg,f., withrespect| | - oot 16 kme w005 5 00
to the recaoill energy, E C4 | Evans’ power-law Re=2kpe, g=1/v/2, 3= 0.1
: _ Class D: Triaxial pgy (q=0.8, p=0.9)
(0] Varylngq.f. asa function of E [AStI’.PhyS.3340 D1 | Earth on maj. axis, rad. anis. 5= —1.78
: D2 | Earth on maj. axis, tang. anis. 6 =16
(2010]’ D3 | Earth on interm. axis, rad. anis. d=—1.78
0 Channe”n@ﬁect [EPJ(53, 205 (200)3 D4 | Earth on interm. axis, tang. anis. 6 =16
o Three different sets of values for the nuclear
form factor and quenching factor parameters A
B
Bled 2019 DAMA Collaboration E. Cappella
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Model-dependent analyses: the analysis procedure

| Including DAMA/LIBRA/phase2 |

The allowed regions in the parameters' space of each considered scenario are derived by
comparing, for each k-th energy bin of 1keV:

A Y ,the measured DM annual modulation amplitude with

A Y — the theoretical expectation in each considered framework ( —are the free
h P
parameters of the model)

A cautious prior on Yy (the un-modulated part of the expected signal) is worked out from
the measured counting rate in the cumulative energy  spectrum:

(“Yﬁ Y (—5) (“Yﬁ =i (—5)

ﬁ e : ”

fECEE )

¢

w... (= ... ...,where ... isthe ¢? calculated in absence of signal, is used to determine
the allowed intervals of the model parameters  at 10s from the null signal hypothesis

R
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Model-dependent analyses .

DM particles elastically interacting with target nuclei - Sl interaction
| Including DAMA/LIBRA/phase2 |

The point -like Sl cross section of DM patrticles scattering  off nucleus (A,2):

q&e o, efrHEE Be Y]

where f ,f, are the effective DM particle couplings to protons and neutrons

. =
if £, Q & E"fﬁh;”;: qy +
>m

Sg, Sl point -like DM -nucleon cross section

X fractional amount of local density in terms 4
of the considered DM candidate

X § VS Mpy

-6
1.Constantsg.f. ﬁ 10 -

2.Varyingq.f.(E) Al R

3.With channelingeffect 10 -
Allowed DAMA regions: o . ;
Domains where the likelihood -function values 1 10 10
differ more than 10 s from absence of signal m;,,, (GeV) l
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p——

Model-dependent analyses

DM particles elastically interacting
with target nuclei

Sl -1V interaction
| Including DAMA/LIBRA/phase2 |

Case of isospin violating SI coupling:

fpb fn

Qe o, efirHEE Be )

fo/T, vs mpy
marginalizing on x §

1.Constantsg.f.

2.Varyingq.f.()
3.With channelingeffect

Allowed DAMA regions for
AO (isothermal sphere), B1, C1, D3
halo models (top to bottom)

10
Mg, (GeV)

1.D__ 1

1 .5= L.,

Fi

-10

10
Mg, (GeV)

10
Mgy, (GeV)

10
Mgy, (GeV)

10
Mgy, (GeV)

Ml
10
My, (GeV}

10
My, (GeV}

10
Mg, (GeV)
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, 1.5 Tl | 1.5F 1.5F
T+ E 14 1 f
Model-dependent analyses | |
DM particles elastically interacting o &S R0
with target nuclei og e R | oo o5
SI -1V interaction _1_11_ B _11 ] 1o _:_
| Including DAMA/LIBRA/phase2 | o mibe “’; L mlbe © |
1: —14 1: 14 -|E
Case of isospin violating SI coupling: o4 ogf 05
f f S“ 0;_ 12 S‘ 0;_ 12 E“ 0;_
P> n 0§ " i —05[ —0.5-
_1:— a _15_ _15_

Qe o, e DL B D] o S :

I - S———
1

BT

U Twobands at low mass arat highermass;

f / f VS m U Good fit for lowmass DM candidatest f/f,° -53/74 =

e U DM =-0.72 (signal mostlgue to2Narecoils).

marginalizing on x g ( Contrary to what was stated in REPLB789,262(2019),
JCAPQ07,016(2018), JCAPO05,074(20&}e the low
1. f L> . .

Cons.tantsq mass DM candidates were disfavored figf, = 1 by
2.Varyingq.f.(E) DAMA data, the inclusion of the uncertainties related tg
3.With channelingeffect halo modelsguenching factors, channeling effect,

nuclear form factors, etc., can also support low mass D
Allowed DAMA regions for candidates either including or not the channeling effect.
A0 (isothermal sphere), B1, C1, D3 T - 1 ﬂ" 1 -:
halo models (top to bottom) N B N L e ] 3
M 10 10° e 10 10° ™ 10
Mgy, (GEV) Mg,y (GEV) Mg, (GEV)
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Model-dependent analyses

DM particles elastically interacting with target nuclei

| Including DAMA/LIBRA/phase2 |

Possible only for target nuclei with spin, O

- purely SD interaction

A further parameter, g, is needed:
G e
O A+ (b,—h —E It

a, and a, are the effective DM -nucleon
coupling strengths for SD interactions

Slices at fixed ¢ values of the 3-dim
allowed volume (x 8y, g, Mpy)

g=0 ¥ aF0.a, 0 or |aj>>la,
g=p 4 Y a=a,;

q=pl2 Y 2,=0,a, 0 or |a|>>|ay;
q=2.435radY a;/a,=0.85 purez, coupling

Eogp, (pb)

]
10 10

B=mn2

gt £
1.Constantsg.f. ﬁ i: P
2.Varyingq.f.(E) o 5
3.With channelingeffect 1 m_(GeV) B
Bled 2019 DAMA Collaboration i

Eogp (pb)

Eosp (Pb)

10 10
my,, (GeV)

e
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Model-dependent analyses

DM particles elastically interacting
with target nuclei

Mixed S| -SD interaction

| Including DAMA/LIBRA/phase2 |

Slices of the 4-dim allowed volume

(X §, X &b G Mpy)

1.Constantsg.f.
2.Varyingq.f.(E)

3.With channelingeffect

s

Effect induced by the inclusion of a SD
component on allowed regions in the plane

005 GeV

010 GeV

015 GeV

020 GeV

060 GeV

100 GeV

X 8 VS Mpy B1 halo model GS":g:: J
4 v,=170 km/s fam Lok |
0+, 0=0.42 GeV/cm? Os0 = 004 pb 10
o Gy = 0.05 pb
= 0.06 pb
5 q.f.(Ed o
B . =0.08 pb
= 10 cSl) P
&
o -6
w10
-7
10
10 102
m,,, (GeV)
Bled 2019 DAMA Collaboration
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Model-dependent analyses

DM particles elastically interacting
with target nuclei

Mixed Sl -SD interaction
| Including DAMA/LIBRA/phase2 |

Slices of the 4-dim allowed volume

(X &, X 8. g Mpw) :>
1.Constantsg.f.

2.Varyingq.f.(E)

3.With channelingeffect

Effect induced by the inclusion of a SD
component on allowed regions in the plane

X § VS Mpy B1 halo model Gs”fg:;; b
10 -4 V0:170 km/S GSD : 0.04 pb
ro=0.42 GeV/cm3 z‘“’ =005 :;b
q=0 Sp~— 7
i Ggp = 0.06 pb
oS A& Ggp = 0.08 pb

10 10

2

005 GeV

010 GeV

015 GeV

3 2 I
10 | : :

u Even aelatively small SD (SI) contribution can drastica
change the allowedegion inthe (mpy, X §sp) ) Plane

U The modeldependent comparisoplots between
exclusion limits at a given C.L. and regionallofved
parameterspace do not hold e.g. for mixed scenarios
when comparingxperiments withand without
sensitivity to the SD component of the interaction.

U The same happenshen comparing regions allowed by
experiments whose targetucleihave unpairegroton
with exclusion plots quoted by experiments ustagget-
nuclei withunpaired neutron when the SD component ¢
the interaction wouldcorrespondeithertoq Dorq ° p

C

B —
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- Model-dependent analyses i

Inelastic DM in the scenario of Smith and Weiner [Phys. Rev. D 64, 043502 (2001 )]
| Including DAMA/LIBRA/phase2 |

W+N->W+N
- W has 2 mass states c+ , c- with d mass splitting
- Kinematical constraint for the inelastic scattering of c- on a nucleus (m c-nucleus reduced mass)

1 5 z 2d U Higher mass target -nuclei are favourites
-m2dlU v2y, = |— ﬁ :
2 LIS =r7 i Enhanced S, with respectto S,

Slices of the 3 -dim
allowed volume

(X § Mpy, d

1. Constantg.f.
2. Varyingq.f.(&)

30 GeV

I
wn
(—]
(]
&
<

70 GeV 110 GeV|

> -

3. With channelingeffect £
10 %
! i ﬁ" SOO.GeV—_ &J lllTeV
4| L
104; L

Including
new allow

7\ - | - N N |\|\\
0 100 200 300 100 200 300
o(keV)
| Bled 2019 DAMA Collaboration : F. Cappella
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Model-dependent analyses

Inelastic DM in the scenario of Smith and Weiner [Phys. Rev. D 64, 043502 (2001 )]

| Including DAMA/LIBRA/phase?2

W+N-->W'+N
- W has 2 mass states c+, c- with d mass splitting

- Kinematical constraint for the inelastic scattering of c- on a nucleus (m c-nucleus reduced mass)

1 5 z 2d U Higher mass target -nuclei are favourites
-m2dlU v2y, = |— Z} :
2 "y m i Enhanced S, with respectto S,

- Slices of the 3 -dim

30 Gev /] s0Gev allowed volume
(X § Mpy, 9
i 1. Constantgg.f.
70 GeV 110 GeV 2. Varyingq.f.(Ey)
¥ e g S— 3. With channelingeffect

Including Th
new allowed

30 GeV - 50 GeV

7

110 GeV|

70 GeV

10

U New regions withx $>1 pband
d>100keVare allowed by DAMA
after the inclusiorof the inelastic
scatteringoff Thalliumnuclei.

U Suchregions are not fully
accessible taletectors with
target nuclei having mass lower

than Thallium
@

A DAMA Collaboration
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Model-dependent analyses
Light Dark Matter

Elastic scattering of LDM (sieV mass) particles both off electrons and

Including
DAMA/LIBRA/phase?2

off nuclei yields energy releases hardly detectable by the detectors

Investigation on the direct detection of LDM candidate particles by
considering inelastic scattering channels on the electron or on the nucleugnd can escape the detector

k*“ Vi Ky
L
b Z
n_is neutral, weakly interacting

10 my =40 keV

7
10 |
8

my = 50 keV

m,, = 100 keV

-5
10 '
-6

—_—
"E_ 10 “ my; = 500 keV my =1 MeV my, =5 MeV
-
o
=5
UE 10
ap
I
10
K
10
af my =10 MeV my, = 30 MeV my, = 100 MeV

1 10 1

10 1

A= my -my (keV)
Electron interacting LDM in the fetens-keV sub-MeV
range allowed by DAMA can be of interest, e.g., in the
models of WDM patrticles (e.g. weakly sterile neutrino

Electron interacting LDM

Examples of slices of thedsm allowed volumert,, , ,,
and their projectioron the plane iy, D)

, D)

0

1 N P — TREP——
10wt 10’
my; (keV)
m>m, (blue) interesting for the
annihilation processes

33,V ed, 33VYeed, 33,Yed 33Yed

in the galactic centre

10’

(M5

Nucleus interacting LDM

Example of slices (coherent case) of the 3-dim allowed volume
, D) and their projectioon the planerty,, D)

- e e
= = = =

10
10

my =10 MeV |

my =20 MeV |

3 F
r g r

my; =30 MeV

Y

S_10
10

-
=

-
=

my, = 100 MeV
!

my, =200 MeV

R T R T I Y

e e e
o o o o o

-
=

10’

w 1w 1w
A=my -m, (keV)

1. Constantsg.f.
2. Varyingq.f.(Ey)
3. With channelingeffect

Two volumes from inter. on:
w | (largerD at m, fixed)

w Na (smalleD at m,, fixed)

o
=2
<107

104

10°

102

Case of constantg.f
10! 0’ 10°
my, (keV)

IfY cd& (blue):
07 QQ allowed
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S Other model -dependent analyses

DM particles with preferred electron interaction
They offer a possible source of the 511 keV photons observed from th
galactic bulge

,» . DM particle cross
section on erest

DM candidate particles witmass®
few GeV can interact on bound
electronswith p° few MeV/c and

Allowed region at 8s

rovidesignals in thé&keV region
from the null hypothesis P

Mirror Dark Matter

| Including DAMA/LIBRA/phase2 |

Asymmetric mirror matter: mirror parity spontaneously brokén

mirror sector becomes a heavier and deformed copy of ordinary sector

A Interaction portal: photon mirror
photon kinetic mixing

A mirror atom scattering of the

Bled 2019

ordinary target nuclei in th&lalTl)
detectors of DAMA/LIBRA sap
with the Rutherfordlike cross
sections.

Allowedv a | u e § lfthe r
case of mirror hydrogen

coupling const. and at om, ZNj=

fraction of mirror atom
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