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Relic DM particles from primordial Universe

@Y axion-like (light pseudoscalar \

.(as ne.utralmo or §neutrmo and scalar candidate)
in various scenarios) Acca
the sneutrino in the Smith /j __————— self-interacting dark matter i

and Weiner scenario . Acan demonstrate the existence of some
/\Kaluza—}(lein particles (LKK) pOSS|bIe DM candidates

sterile v f
4 Msavy exotic canditates, as Acannot credit that a certain particle is the

electron interacting dark matte _
h family EO Dark Matter solution
Elewentary Black holes, Mat t er p ar t | C I e s o I Ut

Planckian objects, Daemons

a heavy v of the 4-th family

even a suitable particle not

yet foreseen by theories invisible axions, v's
_ _ fC. + DM candidates and scenarios exist on
multi -component non -baryonic DM? which accelerators cannot give any

n 0N

5 on nuclei « Inelastic Dark Matter: W + N — W* +

ection of nuclear recoil energy — W has 2 mass states x+, x- with &
DMp bt mass splitting
/ 5 S1
il — Kinematical constraint for the inelastic
4 Bolometer: o
oMpl _, / ///’ Tc0,, Ge, CaWO,, scattering of x- on a nucleus
3 ‘ A .
Y i % w25 onay DM direct detection method
¢,CaF,(Eu), ... Y

<: using a model independent
approach and a low -background

» Excitation of bound electrons in scatterings on nuclei

i A . . e.g. signals | X9 :
— detection of recoil nuclei + e.m. radiation from theeh Wlde|y -sensitive target materlal
candidates are
onversion of particle into e.m. radiation EEEE— completely lost
' _ —ars PR in experiments
detection of y, X-rays, e v basedl
- “rejection
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r;(t:;;?gﬂgn R 2tomic e or nucleus wﬁh prodpuction ofa thelels The annua| mOd Ulatlon

. - component of . .
» detection of em. radiation I their rate a model independent signature

I — detection of electron/nucleus

______ recoil energy &, _v, K, for the investigation of DM

e.g. sterile v >< particles component in the
b e / galactic halo

... also other ideas ...




The annual modulationi:a modell indépendentitsignature:-fosthe:
investigatiom off DM/particlesscamponent inthecgalacticchialon

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

304
/))/ Dec/ember

N A Veun ~ 232 km/s
(Sun vel in the
' halo)

/ /
A vop =30 km/s

y " (Earth vel
- around the
Y Sun)

Requirements:

1) Modulated rate according cosine l
2)In low energy range
3) With a proper period (1 year) -
4) With proper phase (about 2 June) J/une 304./})
S

5)Just for single hit events in a multi - A g=p/3, w=
detector set -up : . 2p/T, T =1 year
Vi(t) = Vg + Vo, COSQCOS[ W(t-
6) With modulation amplitude in the AD = Vun + Vo €OSQeOS[ W(t-to)] A to=2n June
region of maximal sensitivity must P | (when v 4 is
be <7% for usually adopted halo S[A)] = nE dE; @5 +S, cosmt - t,)]  maximum)
DEy

distributions, but it can be larger in

case of some possible scenarios e : - .
P the DM annual modulation signature has a different origin and peculiarities

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

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




Annual modulation in DAMA

AThe pioneer DAMANal: ©100 kg highly radiopual(Tl)

Performances: N.Cim.A112(1999)54& 5 EPJC18(2000)283
Riv.N.Cim.26 n. 1(2003}B, IJMPD13(2004)2127 3

Results on rare processes: PLB408(1997)439, PRC60(1999)065501, PLB460(1999)235, PL8515(206,
EPJdirecC14(2002)1, EPJA23(2005)7, EPJA24(2005)51

Results on DM particles: PLB389(1996)757, N.Cim.A112(1999)1541, PRL83(1999)4918

Riv.N.Cim.26 n.1 (2003)1, IIMPD13(2004)2127, IJMPA21(2006)1445,
EPJC47(2006)263, IJMPA22(2007)3155, EPJC53(2008)205,
PRD77(2008)023506PLA23(2008)2125

Data taking completed on July 20

AThe DAMA/LIBRA °© 250 kgNal(Tl) (Large sodiurtodideBulk for RAre processes)

AAs a result of a&2generation R&D for more radiopiNal(Tl) by exploiting
new chemical/physical ragparification techniques (all operations invokving
including photosin HP Nitrogen atmosphere)

AResidual contaminations in the new DAMA/LIBR&I(TI) detectors32Th,
23qJ and*K at level of 1&°g/g

- Performances: NIMA592(2008)297, JINST 7(2012)03009
DAMA/LIBRA dphasel.:
- Results on rare processesrics2(2009)327, EPJIC72(2012)EI20A49(2013)64

- Results on DM particles: PRD84(2011)055014, EPJC72(2012)2064, IIMPA28 (2013)13
EPJC74(2014)2827, EPJC74(2014)BFIE75 (2015) 239,
EPJC75(2015)400, IIMPA31(2016), EPJC77(2017)83

- Results on Annual Modulatioreprics6(2008)333, EPJC67(2010)39, EPIC73(2013)26

Data taking completed on July 2010




JINST 7(2012)03009

DAM A/LI B RAphasez Universe4 (2018) 116
NPAE 19 (2018) 307

Bled19 (2018) 27
NPAE 20(4) (2019) 317

‘ PPNP114(2020)103810
NPAE 22(2021) 329

' @)
Goal: software energy La® A
at 1 keV —accorl o€ «° WO

E& (O) eo
SIS

Q.E. of the new PMTs:
33 —39% @ 420 nm
36 —44% @ peak




DAMA/LIBRA-phase2 data taking
Upgrade at end of 2010: all PMTs replaced with new ones of higher Q.E.

Energy resolution @ 60 keV mean value:

prev. PMTs 7.5% (0.6% RMS)
new HQE PMTs 6.7% (0.5% RMS)

+ also analyzed with 0.75 keV energy threshold, see later

Dec 23, 2010 — Sept. 9, 2011 commissioning
V Fall 2012: new
i 1 Nov. 2, 2011 — Sept. 11,2012 242.5 62917 0.519
preamplifiers installed
+ special trigger 2 Oct. 8, 2012 — Sept. 2, 2013 242.5 60586 0.534
modules. 3 Sept. 8,2013 — Sept. 1,2014 2425 73792 0.479
N liErations 8ac: © 16 4 Sept. 1, 2014 — Sept. 9, 2015 242.5 71180 0.486
x 108 events from 5 Sept. 10, 2015 — Aug. 24,2016 242.5 67527 0.522
sources
6 Sept. 7, 2016 — Sept. 25,2017  242.5 75135 0.480
V' Acceptance window eff. 7 Sept. 25,2017 — Aug, 20,2018 2425 68759 0.557
8a.c:? 4.2x 10°
8 Aug. 24, 2018 — Oct. 3, 2019 242.5 77213 0.446

events (° 1.7 x 10°

events/keV) (J) 1 ) 8
Exposure of DAMA/LIBRA-phase2 with the annual cycles released so far: 1.53 ton x yr
Exposure DAMA/Nal+DAMA/LIBRA-phasel+phase2: 2.86 ton x yr



DM model -independent Annual Modulation Result
DAMA/LIBRA -phase2 (1.53ton 3 yr)

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

1-6 keV
DAMA/LIBRA-phase2 =250 kg (1.53 tonxyr)

Residuals (cpd/kg/keV)

Time (day)

/" Fit on DAMA/LIBRA -phase2 N\
Absence of modulation ? No Acos[. (t-tg)];to=1525d, T=1.00 vy

c2/ dof = 202/69 (1 -6 keV) 1-6 keV
A=(0.01048 £0.00090) cpd/kg/keV

c?/dof =66.2/68 11.6 s C.L.

-

The data of DAMA/LIBRA -phase2 favor the presence of a modulated
behavior with proper features at 11.6 ~ C.L.



DM model -independent Annual Modulation Result

experimental residuals of the single-hit scintillation events rate vs time and energy
DAMA/Nal+DAMA/LIBRA -phasel+DAMA/LIBRA -phase2 (2.86 ton 3 yr)

2-6 keV

Acos/. (t- z‘O)]

— 0 — ——— : —
- "—|—|— DﬂLMNaIlM?wnm! —_— | 4.—|— DMLMRA_LPhLIIQ-’me — | IPMM»LIBRA_ph”ﬂl '1;3 tlmxm . Y >
Z 008 oy | o [ T T | | I [ I [ | I |
T 0.08 i o : 1 | : I e | : | : | : | : 1 : [ T | ' | ' 1 ' | | | 1 |
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= —-00z H .% o | S T Y N A A < N I G O S A S TR AN S N N B E A [ T | I |
E —0.04 B ! Lo ,}: I I [ T e - I S N A IR I I I I I I I
: " [ T F | | | I e 1 | h [ | | 1 | | | 1 |
,-:qz —0.06 [ o L e I I 2-6 'kev I I 1 I I I 1 I
| | [ I e 1 [ T | | 1 | | | 1 |
—0.08 [ T A | [ I - e e N | [ I [ 1 |
—0.1 1l R 1 Ll 1l Lo [ I I L 1 ; 1 I B B M | | T I [N | [N N
1000 2000 3000 4000 5000 G000 7000 8000 9000
7 Time (day)

Absence of modulation? No

c?/dof=311/156 ¥ P(A=0)=2.3 3102

A=(0.00996

2 =
\C / dof =130/155

+ 0.00074) cpd/kg/keV
13.4 s C.L.

continuous lines:t ,=1525d, T=1.00 vy

DAMA/Nal (0.29 ton x yr)
DAMA/LIBRA -phl (1.04 ton x yr)
DAMA/LIBRA -ph2 (1.53 ton x yr)

total exposure =

2.86 ton 3yr

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

The data of DAMA/ Nal +
DAMA/LIBRA -phasel
+DAMA/LIBRA -phase2
favour the presence of a
modulated behaviour with
proper features at 13.7
C L,

AE A(cpd/kg/keV) T=2n/w (yr) t, (day) C.L

(1-3) keV 0.0191+0.0020 0.99952+0.00080 149.6*5.9 9.6c
DAMA/LIBRA-ph2 (1-6) keV 0.01058=+0.00090  0.99882+0.00065 | 144.5+5.1 11.80

(2-6) keV 0.00954+0.00076 | 0.99836+0.00075 | 141.1+5.9 12.60
DAMA/LIBRA-phl +

- =+ + =+

DAMA/LIBRA-ph2 (2-6) keV 0.00959+0.00076 | 0.99835+0.00069 | 142.0*+4.5 12.60
DAMA/Nal +
DAMA/LIBRA-phl + (2-6) keV 0.01014+0.00074 | 0.99834+0.00067 | 142.4+4.2 13.7c
DAMA/LIBRA-ph2




Examples of consistencyRatebehaviouabove 6 keV

ANo Modulation above 6 keV

=
o
E

A=(0.7+ 0.5) 1€ cpd/kg/keV

Residuals (cpd/kg/keV)
=]
=

B2y Mod. Ampl. (614 keV)cpdkg/keV

(0.0032 0.0017DAMA/LIBRA -ph2_2
(0.0016= 0.0017DAMA/LIBRA -ph2_3
(0.0024= 0.0015DAMA/LIBRA -ph2_4
-(0.0004: 0.0015PAMA/LIBRA -ph2_5
(0.000% 0.0015PAMA/LIBRA -ph2_6

3500 -

3000 -

2500

a0 DAMA/LIBRA -phase2 (0.0015% 0.0014DAMA/LIBRA -ph2_7 &
-(0.0005% 0.0013DAMA/LIBRA -ph2_8 %2000‘
004 (0.000% 0.0014DAMA/LIBRA-ph2 9 &
00 400 500 TimeG(‘l:’ay) - statistically consistent with zero 1500 -
ANo modulation in the whole energy spectrum:
studying integral rate at higher energy, R 1000 -
A Ry, percentage variations with respect to their Period Mod. Ampl. 500
D e S G I DAMA/LIBRA -ph2_2| (0.2.14)cpdkg
N R | DAMA/LIBRA -ph2_3|-(0.080.14)cpdkg ./ &
A Fitting the behaviour with time, adding a DAMA/LIBRA -ph2_4| (0.00.15)cpdkg 90.1 0 0.1

term modulated with period and phase as  paMA/LIBRA -ph2_5
expected for DM particles: DAMAV/LIBRA -ph2_6

consistent with zero DAMA/LIBRA -ph2_7
+ if a modulation present in the whole energy DAMA/LIBRA -ph2_8
spectrum at the level found in the lowest energigamA/LIBRA -ph2_9
region- Ry,~tenscpd/kg - ~100Dfar away B

-(0.030.14)cpdkg
(0.03.13)cpdkg
-(0.09 0.14)cpdkg
-(0.180.13)cpdkg
(0.08).14)cpdkg

DAMA/LIBRA -phase2

Ry - <Ry>)/<Ryy>

DZ 1%, fully accounted by
statistical considerations

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




DM modelindependent Annual Modulation Result

DAMA/LIBRAhase2 (&.c, 1.53 ton3 yr) I\/Iult|ple hits events = Dark Matter particle
- | 1-6 keV 5a0A00KSR 2F7F¢

% A=(0.00030=0.00032) cpd/kg/keV

N S B o o B — = Single hit residual rate (redsMultiple hit
Fool T Y e v residual rate (green

| A Clear modulation in the single hit events
mme@s A No modulation in the residual rate of the
multiple hit events

2-6 keV

A=(0.00025:0.00034) cpd/kg/keV

P e o et
g . F e . |
s = Zoom around the 1y peak
| s : ok
This result offers an additional strong support for the = A [ — (6-14) keV
presence of DM particles in the galactic halo further S
excluding any side effect either from hardware or E 60
from software procedures or from background z Principal mode:
. 9 2.74x103d1=1 yt
The analysis Iin frequency

DAMANal+ DAMA/LIBRAph1+ph2) (23r) 90% C.L.

total exposure: 2.86on3 yr

0002 0.004" 0,006 0.008 " .00 D012 0014
. . Frequency (d'l)
Clear annual modulation in -(Q) keV + Green area: 90% C.L. region calculated taking

only aliasing peaks far from signal region into account the signal in (2-6) keV




Energy distribution of the modulation amplitudes

Maxlikelihood analysis . DAMANal+ DAMA/LIBRAhase1l
Rt)=S +S, cos@n(t - tO)H + DAMA/LIBRAphase2(2.86ton3 yr)

here T=20/ w=1 yr andt,= 152.5day

> 0.05
= - DE = 0.5 keV bins
O :
£0.025 -
0 i
-0.05

O 2 4 6 8 10 12 14 16 18 20
Energy (keV)

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

A TheS, values in the (614) keV energy interval have random fluctuations around zero wfith
equal to 20.3 for 16 degrees of freedom (upper tail probability 21%).

AIn (6520) keVc? dof = 42.2/28 (upper tail probability 4%6).K S 2 6 fivklve ys $afer large due
mainly to two data points, whose centroids are at 16.75 and 18eR5far away from the (46) keVenergy
interval. The Rralues obtained by excluding only the first and either the points are 14% and 23%.



detector ID

S, (cpd/kg/keV)

(2-6) ke S, for each detector
25 DAMA/LIBR#Ahasel DAMA/LIBRAhase2
2 total exposure 2.57ton3 yr
| S, in (2-6) keV for each of the 25 detectors (&rror)
15 \. Shaded band = weighted averaggds 1'
10 A.2/dof=38.2/24d.0f  (P=3.3%)
& Aremoving C19 and C2® dof =22.1/22d.0.
S I
: —o—
0 001 002 003 :
S_ (cpd/kgkeY) External vs internal detectors
0.04 - A external
Fo ¥ internal
0.02 - ’:H;t_,_
0 57 _%_‘-ﬁ-j;ﬁﬁn'?'_i_-&fa i ;_.1__;_'i:4:+—'i'7h;&ff::iz‘i'i =

0.02 - AE=0.5 keV

o b by by by

=F :’:_’g_?#i-' T N T —*——f— 1 +

1-4 keV c?dof=1.9/6
1-10 keV c?/dof =7.6/18

0 2 4 6 8

10 12 14 16 18 20 190 keV c?/dof =36.1/38
Energy (keV)

AThe signal is rather well distributed over all the 25 detectors
ANo difference betweerxt and int detectors



Few comments on analysis procedure in DAMA/LIBRA

AData taking of each annual cycle starts before the expectednum (Dec) of the
DM signal and ends after its expectedximum (June) arXiv:2209.00882

AThus, assuming@onstant backgroundvithin each annual cycle:

V possible decay dbngctermcliving isotopescannot mimic DM positive signal
with all its peculiarities

Vit may only lead taunderestimatethe observeds,, depending on the radio
purity of the setup

Analysis of the last three yearsee next slides)
AThelast three published yearsf DAMA/LIBRéphase?2 (in which

there was continuity between one year and the next) analysec
considering the sambckg(w/ and w/o any slope)

Any effect of longterm timegvaryingbckg
or odd lowenergy rate increasing with tinfeé negligiblein DAMA/LIBRAhanks
to the radiopurity and londime underground of the ULB DAMA/LIBR#&(TI)

The original DAMA analyses can be safely adopted



Thelast three published yearsof DAMA/LIBRA T phase?2 (in which there was
continuity between one year and the next) analgeedidering the samédockg

rate (cpd/kg/keV

- crl, 23 keV | - cri12, 23 keV ' cr7, 12 keV
b “ } Y, (8t p Fn&r e d/jg/ eV | Y (1@ p T Tt ¢)repdikglkeV | ‘ -
: I | Ul % T

A %

|| "H-"'!." ||i || uu. L "..r'-.' il

400 600 800 1000 1200 1400 400 600 800 1000 1200 1400

ate (cpd/kg/keV

cr 16, 23 keV - cr17, 23 keV - cr20, 12 keV
Y (8tp T T8 C)Tpd/ g/jeV - Y (18t ¢ x T8t p)apd/kg/ke % % Y ( %
: : I |
? H w ||!||| '|

h I |uI n nn |.| ', ..|I U
TR Ly TR M il

<

i i Lol L .!'I.. i "!-"I'I'"i.L 1 '!_:‘..;,;.;Il % r
. i I‘ | 1 ‘ \ T%jgfi}+ \'M L S T B
400 600 800 1000 1200 ] 1400

rate (cpd/kg/keV

cr 13 34 keV pAOUCGOMIC , ¢ A OUOSEAL Omar mapd/kglkeV

Y (m@tp T mp)epd/kglkeV ATime bin: 5 days
A red maxlik analysis on single crystafth
% ﬁ L FH A common ¢onstany background

A il

..y’ Expected rate over three years: @ Y Y ®Efi (0 0)]



Thelast three published yearsof DAMA/LIBRA T phase?2 (in which there was
continuity between one year and the next) analgeedidering the samédockg

(7]

25 |

rate (cpd/kg/keV)

cr 3, 56 keV
Y (18t p 181 p)apd/kg/keV

i 0 L P - O M T ol ]
0 O T TN L | ST TR
Pl o el 11 EE | [P
g [ 7 &
L L | .‘% L

|- L . PR .
800 1000 1200 1400
Time (day)

rate (cpd/kg/keV)

crl7, 56 keV
% (m8t 1t x T8t p)@pd/kg/keV

KA
1200 1400
Time (day)

rate (cpd/kg/keV)

rate (cpd/kg/keV)

3 -

2.5

cr 14, 56 keV
Y (18t ¢ T8t p)pd/kg/keV
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rate (cpd/kg/keV)

V)

rate (cpd/kg/ke

A template casethe energy bin-3 keV, for each crystal, along the
last three published yearsof DAMA/LIBRA T phase2 (0.61or8 yr)

3 3

e b cr 01 Y (m8t m wrdt ¢)pd/kg/keV % . 7 cr02 Y (8t p 8t p)wpd/kg/keV
h _-. ri'-'-...-.l": % I||i| ki | % H H -III ﬁ Ik \I % ‘ % e :
| n II # il ﬂ |,|,_'-|"r'-" _u H % N' i || i \ 1 _H% __ ,,,,|| p“ il | % |1u'.”| "| | |.||- l-rll
| } orﬁg—% i AT T W
Z 400 600 800 1000 1ZDOT_Ime (do']y;OD 0 — 400 — 600 — 800 — "IOOO‘ I I1200T‘im; (d‘aﬂy‘;OO
. _ cr 03 Y (18t p 8t p)epd/kg/keV % s [ ce®@4 Y (18t p omdrt p)wpd/kg/keV
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pAOUGOBIO , qu&C‘)l‘JOé)ﬁ:i:é T8t 1t cpdkg/keV
ATime bin: 5 days A . 2/dof=0.88i 1.27 (1.52)

AS,, over all crystals: (0.0098.0034) cpd/kg/keV A red maxlik analysis on single crystal



A template casethe energy bin-3 keV, for each crystal, along the
last three published yearf DAMA/LIBRA T phase2 (0.61or8 yr)

= 3 ~ 3
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q LAOUO@@:I:é T8t 1t cpd’kg/keV

ATime bin: 5 days A . 2/dof=0.88i 1.27 (1.52)
AS,, over all crystals: (0.0098.0034) cpd/kg/keV A red maxlik analysis on single crystal



rate (cpd/kg/ keV)

rate (cpd/kg,/keV)

A template casethe energy bin-3 keV, for each crystal, along the
last three published yearsof DAMA/LIBRA T phase2 (0.61or8 yr)

(o)
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last three published yearsof DAMA/LIBRA T phase2 (0.61or8 yr)
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A template casethe energy bin-3 keV, for each crystal, along the
last three published yearsof DAMA/LIBRA T phase?2 (0.61or8 yr)
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detector ID
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A template casethe energy bin-3 keV, for each crystal, along the
last three published yearsof DAMA/LIBRA T phase?2 (0.61or8 yr)

AFor each detector the rates are fittedNbgixLik
with caseA: w Y wE€ i i
AThen,with caseB: @ & 0 Qd QY Q€ i
AHohypot hesis: flaft backgroumn Y case
ATest variables-... ... with dof=1
N
o § APlot of ... for each
F——C—o
—o— detector
—o— N Alt follows a...
\ o o :
My distribution withdof=1
%ﬁgi@ ANo necessity to enable 3
%Oﬁ%% the slope with time.
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-0.05 ) 0.05 0.1

S,, (cpd/kg/keV)



A template casethe energy bin-3 keV, for each crystal, along the

last three published yearf DAMA/LIBRA T phase2 (0.61on° yr)

AFor each detector the rates are fittedNbgixLik
with caseA: w Y wE i

AThen,with caseB: @ & 0 Qd QY Q€ i
AHohypot hesis: flaft backgroumn Y case
ATest variablez... ... ... with dof=1

25 :’ﬁﬁ% APlot of3... for each

\ }_fqﬁ—{

% detector

20 . N Alt follows a...

L Hoe el .

el distribution withdof=1
15 :

ANo necessity to enable S

the slope with time.

%

detector ID

7z

i

%

10

ik

AModulation amplitudess,, in the two cases

¢

ACaseA: open points
ACaseB: black points

005 0 0.05 0.1 AMean shift between caganA isé & o ,,
S, (cpd/kg/keV)

=




The general casethelast three published years
of DAMA/LIBRA i phase2 (0.61ore yr)

AFor each detector the rates are fittedNbgixLik

by caser: & BTG |
Aandby case3: & WE i
AAT5 entries = 25 detectoxs19 energy bins

70

Slope distribution over three
annual cycles
60

50

40

AThe mean shift of the 30
60 modulation amplitudes due
- to the introduction inthe 20
i fit of a slope i T@YX,,
40 10
30 1 %% 0 1o 20
0.050
20 ~ i
E CaseA vs The two cases well
10 | 2 0.025 compatible within
| E I :$::¢: :éz the errors
0 . r i i . \3 I
2 1 0 1 2 - 0 :QZZQZ:Q::‘}:
(J®=* 4" Yra - —
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Energy distribution of the modulation amplitudes
Max-likelihood analysis

R(t) — S) + Sn Cosé/[/(t - ’[O)g hereT=2p/w=1yr andt,= 152.5day

> 0.05 -
< | oawariRa phaseaz sbtonty)
. - Jr + -phase2(2.86ton3 yr
20025 - 4,
% 0 _ f 4}-@&%‘”&% =og *{k%ﬁw_(;* ST SIS - BURaBgRSs
Q L
) I
T20.025 - /
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Black squared data points: tlast three published years of DAMA/LIBRAI phase2
(0.61ton3yr), with common ¢onstan background
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The original DAMA analyses can be safely adopted



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.AttiConf.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, Universe4(2018)116, Bled19(2018)27, NPAE19(2018)307, PPNP114(2020)103810

Source Main comment Cautious upper
limit (90%C.L.)

RADON Sealed Cu box in HP Nitrogen atmosphere, <2.5310% cpd /kg/ keV
3-level of sealing, etc.

TEMPERATURE Installation is air conditioned+
detectors in Cu housings directly in contact <10“cpd /kg/ keV

with multi -ton shield - huge heat capacity
+ T continuously recorded

NOISE Effective full noise rejection near threshold <104 cpd /kg/ keV
ENERGY SCALE Routine + intrinsic calibrations <1-2310*cpd /kg/ keV
EFFICIENCIES Regularly measured by dedicated calibrations <10“ cpd /kg/ keV
BACKGROUND No modulation above 6  keV;

no modulation in the (2 -6) keV <10“cpd /kg/ keV

multiple -hits events; _
this limit includes all possible
sources of background

SIDE REACTIONS Muon flux variation measured at LNGS <3%810° cpd /kg/ keV

+ they cannot Thus, they cannot mimic the
satisfy all the requirements of observed annual

annual modulation signature modulation effect




About I nterpretation: 1 s an ou
problem of DM and com parlson A o I S A A VAL Eity A/

ORI NPAE20(4) (2019)317, PPNP114(2020) 103810
10-39 b 015 1 5o Low ]
100} No, 1 Thisiisgusta largely
£ 2 arbitrary/partial/incorrect exercise
G100 g 9éand experimental aspectsé
10::'&“_ AExposures AEnergy scale and energy resolut
g 1246 £ AEnergy threshold 2Select|ons of detectors and of da
¥ : s T Terett Definition of fiducial volume and
L e [ — =g ACalibrations .
S o BRI ) onironos ﬁ’;ﬁg L% A Stability of all the operating . norruniformity
eI o poe - conditions. Asug“"t"cé'.‘l?gr.el‘i’.c“on ]Pr‘l’l‘ﬁd”res
10-50 iMSS‘M:Bino-squarkcoannihiln ; 10-14 . hi= o an S a | | |n |me O a e
émodel sé" WMPMaSSI?geV/CZ] o o ArF;?)tg el selected_ windows _
A Which particle? AEfficiencies ﬁlQuenchmg factors,channeling
A Which interaction coupling? ADetector responseligkeV) &
A Which Form Factors for each targetterial? .
A Which Spin Factor? Example: XkeVeeo f DA M(éV(_eda 2
A Which nuclear model framework? of COSINE-100 for nuclear recoils
A Which scaling law? _ _ _ _
A Which halo model, profile and rele:.  NO direct modeindependent comparison IS possible
parameters?
A Streams? = 0.06(
A - a éjust an ex

2004

AMA well compatible with several candid&gs,, -

astrophysmal nuclear and particee - A it
I N |

10 12 14 16 18 20

Energy (keV)



Examples of modelependent analyses

NPAE 20(4) (2019) 317

A large (but not exhaustive) class of halo models and uncertainties are considergghyp114(2020)10381
Ewn=1 keV, old data release

3
10 +
-4
10 -
=
=7 -5
= 10
2]
el Erazed
up -6
10 + ‘
7
10 -
-8
10 ‘
1 10

10°

1. Constantsq.f.
2.Varying q.f.(ER)

3. With channeling effect

—~ 10

_ 2
Even a relatively small.2

SD (SI) contribution

L
2]

5

-6
can drastically change*s 10

the allowed region in

the @pm, X Si(sp)
plane

10

DM particles elastically scattering off target nuSleinteraction

54 (AZ)U NP, (ADM)&f Z+f (A- 2)f

oo

o

T
iliiiilllllll!!!!

!

—14

Case of isospin violating SI couplifyg: f,

1.5F

1.5F

10 10
Mgy, (GeV) Mgy, (GeV)

U Two bands at low mass and at higher mé

U Good fit for low mass DM candidates ai
fo/ £,© -53/74 = -0.72 (signal mostly due
to 2°Na recaoils).

U The inclusion of the uncertainties relatec
to halo models, quenching factors,
channeling effect, nuclear form factors,
etc., can also support fgrf,=1 low mass
DM candidates either including or not tie
channeling effect.

U The case olospinconserving/f=1is
well supported at different extent both
lower and larger mass.




Runningphase2empoweredwith software energy threshold
of 0.5 keVwith suitable high efficiency

Enhancing experimental sensitivities and improvinn /+DAMA/LIBRA O il
DM corollary aspects, other DM features, second > 006 = + DAMA/LIBRA-phase2 (12yr)
order effects and other rare processes > 0.04 |
1)Duringfall 2021 DAMA/LIBRA dphase?2 %0'02 1—_”=t e B
setup washeavily upgraded Tz o T T T
: : 2 0 1 2 3 4 5 6 7 8
2)The upgrade basically consisted on: Energy (keV)
- new lowbackgroundoltage dividers with
preampson the same board The features of the voltaa_ijeider+pream[§ystem:
- Transient Digitizersith higher vertical AS/ N i mproveOment &3.0
resolution (14 bits) Adlgcrlmlnatlon of the singbd.el from electronic
I _ _ _ noise: 3 8;
3)The data taking in this new configurasitamted on Athe Peak/Valley ratio: 4.11.6;
Dec, 1 2021

Aresidual radioactivity lower than that of single P

AHigher resolution of TDs makes appreciable the
improvementsoming from the new voltageiders
pluspreamps on the same board

Avery stable operational feature

AThe baseline fluctuations arere than a factor two lowtran
those of the previous configuration; RMS of baseline
distributions isround 15@ Yranging between 110 and €O

ASoftware Trigger LevélTL) decreasedn the offline analysis

AThe oO0noi sed e pewittle same energych
evident different structures than the scintillation pulses. T
feature is used thscriminatehem




DAMA/LIBRA-phase2-empowered data taking

Data taking in this configuration started on December 202 1. The data taking
has been continued without interruptions, with regular calibration runs.

DAMA/LIBRA-Ph2++ Exposure

2,00E+05

V Calibrations: © 7.75x% 107 events
from sources

V Acceptance window eff. per all
crystals: © 4.35x 107 events
(° 1.74x 10° events/keV)
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Exposure of DAMA/LIBRA-phase2-empowered up to July 24:
0.558 ton x yr  ( )01




AMonitor of the energy scale in the regioft®h + 129
AThe data in the period dec2@k22023 are divided in four timtervals

CPd/ k§/ keb\J/ N

<

>

o

c;pd/ Lijg/ keV

<
o

M = N W s D O U= N D e O

crs 9

Black Dec22 — Feb23
Red Mar23 - May23

Green Jun23 - Aug23
Blue Sept23 - Dec23

\l[lHlIIII[HIIlH!I|ITHIIIHlHIIlIIITlIHI

crs 17/

Black Dec22 — Feb23
Red Mar23 — May23
Green Jun23 - Aug23
Blue Sept23 - Dec23

| 1 | 1 1 | ‘ | 1 | I 1 1

40

60 80

Energy (keV)

100

5

T III\[II\IIlIHIl\III]IIII‘II\I‘IIIIII]IIlIHI

crs 14

Black Dec22 —Feb23
Red Mar23 - May23
Green Jun23 - Aug23
Blue Sept23 - Dec23

T \‘II\Illl\llll\lll\\Ill\llll\lll\llll\l\ll\Ill

crs 22

Black Dec22 - Feb23
Red Mar23 - May23
Green Jun23 - Aug23
Blue Sept23 - Dec23

1 | 1 1 |

1 1 I | 1 1 | | 1

40 60 80

Energy (keV)

100

Example: stability of the energy scale

AJust few examples

AThe detectors are
underground since decaties
and thel?3 contribution is
dominant in this energy
region

AThe energy scale is well stabls
AThe counting rate is well stabl

() as the other components of
the setup, always kept in
HPN, and without exposure
to neutron sources



Conclusions

AModel-independentevidence for a signal that satisfies all the require
of the DM annual modulation signaturé®a® C.L. 2 independent
annual cycles with 3 differentges$:2.86 tor? yr)

AModulation parameters determined witheasing precision
ANew investigations atifferent peculiaritiesof the DM signal in progre:

A Full sensitivity to many kinds of DM candidates and interactions typ
(both inducing recoils and/erm.radiation)full sensitivity to low and
high mass candidates

AModel-dependentanalyses improve the C.L.
and restrict t he al |l
the various scenarios

Fram

ADAMA/LIBRA dphaseZzmpoweredunning with lower software
energy threshold of 0.5 keV with suitable efficiency

A Continuing investigations mafre processesther than DM, also in
the other DAMA setips @, 1°Cd,1Cd,1"Nd,0Os, Zr , Hf |

A Other pursued ideagnWO, anisotropic scintillator for
DM directionality. Response to nuclear recoils measuqﬁ% experimental activities of

DAMA will gradually cease at the
end of 2024/Sprin@025according
to the alreadgcheduled plans

Severalkare processes investigatedhanks to the
low background features of all the DAMA setips






T(ns)

cpd/kg/keV

Residual contaminants in the ULB Nal(Tl) detectors

| /e pulse shape discriminatiwas practically 100% Second generation R&D for new DAMA/LIBRA
effectiveness in the MeV range crystals: new selected powders, physical/chemical

radiopurification, new selection of overall materialsj |

]I SR e—— The measured alpha yield in the new protocol for growing and handling
a ‘ DAMA/LIBRA detectors ranges from

300

250

\\[
@

i

S

\‘\!

150 7 to some tens /kg/day
100 ; - - - g - -
g 232Th residual contamination  Fromtime-amplitude methodf 232Th chain at equilibrium: it
E ranges from 0.5 ppt to 7.5 ppt
%3000 3000 4000 5004 239 residual contamination First estimate: considering the measue?>3?Th activity, if
E(keV) 234 chain at equilibrium 238 contents in the detectors
o typically range from 0.7 to 10 ppt
live time =570 h - - -
] 3 239J chain splitted into 5 subchadidl) - 224U - 23Th- 22Ra- 2'Pbh- 209p
Thus, in this cas.N0.1) ppt 0f232Th; (0.35\0.06) ppfor 238
E and: (15181.6)nBgkg for 24U + 230Th; (21.N1.1)mBg/kg for 22Ra;(24.A1.6)mBgkg for 21Pb.
g 10 -
E naK residual contamination of
S The analysis has given fori€ content | 7 dogbl_e
i in the crystals values not exceeding abp# 43 ponnmdences
0T oMk 20 ppb =
2000 3000 4000 5000 PP :
E(keV) 2 B2
1 ‘S(].()I. .‘1000‘ ‘ lIZDD‘ Ild:l][)‘ :IIG‘DD‘ IISDD
J,F UHJ--W_IJ : ”R [‘Di\]”ﬁﬁ lZS] and Zqub Ecoincidrncccry'stal(kev}
| tihns . 15 f S
r"j " g Jf o 129/ nay § 13 1@ 3for all the detectors
[ s J -
i o 21Pp in the new detectors:T(B0)nBgkg. ... More on
08—l [l Vs

NIMA592(2008)297

No sizable surface pollution by Radon daugthers,
thanks to the new handling protocols




DAMA/LIBRA energy spectrum

C Example of the energy spectrum ofdingikitscintillation events collected by one DAMA/LIBRAase2 detector in
one annual cycle.

C The software energy threshold of the experiment is 1 keV.
C There are also represented the measured contributions of:
0 the internal cosmogenifd: (947+ 20)Q B/kg (full blue curvie

o the internat'®Ph: (26: 3) O B/kpg, which is in a ratheyood equilibrium witftRa in thé*&J chain $olid pink
curve

o the broaden structure aroun@d12 keV can be ascribed®b either on the PTFE, wrapping the bare crystal,
and/or on the Cu housing, at the level of tikg (dashed pink curye

0 the electron capture &K (producing the 3.2 keV peak, binding energy of K sh#tin14.2 ppb ofaK,
corresponding to 43D B/kg of XK in this detectordashed blue curve

o the continuum due to h |g h el background around 1-6 keV: DAMA/LIBRA-phase2
o0 below 5 keV a Sharp decrea * extrapolation from higher energy stngle-hit counting rate b
. multi-detectors set-up each one in
DM signal. * <t#K> (~13 ppb) anticoincidence with all the others
~
. > 6 ] .
(; The I’ed I| nes th e sum Of the 2 " software energy threshold of DM annual modulation
. j . . i L ! the experiment o signature offers a powerful
previously mentioned contribution 4 I tool for background rejection
% B :/ Residuals: upper (see in Freese et al. )
> =9 - ] limit of S,
% 2 2 N ' background
= 3 i [ il
% é 0 ] et oo oiwmnleala o 1 [ |
oy 0 2 4 6 8 10
Energy (keV)

(1-2) keV: S, S 0.80 cpd/kg /keV
(2-3) keV: 5,5 0.24 cpd/kg/keV.

(3-4) keV: S, S 0.12 cpd/kg /keV.
E(KeV)




Is there a sinusoidal contribution in the signal? Phas&52.5 day?

R(t) = Sb g Sm COE[W(t ) to)] + Zm Sin[”’(t ) to)] = S0 +Ym COE{W(t -t )J

DAMA/Nal+ DAMA/LIBRAphasel+

DAMA/LIBRAphase2 (&.c)[2.86ton 3 yr]
20 contours
: 0.01 _ _
For Dark Matter signals: Slight differences from™June are expectec
in case of contributions from non
0 p— -
W] Zpl«c| Sl | Yol 2z 1-6 keV thermalized DM components (as e.g. the
wt* °t,= 152.5d g 0 o SagDEGtream)
ww= 20T g 614 keV 2-6 keV
g 240
N
wl=1 year 220 20 contours
-0.01 200 6-14 keV
‘ . 180
-0.01 0 0.01 -~
> 160 1-6 keV
S, (cpd/kg/keV) o
e 140 2-6 keV
120
E keV) | S, (cpdkg/keV) Z., (cpd/kg/ keV) Y, (cpd/kg/ keV) t* (day)
DAMA/Nal + DAMA/LIBRAphL + DAMA/LIBRAI2 100
80
2-6 0.009750.0007  -0.000350.0007 [ 0.0097f0.0007  150.5p4.0
_ -0.04 -003 002 001 0 001 002 0.03 0.04
6-14 0.000350.0005  -0.0006f50.0005 | 0.0007f0.0010  undefined Y (cpd/kg/keV)
1-6 0.0104f 0.0007 0.00025 0.0007 | 0.0104r0.0007  153.5p4.0




Energy distributions of cosines(,) and sine Z,,) modulation amplitudes

R(t) = Sb v Sm COE[M’(t ) to)] tZ, Sin[’/”(t ) to)]

nop

O
o
a1

o

S

0.05 |
0.025 |

-0.025 |

Z _ (cpd/kg/keV)

005 -

1S+

L #*%%%*%#
i —o—0—

(cpd/kg/keV)
o
o
N
o1

f =0
20.025 - Zm

0.05

10 12 14 16 18 20
Energy (keV)

Energy (keV)

t, = 152.5 day2"d June)

DAMANal+
[ANALIBRAhasel +
DAMATLIBRAvhase?2 (&.c)
(2.86ton 3 yr)

maximum at2"d June
as for DM particles

maximum atl1st
September, that i19/4
days after 2d June

The.?test in (:20) keV
energy region.? dof =
40.6/38 probability of
36%)supports the
hypothesis that theZ,
values are simply
fluctuating around zero.
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