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MODEL-INDEPENDENT RESULTS FROM DAMA/LIBRA-PHASE2-EMPOWERED

The DAMA/LIBRA-phase2 experiment was upgraded in 2021 to enhance its sensitivity by lowering the software
energy threshold while maintaining a large efficiency. The new configuration, referred to as DAMA/LIBRA-phase2-
empowered, collected data for three years. This study extends the investigation of the long-standing, model-independent
annual modulation effect pointed out by the DAMA highly radiopure Nal(TI) experimental setups at the Gran Sasso
National Laboratory of the National Institute for Nuclear Physics, using different experimental configurations. The
software energy threshold of DAMAJ/LIBRA-phase2-empowered is below 1 keV, and the exposure is 0.541 t-yr. Adding
these new results to the previously released DAMA/LIBRA-phase2, the exposure is 2.07 t-yr over 11 independent annual
cycles, yielding evidence for a signal that fulfills all the requirements of the model-independent Dark Matter annual
modulation signature at a confidence level of 13.9 ¢ in the 1-6 keV energy region. In the 2-6 keV interval, where data
from DAMA/Nal and DAMA/LIBRA-phasel are also available, the combined exposure reaches 3.40 t-yr, corresponding
to a confidence level of 15.3 6. No systematic effect or side process capable of simultaneously satisfying all the distinctive
features of the exploited Dark Matter annual modulation signature and accounting for the observed modulation amplitude

is available.

Keywords: Dark Matter, elementary particle processes, scintillation detectors.

1. Introduction

The DAMA/LIBRA [1-10] experiment and the
first-generation DAMA/Nal [1, 11-13] — located in
the Gran Sasso National Laboratory of the National
Institute for Nuclear Physics — have the main aim to
investigate the presence of Dark Matter (DM) parti-
cles in the galactic halo, by exploiting the DM annual
modulation signature (initially proposed in Refs. [14,
15]). The developed highly radio-pure Nal(T]I) target-
detectors ensure sensitivity for a wide range of DM
candidates, interaction types, and astrophysical sce-
narios (see e.g. Ref. [9], and references therein). A
comprehensive description of the DAMA/LIBRA
apparatus and of the procedures adopted during the
data taking and in the analysis has been covered in
detail in several detailed publications as [1, 2, 5, 7].

At the end of the DAMA/LIBRA-phasel data set
(end of 2010), all the photomultipliers (PMTs) were
replaced by a second-generation effort — with Hama-
matsu R6233MOD PMTs, which offer higher quan-
tum efficiency and lower background noise [5] com-

pared to those used during phasel. The successful
commissioning of the DAMA/LIBRA-phase2 expe-
riment took place in 2011, achieving a software
energy threshold of 1 keV. This upgrade also led to
improvements in key detector characteristics, inclu-
ding enhanced energy resolution and increased
acceptance efficiency near the software energy
threshold [5].

To enhance the experimental sensitivity of
DAMA/LIBRA to DM model-independent results
and to better distinguish in the corollary analyses
among the various astrophysical, nuclear, and particle
physics scenarios, it was necessary to increase the
exposure in the lowest energy bin and further lower
the software energy threshold. In fact, we note that
the sensitivity of the exploited DM annual modula-
tion signature depends — apart from the counting rate

— on the product: &-AE-M -T-(a—Bz), thus the

increase either of the detection efficiency, ¢, and/or
of the measurement time, T, and/or enlarging the
energy interval, AE, practically is equivalent to
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increasing the exposed mass M; finally, (o.—f%) is

the squared cosine averaged over the period where the
data taking is active, and it should be =~ 0.5 for data
taking evenly collected over a year, and it is crucial
for a reliable investigation of the DM annual modula-
tion signature. Thus, the followed strategy along the
DAMA project — apart from DAMA/Nal to
DAMA/LIBRA-phasel, when also M was increased
—was to pursue an increasing of the experimental sen-
sitivity by improving aspects other than M [1, 9].

Efforts to lower the software energy threshold
were initially focused on the already-acquired data
from DAMA/LIBRA-phase2. The same technique
used previously was applied, along with dedicated
studies on efficiency, leading to the addition of a new
data point in the modulation amplitude as a function
of energy, extending down to 0.75keV [10]. A
modulation was also observed below 1 keV, and this
preliminary result underscored the need for further
lowering the software energy threshold through a
hardware upgrade and enhanced exposure in the
lowest energy bin.

To address this, a dedicated hardware upgrade for
DAMA/LIBRA-phase2 was implemented to improve
experimental sensitivity by lowering the energy
threshold with a suitably large efficiency. All PMTs
were equipped with miniaturized low-background
preamplifiers of a new design, along with miniatu-
rized high-voltage dividers mounted on the same
socket. The electronics chain was further upgraded by
incorporating 14-bit digitizers with higher vertical
resolution. This upgrade was completed in the fall of
2021, and data collection in this new configuration,
identified as DAMAJ/LIBRA-phase2-empowered,
began on December 2, 2021.

The data of the former DAMA/Nal setup and,
later, those of the DAMAV/LIBRA have already given
(with high confidence level) positive evidence for the
presence of a signal that satisfies all the requirements
of the exploited DM annual modulation signature [1,
3, 4, 6-10]. Moreover, no systematic or side pro-
cesses able to simultaneously satisfy all the many
peculiarities of the signature and to account for the
whole measured modulation amplitude have been
found or suggested by anyone throughout some
decades thus far (see e.g. [1, 7, 9]).

In this paper, the model-independent result
obtained from three annual cycles of DAMA/LIBRA-
phase2-empowered (exposure 0.541tyr) is pre-
sented. This result is consistent with the long-stan-
ding observations reported by DAMA/Nal,
DAMA/LIBRA-phasel and -phase2 (exposure
2.86 t-yr), and extends sensitivity down to a lower
software energy threshold. In fall 2024, as planned,
the experiment was dismantled upon completion of
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the DAMA project, which had been in operation for
several decades and enabled the realization of nume-
rous low-background setups and measurements of
various rare processes [1, 9].

2. From DAMA/LIBRA-phase2
to DAMA/LIBRA-phase2-empowered

The full description of the DAMA/LIBRA setup
and other related arguments have been discussed in
detail in Refs. [1, 2, 5, 7] and references therein. Here
we just remind that the sensitive part of this setup is
made of 25 highly radiopure Nal(TI) crystal scintilla-
tors (5-rows by 5-columns matrix) having 9.70 kg
mass each one (Fig. 1).

T R Y M T B Y S

Fig. 1. Schematic view of the DAMA/LIBRA apparatus.
The 25 highly radiopure Nal(Tl) crystal scintillators
(5-rows by 5-columns matrix), housed in the sealed
copper box continuously maintained in High Purity
Nitrogen atmosphere, within the multi-ton multi-mate-
rials low-radioactive passive shield, are visible. Mostly
outside the installation, the DAMAJ/LIBRA apparatus
was also almost fully surrounded by about 1 m of con-
crete made of the Gran Sasso rock. The copper guides
of the calibration system are also shown. For details, see
Refs. [1, 2, 5, 7] (See color Figure on the journal web-
site.)

In each detector, two 10 cm long UV light guides
(made of Suprasil B quartz) act also as optical win-
dows on the two end faces of the crystal and are cou-
pled to two low background PMTs working in coin-
cidence at a single photoelectron (ph.el.) level. The
detectors are housed in a sealed low-radioactive cop-
per box installed in the centre of a low-radioactive
Cu/Pb/Cd-foils/polyethylene/paraffin shield; more-
over, about 1 m of concrete (made from the Gran
Sasso rock material) almost fully surrounds (mostly
outside the barrack) this passive shield, acting as a
further neutron moderator. A threefold levels sealing
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system prevents the detectors from being in contact
with the environmental air of the underground labo-
ratory.

The light responses of the detectors during
DAMA/LIBRA-phase2 and DAMA/LIBRA-phase2-
empowered phases typically range from 6 to
10 ph.el./keV, depending on the detector. Energy
calibration with X-rays/y sources are regularly carried
out in the same running condition down to a few kilo-
electronvolt, without switching the high voltages off;
in particular, double coincidences due to internal
X-rays from “°K (which is at ppt levels in the crystals)
provide (when summing the data over long periods) a
calibration point at 3.2 keV close to the software
energy threshold. The DAQ system records both
single-hit events (where just one of the detectors
fires) and multiple-hit events (where more than one
detector fires) up to the mega-electronvolt region,
despite the optimization being performed for the
lowest energy.

To further enhance the experimental sensitivity
and reduce the software energy threshold, several
R&D approaches were investigated. Ultimately, a
safer and more cost-effective solution was adopted,
aimed at improving the signal-to-noise ratio in the
lowest energy bins and, consequently, lowering the
software energy threshold and enhancing the associ-
ated performance quantities. In particular, new low-
background preamplifiers were developed, integra-
ting the voltage divider and the preamplifier — imple-
mented with miniaturized, carefully selected compo-
nents — into a single device mounted on a dedicated
low-background board (Fig. 2).

The main features of this new voltage divider plus
preamplifier system are: i) signal/noise: =~ 3.0-9.0; ii)
discrimination of single photoelectron from elec-
tronic noise: 3-8; iii) peak to valley ratio: 4.7-11.6;
iv) residual radioactivity lower than that of a single
PMT. Further relevant improvements arise from
improvements in the electronic chain; in particular,

Fig. 2. Photo of the low-background voltage divider and
pre-amplifier system mounted on the same board in
DAMA/LIBRA-phase2-empowered. (See color Figure
on the journal website.)

all the Transient Digitizers were substituted with new
ones having higher vertical resolution (14 bits). The
operational features of this new configuration result
in being very stable; in particular, the baseline fluctu-
ations are more than a factor of two lower than those
of the previous configuration, and the RMS of the
baseline distributions is around 150 uV, ranging
between 110 and 190 pV.

3. DAMA/LIBRA-phase2-empowered

The DAMA/LIBRA-phase2-empowered consists
of the approximately 3 annual cycles, the details of
which are summarized in Table 1. Their total expo-
sure is 0.541 t-yr and the variance of the cosine,

(a—P?), is = 0.5, pointing out that the detectors

were being operational evenly throughout the year.
The duty cycle of the experiment is high, 85-90 %;
the routine calibrations and the data collection for the
acceptance windows efficiency near the software
energy threshold mainly affect it. The data-taking
behavior is shown in Fig. 3. As can be seen, the data
taking was continuous without long interruptions,
apart from the periods dedicated to the routine cali-
brations, which were performed exactly under the
same conditions as the production runs.

Table 1. The DAMA/LIBRA-phase2-empowered annual cycles

DL2-empowered annual cycles Period Exposure, kg-day (OL—BZ)

1 Dec. 2, 2021 — Oct. 5, 2022 63294 0.410

2 Oct. 6, 2022 — Sept. 5, 2023 68139 0.500

3 Sept. 6, 2023 — July 9, 2024 66064 0.531
197497

DL2-empowered Dec. 2, 2021 - July 9, 2024 = 0.541 t-yr 0.482
DL2 + DL2-empowered: 2.07 tyr
DAMA/Nal + DL1 + DL2 + DL2-empowered: 3.40 tyr

Note. The mean value of the squared cosine is oc=<coszo>(t—t0)> and the mean value of the cosine is

B= <cos<o(t —t0)> (the averages are taken over the lifetime of the data taking, and t, = 152.5 day, i.e. June 2); thus, the

variance of the cosine, (a—BZ) , is = 0.5 for a detector operating evenly throughout the year. For simplicity, DL1, and
DL2 indicate DAMA/LIBRA-phasel, and DAMA/LIBRA-phase2, respectively.
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Fig. 3. Exposure collected by DAMA/LIBRA-phase2-empowered as a function of time. As can be seen, the data taking
was continuous without long interruptions, apart from the periods dedicated to the routine calibrations, which were
performed exactly under the same conditions as the production runs. (See color Figure on the journal website.)

The total number of events collected for the The operational features of the upgraded system
energy calibrations during DAMA/LIBRA-phase2- have proven to be very stable, as demonstrated in
empowered is about 7.8-107; in addition, about Fig. 4, which shows examples of stability of the
6.9-10* events/keV were collected for each crystal to ~ counting rate and energy scale of four detectors in the

H 210 129 H
evaluate the acceptance window efficiency for noise energy region where the Pb and the ™1 contamina-
o tions are dominant. The data collected in the last
rejection near the software energy threshold.

annual cycle are grouped into four-time intervals.
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Fig. 4. Examples of stability of the counting rate and energy scale of four detectors in the energy region where the
210pp and the '?° contaminations are dominant. Data collected in the last annual cycle are grouped in four-time
intervals. (See color Figure on the journal website.)
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The total exposure of all the available data sets,
the former DAMA/Nal, DAMA/LIBRA-phasel,
DAMA/LIBRA-phase2, and DAMA/LIBRA-phase2-
empowered, is 3.40 t-yr.

The adopted procedure for noise rejection near the
software energy threshold is discussed in several
papers by the DAMA collaboration over the years and
data releases; in particular, a dedicated discussion on
the data collected in DAMA/LIBRA-phase2 is pre-
sented in Ref. [5]. The procedure and the acceptance
windows are the same, unchanged along all the
DAMA/LIBRA-phase2 and DAMA/LIBRA-phase2-
empowered data takings, throughout the months and
the annual cycles. The typical behavior of the effi-
ciency, &,, , for single-hit events as a function of the

energy is shown in Ref. [5].
The percentage variations of the efficiency ¢, ,

considering all the DAMA/LIBRA-phase2-empo-
wered annual cycles presented here, follow a
Gaussian distribution with ¢ =0.25% and do not
show any modulation with period and phase as
expected for DM signal.

Below 1 keV, to take into account the overall
detection efficiency, it was necessary to evaluate an
additional efficiency for the hardware trigger and for
the new offline procedure described below.

In DAMAJ/LIBRA, the hardware trigger of a
detector is produced by the electronic chain when a
signal above the single photoelectron level, which is
the hardware energy threshold, is detected in both the
PMTs within a coincidence window of 100 ns. In
addition, in the offline data analysis at low energy,
only events with at least two ph.el. (#ph.el >1) in
each of the two PMTs (A,B) of a detector are
accepted. This condition of offline trigger
(#ph.ela > 1.AND.#ph.elg > 1) allows the removal of
a large part of the noise events near energy threshold,
and it is obtained by applying a suitable acceptance
window on the variables tm600, the mean-time over
600 ns evaluated for each PMT pulse (tm600a and
tm600g): tm600as > tm600;im for either PMT signal.
The value of tm600;n is approximately 25 ns for
nearly all detectors. It can be easily evaluated by
Monte Carlo simulation that the probability to evade
this constraint is negligible: 1.2-10,

The efficiency, ¢, , of the hardware trigger and
this preliminary offline procedure are evaluated by a
Monte Carlo simulation.

Fig. 5 shows the calculated efficiency ¢,,. band as
functions of the energy for a detector with light yield
(LY) of 9 ph.el./keV. The band considers light yields
ranging within a + 10 % interval. The spread of the
band is used to evaluate the uncertainty of the ¢,

efficiency in the given energy bin.

Eme
-

LY =9 ph.el./keV (£10%)

0 05 1 1.5 2 25 3 35
E(keV)
Fig. 5. Efficiency, ¢, , for the statistical distributions

of the photoelectrons in the two PMTs of a detector with
LY equal to 9 ph.el./keV (£ 10 %). The blue vertical
line represents the considered software energy
threshold, while the shaded green area accounts for the
10 % spread on the LY assumed in the Monte Carlo
calculation. (See color Figure on the journal website.)

It can be noted that this efficiency mainly affects
the energy region below approximately 1 keV. The
behaviors of ¢, and its band were properly calcu-

lated for every detector of DAMA/LIBRA-phase2-
empowered data set.
In conclusion, as shown in Fig. 5, the g, effi-

ciency for the hardware-trigger and the preliminary
offline coincidences allows the study of the counting
rate below 1 keV, which was the main purpose of the
DAMA/LIBRA-phase2-empowered data set.

4. The annual modulation of the residual rate

The single-hit residual rates, calculated as
described, e.g., in Refs. [1, 9, 10], have been produced
for the DAMAV/LIBRA-phase2-empowered annual
cycles. For the previous data releases of the residuals
of DAMA/Nal (0.29 tyr), DAMA/LIBRA-phasel
(1.04 t-yr), and DAMA/LIBRA-phase2 (1.53 t-yr), the
reader can refer to the given references.

Fig. 6 shows the time behaviors of the experi-
mental residual rates of the single-hit scintillation
events in the 0.5-3 and 0.5-6 keV energy intervals of
DAMA/LIBRA-phase2-empowered. The null modu-
lation hypothesis is rejected at very high C.L. by »?
test: y*=50.5 and 73.9, respectively, over 24 d.o.f.
(p-value = 1.2-:107 and 5.5-10, respectively).

The single-hit residual rates in Fig. 6 were fitted
with the function: A cosm(t — to), assuming a period
T =2n/w, =1 yr and a phase to = 152.5 days (June 2),
as expected for the annual modulation induced by
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Fig. 6. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase2-empowered
in the 0.5-3 and 0.5-6 keV energy intervals as a function of time. The data points present the experimental errors as
vertical bars and the associated time bin width as horizontal bars. The superimposed curves are the cosinusoidal
functional forms A cos w(t — to) with a period T = 2n/w = 1 yr, a phase to = 152.5 days (June 2), and amplitudes, A,
reported in Table 2. The dashed vertical lines correspond to the maximum expected for the DM signal (June 2), while
the dotted vertical lines correspond to the expected minimum.

Table 2. Modulation amplitudes obtained from fits of the single-hit residual rate

Energy intervals, A, cpd/kglkeV/ T2 yr to, days CL 2 1d.of
keV ®
DL2-empowered:
0.5-3 0.0173 + 0.0033 1 152.5 52c 23.2/23
0.5-6 0.0094 + 0.0015 1 152.5 6.3c 31.9/23
0.5-3 0.0187 + 0.0033 0.998 + 0.003 148+ 30 576 19.3/21
0.5-6 0.0116 + 0.0015 0.996 + 0.003 155+ 20 7170 12.4/21
DL2 + DL2-empowered:
1-6 0.01018 + 0.00076 1 152.5 1346 98.4/92
1-6 0.01069 + 0.00077 0.998 + 0.001 154.1+4.1 13906 81.0/90
DAMA/Nal + DL1 + DL2 + DL2-empowered:
2-6 0.00976 £+ 0.00066 1 152.5 148¢c 162.9/179
2-6 0.01028 + 0.00067 0.99748 + 0.00053 153.5+3.8 153c 141.1/177

Note. Modulation amplitudes, A, obtained by fitting the single-hit residual rate of Fig. 6, and also including the former
DAMA/Nal, DAMA/LIBRA-phasel, and DAMA/LIBRA-phase2. The labels in this table have the same meaning as in
Table 1. The formula: A cos o(t — tp) was used, where the period T = 2n/® and the phase to are kept fixed at 1 yr and at
152.5 days (June 2), as expected from the DM annual modulation signature, and alternatively kept free. The results are
well compatible with expectations for a signal in the DM annual modulation signature.

DM particles. The results of the best fits for the various
cases are summarized in Table 2, which also reports
the fits where the period and phase are left free, as well
as those including the earlier data sets DAMA/Nal,
DAMA/LIBRA-phasel, and DAMA/LIBRA-phase2.
The goodness of the fits is well supported by the
2 tests. The results are well compatible with
expectations for the DM annual modulation signal.

110

Fig. 7 shows the residual rates of the single-hit
scintillation events of DAMA/LIBRA-phase2 and the
present DAMAJ/LIBRA-phase2-empowered; the
energy interval is from 1 keV, the software energy
threshold of DAMAJ/LIBRA-phase2, up to 6 keV.
The null modulation hypothesis is again rejected at
very high C.L. by y? test: y%d.o.f. = 276/93, cor-
responding to p-value = 5-10 %,

ISSN 1818-331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2026 Vol. 27 No. 2



MODEL-INDEPENDENT RESULTS FROM DAMA/LIBRA-PHASE2-EMPOWERED

Residuals (cpd/kg/keV)

1.0-6.0 keV
DAMA/LIBRA-phase2 |

— '« cmpowered |

Time (day)

Fig. 7. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase2 and
DAMA/LIBRA-phase2-empowered in the 1-6 keV energy intervals as a function of time. The superimposed curve is
the cosinusoidal functional form A cos o (t — to) with a period T = 2n/w, a phase t, = 152.5 days (June 2) and modulation
amplitude, A, reported in Table 2. The interruption between the two experimental configurations (see Ref. [10] and
Table 1) is highlighted by the vertical dotted red line with the proper symbol. (See color Figure on the journal website.)

5. No modulation in the background

Since the background in the lowest energy region is
essentially due to “Compton” electrons, X-rays and/or
Auger electrons, muon induced events, etc., which are
strictly correlated with the events in the higher energy
region of the spectrum, if a modulation detected in the
lowest energy region were due to a modulation of the
background (rather than to a signal), an equal or larger
modulation in the higher energy regions should be pre-
sent. Thus, as done in previous data releases, the
absence of any significant background modulation in
the energy spectrum for energy regions not of interest
for DM has also been verified in the present one. In
particular, the measured rate integrated above 90 keV,
Rqo, as a function of time has been analyzed, and Fig. 8
depicts the distribution of the percentage variations of
Rgo With respect to the mean values for all the detectors
in DAMA/LIBRA-phase2-empowered.

1200 -~
1000 i
800 |l

600 -

frequency

400 - |
200 | [

0 Lo al
-0.1 0 0.1
(Rgg — (Rgo))/ (Rgq)
Fig. 8. Distribution of the percentage variations of Ry
with respect to the mean values for all the detectors in
the DAMA/LIBRA-phase2-empowered (histogram);

the superimposed curve is a Gaussian fit.
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The cumulative behavior is Gaussian with o = 1 %,

which is well accounted for by the statistical spread
provided by the sampling time used. When fitting the
time behavior of R, including a term with phase and
period as for DM particles, a modulation amplitude
Argo compatible with zero has been found for all the
annual cycles, as shown in Table 3.

Table 3. Modulation amplitudes Argo

DAMAV/LIBRA-phase2-empowered Arso, Cpa/kg
annual cycle
1 (0.15+0.14)
2 —(0.15+£0.12)
3 (0.01+0.12)
1-3 —(0.011 +0.073)

Note. The modulation amplitudes, Argo, Obtained by
fitting the time behavior of Rgy in DAMA/LIBRA-phase2-
empowered by including a term with a cosine function
having phase and period as expected for a DM signal. They
are compatible with zero, and incompatible (= 100 ) with
modulation amplitudes of tens cpd/kg (see text).

This also excludes the presence of any background
modulation in the whole energy spectrum at a level
much lower than the effect measured in the lowest
energy region for the single-hit scintillation events. In
fact, otherwise, considering the Rgo mean values, a
modulation amplitude of the order of tens cpd/kg
would be present for each annual cycle, that is
=~ 100 o far away from the measured values.

Similar analyses can be performed in other energy
regions. For example, Fig. 9 shows the single-hit
residuals in the 6-10 keV energy regions for the
DAMA/LIBRA-phase2-empowered as if they were
collected in a single annual cycle. The fitted
amplitude — under the assumption that the period and
the phase are as for DM particles — is compatible with
the absence of modulation even at energies just above
those where the signal is observed.
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Fig. 9. Experimental single-hit residuals in the 6-10 keVV
energy regions for DAMA/LIBRA-phase2-empowered
as if they were collected in a single annual cycle. The
fitted modulation amplitude is A = (0.0011 + 0.0011)
cpd/kg/keV, compatible with a null modulation.

Finally, no background process able to mimic the
DM annual modulation signature (that is, able to
simultaneously satisfy all the peculiarities of the
signature and to account for the measured modulation
amplitude) has been found or suggested by anyone
throughout some decades thus far (see e.g. [1, 7, 9]).

As in previous data releases, we verified that the
multiple-hit sample does not show any annual modu-
lation in the low-energy intervals.

6. The maximum
likelihood modulation amplitudes

The annual modulation present at low energy can
also be pointed out by depicting the energy depen-
dence of the modulation amplitude, Sw(E), obtained
by the maximum likelihood method, considering a
fixed period and phase: T =1 yr and t, = 152.5 days,
respectively. For this purpose, the likelihood function
of the single-hit experimental data can be constructed
considering that the number of events collected in the
i-th time interval (hereafter 1 day), by the j-th detector
and in the k-th energy bin follows a Poisson’s distri-
bution with expectation value:

Mik = I:bjk + Sik:IM jAtiAESAW,jkgMC,jk'

The by are the background contributions, M; is the
mass of the j-th detector, At; is the detector running
time during the i-th time interval, AE is the chosen
energy bin, ¢,, ; is the acceptance window effi-

ciency and ¢, ; is the efficiency for the hardware-

trigger and the preliminary offline coincidences (see
above). The signal, S, , can be written as:

Si = Sox + Sy COSO(t; — 1),

where S, is the constant part of the signal and S,
is the modulation amplitude, in the k-th energy bin.
The free parameters of the fit are the (b, +S;, ) con-

tributions and the S, parameter’. In the following,

the k-index will be omitted for simplicity.

In the used procedure, the data taking of each
annual cycle starts before the expected minimum of
the DM signal (about December 2) and ends after its
expected maximum (about June 2). Thus, adopting in
the data analysis a constant background, by, evaluated
within each annual cycle, any possible decay of long-
term-living isotopes cannot mimic a DM positive sig-
nal with all its peculiarities. On the contrary, it may
only lead to underestimating the DM annual modula-
tion amplitude, depending on the radio-purity of the
setup.

The obtained results are presented in Fig. 10 where
the modulation amplitudes, Sm, of the DAMA/LIBRA-
phase2-empowered data set (0.541 t-yr) with an energy
threshold of 0.5 keV (black filled squares) are reported
in comparison with the Sy, from the already-published
data sets: DAMA/Nal, DAMA/LIBRA-phasel and
DAMA/LIBRA-phase2 (total exposure: 2.86 tyr,
white open circles). As can be seen, they

are compatible: in detail, the x’(1-20keV)=

=39.3 d.o.f.=38 (p-value =41 %), and thus they
can be combined together. The combined modulation
amplitudes for the whole data sets: DAMA/Nal,
DAMA/LIBRA-phasel, DAMA/LIBRA-phase2, and
DAMA/LIBRA-phase2-empowered (total exposure
3.40 t-yr) are plotted in Fig. 11. It can be inferred that
a positive signal is present in the 0.5-6 keV energy
interval, while S,(E) values compatible with zero are
present just above. All this confirms the previous
analyses. The test of the hypothesis that the Sn(E)
values in the 6-14 keV energy range have random
fluctuations around zero vyields »*d.o.f. =17.0/16
(p-value = 39 %).

We note that the low-energy scale and its stability
are monitored as discussed above and, e.g., in
Refs. [2, 3, 9]; the related uncertainties have negligi-
ble impact on S, compared to statistical errors in the
modulation fit [2, 3, 9].

1 This procedure allows the extraction of the S, values underlying the model-independent signature, but it does not
allow for a separate determination of the S, and b components. It is therefore worth noting that, in subsequent model-
dependent interpretations, upper limits on S, should be included as priors. These limits can be derived from the measured

counting rate, b+S,, as described, e.g., in Ref. [9].
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Fig. 10. Modulation amplitudes, Sy, of the DAMA/LIBRA-phase2-empowered data set (0.541 t-yr) with an energy
threshold of 0.5 keV (black filled squares). For comparison, the Sy, of the already-published data sets: DAMA/Nal,
DAMA/LIBRA-phasel, and DAMA/LIBRA-phase2 (total exposure: 2.86 t-yr) are also reported (white open circles).
The two data sets are compatible, and they can be combined together.
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Fig. 11. Modulation amplitudes, Sy, for the whole data sets: DAMA/Nal, DAMA/LIBRA-phasel, DAMA/LIBRA-
phase2, and DAMA/LIBRA-phase2-empowered (total exposure: 3.40 t-yr). A clear modulation is present in the lowest
energy region, while Sy, values compatible with zero are present just above. In fact, the Sy values in the 6-14 keV
energy interval have random fluctuations around zero with y%/d.o.f. equal to 17.0/16 (p-value is 39 %).

For the case of 6-20 keV energy interval, one gets:  low-energy rate in DAMA/LIBRA with an unconven-
¥*ld.o.f. = 44.4/28 (p-value = 2.5 %); the obtained »° tional, not observed, behavior increasing over time.
value is rather large due mainly to two data points, To further address this point, the collaboration has
whose centroids are at 16.75 and 18.25 keV, faraway presented an analysis in which the data of the last
from the 1-6 keV energy interval. The p-values three published years of DAMA/LIBRA-phase2
obtained by excluding only the first and either the  (where continuity between successive years was also
points are 9% (y’/d.0.f.=37.2/27) and 28 % present) were analyzed assuming a common back-

(//d.o.f. = 29.7/26). ground over the annual cycles; see e.g. [16, 17]. This

confirmed that the standard analyses, where a con-

7. Data analysis considering the same stant background within each annual cycle was
background over the three annual cycles assumed, can be safely adopted.

. . In this Section — taking advantage of the fact that
The analysis procedure described above assumes  ihe annroximately 3 annual cycles of DAMA/LIBRA-
a constant background evaluated within each annual  phase2-empowered are continuous without any long
cycle. This procedure ensures that any possible decay  jnterruption or upgrade during the three years — the
of long-lived isotopes cannot mimic a positive DM entire DAMA/LIBRA-phase2-empowered data set is
signal with all its characteristic features. On the con- 3150 analyzed under the assumption of a common
trary, such decays could only lead to an underestima-  hackground across all cycles.
tion of the DM annual modulation amplitude, depen- Just as an example, Fig. 12 reports the counting
ding on the radiopurity of the setup. rates of all the 25 detectors during the DAMA/LIBRA-
Therefore, given this procedure, the observed phase2-empowered data set in the 34 keV energy bin.
DAMA annual modulation result cannot be mimicked  The time bin is 5 days, and the red solid curve (online)
by an artifact of the analysis method. Detailed studies is the result of the maximum likelihood analysis
on this topic have already been discussed, e.g., in  considering the same background over approximately
Refs. [1, 9, 16, 17], quantitatively confuting this 3 yr of data taking. The y?/d.o.f. ranges from 0.94 to
hypothesis — even under the arbitrary assumptionofa  1.13.
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Fig. 12. Counting rates of each detector during the DAMA/LIBRA-phase2-empowered data set in the 3-4 keV energy

bin. The time bin is 5 days. The red superimposed curves are the results of the maximum likelihood analysis considering

the same background during the approximately 3 yr of this data taking. The values of the modulation amplitudes are
reported in Fig. 13-right. The x?/d.o.f. ranges from 0.94 to 1.13. (See color Figure on the journal website.)
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Fig. 13. Modulation amplitudes S, in the 2-3 keV (left panel) and 3—4 keV (right panel) energy intervals for each of the
25 detectors of the DAMA/LIBRA-phase2-empowered data set. The errors are at 1 o confidence level. The weighted
average pointand 1 o band (shaded area) are also reported. Here, the analysis was done considering the same background
in the three years. The y? are 13.3 and 19.8 over 24 d.o.f. (p-values = 96 % and 71 %), respectively, supporting the
hypothesis that the signal is well distributed over all 25 detectors. (See color Figure on the journal website.)
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The modulation amplitudes S, for each of the
25 detectors of the DAMA/LIBRA-phase2-empo-
wered data set, obtained by assuming the same
background during the approximately 3 yr of data
taking, are depicted in Fig. 13 for the particular cases
of the 2-3 keV (left panel) and 3—4 keV (right panel)
energy intervals. They have random fluctuations
around the weighted average value (shaded band)
confirmed by the y? equal to 13.3 and 19.8 over
24 d.o.f. (p-values =96 % and 71 %), respectively.

Thus, the hypothesis that the signal is well distributed
over all 25 detectors is accepted.

Finally, Fig. 14 shows the comparison between
the modulation amplitudes, Sm, obtained with the
standard analysis (white open circles) and with the
analysis considering the same background over the
approximately 3 annual cycles (black filled squares);
in both cases, the used data set is the entire
DAMA/LIBRA-phase2-empowered.

S_, (cpd/kg/keV)

,,,,, T

0 2 4 6 8
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Energy (keV)

Fig. 14. Comparison of the modulation amplitudes, Sm, obtained with the standard analysis (white open circles) and
with the analysis considering the same background over the approximately 3 annual cycles (black filled squares); in
both cases, the used data set is the entire DAMA/LIBRA-phase2-empowered. (See color Figure on the journal website.)

As can be seen, the modulation amplitudes
obtained by the two methods of analysis are con-
sistent with each other (y?/d.o.f. equal to 8.4/20), fur-
ther confirming that any effects from long-term, time-
varying backgrounds — even from any hypothetical
slowly increasing low-energy rate — are negligible in
DAMA/LIBRA, thanks to the detectors’ perfor-
mances and long-term underground operation. There-
fore, the standard DAMA analysis can be reliably
used.

Let us note that the Sy, values obtained using the
same background across the three annual cycles are
systematically slightly higher than those derived from
the standard analysis. The average shift in the
modulation amplitudes remains well below the
uncertainty of each individual data point. Therefore,
the standard analysis can be regarded as a more
conservative and safer approach.

Summarizing the arguments, e.g., of Refs. [9, 16,
17] and the analysis reported in this Section further
show that any possible effect in DAMA/LIBRA due
either to any long-term, time-varying backgrounds or
to any odd behavior of the rate, increasing with time,
is negligible and the standard analyses, that assume a
constant background within each annual cycle, can be
safely adopted. Moreover, the hypothesis that the
signal is well distributed over all 25 detectors is
accepted.

8. Conclusions

The DAMA project has been in operation for
several decades, during which numerous low-back-
ground experimental setups were developed and
employed to measure a variety of rare processes [18].
Its primary original goal was the investigation of the
presence of a DM particle component in the galactic
halo using different detector configurations, based on
the development and deployment of highly radiopure
Nal(TI) target-detectors. DM has also been investi-
gated using complementary approaches and within
several corollary model-dependent interpretations (see
e.g. Ref.[1]). In particular, the highly radiopure
Nal(TI) setups — DAMA/Nal, DAMA/LIBRA-phasel,
DAMAJ/LIBRA-phase2, and DAMA/LIBRA-phase2-
empowered (total cumulative exposure: 3.40 t-yr) —
have provided evidence for an effect that simultane-
ously satisfies all the specific requirements of the
exploited DM annual modulation signature, with very
high confidence level.

In this paper, the new results obtained with the
latest DAMA/LIBRA-phase2-empowered configura-
tion (exposure: 0.541 t-yr) are presented. The reduc-
tion of the software energy threshold down to 0.5 keV
has further improved the experimental sensitivity.
The effect, already observed in previous configura-
tions, is also present in this new configuration. More-
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over, the continuous data-taking procedure has
allowed us to further demonstrate the robustness of
the DAMA standard model-independent analysis and
to further exclude any hypothetical effect from a
long-term, time-varying background.

At present, the DAMA cumulative model-inde-
pendent DM annual modulation effect, corresponding
to a total exposure of 3.40 t-yr, is observed at a confi-
dence level of 15.3 o.

It should be emphasized that the DAMA observed
effect remains compatible with a wide class of theo-
retical models, particularly in light of the substantial
uncertainties that persist in astrophysical, nuclear,
and particle-physics aspects (see e.g. Ref. [1]).

For the sake of completeness, we recall that
several efforts employing different target detectors
are currently ongoing (see e.g. Refs. [19, 20]). Con-
cerning more recent activities focused on measure-

ments performed with the same target nuclei as those
used by ANAIS-112 and COSINE-100 (for initial
remarks that remain relevant, we refer the reader to
Ref. [9], where, among other topics, the different
guenching factors are discussed) we briefly note that
some of their conclusions — including the intrinsically
uncertain joint combinations [21] — should be inter-
preted in light of the differences in detector perfor-
mance, shielding and environmental conditions, elec-
tronics, data-taking procedures, and analysis
methods. Nevertheless, these activities represent
potentially interesting experimental efforts.

Finally, we note that the DAMA project was
concluded as planned, and the DAMA experimental
setups were dismantled in fall 2024 [18].

Both model-independent and model-dependent
analyses on several rare processes and related aspects
are ongoing.
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MOJEJBHO-HE3AJIEXKHI PE3YJIBTATHU JOCJIIIKEHb
DAMA/LIBRA-PHASE2-EMPOWERED

Excniepumenr DAMA/LIBRA-phase2 OyB moaepHizoBanuii y 2021 p. i miJBHUIIEHHS HOro YyTJIMBOCTI 4epes
3HW)KEHHSI MIPOTPaMHOT0 €HEpreTHYHOro IMopory mnpu 30epexkeHHi BucOKoi edextuBHOCTI. HoBa KoHGiryparis, mo
HasuBaethess DAMA/LIBRA-phase2-empowered, HakomuuyBaa JaHi IPOTAroM TPhOX pokiB. HoBi naHi po3LIMprOOTh
JOCITI/PKEHHS TABHO BiIOMOTO, MOJIETIbHO-HE3aJIEKHOTO eEeKTy pidHOi MOIYJIALIi, BUSBIEHOTO EKCIIEPUMEHTAIBHUMHU
ycraHoBkamu DAMA 3 BHUKOpHCTaHHIM CUMHTIIAIIMHUX aerekTopiB Nal(Tl) 3 BHCOKOIO pamialiifHOIO YHCTOTOIO y
Hamionanehiit maboparopii I'pan-Cacco HamionanpHOTO iHCTHUTYTY siA€pHOI (i3MKH B PI3HHUX EKCHEPUMEHTAIBHHX
koHpiryparisx. [Iporpamuuii enepreruunuii mopir DAMA/LIBRA-phase2-empowered e aHmxuum 1 keB, a ekcriosuiris
cranoButh 0,541 T'pik. Jlomaroun 11i HOBi pe3ynpTaTH 10 paHimie omy6nikoBarnmx mannx DAMA/LIBRA-phase2,
eKCIO3UIisA cTaHOBUTH 2,07 T-pik mpoTsaroM 11 He3aneXHHUX PivHUX OUKIIB, JEMOHCTPYIOYN HAsSBHICTh CHUTHAIY, SIKHHA
BIIMIOBiTa€ BCIM BHMOTaM MOJEIHHO-HE3aJECKHOI PIYHOI MOIYJAMINHOI CHTHATYypd TEeMHOI Marepii 3 piBHEM
noctoBipHocTi 13,9 6 B obnacti enepriii 1-6 keB. B inTepBani 2-6 keB, ne takox moctynni nani DAMA/Nal Tta
DAMA/LIBRA-phasel, xombinoBaHa ekcrosuilis gocsrae 3,40 T-pik, 1o BiAmoBimae piBHIO gocToBipHOCTI 15,3 6.
Hewmae sxomHOTO cucteMaTn4HOro e()eKTy 4M MoOIYHOro Mpolecy, 31aTHOI0 OJJTHOYACHO 33/I0BOJILHUTH BC1 XapaKTepHi
pHCH CHOCTEPEXEHOi piYHOi MOIYJISILIHHOI CHUTHATYpH TEMHOI Marepii Ta BpaxyBaTH CIOCTEPEKYBaHY aMILTITYIy
MOTYJISILII.

Kniouosi crosa: TemHa Matepisi, eleMeHTapHI YaCTHHKH, CHUHTHIISIIIHHI JETEKTOPH.
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