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Abstract

The DAMA/LIBRA experiment, consisting of about 250 kg of highly radio-pure Nal(Tl) target, is running deep
underground at the Gran Sasso National Laboratory (LNGS) of the I.N.E.N.; its main aim is the investigation of Dark
Matter (DM) particles in the Galactic halo by means of the model independent DM annual modulation signature. In
this paper we briefly summarize the results obtained in its first phase of measurements (DAMA/LIBRA—phasel) lasted
for 7 annual cycles with a total exposure of 1.04 ton X yr. The DAMA/LIBRA—phasel and the former DAMA/Nal data
(cumulative exposure 1.33 ton X yr, corresponding to 14 annual cycles) give evidence at 9.3 o C.L. for the presence of
DM particles in the galactic halo. No systematic or side reaction able to mimic the exploited DM signature has been
found or suggested by anyone over more than a decade. At fall 2010 a relevant upgrade of the experiment has been
performed: all the PMTs have been replaced by new ones having higher quantum efficiency. After some optimization
periods, a new phase of measurement, DAMA/LIBRA—phase2, has began in this new configuration with increased
sensitivity. Some of the perspectives of the presently running DAMA/LIBRA—phase2 are mentioned.

1. Introduction ure Nal(Tl) crystal scintillators (5-rows by 5-columns
matrix) having 9.70 kg mass each one. The detec-
tors are housed in a sealed low-radioactive copper box
installed in the center of a low-radioactive Cu/Pb/Cd-
foils/polyethylene/paraffin shield; moreover, about 1 m
concrete (made from the Gran Sasso rock material) al-
most fully surrounds (mostly outside the barrack) this
passive shield, acting as a further neutron moderator. A
threefold-level sealing system prevents the detectors to
be in contact with the environmental air of the under-
ground laboratory. The light response of the detectors
during phasel typically ranges from 5.5 to 7.5 photo-
electrons/keV, depending on the detector. The hardware
threshold of each PMT is at single photoelectron, while
a software energy threshold of 2 keV electron equivalent

The DAMA project is based on the development
and use of low background scintillators. In partic-
ular, the second generation DAMA/LIBRA apparatus
[1, 2,3,4,5,6,7,8,9, 10, 11, 12, 13], as the for-
mer DAMA/Nal (see for example Ref. [8, 14, 15] and
references therein), is further investigating the presence
of DM particles in the galactic halo by exploiting the
model independent DM annual modulation signature,
originally suggested in the mid 80°s[16].

At present DAMA/LIBRA is running in its phase2.
The detailed description of the DAMA/LIBRA set-
up during the phasel has been discussed in details in
Ref. [1, 2, 3, 4, 8]. Briefly we remind that the sen-
sitive part of this set-up is made of 25 highly radiop-
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(hereafter keV) has been used in the phasel.

The signature exploited by DAMA/LIBRA (the
model independent DM annual modulation) is a conse-
quence of the Earth’s revolution around the Sun; in fact,
the Earth should be crossed by a larger flux of DM par-
ticles around =~ 2 June (when the projection of the Earth
orbital velocity on the Sun velocity with respect to the
Galaxy is maximum) and by a smaller one around =~ 2
December (when the two velocities are opposite). This
DM annual modulation signature is very effective since
the effect induced by DM particles must simultaneously
satisfy many requirements: the rate must contain a com-
ponent modulated according to a cosine function (1)
with one year period (2) and a phase peaked roughly
=~ 2 June (3); this modulation must only be found in a
well-defined low energy range, where DM particle in-
duced events can be present (4); it must apply only to
those events in which just one detector of many actually
“fires” (single-hit events), since the DM particle multi-
interaction probability is negligible (5); the modulation
amplitude in the region of maximal sensitivity must be
=~ 7% for usually adopted halo distributions (6), but it
can be larger (even up to =~ 30%) in case of some pos-
sible scenarios such as e.g. those in Ref. [17, 18]. Thus
this signature is model independent, very discriminat-
ing and, in addition, it allows the test of a large range of
cross sections and of halo densities.

This DM signature might be mimicked only by sys-
tematic effects or side reactions able to account for the
whole observed modulation amplitude and to simulta-
neously satisfy all the requirements given above. No
one is available [1, 2, 3,4, 7, 8, 12, 19, 14, 15, 13].

2. The results of DAMA/LIBRA-phasel and
DAMA/Nal

The total exposure of DAMA/LIBRA—phasel is 1.04
ton X yr in seven annual cycles; when including also that
of the first generation DAMA/Nal experiment it is 1.33
ton X yr, corresponding to 14 annual cycles [2, 3, 4, 8].

To point out the presence of the signal the time
behaviour of the experimental residual rates of the
single-hit scintillation events for DAMA/Nal and
DAMA/LIBRA-phasel in the (2-6) keV energy inter-
val are plotted in Fig. 1. In the Figure the major up-
grades of the experiment are also pointed out.

The y? test excludes the hypothesis of absence of
modulation in the data: y?/d.o.f. = 83.1/50 and the
P-value is P = 2.2 x 1073 for the (2-6) keV energy
interval. When fitting the single-hit residual rate of
DAMA/LIBRA-phasel together with the DAMA/Nal
ones, with the function: A4 cosw(f — #), considering a

period T = %” = 1 yr and a phase #, = 152.5 day (June
2"y as expected by the DM annual modulation signa-
ture, the following modulation amplitude is obtained:
A =(0.0110+0.0012) cpd/kg/keV corresponding to 9.2
o C.L..

When the period, and the phase are kept free in the fit-
ting procedure, the modulation amplitude is (0.0112 +
0.0012) cpd/kg/keV (9.3 o C.L.), the period T =
(0.998 + 0.002) year and the phase 7y = (144 + 7) day,
values well in agreement with expectations for a DM an-
nual modulation signal. In particular, the phase is con-
sistent with about June 2" and is fully consistent with
the value independently determined by Maximum Like-
lihood analysis (see later). For completeness, we re-
call that a slight energy dependence of the phase could
be expected in case of possible contributions of non-
thermalized DM components to the galactic halo, such
as e.g. the SagDEG stream [20, 21, 22] and the caustics
[23].

We stress that by performing the run test and the y?
test on the data, we have shown that the modulation am-
plitudes singularly calculated for each annual cycle of
DAMA/Nal and DAMA/LIBRA-phasel are normally
fluctuating around their best fit values [2, 3, 4].

We have also performed a Fourier analysis on the
data [8] in terms of the power spectrum of the single-
hit residuals of DAMA/LIBRA—phasel and DAMA/Nal
by considering the Lomb-Scargle approach; the same
analysis has been also performed in the energy interval
just above the region where the signal is present, (6—
14) keV. It has been obtained that the principal mode is
present in the (2-6) keV energy interval at a frequency
of 2.737 x 1073 d~!, corresponding to a period of ~ 1
year and that only alias peaks are present in the (6—14)
keV energy interval where no modulation is observed.

Absence of any other significant background modu-
lation in the energy spectrum has been verified in en-
ergy regions not of interest for DM; e.g. the measured
rate integrated above 90 keV, Ry, as a function of the
time has been analysed [4]. Similar result is obtained
in other energy intervals. It is worth noting that the ob-
tained results account of whatever kind of background
and, in addition, no background process able to mimic
the DM annual modulation signature (that is able to si-
multaneously satisfy all the peculiarities of the signa-
ture and to account for the whole measured modula-
tion amplitude) is available (see also discussions e.g. in
Ref. [1,2,3,4,7,8, 12, 13]).

A further relevant investigation in the
DAMA/LIBRA—phasel data has been performed
by applying the same hardware and software proce-
dures, used to acquire and to analyse the single-hit
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Figure 1: Experimental residual rate of the single-hit scintillation events measured by DAMA/Nal and DAMA/LIBRA—phasel in the (2-6) keV
energy interval as a function of the 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 functions behaviors 4 cos w(f —

to) with a period 7 = %’r = 1yr, a phase #p = 152.5

day (June 2¢) and modulation amplitudes, 4, equal to the central values obtained by best fit on the data points. The dashed vertical lines correspond
to the maximum expected for the DM signal (June 2?), while the dotted vertical lines correspond to the minimum. The major upgrades of the

experiment are also pointed out.

residual rate, to the multiple-hit one. In fact, since the
probability that a DM particle interacts in more than
one detector is negligible, a DM signal can be present
just in the single-hit residual rate. Thus, the comparison
of the results of the single-hit events with those of the
multiple-hit ones corresponds practically to compare
between them the cases of DM particles beam-on and
beam-off. This procedure also allows an additional test
of the background behaviour in the same energy interval
where the positive effect is observed. In particular, the
residual rates of the single-hit events measured over the
DAMA/LIBRA-phasel annual cycles are reported in
Ref. [4], as collected in a single cycle, together with
the residual rates of the multiple-hit events, in the (2—6)

keV energy interval. A clear modulation satisfying
all the peculiarities of the DM annual modulation
signature is present in the single-hit events, while the
fitted modulation amplitude for the multiple-hit residual
rate is well compatible with zero: —(0.0005 + 0.0004)
cpd/kg/keV in the same energy region (2—6) keV. Thus,
again evidence of annual modulation with the features
required by the DM annual modulation signature is
present in the single-hit residuals (events class to which
the DM particle induced events belong), while it is
absent in the multiple-hit residual rate (event class to
which only background events belong). Similar results
were also obtained for the last two annual cycles of
the DAMA/Nal experiment [15], when the electronics
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allowed it. Since the same identical hardware and the
same identical software procedures have been used to
analyse the two classes of events, the obtained result
offers an additional strong support for the presence of a
DM particle component in the galactic halo.

By performing a maximum-likelihood analysis it is
possible to extract from the data the modulation ampli-
tude, S .k, as a function of the energy considering 7" =1
yr and #y) = 152.5 day. For such purpose the likelihood
function of the single-hit experimental d?ta in the k—th

Vi jk

energy bin is defined as: Ly = II; je”"’fk%, where N
is the number of events collected in the i-th time inter-
val (hereafter 1 day), by the j-th detector and in the -th
energy bin. N;j follows a Poisson’s distribution with
expectation value p;j; = [b ik + S ik] M;At;AEej. The
b are the background contributions, A/, is the mass of
the j—th detector, A¢; is the detector running time dur-
ing the i-th time interval, AE is the chosen energy bin,
€j. 1s the overall efficiency. Moreover, the signal can be
written as Six = Sox + Smi - cos w(t; — ty), where S
is the constant part of the signal and S ,,,  is the modula-
tion amplitude. The usual procedure is to minimize the
function y; = —2In(Ly) — const for each energy bin; the
free parameters of the fit are the (b + So) contribu-
tions and the S, ; parameter. Hereafter, the index £ is
omitted for simplicity.

In Fig. 2 the obtained S, are shown by consider-
ing energy bin of 0.5 keV obtained from the data of
DAMA/Nal and DAMA/LIBRA—phasel. It can be in-
ferred that positive signal is present in the (2—6) keV en-
ergy interval, while S, values compatible with zero are
present just above. In fact, the S, values in the (6-20)
keV energy interval have random fluctuations around
zero with y? equal to 35.8 for 28 degrees of freedom
(upper tail probability of 15%). All this confirms the
previous analyses.

As described in Ref. [2, 3, 4, 8], the observed an-
nual modulation effect is well distributed in all the 25
detectors, the annual cycles and the energy bins at 95%
C.L.

Further analyses have been performed. All of them
confirm the evidence for the presence of an annual mod-
ulation in the data satisfying all the requirements for a
DM signal.

Sometimes naive statements were put forwards as
the fact that in nature several phenomena may show
some kind of periodicity.  The point is whether
they might mimic the annual modulation signature in
DAMA/LIBRA (and former DAMA/Nal), i.e. whether
they might be not only quantitatively able to account for
the observed modulation amplitude but also able to con-

temporaneously satisfy all the requirements of the DM
annual modulation signature. The same is also for side
reactions. This has already been deeply investigated in
Ref. [1, 2, 3, 4] and references therein; the arguments
and the quantitative conclusions, presented there, also
apply to the entire DAMA/LIBRA—phasel data. Addi-
tional arguments can be found in Ref. [7, 8, 12, 13].

No modulation has been found in any possible source
of systematics or side reactions; thus, cautious upper
limits on possible contributions to the DAMA/LIBRA
measured modulation amplitude are summarized in Ref.
[2, 3, 4]. It is worth noting that they do not quantita-
tively account for the measured modulation amplitudes,
and also are not able to simultaneously satisfy all the
many requirements of the signature. Similar analyses
have also been done for the DAMA/Nal data [14, 15].

In particular, in Ref. [13] a simple and intuitive way
why the neutrons, the muons and the solar neutrinos
cannot give any significant contribution to the DAMA
annual modulation results is outlined. Table 1 summa-
rizes the safety upper limits on the contributions to the
observed modulation amplitude due to the total neutron
flux at LNGS, either from (e, n) reactions, from fissions
and from muons’ and solar-neutrinos’ interactions in the
rocks and in the lead around the experimental set-up;
the direct contributions of muons and solar neutrinos are
also reported there. As seen in Table 1, they are all neg-
ligible and they cannot give any significant contribution
to the observed modulation amplitude. In addition, neu-
trons, muons and solar neutrinos are not a competing
background when the DM annual modulation signature
is investigated since in no case they can mimic this sig-
nature. For details see Ref. [13] and references therein.

In conclusion, DAMA give model-independent evi-
dence (at 9.30 C.L. over 14 independent annual cycles)
for the presence of DM particles in the galactic halo.

This obtained model independent evidence is com-
patible with a wide set of scenarios regarding the nature
of the DM candidate and related astrophysical, nuclear
and particle Physics (see e.g. Ref. [14, 2, 8] and refer-
ences therein).

3. On comparisons

Let us recall some arguments about the comparison
between the DAMA result and the result obtained by
other experiment in the field. No direct model indepen-
dent comparison is possible in the field when different
target materials and/or approaches are used; the same is
for the strongly model dependent indirect searches.

In order to perform corollary investigations on the na-
ture of the DM particles, model-dependent analyses are
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Figure 2: Energy distribution of the S, variable for the total cumulative exposure 1.33 tonxyr. The energy bin is 0.5 keV. A clear modulation is
present in the lowest energy region, while S, values compatible with zero are present just above. In fact, the S, values in the (6-20) keV energy
interval have random fluctuations around zero with y? equal to 35.8 for 28 degrees of freedom (upper tail probability of 15%).

Table 1: Summary of the contributions to the total neutron flux at LNGS; the value, the relative modulation amplitude, and the phase of each
component is reported. It is also reported the counting rate in DAMA/LIBRA for single-hit events, in the (2 — 6) keV energy region induced by
neutrons, muons and solar neutrinos, detailed for each component. The modulation amplitudes, A, are reported as well, while the last column
shows the relative contribution to the annual modulation amplitude observed by DAMA/LIBRA, S,” ~ 0.0112 cpd/kg/keV [4]. As can be seen,
they are all negligible and they cannot give any significant contribution to the observed modulation amplitude. In addition, neutrons, muons and
solar neutrinos are not a competing background when the DM annual modulation signature is investigated since in no case they can mimic this
signature. For details see Ref. [13] and references therein.

Source (DE,",)( Mk Iy Rox Ay = Ro sk Ar/Sy?
(neutrons cm™2 s7!) (cpd/kg/keV)  (cpd/kg/keV)
thermal n 1.08 x 107° =0 - <8x10%  «8x107 | <7x10-
(1072 -10""eV) however < 0.1
SLOW
neutrons  epithermal n 2x107° ~0 - <3x1073 <3x10™ < 0.03
(eV-keV) however <« 0.1
fission, (@,n) —» n ~0.9x1077 ~0 - <6x107% < 6x107 <5x1073
(1-10 MeV) however <« 0.1
1 — n from rock ~3x107 0.0129 endof | «7x10% «9x10° | «8x10™
FAST (> 10 MeV) June
neutrons
# — n from Pb shield ~6x107° 0.0129 endof | <14x107 «2x107° | <1.6x1073
(> 10 MeV) June
von ~3x1071° 0.03342* Jan. 4th* | < 7x107°  «2x107% | «2x107™*
(few MeV)
direct % ~ 20 g m=2d""! 0.0129 end of =107 =107 ~ 1077
June
direct v Y = 6x 10"y em%s”! 0.03342* Jan. 4th* = 107° 3x107 3x10°°

* The annual modulation of solar neutrino is due to the different Sun-Earth distance along the year; so the relative modulation amplitude is twice
the eccentricity of the Earth orbit and the phase is given by the perihelion.

necessary'; thus, many theoretical and experimental pa-
rameters and models are possible and many hypotheses
must also be exploited.

In particular many candidates, interactions, halo
models, etc. are possible, while specific experimental

For completeness, we recall that it does not exist any approach to
investigate the nature of the candidate in the direct and indirect DM
searches, which can offer that information independently on assumed
astrophysical, nuclear and particle Physics scenarios

and theoretical assumptions are generally adopted in a
single arbitrary scenario without accounting neither for
existing uncertainties nor for alternative possible sce-
narios, interaction types, etc.

The obtained DAMA model independent evidence
is compatible with a wide set of scenarios regarding
the nature of the DM candidate and related astrophys-
ical, nuclear and particle Physics. For examples some
given scenarios and parameters are discussed e.g. in
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Ref. [14, 2, 8]. Further large literature is available on
the topics (see for example in the bibliography of Ref.
[8]). Moreover, both the negative results and all the
possible positive hints are compatible with the DAMA
model-independent DM annual modulation results in
various scenarios considering also the existing experi-
mental and theoretical uncertainties; the same holds for
strongly model dependent indirect approaches; see e.g.
arguments in Ref. [8] and references therein.

4. Search for second order effect and other rare pro-
cesses with DAMA/LIBRA

By considering the data collected in DAMA/LIBRA—
phasel we have also investigated the possible diurnal
effects in the single-hit low energy scintillation events.
A diurnal effect with the sidereal time is expected for
DM because of Earth rotation; this DM second-order
effect is model-independent and has several peculiar re-
quirements as the DM annual modulation effect does.
At the present level of sensitivity the presence of any
significant diurnal variation and of diurnal time struc-
tures in the data can be excluded for both the cases of
solar and sidereal time [12]. In particular, the DM di-
urnal modulation amplitude expected, because of the
Earth diurnal motion, on the basis of the DAMA DM
annual modulation results is below the present sensitiv-
ity. It will be possible to investigate such a diurnal effect
with adequate sensitivity only when a much larger ex-
posure will be available. On the other hand, better sen-
sitivities can also be achieved by lowering the software
energy threshold; in fact an almost exponential rising
of the signal rate is expected at lower energy for some
DM candidates. This is one of the goals of the presently
running DAMA/LIBRA—phase2.

As regard the search for rare processes we have per-
formed an analysis considering the data collected ir-
radiating DAMA/LIBRA detectors with 24! Am source
to search for correlated e*e™ pairs in its @ decay [11].
The source experimental data show an excess of dou-
ble coincidences of events with energy around 511 keV
in faced pairs of detectors, which are not explained
by known side reactions. This measured excess can
be interpreted in terms of the Internal Pair Production
(IPP). The observed effect gives a relative activity A =
(4.70+0.63)x 107 for the Internal Pair Production (IPP)
with respect to the a decay of >*' Am [11]. This value
is of the same order of magnitude as the previous deter-
minations obtained by using different set-ups, sources
(with different features and producers) and experimen-
tal approaches. In a conservative approach the upper
limit A < 5.5x107° (90% C.L.) can be derived. It is

worth noting that this is the first result on IPP obtained
in an underground experiment, and that the A value ob-
tained is independent on the live-time estimate (which is
difficult to estimate with very high accuracy in similar
experiments because of the relatively high intensities of
the 24! Am sources).

Moreover we have also performed an analysis obtain-
ing new lifetime limits on the charge non-conserving
(CNC) electron capture with excitation of the 417.9 keV
nuclear level in the 2’ by using the coincidence tech-
nique on an exposure of 0.87 ton X yr, collected by
DAMA/LIBRA [10]. The considered approach is that
each CNC electron capture decay produces an excited
level and the relaxation of the atomic shells. In a multi-
detector set-up the products of the atomic relaxation are
contained in the source = detector releasing a total en-
ergy of 33.2 keV, considering only '2’T K-shell elec-
trons involved in the process. The y quanta emitted in
the nucleus de-excitation may escape from the source
= detector and then interact with one of the surround-
ing detectors, giving events in coincidence with multi-
plicity two (two detectors fire). The search for events
with multiplicity two — in the particular energy interval
of interest for the process searched for — offers both a
peculiar signature for this process and a significant re-
duction of the background. The analysis was focused on
the case of the 417.9 keV excited level of 71, since it
offers the largest efficiency for the detection of double-
coincidence from the CNC electron capture searched
for, and the lowest background. The obtained limit on
the mean life is T > 1.2x10%* yr (90 % C.L.), about one
order of magnitude larger than those previously avail-
able for CNC electron capture involving nuclear level
excitations of 271 [10].

Finally we recall that a new search for non-Paulian
nuclear processes, i.e. processes normally forbidden by
the Pauli Exclusion Principle (PEP) has also been per-
formed [9].

5. DAMA/LIBRA—phase2 and perspectives

After a first upgrade of the DAMA/LIBRA set-up in
September 2008, a more important upgrade has been
performed at the end of 2010 when all the PMTs have
been replaced with new ones having higher Quantum
Efficiency (Q.E.), realized with a special dedicated de-
velopment by HAMAMATSU co.. Details on the devel-
opments and on the reached performances in the oper-
ative conditions are reported in Ref. [6] where the fea-
sibility to decrease the software energy threshold below
2 keV in the new configuration has been also demon-
strated.
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Since the fulfillment of this upgrade,
DAMA/LIBRA—phase2 — after optimization peri-
ods — is continuously running in order: (1) to increase
the experimental sensitivity lowering the software
energy threshold of the experiment; (2) to improve the
corollary investigation on the nature of the DM particle
and related astrophysical, nuclear and particle physics
arguments; (3) to investigate other signal features. This
requires long and heavy full time dedicated work for
reliable collection and analysis of very large exposures.

Another upgrade at the end of 2012 was successfully
concluded: new-concept preamplifiers were installed,
with suitable operative and electronic features. More-
over, further improvements are planned; in particular,
new trigger modules have been prepared and ready to
be installed.

Finally, further improvements to increase the sensi-
tivity of the set-up can be considered; in particular,
the use of high Q.E. and ultra-low background PMTs
directly coupled to the Nal(Tl) crystals is an interest-
ing possibility. This possible configuration can allow
a further large improvement in the light collection and
a further lowering of the software energy threshold.
Moreover, efforts towards a possible highly radiopure
Nal(Tl) “general purpose” experiment (DAMA/Iton)
having full sensitive mass of 1 ton (we already proposed
in 1996 as a general purpose set-up) have been contin-
ued in various aspects.

6. Conclusions

The data of DAMA/LIBRA-phasel have further con-
firmed the presence of a peculiar annual modulation of
the single-hit events in the (2—6) keV energy region sat-
isfying all the many requirements of the DM annual
modulation signature; the cumulative exposure by the
former DAMA/Nal and DAMA/LIBRA—phasel is 1.33
ton X yr. No systematic or side processes able to simul-
taneously satisfy all the many peculiarities of the signa-
ture and to account for the whole measured modulation
amplitude is available.

DAMA/LIBRA is continuously running in its new
phase of measurement (named DAMA/LIBRA-phase2)
with a lower software energy threshold. The enhanced
sensitivity will allow to improve the knowledge on
corollary aspects regarding the signal and on second or-
der effects as discussed e.g. in Ref. [8, 12]. Further
efforts to increase the sensitivity of the set-up are also
in progress, as well as efforts towards a possible highly
radiopure Nal(Tl) “general purpose” DAMA/Iton ex-
periment, with full sensitive mass of 1 ton.
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