
Article

Sensitivity of Solid-Scintillator Detectors to Dark Matter

Pierluigi Belli 1,2,* and Riccardo Cerulli 1,2

����������
�������

Citation: Belli, P.; Cerulli, R.

Sensitivity of Solid-Scintillator

Detectors to Dark Matter. Physics

2021, 3, 128–143. https://doi.org/

10.3390/physics3010011

Received: 2 February 2021

Accepted: 16 March 2021

Published: 22 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 INFN, Sezione di Roma “Tor Vergata”, I-00133 Rome, Italy; riccardo.cerulli@roma2.infn.it
2 Dipartimento di Fisica, Università di Roma “Tor Vergata”, I-00133 Rome, Italy
* Correspondence: pierluigi.belli@roma2.infn.it

Abstract: This paper shortly reviews the sensitivities that can be achieved to unambiguously point
out the presence of a signal of Galactic origin in dark matter experiments with solid-scintillator
detectors. Examples of the experimental sensitivities obtained by exploiting the annual and diurnal
modulation signatures are reported with particular regard to the investigations performed in the
framework of the DAMA Collaboration. The directionality approach in solid scintillators is also
presented and, in particular, the perspectives of the ADAMO project are discussed.
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1. Introduction

There is a wide worldwide effort in investigating the dark matter (DM) in the galactic
halo through direct detection (for a review see [1]) in terrestrial experiments, in indirect
searches (for a review see [2]) and at accelerators (for a review see [3]). In this paper, we
focus our attention on the DM direct detection by using model-independent signatures
that, as well as other rare searches like the double beta decay processes, the rare nuclear
decay processes, etc. allows getting information about either the Standard Model (SM)
or beyond the SM of particle physics. In fact, no candidate for DM particle exists in the
SM and new Physics in the particle sector must be opened to account for DM. Many DM
candidates have been proposed in the literature in theories extending the SM of particle
physics (for a review see [4]). On the other side, all the experimental techniques for direct
detection of DM particles in terrestrial experiments profit from the large improvements
achieved in the low-background technology and of suitable underground laboratories. For
a discussion of these techniques see for example [5].

In this paper we describe the achievable sensitivity in time-varying DM signal and we
show the results obtained by DAMA/LIBRA in the cases of the DM annual modulation
signature and diurnal modulation. Moreover, the case of a novel detector, that exploits the
anisotropy of some solid scintillators to the light response of nuclear recoils, is discussed.
In particular, the reachable sensitivity for the time-varying DM signal achievable within
the ADAMO project is presented.

2. The Achievable Sensitivity in Time-Varying DM Signal

The origin of the DM annual and diurnal modulation signatures and their peculiar
features is due to the Earth motion with respect to the DM particles constituting the Galactic
dark halo [6,7]. During its motion, a laboratory on the Earth experiences a wind of DM
particles, which are trapped in the gravitational field of the Galaxy with a peculiar phase-
space distribution function. Many possibilities for the distribution function have been
proposed in the literature [8–24]; many of them profit from new astrophysical observations
and new simulations. The DM annual modulation is due to the Earth’s revolution around
the Sun, which is moving towards Vega (near the constellation of Hercules) in the Local
Standard of Rest (LSR) frame of the Galaxy. In particular, a larger flux of DM particles
crosses the Earth around '2 June, while a smaller one does around '2 December. On the
contrary, the DM diurnal modulation is due to the rotation of the Earth around its axis.
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The DM annual and diurnal modulation signatures are very distinctive. As regards
the DM annual modulation signature, the DM signal must simultaneously satisfy all the
following requirements (see for example [1,25]): the rate has to contain a modulation
component as a cosine function with a period of one year and a phase that provides the
maximum of the signal around '2 June. The DM annual modulation is to be found only
at low energy, where events induced by DM particles can be present, and can produce
events where only one detector module of many actually ”fires” (single-hit events), since
the probability that DM particles interact with more than one detector module is negligible.
There is also a constraint on the DM annual modulation amplitude: it is <∼ 7% (see later
and e.g., [1,25]) of the constant part of the signal in the region of maximal sensitivity for
the halo distribution function usually adopted; however, in the literature, some scenarios
have been also proposed in which a larger amplitude is expected [26–30]. Thus the DM
annual modulation signature does not depend on the nature of the DM particle, has many
requirements (as fore-mentioned) and allows a wide range of parameters to be tested in
many possible astrophysical, nuclear and particle physics scenarios (see e.g., [1]). Similar
considerations can be done for the DM diurnal modulation. In this case, the behavior of
the counting rate during the sidereal day must follow a well-defined pattern depending on
the location of the detector in the Earth.

To explain the DM annual and diurnal modulation signatures, the motion of a detector
placed in a laboratory on the Earth surface is described in the Galactic frame. Thus, an
observer fixed in it sees the detector moving due both to the rotation of the Earth around
its axis and to the revolution of the Earth around the Sun.

The velocity of such a detector can be written as [31]:

~vlab(t) = ~vLSR +~v� +~vrev(t) +~vrot(t), (1)

where ~vLSR is the velocity of the LSR due to the rotation of the Galaxy; ~v� is the peculiar
velocity of the Sun with respect to the LSR; ~vrev(t) is the velocity of the Earth due to
its revolution around the Sun and ~vrot(t) is the velocity of the Earth due to the rotation
around its axis at the coordinates (latitude and longitude) of the laboratory. In the Galactic
coordinate frame (defined as x axis pointing towards the Galactic center, y axis following
the Galaxy rotation and the z axis pointing towards the Galactic North pole), we can write
~vLSR = (0, v0, 0), where v0 = (220± 50) km/s [32–35] (uncertainty at 90% confidence
level (C.L.)), and ~v� = (9, 12, 7) km/s [36]. The Earth velocities due to the revolution and
rotation depend on the sidereal time, t.

The orbital speed of the Earth |~vrev| = VEarth depends weakly on the time because of
the ellipticity of the Earth orbital motion around the Sun; in fact, VEarth varies in the range
between 29.3 km/s and 30.3 km/s. Hence, here it is assumed constant and equal to its
mean value '29.8 km/s.

The rotational speed of the Earth, |~vrot| = Vr is given by Vr = Veq cos φ0, where φ0 is
the latitude of the considered laboratory and Veq is the equatorial rotational speed equal to
0.4655 km/s. As an example, Vr = 0.3435 km/s at Gran Sasso underground Laboratory
(LNGS), where φ0 = 42◦27′ N and longitude λ0 = 13◦34′ E.

The expected counting rate in many detectors for DM investigations depends on the
detector’s speed in the Galaxy, vlab(t). The time-independent contribution is
|~vs| = |~vLSR +~v�| ≈ 232 ± 50 km/s. A Taylor expansion, performed in the smaller
time-dependent contributions |~vrev(t)| ≈ 30 km/s and |~vrot(t)| ≈ 0.34 km/s, allows to
determine—at the first order expansion—the detector’s speed in the Galaxy [31]:

vlab(t) ' vs + VEarth Am cos[ω(t− t0)] + Vr Ad cos[ωrot(t− td)], (2)

where Am ' 0.489, confirms that the ecliptic is tilted with respect to the Galactic plane
of '60◦, and Ad ' 0.671 (calculated for v0 = 220 km/s) are “geometrical” factors [31].
The angular velocities are ω = 2π/T and ωrot = 2π/Trot, where T = 1 sidereal year
and Trot = 1 sidereal day. The two phases, t0 and td, correspond to the time when the
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annual and diurnal modulations are maximum. The phase of the DM annual modulation is
t0 = tequinox + 73.25 solar days, where tequinox is the spring equinox time (≈21 March). The
second term in the previous equation has been calculated for v0 = 220 km/s and it ranges
from 71.76 solar days (for v0 = 170 km/s) to 74.20 solar days (for v0 = 270 km/s). For
v0 = 220 km/s it corresponds to t0 ≈ 2 June [31]. The phase of the DM diurnal modulation
corresponds to td ' 14.02 h local sidereal time and v0 = 220 km/s; actually this value
ranges from 13.94 h (v0 = 170 km/s) to 14.07 h (v0 = 270 km/s) [31].

Finally, the expected signal counting rate in a given k-th energy bin can be written,
applying a Taylor expansion, as:

Sk[vlab(t)] ' Sk[vs] +

[
∂Sk

∂vlab

]
vs

[VEarth Am cos ω(t− t0) + Vr Ad cos ωrot(t− td)]. (3)

For simplicity, we omit higher order terms with no time dependence and higher
harmonics of ω and ωrot. The first term of Equation (3) is the constant part of the
signal (S0), while the other two terms are the annual modulation one with amplitude
Sm =

[
∂Sk

∂vlab

]
vs

VEarth Am, and the diurnal modulation one with amplitude Sd =
[

∂Sk
∂vlab

]
vs

Vr Ad.

It is worth to note that the ratio Rdy of the DM diurnal modulation amplitude over
the DM annual modulation amplitude is a model-independent constant; it is energy
independent being a function of the latitude of the experiment and its order of magnitude
is given by the ratio between the rotational speed of the Earth and the orbital speed of the
Earth ('10−2):

Rdy =
Sd
Sm

=
Vr Ad

VEarth Am
' 0.0214 cos φ0; (4)

At the LNGS latitude one has:

Rdy =
Sd
Sm
' 0.016. (5)

The data analysis exploiting the DM annual and diurnal modulation signatures are
based on the study of the measured counting rate as a function of time. The initial ap-
proach [6,7], that was considered for the DM annual modulation signature, was introduced
considering experiments of small masses, high background and poor exposure. Over time
the method was extended, in particular, by the DAMA collaboration [37–39]. Generally
speaking, we can write the time-dependence of the expected signal counting rate in a given
k-th energy bin as:

Sk(t) = S0,k + Bk f (t). (6)

where f (t) is a periodic function with period T; without loosing generality, we assume
that

∫ T
0 f (t)dt = 0 and

∫ T
0 f 2(t)dt = 0.5. For the two particular cases we are dealing with

here, f (t) = cos ω(t− t0) and f (t) = cos ωrot(t− td), respectively, and in turn Bk = Sm,k
and Bk = Sd,k. In Section 4 the example of the directionality approach using the ZnWO4
anisotropic scintillators will be addressed in the light of the sensitivity discussed here;
in such a case f (t) is a more complex function with the daily periodicity achievable for
example by simulations. Therefore, the Bk are the amplitudes of the studied process.

To get the highest sensitivity, the energy bin ∆E in the differential energy distribution
must be chosen as the best compromise between a sufficient statistics and a good signal-to-
background ratio. When the statistics is low, it requires to integrate the events in rather
large energy intervals at the expense of the reachable sensitivity. When a large exposure
is instead available, the events can be binned on the basis of the arrival time (i index),
involved detector module (j index) and energy intervals of width ∆E (k index): Nijk. Each
element of Nijk follows a Poisson distribution with expected value:

µijk =
[
bjk + S0,k + Bk f (ti)

]
Mj∆ti∆Eεjk. (7)
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The contribution of background in the k-th energy interval for the j-th detector module
is bjk, the time interval in which the detector was active on the i-th time bin is ∆ti, the
total efficiency in the k-th energy interval for the j-th detector module is εjk, and the mass
of the j-th detector module is Mj. Let us define wijk = Mj∆ti∆Eεjk. One can consider the
following variables–the sum run over a single period T–built from the number of counts,
Nijk (omitting for simplicity the indexes j, k):

D =
1

W ∑
i

Ni, (8)

X =
2

W ∑
i
[ f (ti)− β]Ni, (9)

where:

W = ∑
i

wi, (10)

β = 〈 f (t)〉 = 1
W ∑

i
wi f (ti), (11)

α = 〈 f 2(t)〉 = 1
W ∑

i
wi f 2(ti). (12)

In the particular case of “coupled” time bins (i.e., opposite in phase), one obtains
β = 0, and in case of a complete period T of measurement α = 0.5. The D and X variables
are stochastic ones since they are function of Ni; the latter follows a poissonian distribution
with 〈Ni〉 = Var(Ni) = µi. These variables can allow interesting studies on the free
parameters: the modulation amplitude, B, and the time-independent term, (b + S0). In
fact, in case the variance of the cosine, (α− β2), is ≈ 0.5 for a detector being operational
evenly throughout the period T, the expectation values of D and X are 〈D〉 = (b + S0)
and 〈X〉 = B. In the general case, they are 〈D〉 = (b + S0) + βB and 〈X〉 = 2(α− β2)B
(For completeness , another stochastic variable can be used to decouple the two equations:
Z = 1

W ∑i 2[α− β f (ti)]Ni, whose expectation value is directly connected to (b + S0):

〈Z〉 = 2(α − β2)(b + S0).). Moreover, the variances are: Var(D) = (b+S0)+βB
W and

Var(X) ' 4(α − β2)(b + S0)
W (in the latter we omit the terms negligible when a detector is

operational evenly throughout the period T).
In conclusion, the modulation amplitude, B, can be worked out by

B =
〈X〉

2(α− β2)
=

1
W(α− β2) ∑

i
[ f (ti)− β]〈Ni〉, (13)

and considering the Ni as the best estimators of 〈Ni〉 (that is 〈Ni〉 = Var(Ni) ≈ Ni) one has:

B =
∑i[ f (ti)− β]Ni

W(α− β2)
, (14)

Var(B) =
∑i[ f (ti)− β]2Ni

W2(α− β2)2 . (15)

To estimate the statistical significance of the presence of modulation one can evalu-
ate the standard deviation associated to the B. As a first approximation without losing
generality, we can replace in Equation (15) Ni with wi(b + S0):

Var(B) ' (b + S0)
∑i[ f (ti)− β]2wi

W2(α− β2)2 . (16)
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After some algebraic calculations using Equations (10)–(12):

σ(B) =
√

Var(B) '
√

b + S0

W(α− β2)
. (17)

Therefore, the obtained sensitivity, defined as R = B/σ(B), for observing periodi-
cal modulation amplitude is directly proportional to the square root of the generalized
exposure (i.e., W(α− β2)) and inversely proportional to the square root of the mean rate
(i.e., 〈rate〉 ≈ (b + S0)). Finally, considering that for a full period T of exposure α ' 0.5
and β ' 0, one can write:

σ(B) '
√

2
〈rate〉

W
. (18)

Of course, when the DM signal contains two or more f (t) with very different fre-
quencies, as it is the case of annual and diurnal modulations, all these contributions can
be treated as independent and all the above considerations still hold separately for each
contribution.

In the following, as examples, we consider the cases of the DM annual and diurnal
modulation results reported by the DAMA experiments. Only for illustrative purpose,
we consider that 〈rate〉 ' 0.8 cpd/kg/keV. The exposure, as defined in Equation (10), is
W = ∑i Mset up ∆ti ∆E ε = Mset up Ttot ∆E ε. Typical values of the DAMA experiments
are: ∆E = 4 and 5 keV, because the DM annual modulation is observed in the (1–6) keV
(DAMA/LIBRA–phase2) and (2–6) keV (DAMA/NaI and DAMA/LIBRA–phase1) energy
intervals; and the average efficiency is ε ≈ 0.7. For the DM annual modulation study the
total exposure of DAMA/NaI, DAMA/LIBRA–phase1 and phase2 is Mset upTtot = 2.46 tons
× year [1,40,41], where Mset up is the total exposed mass and Ttot is the time of data
acquisition; thus the expected error on Sm is:

σ(Sm) ' 8× 10−4 cpd/kg/keV. (19)

Other published results on annual modulation with solid scintillators were recently
reported by COSINE-100 [42] and by ANAIS [43]. As deeply argued e.g., in [1] these results
have no impact on the observed DAMA annual modulation result, as briefly summarized
here. For example, considering the exposures (0.098 and 0.158 tons× year, respectively), the
counting rates in the low energy region (3.0 cpd/kg/keV in the 2–6 keV energy region for
COSINE-100 and 3.2 (3.6) cpd/kg/keV in the 2–6 (1–6) keV energy region for ANAIS) and
the related efficiencies ('0.85 (0.65) in the 2–6 (1–6) keV energy region in either cases), for
those experiments, we can estimate by using Equation (18) σ(Sm) ' 7× 10−3 cpd/kg/keV
for COSINE-100 and σ(Sm) ' 5.7(6.2)× 10−3 cpd/kg/keV in the 2–6 (1–6) keV energy
region for ANAIS, respectively. These values are about one order of magnitude larger than
those obtained by DAMA, confirming the fact that these experiments are still far from
reaching the sensitivity of DAMA. Let us note that the energy intervals in kinetic recoiling
energy are not the same, as briefly discussed later.

For the DM diurnal modulation study the exposure of DAMA/LIBRA–phase1 has
been considered to date [31]: Mset upTtot = 1.04 tons × year and, then:

σ(Sd) ' 1.2× 10−3 cpd/kg/keV. (20)

The values of Equations (19) and (20) will be compared with those obtained by the
analyses summarized in the following. Finally, it can be noted that an enhancement of the
sensitivity for the DM signal by pursuing the annual and/or diurnal modulation signatures
can be obtained not only by increasing the exposure and by decreasing the background
rate of the experiments, but also by increasing the average efficiency and by extending the
data analysis to lower the energy threshold. In particular, the latter point is important both
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because it means increasing the ∆E in the denominator of Equation (18) and because the
un-modulated part of the DM signal is expected to have a steep increase at low energy.

3. Practical Examples of Reached Sensitivities: The Case of the DAMA/LIBRA Annual
and Diurnal Investigations

The model-independent DM annual and diurnal modulation signatures will be con-
sidered in more details in the light of the results of DAMA/LIBRA (see e.g., [1] and
references therein) and of the former DAMA/NaI (see e.g., [38,39] and references therein)
experiments. These experiments developed highly radio-pure NaI(Tl) target-detectors that
ensure sensitivity to a wide range of DM candidates, interaction types and astrophysical
scenarios [1].

The DAMA/LIBRA experiment, located deep underground at the Gran Sasso National
Laboratory, is composed of about 250 kg highly radio-pure NaI(Tl). At the end of 2010 all
the photomultipliers (PMTs) of the set-up were replaced by new Hamamatsu R6233MOD
PMTs, having higher quantum efficiency (Q.E.) and lower background with respect to those
previously used [44]. The commissioning of this phase of the experiment (DAMA/LIBRA–
phase2) was successfully performed in 2011, achieving the software energy threshold at
1 keV (while it was 2 keV for the first phase, DAMA/LIBRA–phase1), and the improvement
of some detector’s features [44]. Along with the data taking, within each annual cycle, all
the procedures have been the same. The energy calibrations are regularly carried out in the
same running condition down to a few keV with X-rays/γ sources. In particular, the study
of the double coincidences (summing the data over long periods) due to internal X-rays
from 40K (at ppt levels in the crystals) allows to calibrate the detectors at 3.2 keV, i.e., rather
near to the energy threshold considered for the data analysis. The light response of the
detector modules in DAMA/LIBRA-phase2 is from 6 to 10 photoelectrons/keV, depending
on the detector module. The overall efficiency as a function of the energy for single-hit
events is reported in [44]. In the experiment both single-hit events (where just one of the
detector modules fires) either multiple-hit events (where more than one detector module
fires) with energy up to a few MeV have been recorded.

In [1,40,41,45] the details of the annual cycles of DAMA/LIBRA–phase2 are re-
ported. The available full annual cycles of DAMA/LIBRA–phase2 are six (exposure
of 1.13 tons × year); when also considering the former DAMA/NaI and DAMA/LIBRA–
phase1, the cumulative exposure is 2.46 tons × year [1,40,41].

To point out the presence of annual modulation of the single-hit events at low energy,
the residual counting rate as a function of the time has been investigated. The time of mea-
surement is discretized in various time intervals, and each experimental point is calculated
from the raw rate of the single-hit scintillation events after subtracting the un-modulated
part. In Figure 1 the obtained residual rates for single-hit events for DAMA/LIBRA–phase1
and DAMA/LIBRA–phase2 are shown The energy interval is from the software energy
threshold of DAMA/LIBRA–phase1 (2 keV), up to 6 keV. The null hypothesis, that is the
absence of modulation, is rejected at very high C.L. by χ2 test: χ2/degrees-of-freedom
(d.o.f.) = 199.3/102, corresponding to p-value = 2.9 × 10−8.

Other analyses are reported in Refs. [1,40,41,45]. The single-hit residual rates shown
in Figure 1 and those of DAMA/NaI have been fitted with the function: A cos ω(t− t0),
considering a period T = 2π

ω = 1 year and a phase t0 = 152.5 day (2 June) as expected
by the DM annual modulation signature. The obtained χ2/d.o.f. is equal to 113.8/138
and a modulation amplitude A = (0.0102± 0.0008) cpd/kg/keV is obtained [1,40,41,45].
When the period and the phase are kept free in the fitting procedure, the achieved C.L. for
the full exposure (2.46 tons × year) is 12.9 σ; the modulation amplitude of the single-hit
scintillation events is: (0.0103± 0.0008) cpd/kg/keV, the measured phase is (145± 5) days
and the measured period is (0.999± 0.001) year, all these values are well in agreement with
those expected for DM particles. The reached confidence level is 12.9 σ [1,40,41,45].



Physics 2021, 3 134

Figure 1. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA–phase1 and
DAMA/LIBRA–phase2 in the (2–6) keV energy interval as a function of the time. The superimposed curve is the cos-
inusoidal functional forms A cos ω(ti − t0) with a period T = 2π/ω = 1 year, a phase t0 = 152.5 day (2 June) and
modulation amplitudes, A, equal to the central values obtained by best fit on the data points of DAMA/LIBRA–phase1 and
DAMA/LIBRA–phase2. The dashed vertical lines correspond to the maximum expected for the dark matter signal (2 June),
while the dotted vertical lines correspond to the minimum. Reprinted from Ref. [41] under Copyright Permission of the
Institute for Nuclear Research of the National Academy of Sciences of Ukraine.

Let us note that the errors of the measured modulation amplitudes are well in agree-
ment with those achievable using the theoretical expectation of Equations (17) and (19):
σ(Sm) ' 8× 10−4 cpd/kg/keV.

The absence of any significant background modulation has been verified in energy
regions not of interest for DM [1,40,41,45]. These analyses account for any kind of back-
ground. No fake events able to reproduce 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) are available; for details also see the discussions e.g.,
in [1] and references therein.

The above mentioned COSINE-100 [42] and by ANAIS [43] experiments reported mod-
ulation amplitudes in the (2–6) keV energy interval compatible with zero and with the DAMA
results: (0.0083± 0.0068) cpd/kg/keV [42] and −(0.0044± 0.0058) cpd/kg/keV [43], re-
spectively. The errors of these measurements are in agreement with those estimated in
Section 2, where this lack of needed sensitivity was already been pointed out. Moreover, let
us note that the comparison is done in the same energy interval in keV electron equivalent
(keVee). This does not correspond to the same interval in terms of kinetic energy, since the
quenching factors of nuclear recoils are not the same. See discussions in [1].

Another approach to study the annual modulation is based on the use of the maximum
likelihood method to obtain from the residual rate the modulation amplitudes, Sm, as a
function of the energy, considering T = 1 year and t0 = 152.5 day. The likelihood function

of the single-hit events in the k-th energy bin can be written as: Lk = Πije
−µijk

µ
Nijk
ijk

Nijk ! . Hence,
by minimizing for each energy bin the logarithm of the likelihood function (the index k is
omitted for simplicity): y = −2ln(L)− const, the free parameters of the fit ((b + S0) and
Sm) can be obtained.

Figure 2 reports the modulation amplitudes for DAMA/NaI, DAMA/LIBRA–phase1
and DAMA/LIBRA–phase2. The total exposure is 2.46 tons × year. The data points below
2 keV are only due to DAMA/LIBRA–phase2 (exposure of 1.13 tons × year). A clear
modulation signal is evident in the (1–6) keV energy interval, while the Sm are compatible
with zero above 6 keV. This analysis confirms the previous ones. The hypothesis that Sm
values in the (6–14) keV energy interval have random fluctuations around zero can be
tested by a χ2 analysis: the χ2 is equal to 19.0 for 16 d.o.f. (upper tail probability of 27%).
For the case of (6–20) keV energy interval, the χ2/d.o.f. is 42.6/28 (upper tail probability of
4%). The χ2 value is rather large mainly due to two data points, far away from the (1–6)
keV energy interval, at 16.75 and 18.25 keV. Excluding only the first and either the points
the p-values are 11% and 25%, respectively.
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Many other consistency checks have been done; for details see [1] and references therein.
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 have been obtained (see e.g., [1] and references therein). Similar
analyses have also been performed for the DAMA/NaI data [38,39]. No systematic effects
or side reactions able to account for the whole observed modulation amplitude and to
simultaneously satisfy all the requirements of the exploited DM signature have been found.
A detailed discussion about all the related arguments can be found in [1] and references
therein.

Figure 2. Modulation amplitudes, Sm, for the whole data sets: DAMA/NaI, DAMA/LIBRA–phase1
and DAMA/LIBRA–phase2 (total exposure 2.46 tons × year) above 2 keV; below 2 keV only the
DAMA/LIBRA–phase2 exposure (1.13 tons × year) is available and used. The energy bin ∆E is
0.5 keV. A clear modulation is present in the lowest energy region, while Sm values compatible with
zero are present just above. In fact, the Sm values in the (6–20) keV energy interval have random
fluctuations around zero with χ2 equal to 42.6 for 28 degrees-of-freedom. (upper tail probability of
4%). Reprinted from Ref. [41] under Copyright Permission of the Institute for Nuclear Research of
the National Academy of Sciences of Ukraine.

The long-standing annual-modulation evidence measured in DAMA experiments is
model-independent, i.e., without any a priori assumption of theoretical interpretations of
the identity of DM, of the specifics of its interactions, of dark halo features. It is compatible
with a wide set of scenarios regarding the nature of the DM candidate and related astro-
physical, nuclear and particle physics [1] (and references therein). In particular, discussions
about comparisons with other activities can be found e.g., in [1,25] and references therein.

The DAMA/LIBRA–phase1 data have also been analyzed in terms of the DM diurnal
modulation signature due to the Earth’s diurnal rotation around its axis [31]. As shown in
Equation (5), the interest in this signature is also because the ratio Rdy of the DM diurnal
modulation amplitude over the DM annual modulation amplitude is a model-independent
constant at a given latitude whose value at the LNGS latitude is 0.016.

Figure 3 shows the time and energy behaviour of the experimental residual rates of
single-hit events both as a function of solar (left) and of sidereal (right) time, in the (2–6) keV
energy interval. The used time bin is 1 h (either solar or sidereal, respectively). The null
hypothesis (absence of diurnal variation in the residual rate) has been tested by a χ2 test,
obtaining the (2–6) keV energy interval χ2/d.o.f. = 25.8/24 and 21.2/24 for the solar and
sidereal time, respectively [31]. The upper tail probabilities (p-values), calculated by the
standard χ2 distribution, are 36% and 63%, respectively [31]. Thus, no diurnal variation
with a significance of 95 % C.L. is found. In addition to the χ2 test, an independent statistical
test, the runs test [46], has been applied: it verifies the hypothesis that the positive and
negative data points are randomly distributed. The lower tail probabilities are equal to:
7% and 78% in the (2–6) keV energy interval for the two cases. Thus, in conclusion, the
presence of any significant diurnal variation and of time structures can be excluded at the
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reached level of sensitivity and upper limits on the diurnal modulation amplitudes can
be derived.

The residual rates of the single-hit events as a function of the sidereal time (see Figure 3
right) have been fitted with a cosine function with amplitude Aexp

d as free parameter, period
fixed at 24 h and phase at 14 h. The obtained diurnal modulation amplitude is compatible
with zero: Aexp

d = −(1.0± 1.3)× 10−3 cpd/kg/keV (χ2/d.o.f. = 20.6/23, and p = 61%) [31].
Following the Feldman-Cousins procedure [47], the upper limit on the diurnal modulation
amplitude can be worked out: Aexp

d ≤ 1.2× 10−3 cpd/kg/keV (90% C.L.) [31].

Figure 3. Experimental model–independent diurnal residual rate of the single-hit scintillation events,
measured by the first four annual cycles of DAMA/LIBRA–phase1 (exposure of 1.04 tons × year)
in the (2–6) keV energy interval as a function of the hour of the solar (left) and sidereal (right) day.
The experimental points present the errors as vertical bars and the associated time bin width (1 h) as
horizontal bars. Reprinted from Ref. [31] with Copyright Permission from The European Physical
Journal (EPJ).

The single-hit residual rate of DAMA/LIBRA–phase1 as function of the sidereal time
has been fitted with the formula Ad cos[ωrot(t− td)]; the period is fixed at 24 h and the
phase at 14 h, as expected for the DM diurnal effect. The obtained diurnal modulation
amplitudes, Ad, as functions of energy with 1 keV energy bin are reported in Figure 4.

The Ad values are compatible with zero and show random fluctuations around zero
with χ2 equal to 19.5 for 18 degrees of freedom. Moreover, as in the case of DM annual
modulation results, the errors of the measured DM diurnal modulation amplitudes are
well in agreement with those achievable using the theoretical expectation of Equations (17)
and (20): σ(Sd) ' 1.2× 10−3 cpd/kg/keV.

Finally, taking into account Rdy and the DM annual modulation effect pointed out by
DAMA/LIBRA for the single-hit events in the low energy region, the expected value of
the DM diurnal modulation amplitude for the (2–6) keV energy interval is ' 1.5× 10−4

cpd/kg/keV. Thus, the effect of DM diurnal modulation, expected because of the Earth
diurnal motion on the basis of the DAMA DM annual modulation results, is out the
sensitivity of DAMA/LIBRA–phase1 [31]. DAMA/LIBRA–phase2, presently running,
with a lower software energy threshold [44] can also offer the possibility to increase
sensitivity to such an effect.
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Figure 4. Diurnal modulation amplitudes, Ad , as function of energy (the energy bin is 1 keV)
obtained by fitting the single-hit residual rate of the first four annual cycles of DAMA/LIBRA–phase1
(exposure of 1.04 tons × year) as function of the sidereal time, with the formula Ad cos[ωrot(t− td)].
The amplitude Ad is a free parameter, while the period is fixed at 24 h and the phase at 14 h, as
expected for the dark matter diurnal modulation effect. The Ad values are compatible with zero,
having random fluctuations around zero with χ2 equal to 19.5 for 18 degrees of freedom. Reprinted
from Ref. [31] with Copyright Permission from The European Physical Journal (EPJ).

4. Example of Reachable Sensitivities for ZnWO4 Anisotropic Detectors to Measure
DM Directionality

The light output and the pulse shape for heavy particles (p, α, nuclear recoils) in
anisotropic scintillators depend on the direction with respect to the crystal axes. On
the contrary, the response to γ/β radiation is isotropic. This anisotropy property offers
the possibility to investigate DM by the directionality approach, which is applicable to
those DM candidate particles inducing nuclear recoils. The ZnWO4 has unique features
among the anisotropic scintillators; these make it an excellent candidate for this kind of
research. Moreover, plenty of room for improvement of its performance is still present.
The possibility of a low background pioneer experiment ADAMO (Anisotropic detectors
for DArk Matter Observation) to exploit the directionality approach by using anisotropic
ZnWO4 scintillators deep underground was already discussed in [48].

The directionality approach [49] studies the correlation between the arrival direction of
the DM particles, through the induced nuclear recoils, and the Earth motion in the galactic
rest frame. In fact, the Earth experiences a wind of DM particles apparently flowing along
a direction opposite to that of the solar motion relative to the DM halo. However, because
of the Earth’s rotation around its axis, their average direction with respect to an observer
fixed on the Earth changes during the sidereal day, as schematically shown in Figure 5.
The nuclear recoils produced after a DM scattering are expected to be strongly correlated
with the impinging direction of the DM particle. Hence, the study of the nuclear recoils
direction offers a powerful tool for investigating the DM in a way largely independent on
the assumptions. Unfortunately, the range of recoiling nuclei is very short (of the order of
a few mm in low-pressure time projection chambers and typically of the order of µm in
solid detectors) for practical use in possible experiments aiming at measuring recoil tracks;
however, these limitations can be overcome by using anisotropic scintillation detectors.

For an anisotropic detector with the three crystallographic axes fixed in the Earth
reference frame, the directions of the possible nuclear recoils induced by the DM particles
are expected to be strongly correlated with the sidereal time within the day, while the
background events are not. Thanks to the different light responses of ZnWO4 anisotropic
scintillators for nuclear recoils, we can expect that the energy distribution of the DM
induced recoils depends on the direction of ~vlab(t), the detector’s velocity in the Galaxy,
defined in Equation (1). Thus, considering a horizontal coordinate frame located at the
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North pole, described by the “polar-zenith”, θz(t), and by the “polar–azimuth”, φa(t),
angles, the counting rate is a function of the polar and azimuth angles; an example of
this—whose details of the calculations are reported in [48]—is shown in Figure 6.

Figure 5. Schematic representation of an anisotropic detector placed at LNGS with the axis in the
vertical direction and another axis pointing to the North. The area in the sky from which the dark
matter (DM) particles are preferentially expected is highlighted [48,50]. Reprinted from Ref. [48] with
Copyright Permission from The European Physical Journal (EPJ).

Figure 6. Example of expected rate for the case of a dark matter particle of 50 GeV mass inducing
nuclear recoils and ξσp = 5× 10−5 pb in the scenario considered in [48]. The dependences of the
expected rates in the (2–3) keV (left) and (6–7) keV (right) energy windows are shown as a function
of the detector’s (or Earth’s) possible velocity directions. There is a strong dependence on the “polar–
azimuth” φa that induces a diurnal variation of the rate [50]. See text for details. Reprinted from
Ref. [48] with Copyright Permission from The European Physical Journal (EPJ).

Therefore, the expected signal counting rate is a function of time, according to a time
dependence as that reported in Equation (6), being the time period of f (t) one sidereal day.
The sensitivity of the method can be approached as in the previous Sections.

In particular, the sensitivity reachable by the ADAMO project (200 kg of ZnWO4),
in 5 years of data taking with a duty cycle of 70%, average efficiency of 70%, in 1 keV
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energy bin and for a typical background level of 0.1 cpd/kg/keV can be calculated by
Equation (18). The standard deviation σ(B) of the amplitude of the variation (here B) due
to the effect searched for is σ(B) ' 1.1× 10−3 cpd/kg/keV. The typical amplitudes of the
variation, B, are reported in Figure 6, where it is' 0.02 ξσp

5 × 10−5pb for 2 keV energy threshold,

and '0.003 ξσp
5 × 10−5pb for 6 keV energy threshold where σp is the spin-independent elastic

scattering cross section of the DM particle on nucleons and ξ is the fraction of the DM local
density of the considered candidate. Hence, ξσp ' 2.8× 10−6 pb and ξσp ' 1.8× 10−5 pb
can be obtained at 1σ level. These values can be compared with those reported in Figure 7,
where curves of sensitivity are reported for different background levels and for a software
energy thresholds of 2 keVee. In the same figure the allowed regions obtained in [45] for the
DAMA results after the first six annual cycles of DAMA/LIBRA–phase2 are also reported
for comparison.

Figure 7. Sensitivity curves (black, ξσp vs the dark matter (DM) particle mass, mDM) at 90%
C.L. reachable by the ADAMO project for DM candidates inducing nuclear recoils exploring the
directionality approach [48]. The software energy thresholds is assumed 2 keVee; other choices
are reported in [48]. Four possible background levels in the low energy region are considered:
10−4 cpd/kg/keV (solid black lines), 10−3 cpd/kg/keV (dashed lines), 10−2 cpd/kg/keV (dotted
lines) and 0.1 cpd/kg/keV (dotted-dashed lines). For comparison, also shown are the allowed
regions obtained in [45] by performing a corollary analysis of the model-independent result after the
first six annual cycles of DAMA/LIBRA–phase2 in terms of scenarios for DM candidates inducing
nuclear recoils. Three different instances for the Na and I quenching factors have been considered
(different colored and hatched allowed regions); for details see [45].

The anisotropic scintillators were suggested for the first time as detectors to study
the directionality signature in the DM investigation in [51]. At a later time, the anthracene
scintillators were considered as a good possibility [50]. However, only in 2013 the ZnWO4
anisotropic scintillators were proposed [48] (Some preliminary activities were also carried
out by various authors; for details see [48,50,51] and references therein). In fact, the
ZnWO4 is a very promising crystal for the DM directionality approach offering suitable
features [48,52–61].

After those papers, thanks to the promising features of ZnWO4 anisotropic scintillators,
the collaboration between the DAMA group of INFN and the INR-Kyiv group [53,54,62,63]
has been developing several ZnWO4 detectors in the last years. The first crystals were
grown and produced by the Institute for Scintillation Materials (ISMA, Kharkiv, Ukraine);
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later on, the DAMA/INR-Kyiv groups have been profiting from a collaboration with the
Nikolaev Institute of Inorganic Chemistry (Novosibirsk, Russia) to carry on an R&D for
producing ultra-radiopure ZnWO4. This R&D is based on the use of the low-thermal
gradient Czochralski technique in a platinum crucible; it is still ongoing [64]. The crys-
tals produced within these collaborations and R&D were measured in the DAMA/R&D
underground facility at LNGS [53,54,62,63]. All these measurements and R&D show that
the ZnWO4 scintillators are competitive detectors for experiments based on the approach
of the DM directionality. In particular, it has been confirmed that the light output and
the time profile of the scintillation pulses for heavy particles (p, α, nuclear recoils) are
dependent on the direction of such particles relative to the crystal axes. On the contrary,
such dependence was not observed for γ/β radiation [52,61]. In addition, the ZnWO4
anisotropic scintillators have shown a pulse shape discrimination capability between γ/β
radiation and heavy particles (α). The R&D works have also shown the possibility to
produce single ZnWO4 crystals with masses of some kg [64]. ZnWO4 have a high atomic
weight and, due to the presence of three target nuclei with very different masses (Zn, W
and O), these scintillators—as also the NaI(Tl)—are sensitive to both small and large mass
DM candidates.

The ZnWO4 scintillators, developed in the R&D works, have shown a very good
level of radio-purity; the measured upper limits are: 20 µBq/kg for the 40K, in the
range (0.17–1.3) µBq/kg for the 228Th, and 2 µBq/kg for the 226Ra [53,56]; further radio-
purification of ZnWO4 crystal scintillators is still feasible and one of the issues of the
present R&D works. The measurements at LNGS confirmed that the light outputs of the
crystals are relatively high at room temperature: '20% of the Na(Tl) scintillator and it
can be further improved at low-temperature [65]. To study this feature, a small cryostat is
currently under test at LNGS; it will allow a stable working temperature around −50 ◦C.

The anisotropy of the ZnWO4 to nuclear recoils is a crucial issue for DM investigation
with the directionality approach. For this purpose, specific measurements were performed
by using a 7.99 g mass ZnWO4 crystal scintillator of (10× 10× 10.4) mm3, in the framework
of the ADAMO project [48,61]. The size of the crystal was chosen so small to avoid multiple
scatterings of neutrons. The crystal was obtained by a second crystallization procedure
using low-thermal gradient Czochralski technique from zinc tungstate crystals made from
tungsten oxide additionally purified by double sublimation of tungsten chlorides [61]. The
crystallographic axes, identified by the producer, were experimentally verified. The crystal
was irradiated with monochromatic neutrons at ENEA-CASACCIA and with α particles
at LNGS [61]. In the measurements with neutrons, the scattered neutrons were tagged by
suitable neutron detectors; in such a way, the quenching factors of nuclear recoils were
determined for three different neutron scattering angles (i.e., nuclear recoils energies) along
the different crystallographic axes. Hence, the anisotropy of the light response for nuclear
recoils in the ZnWO4 crystal scintillator was determined at 5.4 standard deviations [61].

5. Conclusions

In this paper, the annual modulation, the diurnal modulation and the directionality
technique, as main signatures that can be exploited in order to investigate the presence
of dark matter particles in the Galactic halo, have been discussed and presently achieved
sensitivities have been summarized. Achieved experimental results obtained by DAMA,
exploiting such signatures have been also reported. Further improvements in sensitivity
to dark matter annual and diurnal modulation signatures are expected with the presently
running DAMA/LIBRA–phase2 experiment; moreover lowering the software energy
threshold below 1 keV can also offer the possibility to increase sensitivity to such effects.
Efforts of the DAMA collaboration towards this direction are in progress. The perspectives
of anisotropic solid scintillators, studied in the framework of the ADAMO project, have
also been outlined.
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