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Abstract. There is a long standing debate about whether or not the annual modulation signal
reported by the DAMA /LIBRA collaboration is induced by Weakly Interacting Massive Par-
ticles (WIMP) in the galaxy’s dark matter halo scattering from nuclides in their NalI(T1) crys-
tal target/detector. This is because regions of WIMP-mass vs. WIMP-nucleon cross-section
parameter space that can accommodate the DAMA /LIBRA-phasel modulation signal in the
context of the standard WIMP dark matter galactic halo and isospin-conserving (canoni-
cal), spin-independent (SI) WIMP-nucleon interactions have been excluded by many of other
dark matter search experiments including COSINE-100, which uses the same Nal(T1) tar-
get /detector material. Moreover, the recently released DAMA /LIBRA-phase2 results are
inconsistent with an interpretation as WIMP-nuclide scattering via the canonical SI inter-
action and prefer, instead, isospin-violating or spin-dependent interactions. Dark matter
interpretations of the DAMA /LIBRA signal are sensitive to the Nal(T1) scintillation effi-
ciency for nuclear recoils, which is characterized by so-called quenching factors (QF), and
the QF values used in previous studies differ significantly from recently reported measure-
ments, which may have led to incorrect interpretations of the DAMA/LIBRA signal. In
this article, the compatibility of the DAMA/LIBRA and COSINE-100 results, in light of
the new QF measurements is examined for different possible types of WIMP-nucleon inter-
actions. The resulting allowed parameter space regions associated with the DAMA /LIBRA
signal are explicitly compared with 90% confidence level upper limits from the initial 59.5 day
COSINE-100 exposure. With the newly measured QF values, the allowed 3¢ regions from
the DAMA /LIBRA data are still generally excluded by the COSINE-100 data.
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1 Introduction

A number of astrophysical observations provide evidence that the dominant matter com-
ponent of the universe is not ordinary matter, but rather non-baryonic dark matter [1, 2].
Weakly Interacting Massive Particles (WIMPs) are particle dark matter candidates [3-5]
that have been the subject of extensive searches by direct detection, indirect detection, and
collider experiments, with no success [6].

The one exception is the long-standing observation by the DAMA /LIBRA collabo-
ration of an annual modulation in the low-energy event rate in an underground array of
low-background Nal(T1) detectors. Although this signal has persisted throughout more than
20 years of investigation [7—11], its interpretation as being due to WIMP-nucleus scattering
in the specific context of the standard galactic WIMP halo model [12, 13|, has been the
subject of a continuing debate. This is because the WIMP-nucleon cross sections inferred
from the DAMA /LIBRA modulation are in conflict with limits from other experiments that
directly measure the total, time integrated rate of nuclear recoils [14-24]. An unambiguous
verification of the DAMA /LIBRA signal by independent experiments using the same Nal(T1)
crystal target material is mandatory. Experimental efforts by several groups using the same
Nal(Tl) target medium are currently underway [25-30].

COSINE-100, located at the Yangyang underground laboratory in South Korea, is one
of the experiments aimed at testing the DAMA/LIBRA results with a NaI(T1) crystal de-
tector/target [27]. The experiment, which began data taking in 2016, utilizes eight low-
background Nal(T1) scintillating crystals [31] arranged in a 4x2 array, with a total target
mass of 106 kg. Each crystal is coupled to two photomultiplier tubes (PMTSs) to measure the
amount of deposited energy in the crystal. The crystal assemblies are immersed in 2,200 L of
liquid scintillator, which allows for the identification and subsequent reduction of radioactive
backgrounds observed in the crystals [32]. The liquid scintillator is surrounded by copper,
lead, and plastic scintillators to reduce the background contribution from external radiation
as well as tag cosmic-ray muons that transit the apparatus [33].

With the initial 59.5 live days exposure of COSINE-100, we reported our first WIMP
dark matter search result [34] that excluded the 30 region of allowed WIMP masses and
cross sections that were associated with the DAMA /LIBRA-phasel signal assuming canon-
ical (isospin-conserving) spin-independent (SI) WIMP interactions in the specific context of



the standard WIMP galactic halo model [35]. Even though DAMA/LIBRA and COSINE-
100 use the same Nal(T1) target, there are differences. The DAMA /LIBRA signal is an
annual modulation effect while the COSINE-100 result is based on the time averaged spec-
tral shape [36]. Although the first modulation measurements from ANAIS-112 [37] and
COSINE-100 [38] were recently released, both experiments still need a few more years of
exposure to reach a modulation sensitivity that is sufficient to probe the DAMA/LIBRA
signal directly [27, 29].

It is interesting to compare the DAMA/LIBRA annual modulation signal with the
time-averaged rate considering specific models for the WIMP-nucleon interaction. This is
especially the case for the time-averaged Nal(Tl) results from COSINE-100 [34]. While the
DAMA /LIBRA-phasel results used a 2keVee (electron equivalent energy) energy threshold,
the recent phase2 result has a lower threshold of 1keVee [11]. The new low-threshold energy
signal has a significantly worse goodness-of-fit for the canonical SI scattering scenario [39-41],
suggesting that an isospin-violating model in which the WIMP-proton coupling is different
from the WIMP-neutron coupling, or a spin-dependent (SD) interaction model are better
suited for WIMP dark matter interpretations of the signal.

To make reliable comparison between the time-averaged rate and the annual modulation
amplitude, a local distribution of dark matter particles is necessary. In this paper, we use
standard galactic WIMP halo model [12, 13] that has the speed distribution associated with
the Maxwell Botzmann,

F(v,t) = . 6_(U+UE)2/20121, (1.1)
esc
where Ngg. is a normalization constant, vg is the Earth velocity relative to the WIMP dark
matter, and o, is the velocity dispersion. The standard halo parameterization is used with
local dark matter density p, = 0.3 GeV/em®, vp = 232 km/s, /20, = 220 km/s and galactic
escape velocity vesc = 544 km/s.

Astrophysical parameters related with dark matter local distribution have large un-
certainties [42—44]. The adoption of various possibilities for the dark matter halo structures
typically extends allowed parameter regions, as studied by DAMA /LIBRA [45]. If we consider
various halo models that allow different modulation fraction to total rate, DAMA/LIBRA
allowed regions will not be fully covered by the COSINE-100 data as examples shown in
refs. [36, 46]. This can be improved with larger dataset from COSINE-100 and ANATS-112
in the future and analysis of data for the model independent annual modulations [27, 29].
However, it is still interesting to test the situation based on the widely used standard galactic
halo model.

One noticeable issue with the interpretation of the DAMA /LIBRA obervation in terms
of WIMP-nucleon interactions is the value of the nuclear-recoil quenching factor (QF).
Quenching factors are the scintillation light yields for sodium and iodine recoils relative
to those for 7/electron-induced radiation of the same energy. Most previous studies have
used QF values reported by the DAMA /Nal collaboration in 1996 [47] (subsequently re-
ferred to as DAMA QF values), that were obtained by measuring the response of Nal(Tl)
crystals to nuclear recoils induced by neutrons from a ?*2Cf source. The measured responses
are compared with the simulated neutron energy spectrum to obtain QF values with the as-
sumption that they are independent of the energy of the recoiling nuclide: for sodium recoil
energies between 6.4 and 97 keVnr (nuclear recoil energy), QFn,=0.3040.01; for iodine recoil
energies between 22 and 330 keVnr, QF;=0.0910.01 [47]. Recently, results from more refined
methods for measuring Nal(T1) QF values that use monochromatic neutron beams have been



reported [48-51]. In these measurements, the detection of an elastically scattered neutron
at a fixed angle relative to the incoming neutron beam direction provides an unambiguous
knowledge of the energy transferred to the target nuclide. The QF values from these recent
determinations differ significantly from the 1996 DAMA QF results, as shown in figure 1.
In this article, allowed regions in WIMP-nucleon cross-section and WIMP mass param-
eter space corresponding to the DAMA /LIBRA signal are presented for some of the different
possible dark matter interactions that are discussed in ref. [39] using the recently measured
QFnNa and QFy values. The DAMA/LIBRA-phasel [10] and phase2 [11] data are used si-
multaneously for cases where a good quality-of-fit was obtained. The allowed regions from
the DAMA /LIBRA data are explicitly compared with the 90% confidence level (CL) limits
estimated from the 59.5 day COSINE-100 exposure [34]. For comparison, the same data are
interpreted using the DAMA QF values. For all of the WIMP-nucleon interactions considered
here, we find that the COSINE-100 data excludes the 3o allowed regions associated with the
DAMA/LIBRA data in the context of the standard WIMP galactic halo model.

2  Quenching factor model and implications for the interpretation of the
DAMA /LIBRA signal

The electron-equivalent visible energy F.. produced by recoil nuclei in scintillation detector
is typically smaller than its true nuclear recoil energy Er. The ratio of E.. to Eg, the
nuclear recoil quenching factor (QF), has to be externally evaluated in order to interpret
results from dark matter search experiments that use scintillating crystal target/detectors.
The DAMA /LIBRA collaboration measured QF values for sodium, QFx,=0.3+0.01 aver-
aged over 6.4 to 97keVnr, and iodine, QF;=0.091+0.01 averaged over 22 to 330keVnr [47].
Several measurements in literature between 1994 and 2008, using mono-energetic neutrons
produced by neutron generators, obtained consistent results as well [52-56]. However, recent
measurements by Collar [48], Stiegler et al. [50], Xu et al. [49] and Joo et al. [51] reported
significantly different results of strong Fr dependence as presented in figure 1. Main differ-
ence of QFn, behavior has arised at energy below 20 keVnr corresponding to approximately
2keVee. Efficient noise rejection as well as correct evaluation of trigger and selection efficien-
cies are essential for proper estimation of the quenching factors in this domain [48, 49, 53].
Considering high light yield crystals and much precise determination of QFn, in the new
measurements [49-51], we only consider recent four QFy, measurements for our modeling.

In order to parameterize the energy-dependent QF measurements, we use the formula
from Lindhard et al. [57]:

kg(e)

f(ER) = T+ kg(e)’ (2.1)

where € = 11.5Z277/3 Ep, k = 0.1332%2/3A4Y/2, Z is the number of protons, and A is the
number of nucleons. The function g(e) is given by [12] to be:

g(e) = 3e%1° 4 0.7%C 4 €. (2.2)

The direct application of the Lindhard model to the Nal(Tl) crystals provides a poor match
to the recently measured QF values. We, therefore, consider & = pg and € = p1 E'r, where pg
and p; are fit parameters. This modified Lindhard model well describes the recent measure-
ments of QFn, and QF; as shown in figure 1 and the fit results are shown in table 1. For
the QFn, measurements, we do not directly use Collar’s measurement due to its large un-
certainties, which are covered by the other measurements. There are two QF[ measurements
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Figure 1. The nuclear recoil quenching factors of Na (a) and I (b) recoils in the NaI(Tl) crystal
measured by DAMA [47] (black dashed line) are compared with the recent measurements by Stiegler
et al. [50] (red square points), Xu et al. [49] (magenta triangle points) and Joo et al. [51] (black circle
points). The new measurements are modeled with an empirical formula based on the Lindhard et al.
model [57]. The blue solid line in (a) indicates our assumed lower bound of QF systematic uncertainty
for Fgp 2 19.6 keVnr that considers the fast increase of QF N, in the Stiegler et al. data.

Measurement Po p1
Xu et al. (718 £1.22) x 1072 (9.98 £6.20) x 1073
Sodium  Jooetal.  (5.884+0.75) x 1072 (9.1243.16) x 1073
( ) ( )
( ) ( )

9.25+5.97) x 1072 (3.63+3.34) x 107!
1.94 4+ 0.44) x 1072 (4.43 +3.76) x 1073

Stiegler et al.

Todine Joo et al.

Table 1. The fit results of the new QF measurements modeled by modified Lindhard et al. model [57]
as shown in figure 1.

by Collar and Joo et al. as shown in figure 1 (b). In order to estimate the QF model, we
use only the results from Joo et al., because the measurement by Joo et al. covers that by
Collar in terms of energy coverages as well as uncertainties.

Even though the new measurements have consistent energy dependence and lower QF
values than those measured by DAMA, there are some mutual differences. These may be due
to different environmental conditions such as temperature [58], analysis methods (including
different charge integration windows), and different thallium doping concentration of the
crystals used for the measurements. In applying these new QF values to the DAMA /LIBRA
data, we consider these variations as a source of systematic uncertainty. The Joo et al. [51]
results are taken as the central value with allowed systematical variations that span the
range between the Xu et al. [49] and Stiegler et al. [50] measurements. Figure 1 (a) shows
the three new QF measurement sets, each with its own fit based on the modified Lindhard
model. Because of the fast increase of QFn, in the Stiegler et al. measurements at energies
higher than 19.6 keVnr, the lower bound of systematic uncertainties, denoted by a blue solid
line in figure 1 (a), was taken to be the difference between the Xu et al. and Joo et al.
measurements. In the case of the COSINE-100 data, the Joo et al. results were used because
these measurements used a crystal from the same ingot, the same data aquisition system [59],
and the same analysis framework as the COSINE-100 experimental data.
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Figure 2. DAMA/LIBRA’s modulation amplitudes (phase2:top and phasel:bottom) as a function
of measured electron-equivalent energy are presented for low-mass regions (left) and high-mass re-
gions (right) with the best fit models (red solid line), with the assumption of canonical SI WIMP
interactions and the new QF values. The iodine-only component is denoted by the green-dashed line.
The DAMA /LIBRA-phasel data provide good fits for both low-mass and high-mass regions, while
the phase2 data has large chi-squared values at the best fit points.

We use the modulation amplitude results from DAMA/LIBRA-phasel [10] and
phase2 [11], as rebinned in ref. [39] and shown in figure 2. We built a x? fitter to test
the DAMA /LIBRA data against the modulation amplitude that is expected for the WIMP
interaction under consideration. The energy resolution of the DAMA /LIBRA detector was
taken from refs. [60, 61]; the reported DAMA /LIBRA data is efficiency corrected. In order to
obtain allowed regions in the WIMP mass vs. WIMP-proton cross-section parameter space,
we implement a maximum likelihood method based on the likelihood ratio to fit for mass and
cross section values. Confidence regions in these parameters are determined by examining
variations of the likelihood values from their maxima.

3 Isospin-conserving spin-independent interaction

For the DAMA /LIBRA-phasel data, the isospin conserving SI scattering with DAMA QF
values provided a good fit for WIMPs [35]. On the other hand, the observed DAMA /LIBRA-
phase2 modulation data does not provide a good fit to the expectations for this model [39-41].
Switching to the new QF values for both the phasel and phase2 data does not improve the
phase2 data’s agreement with the model, as shown in figure 2 and summarized in table 2.
As discussed in ref. [39], modulation amplitude in the low-WIMP-mass allowed region, which
is dominated by WIMP-sodium scattering, is expected to increase rapidly for recoil energies
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90% CL limit of the COSINE-100 data (black dashed line) using the DAMA QF values (from ref. [34]).

below 1.5 keVee because of the onset of contributions from WIMP-iodine scattering. On the
other hand, modulation amplitude in the high-WIMP-mass allowed region, which is domi-
nated by WIMP-iodine scattering, is expected to decrease at energies below 1.5 keVee. Since
the DAMA/LIBRA-phase2 data displays a modulation amplitude that smoothly increases
with energy below 1.5keVee, the canonical SI WIMP interaction cannot provide a good fit
to the phase2 data. We, therefore, only use the phasel data for the interpretation of the
canonical ST WIMP scattering with the new QF values. As shown in figure 3, the best fit
regions of the DAMA /LIBRA-phasel data with the new QF results show significantly in-
creased values for both the allowed WIMP masses and WIMP-nucleon cross-sections. We
find that the local minimum value of chi-squared with the new QF values in the low-mass
region increases somewhat, while the chi-squared value for the high-mass region decreases,
as summarized in table 2.

The 90% confidence level (CL) upper limits for the COSINE-100 data are determined
using the Bayesian method described in ref. [34]. Even though the allowed parameter space
from the DAMA /LIBRA-phasel data is changed by the new QF values, the COSINE-100
results still exclude the DAMA 30 region as shown in figure 3. This is because the dependence
on QF values is nearly the same for the DAMA/LIBRA and COSINE-100 measurements.

4 Isospin violating spin-independent interaction

It is clear from the above disussion that in order to fit both the DAMA /LIBRA-phasel and
phase2 data (DAMA /LIBRA-phasel+phase2 data), the contributions from WIMP-iodine
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scattering have to be suppressed. This can be accomplished if the WIMP-proton coupling is
different from the WIMP-neutron coupling (isospin violating interaction) [39, 40]. (Sodium
has nearly equal numbers of protons (11) and neutrons (12); iodine has 74 neutrons and
53 protons.) In this case, three parameters are used to fit the DAMA/LIBRA data: the
WIMP mass, the WIMP-proton scattering cross-section, and the ratio between the effective
coupling of WIMPs to neutrons and to protons (f,/ f,). Figure 4 shows the 3c-allowed WIMP
mass vs. cross-sections regions for the DAMA /LIBRA-phasel+phase2 data with the new QF
values for the best fit values of f,,/f, = —0.758 (a) in the low-mass and f,/f, = —0.712 (b)
in the high-mass regions. The low-mass and high-mass local minima are significantly shifted
with respect to the results using the DAMA QF values. The minimum chi-squared values
with the new QF values, listed in table 2, indicate that this model provides a good description
of the full DAMA /LIBRA-phasel+phase2 data set.

The 90% CL upper limits evaluated from the COSINE-100 data with f,/f, values
determined from the best fit to the DAMA /LIBRA-phasel+phase2 data, shown in figure 4,
exclude the allowed 3¢ regions from the DAMA/LIBRA data. In a scan of different f,/f,
values over the [-1,1] interval, we find the limits obtained from the COSINE-100 exclude the
DAMA/LIBRA allowed 30 regions for all cases.

5 Spin-dependent interaction

We use the effective field theory treatment and nuclear form factors from refs. [62-64] to
estimate the DAMA /LIBRA allowed regions for spin-dependent (SD) interactions using the
publicly available DMDD package [65, 66]. In the fit to the DAMA /LIBRA data, we vary
two parameters: the WIMP-mass and the WIMP-nucleon SD interaction cross section for
four cases in terms of ratio between WIMP-neutron and WIMP-proton SD couplings a,,/a,
(WIMP-proton/neutron only and a,/a, = %1).

In case of the WIMP-neutron only SD interaction (a,=0), the observed DAMA /LIBRA
modulation data does not provide a good fit as shown in table 2. In figure 5 (b) it is drawn for
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Figure 5. The 30 allowed regions of WIMP mass vs. WIMP-nucleon SD cross-section associated
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dashed curves show the results using the DAMA QF values. (a) proton ounly (b) neutron only (c)
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the completeness based on likelihood ratio. On the other hand, two local minima are obtained
with the new QF values for the SD WIMP-proton interaction and other two mixed couplings,
while only a low-mass WIMP has a good fit for the DAMA QF values as shown in figure 5.
However, the chi-squared value of the best fit using the new QF values is slightly worse, as
shown in table 2. In the high-mass region, the relatively large chi-squared value with the new
QF values corresponds to a similar trend seen in the fit that uses the DAMA QF values.

Figure 5 shows the 90% CL upper limits obtained from the COSINE-100 data with the
same effective field theory treatment and nuclear form factors for sodium and iodine. The
DAMA /LIBRA 3¢ allowed regions for SD WIMP-proton interaction hypothesis are excluded
by the 90% CL upper limit from the COSINE-100 data.

6 Discussion

We examine the compatibility of the DAMA/LIBRA and COSINE 100 data in the con-
text of various WIMP dark matter interaction hypotheses and taking into account the
recently measured nuclear recoil QF values for sodium and iodine. Here we assume the

standard galatic WIMP halo model with astrophysical parameters: p, = 0.3 GreV/(3m37
vE = 232 km/s, V20, = 220 km/s, and vese = 544 km/s. We find that the DAMA /LIBRA-



Model QF x2/NDF [gxﬁ] U‘[’Iv)i‘]ﬁp Ful o
New 12.9/(8-2) (2.00) 186  2.25x107*
Canonical SI 6.33/(8-2) (0.90) 159 1.24 x 107* 1000
(Phasel only) pava  262/(8-2) (150) 113 1.96 x 10~*
7.51/(8-2) (1.10) 75.5 1.40 x 107°
Now 61.7/(10-2) (6.00) 13.9 1.75 x 10~*
Canonical SI 38.0/(10-2) (4.50) 104 3.33 x 107° 1000
(Phase2 only) DAMA 51.6/(10-2) (5.60) 896  1.61x107*
20.2/(10-2) (2.60) 59.6  8.41x 1076
New 19.4/(18-3) (1.30) 19.5 2.90 x 1072 -0.758
Isospin violating SI 17.5/(18-3) (1.10) 69.2 4.55 x 1073 -0.712
(Phasel+2) DAMA 17.1/(18-3) (1.00) 11.8 254 x 1072 -0.756
17.4/(18-3) (1.00)  44.6 236 x 1072 -0.684
Now 24.2/(18-2) (1.70) 20.7 2.59 x 107!
WIMP-proton SD 30.5/(18-2) (2.40) 55.6 1.74 x 1071
(Phasel+2) A L73/(18-2) (0.90) 1.8  237x10°!
45.2/(18-2) (3.80) 423  1.55x 107!
New 50.8/(18-2) (4.30) 16.4 3.83 x 10
WIMP-neutron SD 44.0/(18-2) (3.70) 69.6 1.52 x 10
(Phasel+2) DAMA 37.5/(18-2) (3.10) 10.4 3.50 x 10 o
36.6/(18-2) (3.00) 56.7 9.89
New 25.8/(18-2) (1.90) 20.2 220 x 107!
mixed SD: a,, = a, 31.7/(18-2) (2.50) 574  1.47x 107!
(Phasel+2) DAMA 17.2/(18-2) (0.90) 1.8 202x107!
41.2/(18-2) (3.50)  44.1 1.24 x 1071
New 22.8/(18-2) (1.60) 21.2  3.09x 107!
mixed SD: a,, = —a, 29.2/(18-2) (2.30) 53.4 2.10 x 1071
(Phasel+2) para  L76/(18-2) (0.90) 11.8 281 x10°!
52.2/(18-2) (3.40) 404  1.98 x 107!

Table 2. The best fit values for the comparison of six WIMP-nucleon interaction hypotheses to the
DAMA /LIBRA data are summarized. Here we present the fit results based on both the DAMA and
new QF values. The first and second groups of rows are for the canonical SI interaction using the
phasel and phase2 data, respectively. The other groups use the DAMA /LIBRA-phasel+phase2 data
for the fit. The third group is for the isospin-violating SI interaction while the next four groups are
for the SD interactions. The SD interactions are shown for proton only interaction (fifth group),
neutron only interaction (sixth group), and mixed couplings of a,,/a,=1 (seventh group) and a,/a, =
—1 (eight group). The canonical ST interaction for the DAMA /LIBRA-phase2 data and neutron only
SD interaction do not provide good fits, while for the other cases good fits are obtained.



phase2 data are not compatible with canonical ST WIMP interaction in the context of the
standard WIMP galactic halo model using the new QF values. Moreover, the DAMA /LIBRA-
phasel data only are well fitted but with significant shifts in both the allowed WIMP-mass
and WIMP-nucleon cross-section values. We successfully obtained allowed regions from the
DAMA /LIBRA-phasel+phase2 data for an isospin-violating interaction hypothesis, as well
as for spin-dependent WIMP-proton and mixed couplings of proton and neutron interactions
with the new QF values. However, for all the WIMP-dark matter interpretations of the
DAMA/LIBRA data considered here, the COSINE-100 limits based on the initial 59.5 days’
exposure exclude the 30 allowed regions for the DAMA/LIBRA modulation signal at the
90% CL. Because the COSINE-100 experiment uses the same Nal(T1) target medium as the
DAMA /LIBRA experiment, this result strongly constrains models that purport to explain
the DAMA /LIBRA modulation signal as being due to interactions of WIMPs in the galactic
dark matter halo with nuclides in Nal(T1) crystal detectors.
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