


6.2. Multivariate analysis: Boosted Decision Tree

fast PMT-noise events, which can be either symmetric (higher BDT2 values) or
asymmetric events (lower BDT2 values). The excess of background events around
BDT=-0.35 is due to very large mean time, and can be easily removed using BDT
parameter. The background events clustered around BDT=-0.05 and BDT2=-0.10
have strong asymmetry. Some of them are not present neither in the '°Cd calibra-
tion sample (Figure 6.12d) nor in the dark matter runs (Figure 6.12b) for energies
above 2 keV, and can be rejected using only BDT variable. Nevertheless, for those
with BDT>0 and BDT2<0, which only appear below 2 keV, it is mandatory to use
both BDT variables to be removed. This type of events are in larger quantity in the
physics-run data than in the calibration runs, and correspond to the events defined
in Figure 6.1c, which have decay time compatible with that of Nal(T1) scintillator
but present a strong asymmetry in the light sharing among both PMTs.
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Figure 6.12: Scatter plot (BDT2 vs BDT) showing events from background events
of the ~10% unblinded data in [1,2] keV (a) and [2,3] keV (b) energy regions. Pan-

els (c) and (d): the same, but for °°Cd calibration runs preselected following Sec-

tion 6.2.1.1. The events to the right and above the solid red lines are selected as real

scintillation events.
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6.2.3 Event selection

We have designed a set of preselection cuts on the *Cd calibration data to collect
the scintillation signal sample for BDT training (Section . Straight line cuts
on BDT and BDT2 parameters are used for final event selection (Figure . This
BDT-BDT?2 selection has been optimized to ensure the lowest total corrected back-
ground in [1,2] keV from ~10% unblinded data, guaranteeing acceptance efficiencies
equal to or greater than those obtained with current ANAIS-112 filtering protocols
(see Section . We select BDT>0.10 and BDT2>0.10, and the corresponding
efficiency is estimated for each detector independently by using '°Cd calibration
single-hit events. The ratio of the events which passed over signal selection to the
total preselected events is the acceptance efficiency. The efficiency of BDT-BDT?2
cut for each module is shown in red in Figure [6.13] and it is observed that they
are equal to or higher than those obtained by ANAIS-112 filtering protocols (shown
in green in the figure). Furthermore, we use the *Na and “°K low energy popula-
tions selected in coincidence with a 1274.5 keV or 1460.8 keV v to cross-check the
consistency of the selection criteria and efficiency estimation (depicted in blue in
Figure . It has to be remarked that the uncertainty in the latter efficiencies is

higher due to the low number of ?2Na and “°K coincidence events.

The ~10% unblinded data of the first year of data taking, amounting to 31.9 days
live time, is used for background understanding. The single-hit energy spectra in the
ROI for the nine ANAIS-112 detectors after event selection and efficiency correction
are shown in red in Figure . In all detectors the *°K peak at 3.2 keV is clearly
visible. The background level at 2 keV ranges from 2 to 4 c¢/keV /kg/d, depending
on the detector, and then increases up to 3-8 ¢/keV /kg/d at 1 keV. For comparison,
the anticoincidence spectra using the established ANAIS-112 filtering procedure is
depicted with black dots in the figure. We can observe that the BDT-BDT2 method
developed significantly improves the efficiency-corrected background below 2 keV for
all detectors with respect to that obtained by the procedure described in Chapter
To see this better, the total anticoincidence background spectrum below 10 keV is
shown in red (black) for BDT-BDT2 (previous ANAIS-112) filter in Figure
The background level at 1 and 2 keV is 5.5 and 3.5 ¢/keV /kg/d, respectively. The
integral rate from 1 to 2 keV is 5.77£0.06 and 4.24+0.05 ¢/keV /kg/d for the ANAIS-
112 filtering procedure and the BDT-BDT2 method, respectively, which represents
a reduction of the background of 26.5%.
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Figure 6.13: In red: total efficiency for each ANAIS-112 detector, obtained as the
product of the trigger and BDT-BDT2 cut efficiencies, estimated from °°Cd cal-
ibration events. In blue: the same, but estimated from **Na and *°K low energy
populations selected in coincidence with the high energy gamma. Total efficiency

obtained with ANAIS—-112 filtering protocols are shown in green for comparison.

6.2.4 BDT output validation

Although the BDT-BDT2 method gives a good event separation between scintillation
and noise events, the validation of boosted decision trees becomes mandatory in
order to ensure that calibration events used in the training behave in the same
way as those in the background runs. To do this, the distribution of the input
variables of the scintillation-like events in the '°Cd calibration sample used for the
BDT training is compared with that of the events selected from the independent
physics-run data. Figure shows the validation of the 15 input variables used to
construct the BDT and BDT2. The solid black line is the raw background, while
the solid red line is the preselected %°Cd calibration data. After the BDT-BDT2
selection, scintillation-like events from the physics-run (1%°Cd calibration) data are
shown as solid gray (magenta) lines. We can observe that there is a good agreement
in the shape of distributions for variables between °Cd calibration events and the
selected scintillation data. The consistency between the two independent samples

provides an indirect validation of the procedure.
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Figure 6.14: In red: anticoincidence energy spectrum measured in the ROI for each
detector after BDT-BDT?2 event selection and efficiency correction, corresponding
to the ~10% unblinded data. In black: the same, but using ANAIS-112 filtering
procedure described in Chapter @ The K peak at 3.2 keV is clearly visible.
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Figure 6.15: In red: total anticoincidence energy spectrum measured in the ROI after
BDT-BDT?2 event selection and efficiency correction, corresponding to the ~10% un-
blinded data. In black: the same, but using ANAIS-112 filtering procedure described
in Chapter @ The **K peak at 3.2 keV is clearly visible.
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Figure 6.16: Distribution of the 15 input parameters used to validate BDT-BDT?2
output response. The black and red lines correspond to physics-run and '*° Cd calibra-
tion data before the BDT-BDT?2 selection, respectively. After applying BDT-BDT2
criterion, scintillating-like events from the physics-run data are shown as gray line,

whereas selected 1% Cd calibration events are shown in magenta.
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6.2.5 Comparison with background model

A robust background understanding is essential for experiments demanding ultra
low background conditions, such as in experiments seeking rare events (see Sec-
tion . The validation of the background model against the experimental data
obtained after the BDT-BDT?2 event selection and efficiency correction is presented
in Table 6.4l The table lists the measured rates for each detector in ANAIS-112 in
the region from 1 to 6 keV, corresponding to the ~10% of unblinded data, in com-
parison with the corresponding simulation and deviations; the statistical uncertainty
of simulated rates for these low energy windows is at the level or below 1%. The
background models developed agree very well with the data above 2 keV, but below
this energy there is some discrepancy. From Table[6.4] it can be seen that the model
does not explain 37% of the measured rate in the region from 1 to 2 keV, but the
deviation is of only 7.0% from 2 to 6 keV. If we compare the discrepancy between
the background model and the data after filtering with the BDT method with those
obtained with the ANAIS-112 filtering protocols described in Chapter (3, we observe
that the BDT method presents less deviation both between 1 and 2 keV and from
2 to 6 keV; in particular, 37% and 7.0% compared to the 54% and 10.7% obtained
so far, respectively. Although the result obtained with the boosted decision trees is
better than that obtained with the ANAIS-112 filtering procedure, there are still
unexplained events below 2 keV. These events could be related either with non-bulk
scintillation events which have not been rejected by our BDT-BDT2 filtering pro-
cedure, or some background sources which have not been taken into consideration
in our model. More work is underway in order to develop additional procedures for

the rejection of the remaining PMT-noise events.

In Figure[6.17] the comparison for the low energy region for anticoincidence spec-
tra of each ANAIS-112 detector using the ~10% of unblinded data of the first year
of data taking is shown. We can see that detectors D3 and D5 present the greatest
disagreement with respect to the model. The same, but for total anticoincidence

spectrum is depicted in Figure [6.18]
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[1,2] keV 2,6] keV

Detector ~ Measurement Simulation  Deviation Measurement Simulation ~ Deviation
(c/keV/kg/d) (c/keV/kg/d) (%)  (c/keV/kg/d) (c/keV/kg/d) (%)
DO 5.26£0.15 4.37 -17 4.54+0.05 4.53 -0.1
D1 5.4640.19 4.36 -20 4.59+0.05 4.46 -2.9
D2 3.054+0.14 1.84 -40 2.4140.04 2.27 -5.8
D3 5.26£0.15 2.77 -47 3.20£0.05 2.97 -7.2
D4 4.26+0.14 2.73 -36 3.07£0.04 2.88 -6.2
D5 5.28+0.15 1.84 -65 2.9240.04 2.34 -19.9
D6 3.77£0.18 2.04 -46 2.86+0.04 2.42 -15.1
D7 3.09£0.12 2.03 -34 2.5840.04 2.42 -6.1
D8 2.72+0.11 1.94 -29 2.2940.04 2.18 -5.0
ANAIS-112 4.24+0.05 2.66 -37 3.16+0.02 2.94 -7.0

Table 6.4: Measured rates after BDT-BDT?2 filtering and efficiency correction in the
regions from 1 to 2 keV and 2 to 6 keV for each ANAIS-112 detector and on average,
from the ~10% of unblinded data of the first year of data taking. The corresponding

simulated rates and their deviation from the measurement are also presented.
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Figure 6.17: Comparison of the anticoincidence energy spectra in the region of inter-

est measured for each detector (black dots) with the corresponding background model

summing all the simulated contributions (green line). The shown data correspond to
the ~10% of unblinded data of the first year of data taking after BDT-BDT?2 filtering

and efficiency correction.
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Figure 6.18: Comparison of the total anticoincidence energy spectrum in the region
of interest (black dots) with the corresponding background model summing all the
simulated contributions (green line). The shown data correspond to the ~10% of

unblinded data of the first year of data taking after BDT-BDT2 filtering and effi-

ciency correction.

6.2.6 Sensitivity improvement with BDT

In this section, the projected sensitivity of the ANAIS—112 experiment to the annual
modulation observed by DAMA /LIBRA using the developed boosted decision tree
technique is evaluated in both model dependent and independent scenarios. The
background reduction between 2 and 6 keV is only 4.0%, so the change in projected
sensitivity is expected to be small. We have a robust background understanding in
this energy region. On the other hand, the background reduction in [1,2] keV energy
range is 26.5%, which translates into 10.9% reduction from 1 to 6 keV.

For model independent modulation, we follow the procedure described in Sec-
tion to estimate the expected sensitivity. The time evolution of the rate of

events is modelled by an exponential decay with a modulated component as:

B(r)=Ry- (1+ fe_t/Td) + Sy cosT, (6.7)

where Rg, f, 74 and S, are free parameters. The best fit results of the three years
of ANAIS-112 data to Equation [6.7] for both [1,6] and [2,6] keV energy regions are
gathered in Table[6.5] For each energy region, these values define the function to be
exploited using the Monte Carlo technique. Figure (dark blue lines) displays our
sensitivity projection calculated following Equation and considering a ten-day
time binning for the two studied energy ranges, whereas the blue bands represent
the 68% uncertainty in SoAMA as reported in Section [[.4.4.1] The black dots are

218



6.2. Multivariate analysis: Boosted Decision Tree

the sensitivities derived from the reanalysis of the three years of ANAIS-112 data
searching for annual modulation using the BDT method (see Section . The
results agree with our estimates, confirming the ANAIS—-112 projected sensitivity to
the DAMA /LIBRA result. With this filtering procedure, the goal of reaching a 3¢
sensitivity to the DAMA /LIBRA signal is achieved in 4 years of data taking in both
energy regions, even 1 year ahead of schedule. Figure [6.20| shows the sensitivity
projection considering the ANAIS-112 filtering protocols (blue line) compared to
the BDT method (red line) for both [1,6] and [2,6] keV energy regions. It can
be observed that the BDT technique improves moderately (slightly) the expected
sensitivity in the [1,6] ([2,6]) keV energy range, being this progress greater as the
exposure increases. In particular, using the BDT method for the low energy events
selection improves the sensitivity between 1 and 6 keV by 11.6% with respect to that
obtained with the established ANAIS-112 filtering protocols. This improvement is
only 2.7% between 2 and 6 keV.

Energy region Ry f Td
(c/keV/kg/d) (days)
[1,6] keV 2.854+0.044  0.227£0.017 8454105
[2,6] keV 2.678+0.044 0.2204+0.018 862+116

Table 6.5: Best fit results of the three years of ANAIS-112 data to Equatz'onfor
both [1,6] and [2,6] keV energy regions.

In the particular case that the annual modulation is induced by the dark matter
particles of the galactic halo, the projected sensitivity of ANAIS-112 using the BDT
filtering procedure and assuming SI interactions is evaluated following the procedure
described in Section[£.2] The background reduction between 2 and 6 keV is so small
that the change in projected sensitivity is less than the thickness of the black line
in Figure and, therefore, will not be drawn. Figure[6.21] shows in magenta the
expected sensitivity for [1,6] keV energy window considering the efficiency-corrected
background using the BDT method (see Table, in comparison with that obtained
taking into consideration the corresponding background after filtering and efficiency
correction using the ANAIS-112 event selection (in black, see Table [2.12). Both of
them have been obtained requiring 90% C.L. and 90% of succesful experiments and
asumming 5 years of data taking. Segmented detector has also been considered. We
can observe a slight improvement in the whole range of WIMP masses shown. We
conclude that after the scheduled 5 years of data-taking, ANAIS-112 can detect the
annual modulation in the 30 region compatible with the DAMA /LIBRA result.
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Figure 6.19: ANAIS-112 sensitivity to the DAMA /LIBRA signal in o C.L. units as a
function of real time in the [1,6] keV (a) and [2,6] keV (b) energy regions considering
exponentially decreasing background after applying the BDT-BDT?2 event selection.
The black dots are the sensitivities derived from the reanalysis of the three years
of ANAIS-112 data using the BDT method (see Section m The blue bands
represent the 68% C.L. DAMA/LIBRA uncertainty.
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Figure 6.20: ANAIS-112 sensitivity to the DAMA/LIBRA signal in o C.L. units as a
function of real time in the [1,6] keV (a) and [2,6] keV (b) energy regions considering
exponentially decreasing background. The blue lines show our sensitivity projection
derived from applying the established ANAIS—112 filtering procedure, whereas the red
lines display the expected sensitivity from applying the BDT method.

6.2.7 Annual modulation analysis with BDT

Finally, the reanalysis of the three years of ANAIS-112 data searching for annual
modulation using the BDT method is carried out. In order to do this, we follow the
procedure described in Section [5.2.1.1] After selecting the low energy events using
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Figure 6.21: Sensitivity plot in the og; — mw plane for ANAIS-112 experiment
for [1,6] keV energy region and 5 years of data taking corresponding to a detection
limit at 90% C.L. with a critical limit at 90% C.L. Segmented detector has been also
considered. In addition, DAMA/LIBRA regions at 90%, 30 and 50 [119] are shown

as orange areas.

the BDT technique and applying the corresponding efficiency correction, the time
evolution of the resulting rate of events is modelled by an exponential decay with a

modulated component as:

R(t;) = Ry - (1 + fe '/7a) + S, cosw(t; — to), (6.8)

where R(t;) is the expected rate of events in the time bin ¢;, Ry, f and 74 are free
parameters, while the modulation amplitude S,, is fixed to 0 for the null hypoth-
esis and left unconstrained (positive or negative) for the modulation hypothesis;
w = 2 /365 days~! and t, = —62.17 days (corresponding the cosine maximum to

the 2" of June, when taking as time origin the 3" of August).

The results of the x? minimization following Equation are shown in Figure
for [1,6] keV (a) and [2,6] keV (b) energy regions. The x? and p-values of the fit
for the null (modulation) hypothesis are also shown in red (green), together with
the best fit for S,,. Panels [6.22c and [6.22d] represent the residual counting rate for
[1,6] and [2,6] keV, respectively, after non-modulated components have been sub-
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tracted. The null hypothesis is well supported by the x? test in both energy regions,
with x?/NDF=115.1/108 (p-value=0.303) from 1 to 6 keV and y*/NDF=114.9/108
(p-value=0.307) between 2 and 6 keV. The best fits for the modulation hypothe-
sis are S, = —0.0031 &+ 0.0040 c¢/keV/kg/d and 0.0009 £ 0.0038 c/keV /kg/d for
[1,6] and [2,6] keV, respectively, both compatible with zero at 1o, and incompatible
with DAMA /LIBRA result at 3.40 (2.40), for a present sensitivity of 2.60 (2.70)
at [1,6] keV ([2,6] keV). The sensitivity achieved is consistent with the sensitivity
estimates for ANAIS—112 from the previous section. The best fit values are also
collected in Table [6.6] In addition, Table lists the nuisance parameters obtained
in the fitting procedure.
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Figure 6.22: ANAIS-112 fit results for three years of data in [1,6] keV (a) and
[2,6] keV (b) energy regions, both in the modulation (green) and null hypotheses (red)
when the background is described by Equation [6.8 Panels (c) and (d): the same,
but after subtracting the constant and exponential functions fitted to Equation [6.8

Best fit Sy, x* and p-values are also shown.
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6.2. Multivariate analysis: Boosted Decision Tree

Energy  x* /NDF p-value x?/NDF p-value Sin

region null hyp  null hyp mod hyp  mod hyp (c¢/keV/kg/d)
[1,6] keV 115.1 /108  0.303 114.5 / 107 0.293 -0.0031+0.0040
[2,6] keV 114.9 /108  0.307  114.8 / 107 0.285 0.0009+0.0038

Table 6.6: Summary of the fit results to Fquation for the null and modulation
hypotheses in [1,6] and [2,6] keV regions for the three years of ANAIS-112 data.

Figure [6.23] summarizes the results obtained by fitting the total ANAIS-112 rate
of events to an exponential function with a modulated component in both [1,6] and
[2,6] keV energy regions. On the one hand, the results obtained for the standard
deviation of the modulation amplitude after applying the cuts established in the
ANAIS-112 publications are shown with black circles. On the other hand, the results
obtained when using the BDT method as the filtering protocol for low energy events
are shown as red squares. It can be observed that the results obtained with the
BDT method present a lower standard deviation of the modulation amplitude in
both energy regions, leading to a higher sensitivity to the annual modulation signal.
In particular, using the boosted decision tree as the filtering procedure in ANAIS—
112 implies an increase of 9.1% in the sensitivity to the annual modulation signal
in the energy region between 1 and 6 keV, and an increase of 2.6% between 2 and
6 keV. In view of the potential of the machine learning technique for bulk Nal(Tl)
low energy events selection in the ANAIS—-112 experiment, the boosted decision tree

will be incorporated to ANAIS official analysis.

0.0046
0.0045 ® ANAIS-112 cuts

0.0044 L B BDT+BDT2 cuts

0.0043
0.0042
0.0041
0.0040 |

0.0039 @

0.0038 n
0.0037
0.0036

a(S,) (counts/keV/kg/day)

[1,6] keV [2,6] keV

Figure 6.23: Comparison of the results obtained when fitting the total background of
ANAIS-112 derived from the application of the cuts described in Chapter@ (black
circles) and after the application of the new BDT method for event selection (red
squares). The results are shown for the [1,6] and [2,6] keV energy regions.

223






Summary and conclusions

Despite constituting about 85% of the total amount of matter in the universe, the
nature of dark matter still remains one of the most puzzling questions in Fundamen-
tal Physics today. Its existence is inferred from a large amount of cosmological and
astrophysical observations at very different length scales, from the galaxy rotation
curves to the cosmic microwave background anisotropies. All these evidences are
based on the gravitational interactions produced between ordinary and dark matter
and restricts the nature of dark matter. It has to be non-baryonic, weakly inter-
acting with ordinary matter and non-relativistic (cold dark matter). As there is no
particle of the Standard Model that fulfils all these requirements, a plethora of can-
didates have been proposed beyond the Standard Model of Particle Physics. Axions
and WIMPs (Weakly Interacting Massive Particles) are among the preferred.

Different experimental strategies have been applied in order to detect the elusive
dark matter particles. They are based on the indirect and direct detection, as
well as the production at colliders. Indirect searches are based on the detection of
annihilation products of dark matter particles. Direct search attempts to detect
nuclear recoils produced by the elastic scattering of dark matter particles in the
target nuclei of the detector. The elastic scattering of WIMPs with masses in the
10-100 GeV would produce typical nuclear recoils energies in the range of 1-100 keV.
Such recoil energy of the detector’s target nuclei could be measured with different

techinques.

Several experiments based on different and complementary technologies have been
devoted to the direct detection of dark matter. Depending on the channels used to
measure the recoil energy of the detector’s target nuclei, these experiments use from
scintillating crystals or germanium detectors to noble liquid-gas TPCs. In spite of
the wide experimental effort devoted to the understanding of the dark matter na-
ture, no unambiguous answer has been reported until now. Only the DAMA /LIBRA
experiment, which uses Nal(T1) crystal detectors at the Gran Sasso National Labo-

ratory (LNGS) in Italy, has provided a long-standing positive result: the observation
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of a highly statistically significant annual modulation in the detection rate, which is
compatible with that expected for galactic halo dark matter particles. This result
has neither been reproduced by any other experiment, nor ruled out in a model
independent way. Other experiments using the same target are crucial to ascertain
whether the DAMA /LIBRA positive signal is a signature of the halo dark matter

particles or due to some systematic artefact.

The ANAIS experiment is intended to search for dark matter annual modulation
with ultrapure Nal(T1) scintillators at the Canfranc Underground Laboratory (LSC)
in Spain, in order to provide a model independent confirmation of the signal reported
by the DAMA/LIBRA collaboration using the same target and technique. It has
been necessary to use ultrapure Nal(T1) crystals, carefully select external radiopure
materials and properly shield the detectors from external radiation. Robust noise
filtering protocols are also essential to ensure the quality of low energy events. After
more than twenty years operating different ANAIS prototypes, the full ANAIS ex-
periment set-up (ANAIS-112) with 112.5 kg Nal(T1) was installed at LSC Hall B in
2017. ANAIS-112 started data taking in “dark matter search” mode on the 3™ of
August 2017. Since then, ANAIS-112 has been taking data continuously, achieving
an average live time of 95%. This long exposure, together with the stability of the
operational conditions of ANAIS-112, are essential to guarantee a enough statisti-
cal significance in the search for a seasonal variation. Thanks to the outstanding
light collection of all the modules, in the order of 15 photoelectrons/keV, and the
good low energy calibration, ANAIS-112 has successfully set its energy threshold at
1 keV. ANAIS-112 has also demonstrated to reach a low enough background level
in the region of interest to explore the signal singled out by DAMA /LIBRA.

This work focuses on the analysis of the data acquired by ANAIS-112 during
its first three years of measurement. A complete description of the elements of
the experimental ANAIS-112 set-up is conducted, as well as the most relevant ex-
perimental parameters. The experiment performance over the three years is also
presented. The sensitivity of the experiment to the annual modulation signal of
DAMA/LIBRA has been evaluated taking into account different sources of uncer-
tainty and considering different background scenarios. The three years of data have
been analyzed searching for the dark matter annual modulation using different fit
functions and studying different control populations to rule out possible systematic
effects. Finally, a new filtering procedure for low-energy noise events has been de-
veloped using machine learning techniques and it has been applied to reanalyze the

three years of data in the search for the annual modulation signal.
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It has been studied the evolution of some data acquisition parameters and different

environmental parameters whose variations could mimic an annual modulation.

e A very stable behaviour during the three years of data taking has been ob-
served; only some PMTs needed some voltage adjustment and, thanks to the
periodic energy calibration, the possible gain drifts have been successfully cor-

rected.

e A seasonal variation in the radon concentration and humidity in the laboratory
air outside the ANAIS—112 shielding has been identified, which is compatible
with an annual modulation, but whose maximum is reached almost two months

later than the expected for dark matter modulation.

e The radon content in the air filling the inner volume of the ANAIS-112 shield-
ing has also been evaluated by screening the same nitrogen gas used for the
flushing into the ANAIS shielding using an HPGe detector at LSC. An upper
limit of 0.04 Bq/m? at 95% C.L. has been estimated, observing a small seasonal
variation with low statistical significance. Even if this modulation represented
100% of the ?**Rn content inside the ANAIS-112 shielding, its contribution
to the ANAIS modulation would be < 2.7-107* ¢/keV /kg/d in the region of
[1,6] keV, being negligible compared to the expected modulation deduced from
the DAMA /LIBRA result (~ 1072 ¢/keV /kg/d).

e Analyzing the muons crossing the ANAIS-112 veto system, an annual modu-
lation in the coincident muon rates between two different faces has also been
observed. This modulation peaks almost one month later than expected for
dark matter. However, these muon-related events are rejected by imposing a
condition on the time elapsed since the last interaction of a muon in the veto

system.

The expected sensitivity of the ANAIS-112 experiment to the annual modulation
observed by DAMA /LIBRA has been calculated taking into consideration several

sources of uncertainty and assuming different background scenarios.

e Sources of uncertainty included are the purely statistical, that associated with
the acceptance efficiency, or the low energy calibration itself. The uncertainty
due to efficiency has resulted to be negligible compared to the statistical one.
The uncertainty due to the calibration method decreases the expected sen-
sitivity by approximately 10% in [1,6] keV and only 3% in [2,6] keV energy

region.
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e An analytical formula has been derived to compute the sensitivity to the mod-
ulation signal when the background remains constant or decreases linearly with
time. The sensitivity estimated in this way is in agreement with the results
obtained from the analysis of the annual modulation in the ANAIS-112 data
to date.

e A Monte Carlo simulation has also been developed to check the consistency
of the results and to evaluate the long-term sensitivity projections. The 3o
sensitivity goal will be reached in the scheduled 5 years of data taking for both

energy regions.

e This sensitivity can increase even more if the ANAIS-112 data are combined
with those of other experiments searching for the annual modulation reported
by DAMA/LIBRA using Nal(Tl) as a target. In particular, the combined
sensitivity of ANAIS-112 and COSINE-100 in the energy region between 2
and 6 keV has been determined, concluding that the sensitivity at 3o level
would have been reached around 2.5 years from the beginning of ANAIS-112,
that is, at the beginning of 2020, and after 4.5 years the 40 sensitivity would
be achieved (February 2022).

An independent analysis of the annual modulation corresponding to the three
years of ANAIS-112 data has been performed from a different data aggregation as
a cross-checking of the ANAIS standard analysis. In addition, four different fitting
procedures of background evolution have been considered in order to evaluate the

possible presence of systematic effects in the analysis protocols.

e Compatible results have been obtained in all cases, both considering the total
background of the experiment and evaluating the background of each detector

independently.

e These results are consistent with the absence of modulation in both [1,6] and

[2,6] keV energy regions.

e In turn, the ANAIS-112 best fits are incompatible with DAMA /LIBRA result
at 3.60 (2.80), for a sensitivity of 2.50 (2.70) at [1,6] keV (]2,6] keV).

Finally, a new low-energy noise event filtering protocol based on a multivariate
analysis called Boosted Decision Tree (BDT) has been developed. Even though the
ANAIS background model satisfactorily reproduces the measured data at all energy
ranges above 2 keV and at different analysis conditions (coincidence or anticoin-
cidence), the model is unable to explain 54% of the detected rate between 1 and

2 keV. This new event selection method is intended to explain the excess of events
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observed below 2 keV, improving the discrimination between bulk scintillation and

noise events.

e A detailed study of all the elements participating in a supervised machine
learning algorithm, such as training populations and input variables, has been
carried out, and the response of the algorithm to training events has been
validated.

e A two-phase strategy for BDT training has been followed. In the first one,
only the parameters dependent on the shape of the total pulse from the two
PMTs were taken into account. While in the second phase, those variables
that describe the asymmetry in the light sharing among both PMTs have

been considered.

e Using the BDT selection criterion, the background level between 1 and 2 keV
has been significantly reduced by 26.5% without affecting efficiency.

e Comparing this result with the background model, it is observed that the
model still does not explain 37% of the measured rate between 1 and 2 keV.
These unexplained events could be related either with non-bulk scintillation
events which have not been rejected by the BDT filtering procedure, or some
background sources which have not been taken into consideration in our model.
Both ideas will be explored in the near future to try to understand the origin

of this discrepancy.

e Using the boosted decision tree as the filtering procedure in ANAIS-112 im-
plies an increase of 9.1% in the sensitivity to the annual modulation signal
in the energy region between 1 and 6 keV, and an increase of 2.6% between
2 and 6 keV. The projected sensitivity is in perfect agreement with the re-
sults obtained by reanalyzing the three years of ANAIS-112 data in search for
the annual modulation signal observed by DAMA /LIBRA. These results are
compatible with the absence of modulation in both [1,6] and [2,6] keV energy
regions, and incompatible with DAMA/LIBRA result at 3.40 (2.40), for a
present sensitivity of 2.60 (2.70) at [1,6] keV (]2,6] keV).

As a result of the remarkable results achieved in this work, the boosted decision
tree will be incorporated to ANAIS official analysis for bulk Nal(Tl) low energy

events selection.
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Resumen y conclusiones

A pesar de constituir alrededor del 85 % de la cantidad de materia total del universo,
la naturaleza de la materia oscura sigue siendo uno de los mayores enigmas de la
Fisica Fundamental en la actualidad. Su existencia se infiere a partir de una gran
cantidad de observaciones cosmolégicas y astrofisicas a escalas de longitud muy dife-
rentes, desde las curvas de rotacién de galaxias hasta las anisotropias de la radiacion
de fondo de microondas. Todas estas evidencias estan basadas en las interacciones
gravitatorias producidas entre la materia ordinaria y la materia oscura, y restringen
la naturaleza de la materia oscura. Se trata de materia no bariénica y fria (o no
relativista en el momento de formacién de las estructuras que hoy dominan nuestro
universo), que debe interaccionar débilmente con la materia ordinaria. Dado que no
existe ninguna particula del Modelo Estandar que satisfaga todos estos requisitos, se
han propuesto numerosos candidatos mas alla del Modelo Estandar de la Fisica de
Particulas. Entre los preferidos se encuentran los axiones y los WIMPs (particulas

masivas débilmente interactuantes).

Se han aplicado distintas estrategias experimentales para tratar de detectar las
esquivas particulas de materia oscura. Estas se basan en la deteccién directa e indi-
recta, asi como en su creacion en colisionadores de particulas. Las busquedas indirec-
tas estan basadas en la deteccién de los productos de aniquilacién de las particulas
de materia oscura, mientras que la bisqueda directa trata de detectar los retrocesos
nucleares producidos por la colision elastica de las particulas de materia oscura en
los ntcleos blanco del detector. La dispersion elastica de WIMPs con masas entre
los 10 y 100 GeV poduciria retrocesos nucleares con energias en el rango de 1 a

100 keV. Tales energias de retroceso podrian ser medidas con diferentes técnicas.

Diversos experimentos basados en tecnologias distintas y complementarias han
sido destinados a la detecciéon directa de la materia oscura. Dependiendo de los ca-
nales utilizados para medir la energia de retroceso de los nicleos blanco del detector,
estos experimentos usan desde cristales centelleadores o detectores de germanio has-

ta camaras de proyeccion temporal (TPCs) de doble fase (liquido-gas) basadas en
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elementos nobles. A pesar del gran esfuerzo experimental dedicado a la compren-
sién de la naturaleza de la materia oscura, hasta ahora no se ha proporcionado una
respuesta irrefutable a este problema. Sélo el experimento DAMA /LIBRA, que uti-
liza detectores centelleadores de Nal(T1) en el Laboratorio Nacional del Gran Sasso
(LNGS) en Italia, ha presentado un resultado positivo: la observacién de una mo-
dulaciéon anual con alta significancia estadisitica en el ritmo de deteccién, que es
compatible con la esperada para las particulas de materia oscura del halo galactico.
Este resultado no ha sido reproducido por ningin otro experimento, ni tampoco
descartado de forma independiente del modelo de WIMP. Otros experimentos que
utilicen el mismo blanco material son cruciales para determinar si la senal positiva
de DAMA/LIBRA es una senal distintiva de las particulas de materia oscura del

halo galactico o se debe a algtin artefacto sistematico.

El experimento ANAIS esta destinado a la busqueda de la modulaciéon anual de
la materia oscura con centelleadores ultrapuros de Nal(Tl) en el Laboratorio Sub-
terrdneo de Canfranc (LSC) en Espana, con el fin de proporcionar una confirmacién
independiente del modelo de la sefial presentada por la colaboraciéon DAMA /LIBRA
utilizando el mismo blanco y la misma técnica. Ha sido necesario utilizar cristales
ultrapuros de Nal(T1), seleccionar cuidadosamente los materiales externos en térmi-
nos de radiopureza y proteger adecuadamente los detectores de la radiacién externa.
Para garantizar la calidad de los sucesos de baja energia, es fundamental también
implementar protocolos de filtrado de ruido sélidos. Tras mas de veinte anos ope-
rando distintos prototipos de ANAIS, el montaje completo del experimento ANAIS
(ANAIS-112) con 112.5 kg de Nal(Tl) se instalé en el Hall B del LSC en 2017.
ANAIS-112 comenz6 la toma de datos en busca de la materia oscura el 3 de agosto
de 2017. Desde entonces, ANAIS—112 ha estado tomando datos ininterrumpidamen-
te, logrando alcanzar un tiempo vivo promedio del 95 %. Esta gran exposicién, unida
a la estabilidad de las condiciones operacionales de ANAIS—-112, son esenciales para
garantizar una significancia estadistica suficiente en la bisqueda de un fenémeno
estacional. Gracias a la excelente recoleccion de luz de todos los médulos, del orden
de 15 fotoelectrones/keV, y a la buena calibracién en baja energia, ANAIS-112 ha
situado su umbral de energia en 1 keV satisfactoriamente. ANAIS-112 también ha
demostrado alcanzar un nivel de fondo suficientemente bajo en la region de interés

para explorar la senal encontrada por DAMA /LIBRA.

Este trabajo se centra en el andlisis de los datos adquiridos por ANAIS-112 du-
rante sus primeros tres anos de medida. Se realiza una descripcién completa de los
elementos que configuran el montaje experimental de ANAIS-112, asi como de los

parametros experimentales mas relevantes. También se presenta el rendimiento del

232



Resumen y conclusiones

experimento durante los tres anos. Se ha evaluado la sensibilidad del experimento a
la senal de modulacién anual de DAMA /LIBRA teniendo en cuenta distintas fuentes
de incertidumbre y considerando diferentes escenarios de fondo. Se han analizado los
tres anos de datos en busca de la modulacion anual de la materia oscura utilizando
distintas funciones de ajuste y estudiando diversas poblaciones de control con el fin
de descartar posibles efectos sistematicos. Por ultimo, se ha desarrollado un nuevo
procedimiento de filtrado de sucesos de ruido de baja energia utilizando técnicas de
aprendizaje automatico y se ha aplicado para reanalizar los tres anos de datos en

busca de la senal de modulacion anual.

Se ha estudiado la evoluciéon de algunos pardmetros de adquisicién y diferentes

parametros ambientales cuyas variaciones podrian imitar una modulacién anual.

e Se ha observado un comportamiento muy estable durante los tres afios de toma
de datos; sélo algunos PMTs necesitaron algiin ajuste de voltaje y, gracias a
la calibracién en energia periddica, se han corregido satisfactoriamente las

posibles desviaciones de la ganancia.

e Se ha identificado una variacién estacional en la concentracién de radén y en
la humedad del aire del laboratorio externo al blindaje de ANAIS-112, que es
compatible con una modulacién anual, pero cuyo méaximo se alcanza casi dos

meses después de lo esperado para la modulacion de la materia oscura.

e También se ha evaluado el contenido de radén presente en el aire de la cavidad
interna del blindaje de ANAIS-112 analizando el gas nitrégeno utilizado para
purgar el blindaje de ANAIS-112 mediante un detector de germanio hiperpuro
(HPGe) del LSC. Se ha estimado un limite superior de 0.04 Bq/m? al 95 %
C.L., observandose una pequena variacién estacional con baja significancia
estadistica. Aunque esta modulacién representara el 100 % del contenido de
222Rn dentro del blindaje de ANAIS-112, su contribucién a la modulacién
de ANAIS serfa < 2,7 -107* c¢/keV/kg/d en la regién de [1,6] keV, siendo
despreciable frente a la modulacién que se esperaria a partir del resultado de
DAMA /LIBRA (~ 1072 ¢/keV /kg/d).

e Al analizar los muones que atraviesan el sistema de veto de ANAIS-112, tam-
bién se ha observado una modulacién anual en los ritmos de coincidencia de
muones entre dos caras diferentes. Esta modulacion alcanza su maximo casi un
mes después de lo esperado para la materia oscura. No obstante, estos sucesos
relacionados con los muones son eliminados al imponer un corte en el tiempo

transcurrido desde la ultima interaccion de un muon en el sistema de veto.
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La sensibilidad esperada del experimento ANAIS-112 a la modulacién anual
observada por DAMA /LIBRA se ha calculado teniendo en cuenta diversas fuentes

de incertidumbre y suponiendo distintos escenarios de fondo.

e Entre las fuentes de incertidumbre se incluyen: la puramente estadistica, aque-
lla asociada a la eficiencia de aceptacion de sucesos, o la debida a la propia
calibracion de la baja energia. La incertidumbre debida a la eficiencia ha resul-
tado ser despreciable frente a la estadistica. La incertidumbre debida al método
de calibracién disminuye la sensibilidad esperada en aproximadamente un 10 %

en [1,6] keV y sélo un 3% en la regién de energia [2,6] keV.

e Se ha deducido una férmula analitica para calcular la sensibilidad a la senal
de modulaciéon cuando el fondo permanece constante o disminuye linealmente
con el tiempo. La sensibilidad estimada de esta manera concuerda con los

resultados obtenidos en el andlisis de la modulacién anual de los datos de
ANAIS-112 hasta la fecha.

e También se ha desarrollado una simulacién de Monte Carlo para comprobar
la consistencia de los resultados y evaluar las proyecciones de sensibilidad a
largo plazo. Se alcanzara el objetivo de sensibilidad de 30 en ambas regiones

energéticas dentro de los 5 anos programados de toma de datos.

e Esta sensibilidad puede aumentar atin més si los datos obtenidos por ANAIS—
112 se combinan con los de otros experimentos que buscan la modulacion anual
senalada por DAMA /LIBRA utilizando Nal(Tl) como blanco. En concreto, se
ha determinado la sensibilidad combinada de ANAIS-112 y COSINE-100 en
la regién energética entre 2 y 6 keV, concluyendo que la sensibilidad a 3o se
habria alcanzado en torno a 2.5 anos después del comienzo de ANAIS-112, es
decir, a principios de 2020, y tras 4.5 anos se alcanzaria la sensibilidad a 4o
(febrero de 2022).

Se ha realizado un analisis independiente de la modulacién anual correspondiente
a los tres anos de datos de ANAIS-112 a partir de una agregaciéon de datos distinta,
que ha servido como verificacion cruzada del analisis estandar realizado por ANAIS.
Ademas, se han considerado cuatro procedimientos de ajuste diferentes para la evo-
lucion del fondo con el fin de evaluar la posible presencia de efectos sisteméaticos en

los protocolos de andlisis.

e Se han obtenido resultados compatibles en todos los casos, tanto considerando
el fondo total del experimento como evaluando el fondo de cada detector de

forma independiente.
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e Estos resultados son consistentes con la ausencia de modulacién en las regiones
de energia [1,6] y [2,6] keV.

e A su vez, los resultados de ANAIS—112 son incompatibles con el obtenido por
DAMA/LIBRA a 3.60 (2.80), para una sensibilidad de 2.5¢ (2.70) en [1,6] keV
([2,6] keV).

Por 1ltimo, se ha desarrollado un nuevo protocolo de filtrado de sucesos de ruido
de baja energia basado en un analisis multivariante denominado arbol de decision
ampliado (BDT). A pesar de que el modelo de fondo de ANAIS reproduce satisfac-
toriamente los datos medidos en todos los rangos de energia por encima de 2 keV
y en distintas condiciones de andlisis (coincidencia o anticoincidencia), el modelo es
incapaz de explicar el 54 % del ritmo detectado entre 1 y 2 keV. Con este nuevo
método de seleccion de sucesos se pretende dar explicacion al exceso de sucesos ob-
servados por debajo de 2 keV, mejorando la discriminacion entre sucesos de centelleo

y sucesos de ruido.

e Se ha llevado a cabo un estudio detallado de todos los elementos que participan
en un algoritmo de aprendizaje automatico supervisado, como las poblaciones
de entrenamiento y las variables de entrada, y se ha validado la respuesta del

algoritmo ante los sucesos de entrenamiento.

e Se ha seguido una estrategia en dos fases para el entrenamiento del arbol. En
la primera de ellas, se ha atendido sélo a pardmetros dependientes de la forma
del pulso suma de los dos fotomultiplicadores. Mientras que en la segunda fase,
se han considerado aquellas variables que describen la asimetria en el reparto

de luz entre ambos fotomultiplicadores.

e Utilizando el criterio de seleccién basado en el BDT, el nivel de fondo entre 1 y

2 keV se ha reducido significativamente en un 26.5 % sin afectar a la eficiencia.

e Comparando este resultado con el modelo de fondo, se observa que el modelo
sigue sin explicar el 37 % del ritmo medido entre 1 y 2 keV. Este inexplicable
exceso de sucesos podria estar relacionado con sucesos no originados en el
cristal de Nal(T1) que no han sido eliminados por el procedimiento de filtrado
del BDT, o con algunas fuentes de fondo no consideradas en nuestro modelo.
Ambas ideas van a ser exploradas en el futuro proximo para tratar de entender

el origen de esta discrepancia.

e El uso del arbol de decisiéon ampliado como procedimiento de filtrado en
ANAIS-112 implica un incremento del 9.1 % en la sensibilidad a la senal de

modulacién anual en la regién de energia entre 1 y 6 keV, y un aumento del
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2.6 % entre 2 y 6 keV. La sensibilidad proyectada concuerda perfectamente con
los resultados obtenidos al reanalizar los tres anos de datos de ANAIS-112 en
busca de la sefial de modulacién anual observada por DAMA /LIBRA. Estos
resultados son compatibles con la ausencia de modulacién en las regiones de
energia [1,6] y [2,6] keV, e incompatibles con el obtenido por DAMA /LIBRA
a 3.40 (2.40), para una sensibilidad de 2.60 (2.70) en [1,6] keV ([2,6] keV).

Como consecuencia de los resultados notables obtenidos en este trabajo, el arbol

de decisién ampliado se incorporara al analisis oficial de ANAIS para la seleccién de

sucesos de baja energia del cristal de Nal(T1).
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