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Despite efforts from numerous experiments to grasp the nature of dark matter, no convincing dark
matter signal has been observed so far and the very properties of this invisible matter remain
unknown. Nevertheless, strong constraints on these properties are set by current observations,
particularly for GeV to TeV WIMP-like dark matter particles. In contrast, sub-GeV dark matter
scenarios are largely unexplored and still offer promising prospects for dark matter detection. In
this contribution, we conduct a search for low-energy electrons scattered by boosted dark matter
particles in the Super-Kamiokande detector. In particular, a two-component dark matter scenario
is considered, which results in a natural boosting of the non-secluded secondary dark matter
particles produced by the decay or annihilation of the dominant cold dark matter component.
This work focuses on boosted dark matter from the centre of our Galaxy, with scattered electron
energies ranging from a few MeV to a few hundred of MeV. We present the first sensitivities of
such low-energy boosted dark matter search using Super-Kamiokande.
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1. Introduction

A variety of overwhelming astrophysical observations support the existence of dark matter
(DM) [1, 2]. Since its postulate, numerous experiments attempted to shed light on its nature,
but so far the properties of this elusive matter remain largely unknown. Under the assumption
that DM consists of Weakly Interacting Massive Particles (WIMPs) [3], searches for DM have
been predominantly focused on the GeV to TeV mass scale. However, there has been a recent
renewed interest in sub-GeV DM scenarios. When considering low-mass cold dark matter, its
feeble interaction with SM particles leads to poor detection sensitivity. However, sub-GeV DM
could undergo a boosting mechanism, which would make it energetic enough to knock electrons
and hadrons out of the atoms [4]. Such boosted DM could exist as a subdominant relativistic DM
component alongside the dominant cold DM particles making up the largest fraction of dark matter
in our Universe. Several models propose the existence of boosted DM, such as cosmic-ray-boosted
DM [5] or blazar-boosted DM [6]. Among these scenarios, the two-component DM model suggests
that the dominant DM component could annihilate or decay into a second specie of DM particles,
naturally boosting them to relativistic energies.

Boosted DM could be observed by looking for the recoil of electrons or nuclei in large-
size terrestrial detectors. In this work, we present the sensitivities of a search for boosted DM
with electrons in the Super-Kamiokande (SK) Cherenkov detector, considering recoiled energies
between 10 and 100 MeV. As a large DM density is expected in the centre of galaxies [7], we focus
on boosted DM from the centre of the Milky Way in order to optimise the signal expectation.

2. Flux of Boosted Dark Matter

For this search, DM is assumed to be naturally boosted by the annihilation of the DM particles
A. The resulting differential flux of boosted DM B coming from the direction of the Galactic Centre
can be expressed as:
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where mp is the mass of the considered boosted DM particles and dNg/dEp is the differential
energy spectrum given by 26(Ep — my4). The corresponding spectrum of electron recoiled by
boosted DM is obtained using the boosted DM module of GENIE [8] and can be seen in the
left-hand of Figure 1 for a boosted DM mass of 200 MeV and several boosted DM energies. The
thermally-averaged annihilation cross-section of the dominant DM specie A into the boosted DM
particle B, (0 i_, g V) is assumed to be equal to 5 x 10726 cm?/s. The remaining term Equation 2
is the differential J-factor, which is given by the integral over the line-of-sight of the density of the
dominant DM specie A. The DM density distribution in our galaxy can be expressed as a function
of the distance to the Galactic Centre, r, according to [9]:
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Figure 1: Left: Recoiled electron spectra for a boosted DM mass (mpg) of 200 MeV shown as a function
of the electron energy for various BDM energies (m4). Right: Differential J-factor (dJ//d€2) presented with
respect to the opening angle to the Galactic Centre (V) for both the NFW and Burkert halo profiles.

with the scale radius, r;, and normalisation density, po, taken from [10]. As the spatial distribution
of boosted DM strongly depends on the shape of the DM halo, several models will be considered
in this analysis to account for this important source of systematics. In this contribution, we present
the sensitivities obtained for the Navarro-Frenk-White profile (NFW) [11] for which the parameters
(a, B, 9, y) take the values (1,3,0,1). The right plot of Figure 1 shows the corresponding differential
J-factor of this “cuspy” DM halo profile alongside the distribution of a less optimistic "cored"
scenario, known as the Burkert halo profile [12].

3. Event Selection

The current event selection consists of simple cuts dedicated to select single-electron events con-
tained in the fiducial volume of the Super-Kamiokande neutrino telescopes [13]. Super-Kamiokande
is an underground Cherenkov detector located in the Gifu prefecture of Japan. It is composed of a
50KT cylindrical water tank split into an inner and an outer section. The inner detector (ID) contains
11,129 inward-facing photo-multiplier tubes (PMTs), for a total of 32 kT with a 22.5 kT fiducial
volume. The outer detector (OD) consists of a 2 m water layer around the ID equipped with 1,885
outward-facing PMTs. Events are tagged as fully-contained (FC) if all related hits were recorded
solely in the ID. In addition to the selection of FC events, cuts on the Cherenkov cone opening
angle is applied in order to select events leaving a single-ring signature in the detector. A cut on the
energy of the recoiled electrons is also implemented, selecting events with energies between 10 and
100 MeV. A total livetime of 583.3 days is considered for the sensitivity computation, with events
recorded during the SK-VI data-taking period extending from 2020 to 2022.

4. Analysis Method

The idea behind this analysis is to search for an excess of recoiled electrons pointing in the
direction of the Galactic Centre, with energies distributed according to the signal predictions. A
binned likelihood method is used to compare data to what is expected from the background and
signal probability density functions (PDFs).
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Figure 2: Two-dimensional projections of the Background PDF, with the three dimensions being the right
ascension (RA), the declination (dec), and the energy (E) of the events.
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Figure 3: Two-dimensional projections of the signal PDF in assuming a BDM mass of 200 MeV, BDM-dark
photon coupling of 0.5 for a dark photon of 20 MeV mass, for the NFW profile

The background distribution is estimated from Monte Carlo (MC) simulations weighted with an
atmospheric neutrino flux [14]. In order to obtain a smooth distribution of the background, a Kernel
Density Estimation (KDE) method is applied to the three-dimensional distribution of the events in
right ascension (RA), declination (), and energy (E). The probability density function is estimated
by applying a Gaussian kernel with a bandwidth optimised using a cross-validation method. The
subsequent distribution is then binned with 50 bins in each dimension. The two-dimensional
projections of the resulting binned background PDF can be seen in Figure 2.

Similarly, the signal PDFs are built from MC electron simulations weighted according to the
signal predictions for several combinations of BDM mass and energies. The number of electrons
expected to be recoiled by BDM in the Super-Kamiokande detector can be computed from:

Nrecoil = Tlivetime Ntarget ¢B OBe~—Be™ » (3)

where Tiivetime 18 the livetime considered for the experiment. The number of targets, Nearger, corre-
sponds to the number of electrons that can be found in the detector volume. Information about the
source morphology and the energy spectrum is encoded in ¢ g, obtained from Equation 2. The num-
ber of expected recoiled electrons also depends on the interaction cross-section between boosted
DM particles and electrons o .- g.-, on which we can set a constraint if no signal electrons were
to be found. The resulting signal distribution for a boosted DM mass of 200 MeV and boosted DM
energy of Egp = my = 1GeV is shown in Figure 3, assuming the NFW halo distribution.

Using these background and signal distributions, the likelihood function is built as the product
of the Poisson probabilities to observe nf)bs events in a particular bin i:
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sample. The portion of events in each bin is given by:

S =pfi+ (1= 4 fog (5)
where f; and fy, are the signal and background PDFs, respectively. By maximising the likelihood,
L(u), one obtains the best estimate on the signal fraction. For values of u consistent with the
background-only hypothesis, the 90% confidence level (CL) upper limit, pgg, is drawn following
the likelihood interval method [15]. The 90% CL sensitivity, figg, is obtained by taking the
median value of the upper limits computed using 100,000 pseudo-experiments sampled from the
background-only PDF. The sensitivities on the boosted DM-electron cross-section, 0ge-—,g.- can
be deduced using the ratio between the total number of events in the sample and the expected
number of signal events for each combination of boosted DM mass and energies.

5. Sensitivities

The 90% CL sensitivities were computed for a boosted DM mass of 200 MeV and boosted
DM energies ranging from 600 MeV to 10 GeV, assuming the NFW halo profile. This particular
boosted DM scenario is the one considered for the Super-Kamiokande search presented in [16]
and was chosen here to demonstrate the potential of a low-energy search with respect to previous
SK analyses. In Figure 4, the resulting sensitivities are expressed in terms of the BDM-electron
cross-section as a function of the BDM energy, m 4. Using integration described in [4], one can then
obtain the sensitivities on the coupling of dark photons to the standard model, €. The sensitivities
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Figure 4: 90% CL Sensitivity on the BDM-electron interaction cross-section (0ge-—pe-) for a BDM mass
of 200 MeV, BDM-dark photon coupling of 0.5 for a dark photon of 20 MeV mass, when considering the
DM halo distribution following the NFW profile.
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Figure 5: 90% CL Sensitivity on the dark photon-electron coupling (¢) for a BDM mass of 200 MeV,
BDM-dark photon coupling of 0.5 for a dark photon of 20 MeV mass, when considering the DM halo
distribution following the NFW profile. The limits obtained by the previous Super-Kamiokande BDM search
with recoiled electrons are also shown [16].

in terms of € are shown in Figure 5, along with previous Super-Kamiokande limits from a similar
search using SK-IV data.

By considering low-energy recoiled electron events, this analysis is able to extend the search
for boosted DM to lower energies than the previous SK boosted DM search with electrons. It has to
be noted that the sensitivities of this analysis are obtained with SK-VI data with a limited livetime of
583.3 days, while the limits shown in Figure 5 are computed from SK-1V data for a total livetime of
2,628.1 days. The boosted DM mass and energy combinations are also sub-optimal for this analysis
as the majority of the signal falls outside of the 10 MeV to 100 MeV electron energy range, affecting
the signal efficiency. We expect this low-energy search to be more competitive for lower boosted
dark matter masses and energies.

6. Conclusion and outlooks

The preliminary sensitivities computed for this boosted DM search from the centre of our
galaxy with low-energy electrons show encouraging improvements for the future of this analysis.
By considering lower recoiled electron energies, an enhancement of the sensitivities can be seen
for boosted DM energies below a few GeV. In the current state of this work, only a few years of data
are considered. The next step would thus be to consider the full livetime of the Super-Kamiokande
detector in order to gain in sensitivity. The event selection also needs to be improved by optimising
the applied cuts and considering further selection tools, such as Boosted Decision Trees (BDT).

With the emphasis set on low-energies, the improvement will be most marked for lower boosted
dark matter masses. The plan is therefore to scan more masses of boosted DM, going from a few
MeV to a few tenths of MeV, for an extended boosted DM range. Finally, it would also be enviable
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to extend the analysis to higher electron energies in order to consistently cover the entire energy
range of the Super-Kamiokande detector.
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