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Weakly Interacting Massive Particles (WIMPs) are among the most compelling candidates for
particle dark matter. These particles can be gravitationally captured by massive celestial bodies,
such as the Sun, where they accumulate and, according to theoretical models, eventually self-
annihilate into Standard Model particles, including neutrinos. Neutrino telescopes - large arrays
of photo-sensors in a transparent medium - can search for this indirect signature of dark matter
by detecting neutrinos originating from the Sun’s core. In this study, data collected from 2007
to 2022 by ANTARES, a neutrino telescope in the Mediterranean Sea, are analyzed to perform
an indirect search for dark matter from the direction of the Sun. Neutrino event properties are
reconstructed using standard algorithms developed within the Collaboration, alongside a novel
Machine Learning tool designed to enhance reconstruction accuracy for neutrino energies below
200 GeV, applied for the first time in this type of analysis. Additionally, all-flavor neutrino
interactions are considered. A likelihood-based unbinned analysis is conducted to determine the
upper limits to the spin-dependent and spin-independent WIMP- nucleon scattering cross-sections
for WIMP masses ranging from 35 GeV/c? to 10 TeV/c? and for three different annihilation
channels.
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1. Introduction

The existence of dark matter was first inferred by Zwicky in 1933 [1], through the analysis of
the velocity dispersion of galaxies within the Coma cluster. Since then, a multitude of theoretical
models have been developed to describe its nature, and various experimental approaches have been
pursued to test these hypotheses.

Among the most extensively investigated dark matter candidates are Weakly Interacting Massive
Particles (WIMPs) [6, 7]. These hypothetical particles are expected to interact with ordinary matter
via weak nuclear interactions and gravity. WIMPs can undergo self-annihilation, producing Stan-
dard Model particles, which may subsequently yield neutrinos[7]. Due to these properties, WIMPs
can accumulate in massive astrophysical bodies, such as the Sun, one of the most favorable nearby
targets for indirect dark matter detection. Assuming a known local dark matter density, WIMPs
may scatter off solar nucleons, lose energy through these interactions, and become gravitationally
captured in the Sun’s core, where they may accumulate over time. Their subsequent annihilation
could produce a flux of neutrinos that can escape the Sun and be detected at Earth.

The analysis presented in this document describes the upper limits, considering the Sun as a neu-
trino source from WIMP annihilation. Three WIMP annihilation channels (bb, 7=, W*W™) are
considered, as well as WIMP masses ranging from 35 GeV/c? to 10 TeV/c? to compute the expected
signal neutrino flux, using data collected by the ANTARES neutrino telescope from 2007 to 2022.

2. The ANTARES neutrino telescope

The ANTARES detector [2] was the first neutrino telescope to be deployed in deep sea water,
located in the Mediterranean Sea. Data-taking began in 2007, with the full detector completed
in 2008. ANTARES operated continuously until February 2022 and was dismantled during the
summer of the same year.

The detector was anchored to the seabed at a depth of approximately 2500 meters, about 40 km
offshore from the French town of Toulon. It comprised a three-dimensional array of 885 optical
modules (OMs), each oriented 45° downward and distributed along 12 vertical detection lines.
Each OM contained a 10-inch photomultiplier tube (PMT) enclosed within a pressure-resistant
glass sphere, together with its electronic base, an optical coupling gel, and a u-metal cage for
magnetic shielding. The OMs were arranged in triplets (referred to as storeys), with 25 storeys per
line and a vertical spacing of 14.5 meters between them. Each line was 450 meters long and was
kept taut by a buoy at its top. The horizontal spacing between lines were ranging from 60 to 75
meters. Each line was deployed from a ship and connected to a central junction box on the seabed
by a remotely operated submarine vehicle. The junction box was connected to the onshore control
station via an electro-optical cable.

The detector was equipped with several calibration systems [9]. Due to sea currents (up to 20
cm/s), the lines were able to sway laterally, with displacements of up to approximately 15 meters at
the top. To accurately monitor the geometry and positioning of the detector, a system of acoustic
transceivers, tiltmeters, and compasses was distributed along the lines. The shape of each line and
the orientation of its storeys were reconstructed every two minutes. The acoustic positioning system
provided the location of each OM with a precision better than 15 cm.
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3. The Sun as a source of neutrinos from dark matter annihilation

In the framework of indirect dark matter searches, the Sun represents a particularly promising
target due to its proximity and its capability to gravitationally capture Weakly Interacting Massive
Particles (WIMPs). As the Sun moves through the Galactic halo, WIMPs may scatter off solar
nuclei and lose enough kinetic energy to become gravitationally bound [11]. Over time, these
particles accumulate in the solar core, where their number density can increase significantly. If
WIMPs are Majorana particles, they can self-annihilate, producing Standard Model particles such
as quarks, gauge bosons, or leptons. These annihilation products rapidly decay or hadronize, that
can yeald into neutrinos [8, 12]. Unlike other annihilation products, neutrinos can escape the dense
solar medium and propagate to Earth, where they can be detected by neutrino telescopes [10]. The
energy spectrum and flux of the resulting neutrinos depend on the annihilation channel and the
WIMP mass. Hard channels, such as W*W~ or t*77, typically produce more energetic neutrinos
compared to softer channels like bb. Additionally, the capture-annihilation equilibrium condition
in the Sun can be assumed for most WIMP models, which allows the neutrino flux to be directly
related to the WIMP-nucleon scattering cross-section. Detecting an excess of neutrinos from the
direction of the Sun, above the expected atmospheric neutrino background, would provide strong
evidence for WIMP dark matter and offer insights into its particle nature and interaction strength
[10].

The WimpSim software [4] has been used to simulate the self-annihilation of dark matter particles
in the Sun, and to obtain the corresponding SM energy spectrum at Earth; this also accounts for the
effects of neutrino oscillation along the neutrino path from the Sun to the Earth.

4. Search method

Three different reconstruction strategies have been used to determine the direction of the in-
coming neutrinos. Method 1 is a machine learning algorithm which reconstructs events detected
only in one line in particular for low neutrino energies, boosting the sensitivity to low dark matter
masses [16]. Method 2 is a y>-like fit and it is most effective for low/intermediate dark matter
masses [15]. Method 3 is a maximum likelihood method, which is optimal for the search of high
dark matter masses [14].

In the ANTARES Collaboration, a run-by-run [17] simulation approach is used, allowing to repro-
duce the time-dependent evolution of the detector. Different selection cuts are tested using Monte
Carlo data-sets [17] which simulate the expected signal. The background is estimated by scrambling
the time information of the events in the real data.

The analysis is based on an unbinned likelihood:

N
In L(ns) = Z In[ngS(Wo,i» Bis Nnirs,i) + noB(Wo,is Bi, Nhits,i)] = (ns +np) (D
i=1
where S(Wo.i, Bis Nnirs.i) and B(Wo i, Bi, Nnirs,i) represent the signal and the background Proba-
bility Density Functions (PDFs) for the observation of an event at an angular distance ¥ ; from
the Sun. n; and np, are the number of events from signal and from background respectevely.
This analysis consider track-like events from all the neutrino flavors.
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The upper limit on the number of events from DM annihilation can be translated into an estimation
of the neutrino flux, which can be written as:

po0se A90% ’ @)
R Aer(Mwimp) - Test
where figge, is the computed upper limit on the number of signal events at 90% confidence level. T.g
is the effective livetime of ANTARES between 2007 and 2022, and it corresponds to 12.47 years.
In Figure 1 the upper limits for the flux of the three channels considered are shown.
The detector acceptance for the interactions of neutrinos originated from DM annihilation in the

Sun can be expressed as
M - dN;
S e (" Al (E)) GEdE )

Mwime dN, dNy
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where dN,, (5)/dE, (3 is the energy spectrum of the (anti-)neutrinos at the surface of the Earth,
simulated using WimpSim [4] for each of the considered channels, bb, 7~ and W*W~. The
integral at denominator starts from 5 GeV, which coresponds to the energy treshold of the detector.
A;’f’f‘j (E, ) is the effective area of the ANTARES detector as a function of the (anti-)neutrino
energy, depending on the selection cuts. Since all neutrino flavors have been considered, the final
acceptance is the sum of the single acceptance of each flavor. The acceptance obtained using

Method 3 is presented in Figure 2, for all the channels considered.
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Figure 1: Upper limits on the flux for the indirect search of dark matter towards the Sun, using 4551 livetime

days of ANTARES data (2007-2022).

No significant excess of events has been measured and upper limits on neutrino flux have been
set (Figure 1). The neutrino flux upper limit can be converted into cross section upper limit [12].
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Figure 2: Acceptance of the detector for the three channels using the Method 3.

The indirect search for dark matter towards the Sun allows to distinguish between two cases: spin
dependent and spin independent cross sections. The results of this analysis have been compared with
the upper limits of other experiments, both direct and indirect dark matter searches. The preliminary
results are shown in Figure 3 for the spin-dependent case and in Figure 4 for the spin-independent.

5. Conclusions

The analysis presented here uses 15 years (2007-2022) of data collected by the ANTARES
neutrino telescope to constrain the DM-nucleon scattering cross section in the Sun. The search
for neutrinos produced from the annihilation of DM particles in the Sun allows to constrain both
the spin-dependent and the spin-independent WIMP-nucleon cross section. The results obtained in
this work improve upon those previously published by ANTARES, which used a dataset from 2007
to 2012 [18]. These upper limits are competitive with those obtained in both direct and indirect
searches above DM mass of 100 GeV/c?. In the case of spin-dependent WIMP-nucleon scattering,
the limits obtained in the above-mentioned DM mass range are more stringent than those from direct
detection experiments, similarly to what is obtained in other indirect searches. The next generation
neutrino observatory in the Mediterranean Sea, KM3NeT [24], currently under construction and
already taking data, is also performing these searches [25].



Indirect dark matter searches towards the Sun using the full ANTARES data set Chiara Poir¢

—— bb (this work) —-- bb, Super Kamiokande (2015) —=—- bb, IceCube (2016) ~ ----- bb, IceCube Deep Core (2021)
—— W*W~ (this work) —-- W*W~-, Super Kamiokande (2015) ——- W*W ™, IceCube (2016)  ----- T+ 1, IceCube Deep Core (2021)
—— t* 1~ (this work) —-- t*71~, Super Kamiokande (2015) ——- t*717,IceCube (2016)  ----- PICO-60 (2019)
ANTARES preliminary
10-37
10-38
&
IS
L
3
B 1073°
10740
10° 10! 102 103 104

Mwime [GeV/c?]

Figure 3: Limits on the spin—dependent WIMP-nucleon scattering cross section as a function of WIMP
mass for the bb (blue), 747~ (green) and W*W~ (orange) channels. Limits given by other experiments are
also shown: IceCube [19, 20], PICO-60 [22], SuperKamiokande [21].
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Figure 4: Limits on the spin—independent WIMP—nucleon scattering cross section as a function of WIMP
mass for the bb (blue), 7+7~ (green) and W*W ™~ (orange) channels. Limits given by other experiments are
also shown: IceCube [19, 20], XENONNT [23], SuperKamiokande [21].
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