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The ANTARES neutrino telescope was a 0.01 km?® volume detector located at the bottom of
the Mediterranean Sea. It operated from 2007 until early 2022, and over its 15-year span it
accumulated valuable neutrino data. The primary goal of ANTARES was to detect neutrinos
originated at astrophysical sources. Thanks to the optical properties of the sea water, ANTARES
was able to reconstruct neutrino events with an angular resolution better than 0.4 degrees at the
highest energies, with a privileged view of the Galactic sky thanks to its location.

Throughout its operation, the ANTARES Collaboration regularly updated its findings on astro-
physical neutrino emissions. Now, with the detector decommissioned, the final analysis using the
complete dataset and most refined selection is presented in this contribution. The study looks for
potential Galactic and extragalactic sources of high energy neutrinos, with point-like and extended
assumptions on the spatial emission profile. It also includes a search for neutrino clustering across
the entire sky visible to the ANTARES telescope, as well as a dedicated survey of the Galactic
Plane.
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1. Introduction

More than a century after their discovery, our understanding of the origin of high-energy
cosmic rays remains limited. One way to learn about the sources and the acceleration mechanisms
involved is through neutrino astronomy, i.e., observing the Universe using neutrinos as cosmic
probes. Neutrinos have the advantage that they are neither deflected nor absorbed on their way
to Earth, so they can point back to their sources and come from remote regions of the Universe.
Moreover, neutrinos are expected to originate in hadronic interaction scenarios, where cosmic and
gamma rays should also be produced. Therefore, the detection of a cosmic neutrino source would
indicate that high-energy cosmic rays are being accelerated at the source. Doing astronomy with
neutrinos is one of the main goals of neutrino telescopes. However, this is challenging due to the low
statistics these detectors collect, as a consequence of the small interaction cross-section of neutrinos.
Neutrino astronomy requires instrumenting large detection volumes in optically transparent media,
such as seawater, in order to detect the Cherenkov light produced by secondary particles resulting
from cosmic neutrinos interacting with matter.

ANTARES was a first-generation neutrino telescope installed at the bottom of the Mediter-
ranean Sea, operating from 2007 to 2022. In ANTARES analyses, we typically distinguish between
two types of events, tracks and showers, based on the Cherenkov light signatures produced in water.
Track events are usually produced by long-lived relativistic muons resulting from charged current
interactions of muon neutrinos (v,), which leave a characteristic elongated light pattern. Shower
events, on the other hand, are primarily produced by charged current interactions of electron neu-
trinos (v,) and tau neutrinos (v,), as well as by neutral current interactions of all neutrino flavors.
The final ANTARES data set used in the analyses presented here includes 11029 track events and
200 shower events.

2. Search methodology

The small amount of signal expected from cosmic neutrino sources has to be tested against
the dominant background, which typically comes from two main sources. First, from muons
created after the interaction of cosmic rays with the atmosphere. This flux of atmospheric muons
is several orders of magnitude higher compared to the expected signal flux. Fortunately, this flux
can be severely suppressed by selecting only upward reconstructed events for our analysis. In
this case, the Earth acts as a shield and, therefore, the only surviving muons are those produced
after a neutrino interaction nearby the detector. Even after this selection, some misreconstructed
events can still mimic a genuine neutrino-induced muon. To address this, a stricter event selection
based on the quality of the event reconstruction can reduce the atmospheric muons to a sub-
dominant contribution. There is also an irreducible contribution coming from neutrinos produced
in the atmosphere after cosmic ray interactions. Here, we have two ways to tell apart signal from
background. First we expect the atmospheric neutrino background to be isotropically distributed,
while cosmic neutrino signal should accumulate around the source location in the sky. In addition,
we expect atmospheric neutrinos to present a softer spectrum than cosmic neutrinos, e.g. [1].
Therefore, we can use the reconstructed energy of the events as a discriminating parameter.
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In order to evaluate the presence of signal in our data we use a likelihood statistical method.
First, we assume that the individual probability for each event is:

- P n - n -
FG18) = 225G+ (1- 53] B, M
where S(X;) and B(¥;) describe the signal and background probability density functions. In that

case, the likelihood of observing a set of N independent observations X; is given by the product of
the probabilities, which typically is written in its logarithm form for simplicity:

N N
log £(ns) = 3 1og(/ (5| 8)) = 3 log (FsG@)+(1-5) B@)). @)

Maximizing this likelihood allows us to find the number of signal events (ng) that makes the data
most likely under the assumed model. To evaluate how well the signal-plus-background hypothesis
(obtained from the likelihood maximization) describes the data compared to a background-only
scenario, we perform a Likelihood Ratio Test. We define our Test Statistic (TS) as:

L(ns =0)
L(ns)

Finally, we want to assess how significant our observation is. For that, we simulate pseudo-

TS = —2log ( ) =2(log L(iis) —log L(ng = 0)). 3)

experiments that contain only background events and compute the TS for each simulation. We
then generate TS distribution for the background-only hypothesis so we can see how unusual our
observed TS is. By comparing the observed TS to the background only hypothesis we obtain the
p-value that we can later convert to a Gaussian Z-score. In our case, using a one-sided Gaussian
convention'.

For our analyses, we consider a spectral signal hypothesis modeled as a simple power law,
©® = Oy E 7, with a spectral index y = 2 and 2.5, and a spatial morphology that can be either a point
source or an extended two-dimensional Gaussian with width o, depending on the analysis.

3. Results
With the methodology explained in the previous section three searches have been performed.

3.1 All-sky

In the first search the goal is to identify cosmic neutrino sources without any previous as-
sumption about their location. For that we use a grid pixelization based on HealPix [2] using
a Nside = 512, i.e., approximately 0.11° x 0.11° pixel size, which is smaller than the typical
ANTARES angular resolution” of 0.5°.

For every pixel in the grid we compute the p-value assuming that the signal neutrino flux has
a spectral index of y = 2 and the emission comes from a point source.

A one-sided significance assumes the signal can only manifest as an excess over the background, while a two-sided
allows for deviations in both directions (excess or deficit). In neutrino astronomy, a one-sided convention is typically
used, since we search for an excess of events above the expected background.

2The median angular resolution is defined as the radius around the true neutrino direction in which 50% of events are
reconstructed. The angular resolution depends on the selection cuts applied.
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Considering the location of ANTARES (42°48’ N) and that we restrict our analysis to up-going
reconstructed events, the detector visibility decreases at high-declination angles. For that reason,
our searches are restricted to declination angles lower than 40°. The results of the analysis can be
visualized in Fig. 1.
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Figure 1: Skymap in equatorial coordinates in Mollweide projection, showing the -log(p-value) for each
pixel. The pixelization is based on HealPix with Nside = 512, and the values are represented using a blue
color scale, where darker shades indicate higher significance. The p-values are calculated for a point source
hypothesis with a spectral index of y = 2.

The most significant pixel was found at the location (R.A., dec) = (200.5°, 17.7°) with a fitted
signal of 2.23 events. This translates to a p-value of 3.23 x 10~® which is equivalent to 4.5¢ in the
one-sided convention. Given that the grid used for the analysis includes more than 2 million pixels,
we need to correct our p-value to account for the look elsewhere effect. The corrected p-value
is 0.38 which is compatible with the excess being produced by a background fluctuation. In any
case, we have searched for potential astrophysical counterparts to the best pixel (see Fig.2 left).
The closest source was about one degree away which, given the angular resolution of ANTARES,
means that there is no compelling evidence for an association.

3.2 Targeted search

One way to reduce the intrinsic large trial factor penalization of the all-sky search is to elaborate
a list of candidates sources with great potential for emitting high-energy cosmic neutrinos. The
list used is a compilation of Galactic and extragalactic sources including for instance, high-energy
gamma-ray sources from TeVCat [4], blazars, starburst galaxies, IceCube interesting observations,
among others.
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Figure 2: Zoom in of the most interesting spots for the all-sky search (left) and the targeted search (right).
The green circles are used for reference and have 1° and 5° radius, centered at the best pixel (left) or source
location (right). The events, tracks (blue) or shower-like (red) are represented as circles filled with a color
which intensity represents the energy estimated. The dashed circles represent the angular error of the event.

The total number of sources tested are 169 out of which 14 are extended. For this search we
tested two spectral indices, 2 and 2.5, and a 2D-Gaussian morphology based on the source size in
gamma rays. The results with the different spectral indices are comparable so in these proceedings
we report only the results for the index y = 2 case in Table 1. The table shows only the sources that
has some fitted signal, with the most significant ones (above 207) highlighted. The complete list and
the other spectral hypothesis tested can be found in [3].

Even if none of the sources in the catalog are significant after trial correction, it is worth to
mention some interesting cases like the radio blazars MG3 J225517+2409 (see Fig.2 right) and
3C403 with 3.5 and 3.3 o pre-trial significance, respectively.

In the list of seven sources above above 20 pre-trial significance we found the well-known
TXS 05056+056 [5] the Galactic Center, and Vela X. It is worth mentioning that the significance
of Vela X increased from 1.3 to 1.92 o~ when the source extension is taken into account, rather than
assuming it is point-like as in the previous analysis [6].

It is important to note that none of these observations provides statistically significant evidence
to claim a detection. However, given the limited detection volume of ANTARES, such mild excesses
are consistent with what one might expect from a genuine neutrino source. Fortunately, the next-
generation neutrino telescope in the Mediterranean, KM3NeT, is currently under construction, and
a partial configuration is already taking data. The KM3NeT sensitivity is expected to be an order of
magnitude greater than that of ANTARES, sufficient to confirm or rule out the excesses observed
in the ANTARES data.

Since no significant detections were found, upper limits were derived (see Fig. 3).

3.3 Galactic Plane survey

In addition to the previous searches, a dedicated search focused on the Galactic Plane has
also been done. Gamma-ray observations by ground-based detector have shown that extended
emission is quite common in the Galactic Plane. Because of that, in order to be more sensitive
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Table 1: Source candidates with their equatorial celestial coordinates, source extension, fitted number of
signal events, pre-trial p-value, and 90% C.L. upper limits on the flux normalization for a E=2 spectrum
(in units of 1078 GeV cm™2 s~!). The table reports only the sources with fitted signal out of 169 in the list
explored. Source with pre-trial significance above 20~ are highlighted.

Name 601 | al’] | oe[’]]| Agg | p-value | ¢"" "L
IC hotspot South -56.5 | 350.2 - 0.3 0.16 0.64
PKS 2005-489 -48.82 | 302.37 - 0.6 0.16 0.55
HESS J1641-463 -46.31 | 250.26 - 1.26 0.11 0.68
Westerlund 1 -45.85 | 251.76 | 0.61 | 1.04 0.15 0.68
Vela X -45.60 | 128.75 | 0.58 | 2.76 | 0.027 0.97
Centaurus A -43.02 | 201.36 - 0.96 | 0.064 0.78
PKS 1454-354 -35.67 | 224.36 - 0.28 0.17 0.73
HESS J1741-302 -30.38 | 265.32 - 0.8 0.12 0.80
Galactic Centre -29.01 | 266.43 - 2.06 | 0.017 1.18
J0609-1542 -15.71 | 9242 - 1.22 | 0.0073 1.41
QSO 1730-130 -13.10 | 263.30 - 1.33 | 0.077 1.00
PKS 0727-11 -11.70 | 112.58 - 1.37 | 0.041 1.13
HESS J1828-099 -9.99 | 277.24 - 0.83 | 0.076 1.05
J0607-0834 -8.58 -92 - 0.59 | 0.152 0.97
QSO0 2022-077 -7.60 | 306.40 - 0.45 0.13 0.92
RS Ophiuchi -6.71 | 267.55 - 1.07 | 0.031 1.22
J0006-0623 -6.39 1.56 - 1.50 | 0.033 1.20
3C279 -5.79 | 194.05 - 1.42 | 0.065 1.07
PKS 1741-038 -3.83 266 - 1.65 | 0.038 1.20
J2136+0041 0.70 | 324.16 - 0.16 | 0.176 0.91
3C403 2.51 | 298.07 - 2.47 | 0.00048 2.02
TXS 0506+056 5.7 77.35 - 2.23 | 0.0075 1.6
HESS J0632+057 5.81 98.24 - 14 0.033 1.31
W 49B 9.09 | 287.78 - 0.96 | 0.039 1.27
J0242+1101 11.02 40.6 - 3.67 | 0.0074 1.58
J1230+1223 12.39 | 187.71 - 045 | 0.173 1.01
JO750+1231 12.52 | 117.72 - 1.62 | 0.084 1.14
RGB J2243+203 20.5 | 340.98 - 0.72 | 0.109 1.15
MG3 J225517+2409 | 24.19 | 343.82 - 3.97 | 0.00024 2.28
3HWC J1950+242 2426 | 297.69 - 0.52 0.11 1.13
PKS 1441+25 25.03 | 220.99 - 0.61 0.12 1.12
J0927+3902 39.04 | 141.76 - 0.13 | 0.162 1.22

than the traditional point-like source search done for the all-sky search, we test four different source
extensions (o,): 0.5°, 1°, 1.5°, and 2°. In this search, no source position is assumed and all the
pixels in the inner Galaxy, defined by |b| < 5, are tested.

The best spot for the Galactic Plane survey is found at the location with Galactic coordinates
(I,b) = (-20.73°, 2.59°), for all 4 cases, the one with 0.5° being the most significant one with a
p-value of 2.96 x 10~* which goes to 0.6 after trial correction. Again, this search is compatible
with background fluctuations. Fig. 4 shows the result of the search for the case of the 1° extension.
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Figure 3: Flux upper limits for the 169 sources targeted (blue triangles). The lines represent the median
sensitivity at 90% C.L. (solid) and the 5o discovery flux (dashed). The seven sources exceeding a 20 pre-trial
significance are labeled.
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Figure 4: Inner Galactic plane region, in Galactic coordinates. The -log(p-value) is calculated for assuming
a source extension of 1° and a spectral index of y = 2.
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4. Conclusions

A search for cosmic neutrino sources using data from the complete ANTARES dataset has
been performed using a maximum likelihood method to evaluate the significance with respect to
the background fluctuations.

We presented the results for the three different types of searches performed. None of the
searches yielded significant source detection. However, several interesting excesses have been
identified. These potential candidates will be tested with the next generation KM3NeT detector [7].
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