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Neutrino telescopes are at the forefront of high-energy astrophysics, offering unique insights into
some of the most extreme and energetic phenomena in the Universe. The ANTARES detector,
which operated for 16 years off the coast of Toulon (France) until 2022, has played a pioneering role
in deep-sea neutrino observations. Building upon its legacy, the next-generation KM3NeT/ARCA
neutrino telescope is currently under construction in the deep waters of the Mediterranean near
Southern Italy, designed to push the boundaries of astrophysical neutrino detection.

In recent years, the search for astrophysical neutrino sources has gained momentum, as their
detection would provide crucial evidence of hadronic acceleration mechanisms at play in the most
powerful cosmic environments. This study presents an analysis of the combined dataset from
ANTARES and the available KM3NeT/ARCA observations, focusing on the detection of high-
energy neutrinos from both point-like sources.

A comprehensive catalog of about 100 point-like and extended astrophysical sources has been
examined for potential neutrino emissions. This selection includes prominent y-ray emitters,
Galactic y-ray sources with possible hadronic components (TeVCat), extragalactic AGNs with
intense radio flux detected by VLBI, and the most promising candidates previously investigated
by IceCube. The results of this analysis represent a significant step toward uncovering the origin
of cosmic neutrinos and advancing multi-messenger astronomy.
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1. Introduction

Following IceCube’s key discoveries—such as the diffuse astrophysical neutrino flux [1] and
the association of individual neutrinos with sources like TXS 0506+056 [2] and Messier 77 [3]—the
search for their origins continues. KM3NeT/ARCA will provide a complementary view, particularly
of the Galactic Plane and Center.

KM3NeT/ARCA [4], under construction off Sicily at 3500 m depth, will comprise two building
blocks of 115 lines each, with 18 digital optical modules per line. Each module hosts 31 PMTs,
enabling a directional resolution better than 0.2° for muon neutrinos above 10 TeV.

Its predecessor, ANTARES [5], operated from 2008 to 2022 off Toulon, France, at 2500 m
depth. It consisted of 12 lines, each with 25 storeys of three 10-inch PMTs, for a total of 885 PMTs.
This configuration offered optimal visibility of the Southern Sky and Galactic Center.

Both detectors rely on the detection of Cherenkov light from charged particles produced in
neutrino interactions. The timing and position of detected photons allow reconstruction of neutrino
direction and energy. Identifying cosmic signals within the atmospheric background requires
statistical methods based on Monte Carlo simulations; the present analysis employs a binned
likelihood approach.

2. Data samples for point-like and extended sources analysis

In this joint analysis, each data set refers to a distinct detector period and dedicated event
selection, ensuring no event overlaps. The datasets used in this analysis include:

* ANTARES tracks/showers: events selected as tracks/showers according to the selection
criteria of the ANTARES point source analysis [7];

¢ ARCAG tracks: track-like events from the KM3NeT/ARCA detector with 6 detection lines
(92 days) [10];

¢ ARCABS tracks: track-like events from the KM3NeT/ARCA detector with 8 detection lines
(212 days) [10];

¢ ARCA19 tracks: track-like events from the KM3NeT/ARCA detector with 19 detection lines
(48.4 days) [11];

¢ ARCAZ21 tracks: track-like events from the KM3NeT/ARCA detector with 21 detection lines
(287.4 days) [11].

3. Signal and background models and likelihood formalism

The compatibility of the data with a point-like or extended source hypothesis is quantified by
comparing multidimensional histograms of reconstructed event parameters.

Scanning all bins across datasets is equivalent to analyzing a single bin in a combined histogram
with the total number of bins from all datasets. The histogram of the observed events, N, is compared
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bin by bin versus a scalable estimate of the number of signal events, S, expected for a reference flux,
@, and the number of background events, B, as follows:

Nbins
logL = »" Nilog(B; +{Si) - (B; +{Si), (1)

where ¢ is the signal flux scale. The logarithm of the likelihood ratio is used as a test-statistic to
quantify the compatibility of the data with the signal/background hypotheses and it is described as
follows:

A=logL({ ={) —log L({ =0), 2)

where £ is the fitted signal flux scale. The A distributions are built for each true signal scaling ¢
and they are used to extract limits with the Neyman approach [12]. The sensitivity is defined as the
median upper limit on ¢ for 90% C.L. and can be converted to the flux as @9y = {9 Dres.

For the ARCA samples, the signal estimation S; is computed using two-dimensional histograms
as a function of the logarithm of the angular distance to the source center, «, and the logarithm of the
reconstructed energy, E.., for each source declination. To account for the declination-dependent
detector efficiency, bands of width 0.2 in sin(8) are considered, where ¢ is the declination. These
same histograms are also employed in the likelihood calculations for signal evaluation.

In the case of the ANTARES track sample, S; is determined using three-dimensional histograms
as a function of log(«), Erec, and the angular error estimation 3, again using 0.2-wide sin(¢§) bands.
These 3D histograms are used consistently for both signal generation and evaluation.

For the ANTARES shower sample, S; is calculated using two-dimensional histograms as a
function of @ and FE, obtained by convolving the MC event energy distribution with the point
spread function. In this case, different histograms are used for signal generation and evaluation: for
generation, 0.2-wide sin(d) bands are applied, whereas for evaluation, the declination bands are not
considered. These choices for the ANTARES sample are consistent with the methodology adopted
in the official ANTARES point source analysis [7-9].

The S; histograms are rescaled according to the expected number of events at a given decli-
nation, evaluated from finely binned histograms obtained as the product of the effective area as a
function of sin(6) and the reference flux ®;=10"8 GeV cm~2s7!.

The background estimation, B;, for the ARCA sample is computed using data-driven two-
dimensional histograms as a function of @ and Ey.., within sin(é) bands of width 0.2. These
same 2D histograms are also employed for background evaluation in the likelihood calculations.
Specifically, the number of background events N,  E,;, in a given bin (pin, Epin) is calculated as

Nabin,Ebm = ps - 21 (cos(@bin min) — €OS(Abin max)) * PE * (Ebin max = Ebin min) 3)
Ndecl

27t (sin(declpand max ) —sin(declpand min) )

# is the event density in the considered energy bin and the other terms

are geometrical/normalization factors. For all ARCA datasets except ARCAS, the declination band

sizes have been enlarged (from 0.2 in sin(d) to 0.6 for ARCA6, 0.9 for ARCA21, and even a
single band from sin(§) = —1 to 0.8 for ARCA19) to ensure sufficient statistics across all relevant

where ps = is the event density in the considered declination

band, pg =

distributions.
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In the case of the ANTARES track sample, the background histograms used for B; differ between
the generation (obtained from data) and evaluation (from MC). Nonetheless, both procedures are
based on two-dimensional histograms as functions of 8 and E .., constructed within sin(§) bands of
width 0.2. The a dimension is incorporated by weighting each a slice according to the geometrical
factor, as previously described for the ARCA sample.

Similarly, for the ANTARES shower sample, the generation of the background B; is data-driven,
while the evaluation is MC-based. The two-dimensional histograms are constructed by convolving
the declination distribution with the energy spectrum, following a method analogous to that used
for the ARCA samples. These distinct approaches to background estimation and evaluation for the

ANTARES samples have been adopted to maintain consistency with the official ANTARES point
source analysis.

4. Results

The point source sensitivity and discovery fluxes as a function of declination are shown in Fig. 1
for KM3NeT/ARCA 6-21, ANTARES and joint analyses. In the current work, ANTARES con-
tributes most significantly to the joint analyses; combining with KM3NeT/ARCA the performance
improves by 20% with respect to the ANTARES standalone analysis.
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Figure 1: Left: 90% C.L. median upper limits on the one-flavour neutrino flux as a function of declination.
Right: 50% 5o discovery flux on the one-flavour neutrino flux as a function of declination.

The 90% C.L. upper limits for each source are shown in Fig. 2 for KM3NeT/ARCA+ANTARES.
The results of the unblinding are summarized in Table 1. The best candidates mostly coincide with
the ones from the standalone ANTARES search [7] as it is expected from the modest contribution
of the ARCA samples.

The source with the lowest p-value in this analysis is MG3J225517+2409 with a pre-trial
p-value of 4.0 - 107> + 4 - 107, obtained with 2 - 10° pseudo-experiments. This corresponds
to a significance of opre—wrial = 3.94 (the post-trial significance is under evaluation). Its best flux,
corresponding to the best signal strenght value £, is ¢ = 1.38-1073 GeV~!cm~2s~!. This object was
included in the candidate list as it was the most promising candidate in the ANTARES search based
on Fermi 3LAC catalogue with 1255 out of 1420 objects in the field of view of ANTARES [13].
In the standalone ANTARES analysis this candidate reached a p-value of 2.4 - 10~* (3.50°), being
the most significant source among 167 candidates. The 90% C.L. upper limit flux is changed from
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Figure 2: 90% C.L. upper limits (dots) on the one-flavour neutrino flux normalization for the investigated

astrophysical candidates as a function of the source declination, assuming an E~2 spectrum. The names
of the sources for which a pre-trial significance greater than 2 has been obtained are reported next to the

corresponding upper limits. The solid (dashed) line represents the 90% C.L. median upper limit (50% So

discovery flux).
2.28-1078GeV~!em™2s~! (ANTARES) to 1.96- 1078 GeV~!cm™2s~! (this search). In Fig.3 (left),
the distribution of ANTARES and KM3NeT/ARCA events near MG3 J225517+2409 is shown in

equatorial coordinates (RA, DEC). The marker opacity represents the log of the ratio between the
Poisson probabilities for bin i, calculated assuming the presence of a signal at the best-fit strength

(£), and assuming no signal (¢ = 0); that is,
Poisson(N; | B; +£S;)

1
810 Poisson(N; | B;)

An ARCA 21 event has an error box that includes the source location and contributes consid-
erably to the combined event significance. This is indicated by its marker opacity, whose value
of 1.4 corresponds to a probability of being signal-like that is 25 times higher than that of being

background-like.

corresponding to a pre-trial significance of Opre—yiar = 3.12 and an upper limit of ¢gg = 1.55 -
1078 GeV~!ecm™2s~!. This source ranked fourth in the standalone ANTARES analysis, where it

had a p-value of 0.0074 (2.40°). Although the p-value has improved, the pre-trial significance
remains close to 30. No ARCA events contribute at the signal-like level compared to the three

The second most significant candidate is J0242+1101, with a p-value of 9.2- 107 +0.2- 1074,

ANTARES track events already observed (see Fig. 3, right panel).
The second most promising source in the standalone ANTARES analysis was 3C403, which
showed a p-value of 0.00048 (3.307) [13]. It was originally selected from a sample of 65 hard X-ray

radio galaxies, within which it exhibited a pre-trial p-value of 2.3 x 10~%, corresponding to a signif-
icance of 3.70. In the current analysis, which combines ANTARES and ARCA datasets, however,

its p-value has increased to 0.0013, more than doubling, and indicating a reduced significance. This
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Figure 3: Distribution of the ANTARES and KM3NeT/ARCA events close to the most significant source
MG3 J225517+2409 (on the left) and second-most significant source J0242+1101 (on the right) found in
each search in the equatorial coordinates (RA, DEC). Error bands for events with > 2° error are not shown.
The marker opacity corresponds to the contribution of this event to the observed test statistics (see text) while
the marker size is scaled inversely with the number of events in the corresponding analysis bin.

trend suggests that the significance of 3C403 is diminishing as more data are incorporated and the
method is refined.

The skymap with all studied candidates in this analysis is shown in Fig. 4. The sources color
scale represents log,(p-value). For sources with log,(p-value) <-2, the exact p-value is also
indicated.
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Figure 4: Skymap of the candidates, with log,,(p-value) indicated by color. ~For sources with
log,, (p — value) < — 2, the exact p-value is also displayed next to the source.

5. Conclusions

In this contribution, we have presented the results of the combined point source analysis of
KM3NeT/ARCA 6-21 and ANTARES data. Both the sensitivity and discovery potential benefit
from the inclusion of the ARCA dataset, improving standalone ANTARES data analysis perfor-
mance by approximately 20%.

We analysed a list of 106 candidate sources, including both point-like and extended sources
with a Gaussian morphology model. The most significant sources show results in a good agree-
ment with the ones from the ANTARES standalone analysis. The most promising source is
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Name RAF1T 001 Ext(1 ¢ pvalic g0 | Name RAT] 61 EBx[] ¢ pvaie o0%%
LMC N132D 81.2  -69.65 0.0 - - 0.27 | J0108+0135 17.16 1.58 0.0 - - 0.17
SNR G318.2+00.1 22442 -59.46 031 - - 0.26 | PKS 0215+015 34.45 1.75 0.0 0.17 0.1 0.804
IC-hotspot South hemisphere ~ 350.2 -56.5 0.0 - - 0.48 | J1229+0203 187.28 2.05 0.0 - - 0.405
HESS J1614-518 243.54 -51.87 0.0 - - 0.075 | TXS 03104022 48.3 2.5 0.0 - - 0.47
PKS 2005-489 302.37 -48.82 0.0 0.03 0.19 0.48 | 3C403 298.07 2.51 0.0 0.57 0.0013 147
RX J0852.0-4622 133.0 -46.37 0.63 - - 0.3 | J0433+0521 68.3 5.35 0.0 - - 0.49
HESS J1641-463 250.26  -46.3 0.0 0.24 0.058 0.62 | TXS 0506+056 77.35 5.7 0.0 0.54  0.0076 1.2

VelaX 12875 -45.6 0.58 0.46 0.01009 0.95 | HESS J0632+057 98.24 5.81 0.0 0.306  0.047 1.0

PKS 0537-441 84.71 -44.08 0.0 - - 0.28 | 1ILHAASO J1908+0615u 287.05  6.26 0.72 - - 0.49
CentaurusA 201.36  -43.02 0.0 0.15 0.08 0.604 | PKS 2145+067 327.02  6.96 0.0 - - 0.3

PKS 1424-418 21699 -42.11 0.0 - - 0.307 | W 49B 287.78  9.09 0.0 0.23 0.06 0.97
J0106-4034 16.69  -40.57 0.0 - - 0.36 | OT 081 267.89  9.65 0.0 - - 0.69
RX J1713.7-3946 258.36  -39.77  0.65 - - 0.56 | PKS 1502+106 226.1 10.49 0.0 - - 0.29
CTB 37A 258.56 -38.52 0.0 - - 0.408 | J0242+1101 40.62 11.02 0.0 113 0.00092 1.6

PKS 1454-354 22436 -35.67 0.0 0.1 0.13 0.65 | J2232+1143 338.15 11.73 0.0 - - 0.2

HESS J1741-302 26532 -30.38 0.0 0.096 0.14 0.7 | JO121+1149 2042 11.83 0.0 - - 0.47
J1924-2914 201.21 -29.24 0.0 - - 0.49 | J1230+1223 187.71 12.39 0.0 0.14 0.13 0.83
Galactic center 266.42 -29.01 0.0 0.32 0.034 0.9 | JO750+1231 117.72  12.52 0.0 0.29 0.085 0.9

J2258-2758 34452 -27.97 0.0 - - 0.25 | PKS 1413+135 214.03 1335 0.0 - - 0.097
J1625-2527 246.45 -25.46 0.0 - - 0.35 | JO530+1331 82.74 13.53 0.0 - - 0.65
NGC 253 11.88 -25.29 0.0 - - 048 | W51 290.75 14.14 0.12 - - 0.48
J0457-2324 7426 -23.41 0.0 - - 0.27 | J2253+1608 34349 16.15 0.0 - - 0.32
J1833-210A 278.42 -21.06 0.0 - - 0.58 | PKS 0735+178 11453 1771 0.0 - - 0.6

J0836-2016 129.16 -20.28 0.0 - - 0.61 1LHAASO J1928+1813u 292.07 18.23 1.26 - - 0.87
J1911-2006 287.79 -20.12 0.0 - - 0.4 | JO854+2006 133.7  20.11 0.0 - - 0.42
J0609-1542 9242 -15.71 0.0 0.24 0.02 1.013 | RGB J2243+203 34098 2035 0.0 0.2 0.081 0.94
SNR G015.4+00.1 27452 -15.47 0.0 - - 0.4 | Crab Nebula 83.55 22.05 0.0 0.307 0.07 0.98
J2158-1501 329.53 -15.02 0.0 - - 0.205 | IC 443 94.21 22.5 0.16 - - 0.67
ILHAASO J1825-1337u 27645 -13.63 0.0 - - 0.47 | PKS 1424+240 21676 23.8 0.0 - - 0.52
QSO 1730-130 263.3 -13.1 0.0 0.15 0.1 0.8 | MG3 J225517+2409 343.82 24.19 0.0 1.38  0.00004 1.96
J1337-1257 204.42  -12.96 0.0 - - 0.42 | 3HWC J1950+242 297.42 24.46 0.0 - - 0.69
J2246-1206 341.58 -12.11 0.0 - - 0.2 1LHAASO J1959+2846u 299.78 28.78 0.58 - - 0.59
PKS 0727-11 11258  -11.7 0.0 0.27 0.06 0.9 | J0237+2848 39.47 28.8 0.0 - - 0.65
TXS 1749-101 268.15 -10.2 0.0 - - 0.081 | J1310+3220 197.62 3235 0.0 - - 0.65
HESS J1828-099 27724 -9.99 0.0 0.13 0.13 0.8 J1613+3412 24342 34.21 0.0 - - 0.56
J1512-0905 228.21 9.1 0.0 - - 0.3 ILHAASO J2018+3643u  304.65 36.72 0.48 - - 0.93
J0607-0834 92.0 -8.58 0.0 0.021 0.19 0.708 | J2015+3710 303.87 37.18 0.0 - - 0.84
QSO0 2022-077 306.4 -7.6 0.0 0.13 0.13 0.8 | Mkn 421 166.11  38.21 0.0 0.49 0.034 1.16
RS Ophiuchi 267.55 -6.71 0.0 0.24 0.047 0.93 | J0927+3902 141.76  39.04 0.0 0.4 0.05 1.096
J0006-0623 1.56 -6.39 0.0 043 0.021 1.054 | NGC 4151 182.63 39.41 0.0 - - 0.4

3C279 194.05 -5.79 0.0 0.29 0.07 0.9 | Mkn 501 253.47 39.76 0.0 - - 0.74
ILHAASO J1839-0548u 279.79 -5.81 0.44 - - 0.6 J1642+3948 250.75 39.81 0.0 0.24 0.08 1.024
J2225-0457 336.45 -495 0.0 - - 0.32 | J0555+3948 88.88  39.81 0.0 - - 0.85
4FGL J0307.8-0419 4695 -433 0.0 - - 0.36 | CygOB2 307.44 41.04 2.17 - - 0.47
PKS 1741-038 266.0 -3.83 0.0 0.37 0.034 1.0 | 3HWC J1951+266 2979  26.61 1.7 - - 0.79
ILHAASO J1843-0335u 280.91 -3.6 0.72 - - 0.2 | Westerlund 1 251.76  -45.85 0.61 0.2 0.094 0.67
J0339-0146 54.88 -1.78 0.0 - - 0.47 | Danks 1 198.12 -62.69 0.58 - - 0.25
J0423-0120 65.82 -1.34 0.0 - - 0.69 | NGC 3603 168.79 -61.26 0.0 - - 0.39
J0725-0054 11146 -0.92 0.0 - - 0.13 | Westerlund 2 15599 -57.7 0.75 0.25 0.095 0.75
ILHAASO J1848-0001u 282.19 -0.02 0.0 - - 0.27 | HESS J1848-018 28195 -1.75 0.0 - - 0.47
NGC 1068 40.67  -0.01 0.12 - - 0.6 | CGCG 420-015 73.35 4.06 0.0 0.28 0.037 1.021
J2136+0041 324.16 0.7 0.0 0.49 0.025 1.072 | ILHAASO J1959+1129u 299.82 11.49 0.0 - - 0.36
J1058+0133 164.62  1.57 0.0 - - 0.42 | ILHAASO J2002+3244u  300.64 32.74 0.0 - - 0.65

Table 1: List of analyzed astrophysical objects. Reported are the source’s name, equatorial coordinates (RA,
6), best-fit signal strength £ (i.e. signal flux scale where 1 corresponds to 1078 GeV cm™2s7!) , pre-trial
p-value, and 90% C.L. upper limits on the flux normalization factor for a £~ spectrum, ®°* (in units
of 1078 GeVem™2s7!). Sources for which a pre-trial significance greater than 2 has been obtained are
highlighted in bold. Dashes (-) in the fitted signal strength and pre-trial p-value indicate sources with a null

fitted signal.
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MG3 J225155+2217, which yielded the lowest pre-trial p-value of 4 107> , corresponding to a sig-
nificance of 3.94¢. The associated best fluxis 1.38:1078 GeV~'em™2s~!. The first KM3NeT/ARCA
building block is expected to be completed in few years, indicating rapid growth for KM3NeT in the

near future. As the KM3NeT/ARCA detector configuration expands and more data are collected,

the ARCA contribution to this analysis will be more enhanced, especially at higher energies.
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