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The main goal of the ANTARES neutrino telescope is the identification of neutrinos from astro-
physical sources. Thanks to its location in the Northern hemisphere, ANTARES can rely on an
advantageous view of the Southern Sky, in particular for neutrino energies below 100 TeV. This
feature, combined with a very good angular resolution for high-quality selected events, makes the
telescope an excellent tool to test for the presence of point-like sources, especially of Galactic
origin. In ANTARES, track-like events (mainly resulting from v,, charged current — CC — inter-
actions) are reconstructed with a median angular resolution of 0.4° while for shower-like events
(mainly coming from v, CC and all-flavour neutral current — NC — interactions) a median angular
resolution of 3° is achieved. The ANTARES Collaboration published the result of the search
for cosmic point-like neutrino sources using track-like and shower-like events collected during
nine years of data taking [Phys. Rev. D 96 (2017) 082001]. In this contribution, the update to this
analysis using a total of 13 years of data recorded between early 2007 and early 2020 (3845 days
of livetime) is presented. Moreover, the results of the dedicated searches for neutrino candidates
from the tidal disruption events AT2019dsg and AT2019fdr, recently indicated as the most likely
counterparts of two high-energy IceCube neutrinos, IC191001A and IC200530A, are reported.
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1. Introduction

ANTARES is a high-energy neutrino telescope made of a three-dimensional array of 885 pho-
tomultiplier tubes (PMTs), deployed at 2500 m below the surface of the Mediterranean Sea, 40 km
off-shore from Toulon, France [1]. Being located in the Northern hemisphere and immersed in
sea water, ANTARES can count on a clear visibility of the Southern Sky, and thus of the Galactic
Centre, and on a very good angular resolution. This makes it an excellent tool in the search for
point-like sources, especially of Galactic origin, and a valid instrument to follow-up the the recent
evidence of neutrino emission from the blazar TXS 0506+056 [2, 3] and possibly from tidal disrup-
tion events (TDEs) AT2019dsg and AT2019fdr [4, 5], reported by the IceCube Collaboration. In
these proceedings, the results of several searches for point-like sources using 13 years of ANTARES
data are presented. This analysis updates the 9-year ANTARES point-like source search [6], and
the subsequent 11-year analysis [7], employing a total of 13 years of data. Moreover, recently
improved calibrations have been used to reconstruct all the employed ANTARES events, yielding
slightly different values of the reconstructed direction and of the quality parameters associated to
each event. The employed data set includes 10162 tracks and 225 showers recorded in ANTARES
between January 29, 2007 and February 29, 2020 (3845 day livetime). Track-like events are mostly
the result of the passage in water of relativistic muons produced in charged current (CC) interac-
tions of muon neutrinos, while neutral current (NC) interactions, and v, and v, CC interactions
mainly induce shower-like events. The events have been selected using the criteria defined in [6],
optimised to minimise the neutrino flux needed for a 5o~ discovery of a point-like source emitting
with a o« E72 spectrum. The selected tracks are reconstructed with a median angular resolution
better than 0.4° for energies above 10 TeV, while a median angular accuracy of ~3° is achieved for
showers.

2. Search Method

The search for spatial clustering of events above the known background expectation relies on
an unbinned maximum likelihood ratio approach. The employed likelihood is defined as

logZ = Z Zlog [i;lnglJ + %Bl}], ey

where, j denotes the sample (¢r for tracks, sh for showers), i indicates the event of the sample j,
ugi o is the number of signal events fitted in the j sample, N/ is the total number of events in the

J sample, and Sl.j and Bl.j are the values of the signal and background PDFs for the event i in the
sample j. The signal and background PDFs are given by the product of a directional and an energy

terms. The same definition of the PDFs used in the previous analyses [0, 7] is employed. In the

h
Zrig zig
the position in the sky of the source is either kept fixed or allowed to be fitted within specific limits

likelihood maximization, the number of signal events u_-_ and u® are free parameters. Moreover,
depending on the type of search (see Section 3). The signal likeness of a cluster is determined by a

test statistic computed as
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0 = log ™ —Jog ZPke, )

where ™ and Z"%¢ are the values of the likelihood defined in Equation 1 calculated using the

tr _ ,sh _ 3
sig = Mgy = 0), respectively.

In order to calculate the significance of any observation, the observed Q is compared to the test

best-fit values of the free parameters and for the background-only case (u

statistic distribution obtained in background-only pseudo-experiments (PEs) — pseudo-data sets of
data randomised in right ascension. The fraction of Q values which are larger than the observed Q
gives the significance (p-value) of the observation.

3. Searches and Results

Two searches for astrophysical neutrino sources are performed using the whole described data
set: a scan over the whole ANTARES visible sky, and a survey of 121 astrophysical candidates.
These approaches are described below together with the corresponding results. Moreover, the
results of dedicated searches for cosmic neutrinos associated with AT2019dsg and AT2019fdr are
reported. In this case, only the events detected by ANTARES from the day of the discovery of
each TDE (2019 April 9 and 2019 April 27, respectively), until the day of the last available fully-
calibrated ANTARES data, 2020 February 29, have been used, corresponding to a livetime of 315
and 298 days, respectively. Additional information on the search from the TDEs can be found in [8].

3.1 Full-Sky Search

In the full-sky search, the ANTARES visible sky is scanned to look for the most significant
excess of signal events, without making any assumption about the source position. To this purpose,
the Q-value defined in equation (2) is evaluated in steps of 1° X 1° over the whole scanned region,
with the location of the fitted cluster being left free to vary within these boundaries. The most
significant cluster of this search, i.e. the cluster with lowest pre-trial p-value, is found at a right
ascension of & = 39.6° and a declination of § = 11.1° with a pre-trial p-value of 6.8 x 107® (4.3¢),
corresponding to a post-trial p-value of 48%, and a number of fitted signal events fisj; = 6.3. The
hotspot is at 1° angular distance from the source J0242+1101 (also known as PKS 0239+108)- a
radio-bright blazar investigated in the candidate-list search. The second most significant location
is found at equatorial coordinates (o = 343.8°, 6 = 23.5°) and corresponds to the full-sky hotspot
found in the 11-year ANTARES point-like source search [7]. As already highlighted in [7], this
location is in the vicinity of the IceCube high-energy muon track with ID 3 [9]. Moreover, it is
located within 1° from the blazar MG3 J225517+2409. The blazar was in flaring state during the
IceCube neutrino arrival time [10]. An analysis of the space and time correlation between the
ANTARES and IceCube close to the blazar and of the gamma-ray flux measured by Fermi has been
performed by ANTARES, leading to a chance probability for the association of 1.90" [10]. The
position of the most and second most significant clusters of the full-sky search together with the
pre-trial p-values found at each direction of the ANTARES visible sky in shown in Figure 1. The
distribution of the ANTARES events around the two best locations is shown in Figure 2.
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Figure 1: Sky map in equatorial coordinates of pre-trial p-values for a point-like source of the ANTARES
visible sky. The location of the most (second most) significant cluster of the full-sky search is indicated by
the red (green) arrow.

3.2 Candidate-List Search

In the candidate-list search, a pre-selected list of potential neutrino sources is investigated to
look for an excess of neutrino events. In the likelihood maximization, the equatorial coordinates
of the source are kept fixed at the known value, and only the number of signal events is left as
free parameter. In case of null observation, upper limit on their neutrino fluxes are determined.
The candidate list employed in this analysis updates the one used in [7] by including the following
sources:

* two new sources reported in the TeVCat catalog [11] and detected after June 2019 (date of
the latest update);

* the sources recently detected by LHAASO [12], with a declination below 42°. In case of
spatial overlap (angular distance smaller than 0.5°) with candidates already in the list, the
already investigated candidates have been replaced with the LHAASO sources;

* the Galactic sources with emission above 56 TeV detected by HAWC [13], not in coincidence
with sources already in the list;

¢ the blazar TXS 0506+056;

* the Seyfert II galaxy NGC 1068, i.e. the most significant source in the IceCube Northern
catalog, coincident with the IceCube Northern-sky hotspot [14];

* the radio-bright blazar J0242+1101, for which a hint of a spatial and temporal association
between ANTARES neutrinos, a radio flare, and a gamma-ray flare observed by Fermi has
been found [15].

The list of the 121 analysed candidates, together with the obtained results at each location, is
reported in Table 1. The most signal-like cluster is found at the location of J0242+1101, with a
pre-trial p-value of 6.7 x 107> (3.8¢). The post-trial significance, calculated taking into account
that other 120 locations have been investigated in this search, is of 2.40-. The source is located at
1° angular distance from the full-sky hotspot, as shown in Figure 2. J0242+1101 is followed in
significance by TXS 05064056 (2.80 pre-trial), HESSJ0632+057 (2.10 pre-trial) and the Galactic
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Centre (2.00 pre-trial). The 90% C.L. limits on the one-flavour neutrino flux normalization, @,

-2
where the neutrino flux has been parameterised as ®, = @ (%) , are shown in Figure 3 as a
function of the declination for the 121 investigated candidates.

Table 1: List of analysed astrophysical objects. Reported are the source’s name, equatorial coordinates (5, @), best-fit
number of signal events (g, pre-trial p-value and 90% C.L. upper limits on the flux normalization factor for a £ -2.0
spectrum, <I>80%C'L' (in units of 1078 GeVem™2s™!). Sources for which a pre-trial significance of over 20~ has been
obtained are highlighted in bold. Dashes (-) in the fitted number of source events and pre-trial p-value indicate sources
with null fitted signal.

Name 6[°] a[°] [sig p-value <I>30°/°C‘L' Name §[°]  al®] fAsg p-value <D30%C'L‘
LHAT20-N-157B -69.16 8443 - - 0.43  |LHAASOJ1849-0003 -0.05 28235 - - 0.67
HESSJ1356-645 -64.50 209.00 0.7 0.16 0.73 NGC1068 -0.01  40.67 - - 0.82
PSRB1259-63 -63.83 195.70 - - 0.44 2HWCJ1852+013* 1.38 283.01 - - 0.69
HESSJ1303-631 -63.20 195.75 - - 0.44 | W44 1.38 284.04 - - 0.69
RCW86 -62.48 220.68 - - 0.45 PKS0736+017 1.62 114.83 - - 0.68
HESSJ1507-622 -62.34 226.72 - - 0.45 RGBJ0152+017 1.79  28.17 - - 0.68
HESSJ1458-608 -60.88 22454 - - 0.48 | 2HWCJ1902+048* 486 28551 - - 0.69
ESO139-G12 -59.94 26441 - - 0.45 | SS433 498 28796 - - 0.69
MSH15-52 -59.16 22853 - - 0.45 | TXS0506+056 570 7735 2.9 0.0020 2.13
HESSJ1503-582 -58.74 226.46 - - 0.45 HESSJ0632+057 581 9824 1.7 0.017 1.70
HESSJ1023-575 -57.76 155.83 - - 0.66 LHAASOJ1908+0621 6.35 287.05 - - 0.70
CirX-1 -57.17 230.17 - - 0.69 2HWCJ1829+070 7.03 277.34 - - 0.69
SNRG327.1-01.1 -55.08 238.65 - - 0.56 B1030+074 7.19 158.39 - - 0.69
HESSJ1614-518 -51.82 243.58 - - 0.45 2HWCJ1907+084* 8.50 286.79 - - 0.70
HESSJ1616-508 -50.97 24397 - - 0.44 | OTO81 9.65 267.89 1.9 0.051 1.45
PKS2005-489 -48.82 30237 1.2 0.14 0.77 | HESSJ1912+101 10.15 28821 - - 0.87
GX339-4 -48.79 255.70 - - 0.45 PKS1502+106 10.52 226.10 - - 0.71
HESSJ1632-478 -47.82 24804 - - 0.56 | J0242+1101 11.02  40.62 6.1 0.000067  2.77
RXJ0852.0-4622 -46.37 133.00 - - 0.45 RBS0723 11.56 131.80 - - 0.85
HESSJ1641-463 -46.30 250.26 1.0 0.13 0.76 2HWCJ1914+117 11.72 288.68 - - 0.92
VelaX -45.60 128.75 1.3 0.085 0.84 2HWCJ1921+131 13.13  290.30 - - 0.71
PKS0537-441 -44.08 8471 1.3 0.094 0.85 W51C 14.19 290.75 - - 0.71
CentaurusA -43.02 20136 0.9 0.086 0.84 | 2HWCJ0700+143 1432 105.12 - - 0.71
PKS1424-418 -42.10 216.98 - - 0.47 VERJ0648+152 15.27 102.20 - - 0.72
1ES2322-409 -40.66 351.20 - - 0.51 2HWCJ0819+157 1579 124.98 - - 0.75
RXJ1713.7-3946 -39.75 258.25 - - 0.47 3C454.3 16.15 343.50 - - 0.73
PKS1440-389 -39.14 220.99 - - 0.48 PKS0235+164 16.61  39.66 - - 0.72
PKS0426-380 -37.93  67.17 - - 0.49 Geminga 1777 98.47 - - 0.97
PKS1454-354 -35.67 22436 09 0.16 0.88 LHAASOJ1929+1745 17.75 292.25 - - 0.83
PKS0625-35 -3549 9678 - - 0.51 | RGBJ2243+203 20.35 34098 1.3  0.033 1.68
TXS1714-336 -33.70 259.40 - - 0.71 VERJ0521+211 21.21 80.44 - - 1.05
SwiftJ1656.3-3302 -33.04 254.07 - - 0.76 | 4C+21.35 21.38 186.23 - - 0.77
PKS0548-322 -32.27  87.67 - - 0.53 Crab 22.01 83.63 - - 0.75
H2356-309 -30.63 359.78 - - 0.56 1C443 22.50 94.21 - - 0.76
PKS2155-304 -30.22 329.72 - - 0.55 S20109+22 2274 18.02 - - 0.76
HESSJ1741-302 -30.20 26525 1.1 0.088 1.06 B1422+231 22.93 216.16 - - 0.76
PKS1622-297 -29.90 246.50 - - 0.72 PKS1424+240 23.79 216.75 - - 0.77
GalacticCentre -29.01 266.42 2.2 0.021 1.36 | 2HWCJ1938+238 23.81 29474 - - 0.77
Terzan5 2490 26695 - - 0.76 | 2HWCJ1949+244 2446 29742 0.6 0.2 1.32
1ES1101-232 -23.49 165.91 - - 0.59 MS1221.8+2452 24.61 186.10 - - 0.78
PKS0454-234 -23.43  74.27 - - 0.59 PKS1441+25 25.03 220.99 - - 0.89
w28 -23.34 270.43 - - 0.87 1ES0647+250 25.05 102.69 - - 1.00
PKS1830-211 -21.07 278.42 - - 0.60 S31227+25 2530 187.56 - - 0.78
eHWCJ1809-193 -19.34 272.46 - - 0.59 WComae 28.23 185.38 - - 0.81
SNRGO015.4+00.1 -15.47 274.52 - - 0.62 LHAASOJ1956+2845 28.75 299.05 - - 0.82
LS5039 -14.83 27656 - - 0.62 | TON0599 29.24 179.88 - - 0.82
QS0O1730-130 -13.10 263.30 1.1 0.12 1.09 2HWCJ1953+294 29.48 298.26 - - 0.82
LHAASOJ1825-1326 -13.45 276.45 - - 0.61 1ES1215+303 30.10 184.45 - - 0.83
HESSJ1813-126 -12.68 273.34 - - 0.61 1ES1218+304 30.19 185.36 - - 0.83
1ES0347-121 -11.99  57.35 - - 0.61 HESSJ1746-308 30.84 266.57 - - 1.15
PKS0727-11 -11.70 11258 1.6 0.026 1.48 2HWCJ1040+308 30.87 160.22 - - 0.84
HESSJ1828-099 -9.99 27724 05 0.15 1.05 B21811+31 31.74 273.40 - - 0.85
HESSJ1831-098 -9.90 27785 - - 0.62 | B21420+32 3239 21563 - - 0.92
HESSJ1834-087 -876 27869 - - 0.64 | 2HWCJ2006+341 34.18 30155 - - 0.88
PKS1406-076 -7.90 212.20 - - 0.63 S30218+35 3594 35.27 - - 0.91
QS02022-077 -7.60 30640 1.0 0.070 1.27 LHAASOJ2018+3651 36.85 304.75 0.5 0.14 1.44
HESSJ1837-069 -6.95 279.41 - - 0.77 MilagroDiffuse 38.00 305.00 09 0.11 1.59
3C279 -5.79 19405 1.2 0.074 1.28 Markarian421 38.19 166.08 - - 0.93
LHAASOIJ1839-0545 -5.75 279.95 - - 0.70 B32247+381 38.43 342.53 - - 0.93
2HWCJ1309-054 -549 19731 - - 0.66 | LHAASOJ2032+4102 41.05 308.05 - - 0.96
LHAASOJ1843-0338 -3.65 280.75 - - 0.68




Searches for point-like sources of cosmic neutrinos with 13 years of ANTARES data Giulia Illuminati

PRELIMINARY § PRELIMINARY PRELIMINARY

28

N
o

N
i

; Pw(tl'aCQKJiké events)

DECL J2000 [°]
DECL J2000 [°]
DECL J2000 [°]
N

Nhits (shower-like events)

20

44 42 RA fzo()o[) [ ]38 36 82 80 RA7182000 [Z]G 74 348 346 RA Jg‘(‘)[:)() [%42 340
Figure 2: Distribution of the ANTARES events close to the best and second best locations found in each
search in the (@, 0) (RA, DEC) coordinates. The left plot is centered at the position of the full-sky hotspot
(magenta star), which is at 1° angular distance from the source J0242+1101, i.e. the most significant source
of the candidate-list search, indicated by the orange star. The central plot shows the cluster of events around
TXS 0506+056. The right plot is centered at the location of the second most significant cluster of the full-sky
search (magenta star), and shows also the position of MG3 J225517+2409 (orange star) and of the IceCube
high-energy muon track (grey star). In each plot, the inner (outer) solid green line depicts the one (five)
degree distance from the position of the best-fit or known location. The red points denote shower-like events,
whereas the blue points indicate track-like events. The dashed circles around the events indicate the angular
error estimate. Different tones of red and blue correspond to the values assumed by the energy estimators:
the number of hits (shower-like events) and the p parameter (track-like events) as shown in the legend. Refer
to [6] for further details on the energy estimators.
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Figure 3: 90% C.L. upper limits (triangles) on the one-flavour neutrino flux normalization for the investigated
astrophysical candidates as a function of the source declination assuming a E=2 spectrum. The name of
the sources for which a pre-trial significance of over 20~ has been obtained is reported beside the arrow
pointing to the corresponding upper limit. The solid (dashed) line shows the 90% C.L. median sensitivity
(50% 50 discovery flux) of the analysis.
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3.3 Dedicated search at the TDEs AT2019dsg and AT2019fdr

The location of AT2019dsg and AT2019fdr has been investigated using the same approach
described in Section 3.2, and employing only the ANTARES data collected since the discovery of
each TDEs. An unbroken power law neutrino spectrum, o< E~7, is assumed in this analysis for
the signal emission, with y being one of the three tested spectral indices, y = 2.0, y = 2.5, or
v = 3.0. The distribution of the ANTARES events close to the location of the sources is shown
in Figure 4. In both cases, only one event has been detected within 5° from the TDE. The event
close to AT2019dsg (AT20191dr) is a track-like event, located at a distance of 1.7° (2.3°) from
the source, and was registered on February 11, 2020 (September 25, 2019). Table 2 summarises
the results of the searches in terms of best-fit number of signal events and p-value, and reports the

upper limits on the one-flavour neutrino flux normalisation, ®, for three values of y, where the

dNn,
dE,

one-flavour neutrino fluence, ¥, defined as the integral in time and energy of the neutrino energy
tmax max max _‘y .

flux, 7 = [ [5E, - e dE, di = At @o - [ E, - (15y)  dEy, with Enip and Epe,

being the boundaries of the energy range containing 90% of the expected signal events for the given

. . Y -
neutrino flux has been parameterised as =@ (%) . Moreover, upper limits are set on the

v, and At is the livetime of the search.
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Figure 4: Distribution of ANTARES events in equatorial coordinates around the position of AT2019dsg
(left) and AT2019fdr (right). The orange lines depict the one and five degree distance from the source
position, indicated as a grey star. Only track-like events (blue points) have been detected within 5° from the
location of the sources. The dashed circles around the events indicate the angular error estimate on the track
reconstructed direction.

4. Conclusions

The results of various searches for point-like sources using events detected by the ANTARES
telescope during 13 years of data taking have been presented. The searches include a scan over
the whole ANTARES visible sky, an investigation of 121 astrophysical candidates, and a dedicated
analysis of the direction of tidal disruption events AT2019dsg and AT2019fdr. No significant
evidence of cosmic neutrino sources has been found. The full-sky hotspot (& = 39.6°, 6 = 11.1°)
has a pre-trial p-value of 6.8 x 1076 (4.3¢), corresponding to 48% post-trial p-value. Four sources
investigated in the candidate-list search show a pre-trial significance above 20-: J0242+1101 (3.80),
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Table 2: Results of the search at the location of AT2019dsg and AT2019fdr in terms of best-fit number of
signal events flsig, p-value, 90% C.L. sensitivity and upper limits on the one-flavour neutrino flux normali-
sation d>(9)0%C‘L‘ (in units of GeV~lem2s71), and on the one-flavour neutrino fluence F2°%C-L- (in units of
GeVem™2), for different values of the spectral index y. The boundaries, Epnj, and Ep,y, of the energy range
containing 90% of the expected signal events, employed in the calculation of the fluence, are listed in the last

column.
Source Results
Name Y || Asig | p-value @gO%C'L' F90%C.L. log( g‘g& ) - log( g‘;{}‘ )
sensitivity |  limit | sensitivity | limit
AT2019dsg [2.0][ < 0.1] 12.4% [7.3x 1078 [ 1.0 x 1077 14 19 3.6-6.6
25( 02 | 10.2% |1.5%x1075|2.2x 107 29 43 28-55
3.0 0.7 | 8.9% [1.2x1073[2.0x1073 230 380 2.1-47
AT2019fdr [2.0]] 05 | 6.7% [8.5x1078[1.3x1077 15 23 3.6-6.6
25] 05 | 7.9% |2.1x1079(3.0x107 39 55 28-55
3.0( 06 | 9.1% |2.0x1073|3.0x1073 360 540 2.1-47

located at 1° angular distance from the full-sky hotspot, TXS 0506+056 (2.80°), HESSJ0632+057
(2.10) and the Galactic Centre (2.00°).
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