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In this contribution, a search for neutrino emission from the Central Molecular Zone (CMZ) and
Cygnus OB2 with the KM3NeT/ARCA detector is presented. The CMZ extends for a few hundred
parsecs around the Galactic center, containing the massive molecular clouds Sgr A, Sgr B, and Sgr
C. Cygnus OB2 is a massive star-forming region of a few parsecs in the constellation of Cygnus.
It contains regions with high gas densities and a rich stellar population. The high energy gamma-
ray emission from these regions could be dominated by the interactions of cosmic-rays with the
molecular gas, resulting in the production of gamma-rays and neutrinos. Here we present a search
for neutrino emission from these two regions. The corresponding sensitivities of the current
KM3NeT/ARCA geometry as well as the case of the complete future detector are explored. No
significant excess was observed, therefore we set upper limits.

39th International Cosmic Ray Conference (ICRC2025)

15-24 July 2025 ICRC 2025

The Astroparticle Physics Conference

Geneva, Switzerland Geneva July 15-24, 2025

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:marouane.benhassi@unicampania.it
https://pos.sissa.it/

Prospects of neutrino observations with KM3NeT/ARCA Marouane Benhassi

1. Introduction

The Central Molecular Zone is a region of few hundred parsecs in the center of our Galaxy with
angular extensions |/| < 1 and |b| < 0.3, where [ and b are the longitude and latitude respectively.
It has an estimated gas density two orders of magnitude larger than the galactic average and contains
some of the most massive Galactic molecular clouds such as Sgr A, Sgr B, and Sgr C as well as
local Pevatron accelerators. Due to the extreme conditions of star formation rate and gas density,

with values greater than 10*cm ™3

, neutrinos are expected to be produced in hadronic processes,
when cosmic rays interact with the gas in molecular clouds. Cygnus OB?2 is the inner source of the
constellation of Cygnus that is one of the brightest galactic y-ray sources. Cygnus OB2 is centred
around RA = 308.3°, Dec = 40.9°. This source is characterized by very high energy cosmic rays
(CRs) up to PeV and coincides with the origin of the VHE event IceCube-201120A detected by
IceCube [1].

The KM3NeT/ARCA detector [2] is a neutrino telescope currently under construction at the bottom
of the Mediterranean Sea. It consists of a three-dimensional grid of optical modules that detect the
Cherenkov light from neutrino interaction products. The full detector will have 230 detection lines

of 18 optical modules and will instrument ~ 1km? volume of sea water.

2. Method

2.1 Data sample

This analysis uses ARCA6-21 data, representing the data collected by ARCAG6 (~ 92 days with
6 lines), ARCAS8 (~ 210 days with 7 - 8 lines), ARCA19 (~ 52 days with 19 lines), and ARCA21
(~ 287 with 21 lines) setups, accounting for a total livetime of 640 days.

For the expectations with the completed detector, ARCA230, Monte Carlo (MC) simulated
events are used corresponding to a livetime of 10 years. Neutrino events are generated over the
full-sky with energies in the range 10*> < E, < 10% GeV using the gSeaGen framework [3] and
atmospheric muons are simulated using the MUPAGE software [4].

2.2 Neutrino Fluxes of the CMZ and Cygnus OB2

The CMZ neutrino flux is obtained by converting the gamma-ray flux from FERMI-LAT &
HESS to a neutrino flux [5-7] and is used to model the CMZ signal in this analysis.
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This neutrino flux is compared to the extrapolated neutrino CMZ Spectral Energy Distribution
(SED) from IceCube [8]. The IceCube neutrino flux is obtained by scaling the Galactic Center flux
to the CMZ size [9]. This flux is expressed as indicated in equation 1 and plotted in Figure 1 (blue
dotted curve).
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Figure 1: The gold dotted line corresponds to the neutrino expectation obtained taking into account the
gamma emission from the CMZ. The IceCube neutrino flux is obtained by scaling the Galactic Center flux
to the CMZ size.

For the Cygnus OB2 source, the signal flux is modeled following the publication by Neronov et al.
[10] in which a 30~ excess of neutrino events from the Cygnus OB2 was reported. The corresponding
neutrino flux used is given in equation 2. It is estimated from a fit of IceCube data with a single
parameter (¢o), as the spectral slope was fixed to y = —3.
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In both cases, the index i indicates all the flavors.

2.3 Background expectation from scrambled data

The estimation of the background rate, as a function of reconstructed energy and declination
(8), is data-driven. For the sin(8) a spline F(0) is fitted, and the energy dependence F(logio(E))
is parameterized by a fit with two Gaussians. For each individual candidate source that is studied,
the expected density of background events in sr~! logo(GeV)~! is obtained by:

Npkg =n X F(6) x F(logio(E)), 3)

where the normalization 7 is chosen such that the integral over the full solid angle of the sky and
over E gives exactly the total number of events in the data.

2.4 Likelihood formalism

The likelihood formalism as described in [11] is used. The Log-Likelihood Ratio serves as
a test statistic for each dataset, indicating its compatibility with two models: one including both
signal and background (H1), and the other with background alone (HO). It is computed as follows:
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A=logL(u=4)—-1logL(u=0), 4)

where u is the signal strength and /i is the value that maximizes the /og L which is defined by the
logarithm of the binned likelihood L:

L=[] Pl 5)
iebins
where N; and &; are respectively, the observed and expected number of events in the energy bin
i, and P(N;|&;) is the Poissonian Probability Density Function (PDF) of the reconstructed energy
of the events. Given the signal and background expectations in bin i, the Log-Likelihood can be
written as:

logL = Z Nilog (B; + uS;) - B; — uS; (6)
iebins
where S; and 8B; represent the signal and background PDFs, respectively. N; is the number of data
events in bin i, and y is the signal strength, which effectively parametrizes the intensity flux.

For a true value of the signal strength .., pseudo-experiments (PE) can be generated by
randomly drawing each N; from a Poisson distribution with mean B; + S; X ;.. For each PE, a
maximum likelihood fit is used to compute the test statistic A for that PE. In this way, distributions
of A(usrye) are obtained.

The A(usrue) distributions are used to extract Neyman upper limits [12]. For given data, N,
the measured test statistic of the dataset (d,p) is applied as threshold to calculate the confidence
level, which is the fraction of pseudo-experiments with a given p;rye and A(tsrye) > Aops. The
maximum value of u;,,. reaching the requested confidence level is the upper limit on u. The
sensitivity is defined as the upper limit on u at 90% confidence level, ugg, for the median of the
pure background pseudo-experiments, dops = /i(u,me = 0), i.e. median upper limit. This limit is
converted to the flux as follows:

Dy = Moo X D), @)

Real data can also be used in a similar way for extracting the number of events, N;, for
calculating the 90% CL upper limit. Additionally, the p-value can be calculated as P(1 > A(tops))
for the distribution of pure background pseudo-experiments and can be converted to significance
following the 1-sided convention.

Differential limits are calculated by evaluating the sensitivity to an £~ flux within each decade
of the logarithm of the energy [13]. The differential sensitivity indicates that ARCA is more sensitive
between 100 TeV and 1 PeV, as discussed in the results section.

3. Results

The ARCAG6-21 sensitivity to the CMZ and Cygnus OB2 neutrino flux is reported. No
significance is observed in either case, therefore upper limits are set to show the capabilities of
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ARCAG6-21. A gaussian smearing is used to take into account the extension (o) of these sources.
For the CMZ, we used an o = 0.618°, a value chosen by calculating the solid angle that corresponds
to the source size defined by |/| < 1 and |b| < 0.3, while for Cygnus OB2 we used o~ = 0.7° as it is
the value used in the publication by Neronov et al.

KM3NeT/ARCA Preliminary, 640 days

1075 llllll
10- :
LT 1077
%]
~
£ 10°®
S
]
@ 10
NG
107104 == = ARCA6-21 - Integrated Sensitivity (90% CL) \
m= ARCA6-21 - Upper limit (90% CL)
1071 = =« ARCA6-21 - Differential Sensitivity
ARCA230 (10 YR)
= Theoritical neutrino flux
10—12

10° 10! 10? 10° 10 10° 106 107
Energy [GeV]

Figure 2: The KM3NeT/ARCA sensitiv-
ity is shown in case of the CMZ. The red
dotted line represents the KM3NeT/ARCA6-
21 differential sensitivity assuming an E~>
spectrum with 0.5PeV as neutrino cut-
off. The blue dashed line shows the
integrated KM3NeT/ARCAG6-21 sensitivity
for all flavors. With the red solid line,
we highlight the upper limit set using
KM3NeT/ARCAG6-21. The orange line illus-
trates the KM3NeT/ARCA?230 integrated sen-
sitivity using all flavors and is based on MC
simulation with 10 years as a livetime. The
integrated sensitivities are obtained assuming
an E~24 flux that is represented in black.
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Figure 3: The KM3NeT/ARCA sensitiv-
ity is shown in case of Cygnus OB2. The
KM3NeT/ARCAG6-21 differential sensitivity
assuming an E~2 spectrum is displayed as
a red dotted line. The blue dashed line
shows the integrated KM3NeT/ARCA6-21
sensitivity using all flavors. The upper limit
is pointed out with a red solid line using
KM3NeT/ARCAG6-21. The orange line indi-
cates the KM3NeT/ARCA230 integrated sen-
sitivity using all flavors and is based on MC
simulation. The integrated sensitivities are
obtained assuming the flux from Neronov et
al. which is shown in black.

The KM3NeT/ARCA detector is currently under construction and is already contributing to
neutrino and multi messenger astronomy. Data from the ARCA6-21 detector configurations were
used to explore neutrino emission from the CMZ and Cygnus OB2. No significant excess has
been observed, so upper limits have been set. A new approach is being developed, incorporating
source map smearing to implement the exact morphology of extended sources instead of assuming

a gaussian smearing as an approximation.
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