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Star-forming galaxies (SFGs) and starburst galaxies (SBGs) are extragalactic sources which could
produce high-energy neutrinos. In principle, they could play a rather important role for explaining
at least a sizeable part of IceCube’s observations of astophysical neutrino. Using a recent theo-
retical model which implemented a blending of spectral indeces, we present the KM3NeT/ARCA
sensitivities for such a diffuse flux from the startburst galaxies. In particular, we provide the 5-year
differential sensitivity for the two building blocks of ARCA. We make use only of the track-like
events in the range of 100 GeV - 10 PeV differentiate in 11 bins of energy. We show how the
upcoming neutrino telescope could observe the diffuse SFG and SBG within 5 years of data tak-
ing. We found the minimum of the sensitivity at around 100 TeV, which is also the energy where
the SBG contribution is expected to peak. This would not only constrain the multi-component
fit of the observed astrophysical neutrino flux at that energy (100 TeV), but would also provide
us a direct link between the star-forming activity in the reservoir environments and the hadronic
emissions.
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Introduction

Astrophysical neutrinos have been measured by IceCube for more than a decade, although
their origin is not known yet. Throughout the years, many constraints have been imposed to
different source classes. For instance, the contribution of Galactic neutrinos is below 10% of
IceCube’s flux. The gamma-ray bursts have been constrained to contribute up to a few percent to
the diffuse neutrino flux. Furthermore, the dedicated IceCube stacking analysis has constrained the
contribution of resolved blazars to be less than 27% of the HESE neutrino flux (see also). Even
the analyses carried out have found out that Star-forming and Starburst galaxies (SFGs and SBGs)
cannot be responsible for the entire IceCube’s measurements. As a result, investigating which
source class contribute the most to IceCube observations is crucially important. In spite of all the
limits, SFGs and SBGs are well-known extra-galactic sources which exhibit a strong star-forming
activity. They are characterised by a high degree of turbulence, enhanced by a strong magnetic
field (� ∼ 200 `�), which confine high-energy protons inside their core. This makes them suitable
candidates to produce gamma-rays and neutrinos via hadronic collisions. Currently, only a dozen of
these sources have been observed as point-like sources of gamma-rays by Fermi-LAT. In fact, their
low gamma-ray luminosity makes it challenging to constrain the properties of their diffuse flux.
Different authors have lately attempted to calculate their gamma-ray and neutrino fluxes, discovering
that these particular sources could explain a big part of IceCube’s observations. Furthermore, the
IceCube collaboration has reported a 2.9 f excess of neutrino events coming from NGC 1068,
which is one of the SBG observed by the Fermi-LAT telescope. What is more, Ref. [1] has recently
shown how the cores of SMC and Circinus galaxy could possibily be observed in six years of data
taking by KM3NeT/ARCA, which would demonstrate that the star-forming activity is dominated
by hadronic emissions. All of this means that future measurements along with upcoming neutrino
telescopes could really provide us with remarkable insight into the contribution of SFGs and SBGs
to the high-energy neutrino flux. In this context, we present a novel sensitivity study for the possible
diffuse signal of this class of sources considering the phase 2.0 of the incoming KM3NeT/ARCA
telescope. In particular, making use of the model put forward by [2], we calculate the sensitivity
for different SBG scenarios between 100 GeV and 10 PeV. The computation has been obtained
by differentiating this energy range in 11 bins, taking into account up-going track-like events
and introducing a Boosted Decision Tree (BDT) for the selection of the considered events. The
Monte Carlo production used for this analysis accounts only for muonic and anti-muonic neutrinos
interacting through Charge Current (CC). The proceeding is organised as follows: in Section 1,
we outline the theoretical model we used, while, in section 2, we explain the characteristics of
the KM3NeT/ARCA detector, in section 3, we explain the analysis we performed to calculate the
sensitivity. In the end, in section 5, we comment on our results and draw our conclusions.

1. Expected neutrino diffuse signal from Starburst galaxies

In this section, we outline the model we followed to perform the forthcoming analysis. We
utilise the model proposed by [2]. In particular, we suppose that the star-forming activity only
happens in a small spherical region of the source, called Starburst Nucleus (SBN). We solve the
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leaky-box model equation in order to calculate the distribution of high-energy protons in the core
of the galaxies.

�? = &?

(
1

)03E
+ 1
);>BB

+ 1
)38 5 5

)−1
(1)

where �? and &? are respectively the distribution function and the injection rate for pro-
tons. The cosmic-ray distribution depends on the balance of different processes with characteristic
timescales: the advection ()03E ), energy losses ();>BB) and diffusion processes ()38 5 5 ) (see [2] for
the details). We assume that protons are injected with a power-law spectrum in momentum space
with spectral index U. The protons have an exponential cutoff varying between 1 − 20 PeV, in
agreement with [2]. The flux is normalized by requiring that each supernova releases into protons
10% of its total explosion kinetic energy (1051 erg). Neutrinos are emitted by the pion decay
(c → `a`, ` → 4a4a`). We determine the neutrino flux using the approach given by [3], which
assumes that the pions carry a fixed energy portion of the high-energy protons (: c = 17 %). To
compute the diffuse neutrino flux, we exploit the high values of the star formation rate of SBGs.
Indeed, their star-forming activity is highly likely to be a reliable tracer of their distribution in the
Universe. Consequently, we use the method of the star formation rate function to constrain the
number of starburst galaxies in the Universe. We consider the modified Shechter functionΦSFR(z,
k), which has been obtained by fitting in the redshift interval 0 ≤ I ≤ 4.2 the IR+UV data of a
Herschel Source sample after subtracting the AGN contamination. Furthermore, we take advantage
of the fact that SBGs are astrophysical reservoirs, which means that their non-thermal emissions
are not mainly driven by their structural parameters, but rather on the star formation rate (k), the
spectral index (U) and the high-energy proton cut-off (?<0G). Furthermore, as assumed by [2], we
allow each SBG to have different values of U and we particularly use a Gaussian distribution for
these parameters exploiting the experimental catalogue. The formula for the diffuse flux is [2]

ΦSBG
a (�, ?max) =

∫ 4.2

0
dI

∫ ∞

k∗

d logk
2 32 (I)2
� (I)

×ΦSFR(I, k)
〈
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(
�, I, k, ?max)〉

U
,

(2)

where � (I) = �0
√
Ω" (1 + I)3 +ΩΛ is the Hubble parameter with �0 = 67.74 km s−1Mpc−1,

Ω" = 0.31 and ΩΛ = 0.69, k∗ = 2.6 M⊙yr−1 and 〈qa〉U is the emitted neutrino fluxes averaged
over the distribution of spectral indeces. The astrophysical flux provided by Eq. (2) peaks at
hudrends of TeVs and it can explain up to 40% of the IceCube’s observations without exceeding the
gamma-ray constraints coming from the hadronic component of the extra-galatict backgound light
(EGB) (see [2] for details). The behaviour of the flux is a more complex function than a simple
power-law due to the spectral index blending. However, for energies greater than 100 GeV, it can
be accommodated by a simple power-law with an exponential cut-off (�2DC ). In particular, for the
forth-coming analysis, we use the expression

Φa (�) = # ·
(

�

100 GeV

)−2
· �−�/�2DC (3)
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where # = 2.74 · 10−12 GeV−1 cm−2 s−1 and for �2DC we use two different values: 0.2 PeV and 0.5
PeV which respectively correspond to 5 and 12 PeV for ?<0G . These values are, in broad terms,
consistent with the fact that neutrinos carry about 5% of the proton energy.

2. KM3NeT-ARCA detector

The KM3NeT is a neutrino telescope in the construction phase, which will be located in the
Mediterranean Sea, with the main purpose to search for high-energy neutrinos originated from
Galactic and extragalactic diffuse and point-like sources. The KM3NeT project actually consists
of two three-dimensional Cherenkov neutrino detectors built with the same technology but with
different dimensions: Oscillations Research with Cosmics in the Abyss (ORCA) and Astroparticle
Research with Cosmics in the Abyss (ARCA). The ORCA detector will be installed at a sea bottom
depth of about 2500 m near Toulon. The main purpose of ORCA detector is to study fundamental
properties of neutrinos (neutrino mass ordering, oscillations etc.) and for this reason this detector is
designed to detect neutrinos in the energy range 1-100GeV. Instead themain goal of ARCA detector,
installed at a sea bottom depth of about 3500 meters near Capo Passero (Sicily), is to observe the
astrophysical neutrino flux and to identify possible sources of high-energy neutrinos. Therefore,
the ARCA detector is optimised to have a maximum detection efficiency in the neutrino energy 1
TeV - 10 PeV. As previously reported, the two KM3NeT detectors share the same technology, but
they have different instrumentation densities due to distinct primary physics goals. The detector
consists of the so-called Digital Optical Modules (DOMs): glass spheres resistant to water pressure
instrumented with 31 photomultiplier tubes (PMTs), in order to detect the Cherenkov photons.
A vertical sequence of DOMs forms a so-called Detection Unit (DU). The ARCA detector is a
km3-sized detector: it will be built with a vertical spacing of 36 meters between the DOMs and a
90 m horizontal distance between the DUs. Currently six DUs have been installed for ARCA (this
configuration is referred to as ARCA6) and are in data taking since May 2021.

3. ARCA differential sensitivity for the SBGs diffuse signal

In order to obtain a prediction on the possibility to observe the diffuse signal from SBGs sources
with the KM3NeT-ARCA detector, the calculation of an appropriate sensitivity was performed
(defined as in [4]). Given a model flux ΦB (see equation 3, where in our case # = 2.74 · 10−12

GeV−1 cm−2 s−1 and �2DC = 0.5), the sensitivity is calculated at 90% of Confidence Level (CL)
median upper limit following the Neyman method [5]):

Φ90 = ΦB ·
=90
=B

(4)

where =B is the mean number of signal events and =90 is the number of events needed to obtain
%(#B) = 0.9. Thus the sensitivity is referred to a particular flux that can be excluded at a 90% C.L.
(in this analysis), if no significant signal is observed.

In this analysis the background was composed by the atmospheric muons and neutrinos. The
sensitivity was calculated using the latest version of the KM3NeT-ARCA115 MC simulation:

• v5.2 for atmospheric muon.
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• v5.1 for atmospheric neutrino.

• v5.1 for signal SBGs.

Furthermore we used the same method to simulate atmospheric neutrinos and diffuse neutrino
signal (from SBGs). However for the case of diffuse signal we renormalized the neutrino spectrum
for the expected diffuse SED of SGBs following the already cited model.

The sensitivity was obtained by considering only muons from a` and ā` charge-current inter-
actions for both the signal and atmospheric neutrinos.

The calculation was performed with several considerations:

• A total energy interval between 100 GeV and 10 PeV was considered: differentiating the
sensitivity calculation in 11 bins of energy (log scale was considered).

• No selection in declination was performed.

• Two building block (BB) of KM3NeT-ARCA detector were taken into account.

• The sensitivity at 90% C.L. is computed for an observational time of five years.

The optimization of this study was obtained by applying event quality cuts for each of the 11
bins of energy considered; in details the following selections have been applied:

• A pre-selection cut in the recostructed angle is applied in order to reject the background.

• Amultivariate analysis involvingmachine learning is performed to distinguish the background
events from the SBG neutrinos.

On this regard for the atmospheric muons rejection, for each energy bin as a first selection compris-
ing only events with a reconstructed angle \A42 < 100 (up-going events). Furthermore to improve
the rejection of background events, a dedicated machine learning tool was used. This tool includes
the scan of some of the variables characterizing the reconstructed events (reported in table 1), is
based on a BDT algorithm to decide if an event is classified as a "signal-like" or "background-like".
The algorithm was implemented from the ROOT:TMVA framework: for this particular analysis a
Gradient boosting was used.

Table 1: A list of variables used to build the BDT algorithm: the energy reconstructed, best likelihood,
track length, number of hits, number of photo-electron, V0 angular error and ToT (Time-over-threshold). The
algorithm used to reconstruct the tracks events is JGandalf.

Variable Description
�A42 Energy reconstructed with the track reconstruction algorithm
Lik Likelihood from track reconstruction algorithm

length Distance between first and last hits in metres
=.ℎ8CB Number of hits used in the track recontruction algorithm
npe Number of photo-electrons along the whole track
V0 Angular error from track reconstruction algorithm
ToT Sum of the ToT for hits used for the track reconstruction

5
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Once we obtained the output BDT-score classifier for each event, then it was used as a cut
variable with the following assumptions:

• Events with \A42 < 80◦ were selected with a BDT-score > 0.1

• Events with 80◦ < \A42 < 100◦ were selected with a BDT-score > 0.7

The number of events reconstructed (in 1 year) bin-per-bin for signal and background before
and after the selection performed are reported in the tables 2 and 3:

Table 2: Here are reported the reconstructed events bin-per-bin (interval range 100GeV - 10 PeV) respectively
for background and signal before the selection chain was applied.

Interval energy Atmospheric muon Atmospheric neutrino Signal
102 GeV 175002.2 10917.0 24.47

102.5 GeV 303931.4 29031.8 53.0
103 GeV 877022.0 26660.6 141.2

103.5 GeV 5347572.6 12061.6 169.9
104 GeV 29622046.0 3176.6 142.8

104.5 GeV 30205346.3 519.4 90.0
105 GeV 4762621.1 58.1 37.5

105.5 GeV 203797.1 8.7 10.1
106 GeV 35751.7 0.3 1.5

106.5 GeV 16214.8 0.0184 0.13
107 GeV 7942.9 0.00064 0.02

Table 3: Here are reported the reconstructed events bin-per-bin (interval energy 100 GeV - 10 PeV)
respectively for background and signal after the selection chain (with BDT) was applied.

Interval energy Atmospheric muon Atmospheric neutrino Signal
102 GeV 3.36 4683.0 15.4

102.5 GeV 37.1 12150.8 34.3
103 GeV 41.5 11397.2 75.8

103.5 GeV 74.2 3137.2 91.7
104 GeV 48.8 411.7 67.7

104.5 GeV 33.3 38.6 35.6
105 GeV 0.0 20.3 13.2

105.5 GeV 0.0 1.08 5.2
106 GeV 0.0 0.03 0.35

106.5 GeV 0.0 0.0085 0.012
107 GeV 0.0 0.0 0.0

In the table n. 4 we report also the signal and background reconstructed events considering the
entire energy interval (100 GeV - 10 PeV):

6
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Table 4: Here are reported the total reconstructed events respectively for background and signal before and
after the selection chain applied (considering the entire interval energy).

Type Reconstructed events Up going selection BDT cut
Atmospheric muon 35336090.0 369340.0 238.4

Atmospheric neutrino 80431.7 60186.6 31854.9
Signal SBGs 670.1 405.5 337.4

Definitely once we applied all the selection chain we calculated bin-per-bin the sensitivity
by the formula 4. The differential KM3NeT/ARCA sensitivity for the described model of SBGs
in equation 3 is shown in fig. 1. In this plot we report for comparison also the full sky diffuse
flux obtained by IceCube (reported with grey points) through HESE and CASCADE samples. In
fig. 1, it is shown a comparison between the calculated differential sensitivity and the the models
constrained by the diffuse data of gamma-ray (EGB) and neutrino (HESE and CASCADE samples).

Figure 1: On the left is reported the differential sensitivity at 90% of confidence level, between 100 GeV-10
PeV and for 5 years of KM3NeT/ARCA (2BB), compared to the diffuse emission expected from Starburst
galaxies following [2]. The eleven bins of energy has been reported in order to highlight the region of the
spectrum where the experiment is more sensitive. The upper blue line represents the model upper limit (1
sigma parameter space) taking into account the bounds coming from the multi-component fitting of the EGB
measurements of Fermi-LAT and the HESE [6] sample measured by IceCube. The blue shadowed region
indicates the SED expected from this class of sources considering the possible value within 2 sigma region
of the Starburst blending scenario. The HESE spectral measurements are reported as a reference of the total
observed diffuse astrophysical flux. On the rightwe reported the differential sensitivity at 90% C.L. with the
same conditions (in 100 GeV- 10 PeV for 2BB and 5 years) to the diffuse emission expected from Starburst
galaxies following [2]. In this plot the blue shadowed region indicates the SED expected from this class
of sources considering the possible value within 1 and 2 sigma regions of the Starburst blending scenario
when the measurements of EGB from Fermi-LAT and the CASCADE sample [7] from IceCube are taken
into account. The CASCADE spectral measurements are reported as a reference of the total observed diffuse
astrophysical flux.

4. Discussion and Conclusions

Fig. 1 compares the differential sensitivity we obtained with both the theoretical expected
Starburst SED and IceCube data samples (respectively HESE and CASCADES). Remarkably, we
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found that the expected SBG signal can potentially be observed by KM3NeT/ARCA (2BB) in 5
years of data taking. In fact, the minimum of the sensitivity resides in the region of hundreds
of TeVs, namely where the SBG spectral energy distribution (SED) is expected to peak. On the
other hand, the abrupt surge in the differential sensitivity above 105−6 GeV is due to the fact
that the SFG and SBG neutrino signal is exponentially suppressed by the cut-off (∼ 200 − 500
TeV). For comparison we report also the diffuse IceCube observations even though we did not
performed the calculation of the sensitivity using IceCube’s flux, which is well accommodated by
an un-broken power-law, but rather using the physical signal expected from SFGs and SBGs. Our
result is highly significant since a detection of the expected SBG signal from KM3NeT/ARCA
would confirm the fact that this particular source class could produce a sizeable contribution at
100 TeV. Furthermore, this would not only demonstrate that the star-forming activity is directly
linked to hadronic emissions but it would also give stronger constraints on the full sky contribution
of this source class. However, one of the drawbacks of our analysis resides in the fact that, in
order to explain a big part of IceCube’s measurements with Starburst Galaxies, we need also to
take into account the deep Universe (I ∼ 4 − 5) [2]. Therefore, it will be hard to disentangle the
contribution coming from the "near Universe", namely coming from the known Star-forming and
Starburst Galaxies with the contribution coming from the unresolved galaxies. On the whole, our
work demonstrate how important SFGs and SBGs might be for the high-energy neutrino production
and that the next decade of upcoming KM3NeT/ARCA will be a crucial to constrain their effective
contribution with respect to IceCube’s measurements. Indeed, the advent of a Global Neutrino
Network would be necessary to unveil the origin of the high-energy astrophysical neutrinos and
open a new era for the multi-messenger astronomy.
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