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TheKM3NeTCollaboration is constructing a km3-volume neutrino telescope in theMediterranean
sea, ARCA (Astroparticle Research with Cosmics in the Abyss), for the detection and subsequent
study of high-energy cosmic neutrinos. This telescope will be able to reconstruct the arrival
direction of the neutrinos with a precision of 0.1◦. The configuration of ARCA makes it sensitive
to neutrinos in a wide energy range, from sub-TeV up to tens of PeV. Moreover, this detector has
a large field of view and a very high duty cycle, allowing for full-sky (and all-flavours) searches.
All these features make ARCA an excellent instrument to study transient neutrino sources.
Atmospheric muons and neutrinos, produced by primary cosmic rays, constitute the main back-
ground for ARCA. This background can be several orders of magnitude higher than the expected
cosmic neutrino flux. In this work, we introduce an event selection which reduces the background
up to a negligible level inside the region of interest and within the search time window. The
ARCA performance to detect a transient neutrino flux, including the effective area, sensitivity and
discovery potential, are provided for a given test source, and for different time windows.
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1. Introduction

Multi-messenger (MM) astronomy is based on the observation of several cosmic messengers
coming from the same source. The potential of MM astronomy relies on the fact that a coincident
detection of several messengers provides more information than the study of different sources with
an unique messenger, and at the same time enhances the detection of faint sources which would not
be possible to observe with a single messenger.

Cosmic rays and photons are known cosmic messengers. Both are abundant, however cosmic
rays lose their directionality when passing through magnetic fields. Photons are neutral, but at high
energies their flux gets attenuated, so only nearby sources can be observed.

In addition to those messengers, the discovery in 2015 of Gravitational Waves from the merger
of a binary black hole system [1] marks the beginning of a new era in the study of the Universe.

Finally, cosmic neutrinos, whose existence was first hinted by IceCube in 2013 [2], are another
type of messengers that play a very important role in the MM paradigm. As neutrinos are neutral
particles, they are not deflected by intergalactic magnetic fields and they point directly towards
their origin source. This motivates the development of methods that increase the sensitivity (i.e.
the ability of a detector to distinguish signal events from background) to detect neutrinos coming
from a specific source. This is of particular interest in the case of transient sources (i.e. with a
time-dependent emission), such as Gamma-Ray Bursts and Compact Binary Mergers, since the
background in this case is already reduced thanks to the use of narrow time windows. With this
analysis, we want to introduce a quickmethod to derive the sensitivity of ARCA to transient neutrino
sources, which will allow this detector to perform a follow-up of the transient event and that can be
easily adapted to be used in a partial configuration of the detector.

2. KM3NeT/ARCA

KM3NeT (“Cubic Kilometre Neutrino Telescope”) is a collaboration which is currently de-
ploying two deep-sea detectors in the Mediterranean Sea. These infrastructures consist of three-
dimensional arrays of photo-multiplier tubes (PMTs) which are able to detect the Cherenkov light
emitted by the particles produced in neutrino interactions on sea water. On the one hand, the low
energy array, called ORCA (Oscillation Research with Cosmics in the Abyss) is located 40 km
away from Toulon, and its main objective is the determination of the neutrino mass hierarchy by
measuring the atmospheric neutrino oscillations. On the other hand, the high energy array, called
ARCA (Astroparticle Research with Cosmic in the Abyss) is located 100 km away from Portopalo
di Capo Passero. The aim of ARCA is the identification, and further study, of the astrophysical
sources of high energy neutrinos.

The key element of the KM3NeT detectors is the Digital Optical Module (DOM), a pressure-
resistant glass sphere where 31 PMTs are embedded. This multi-PMT strategy, in contrast with the
use of one single and large PMT in each optical module, has several advantages, such as the ability
to recognise physical signals by the coincidence of hits on the same DOM. A total of 18 DOMs
are arranged on the same vertical string, called Detection Unit (DU). A set of 115 DUs constitutes
a building block (BB), and it is foreseen that ARCA will host two building blocks. Note that both
detectors share the same technology and are based on the same Cherenkov detection principle. The
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main difference between them is the density of DOMs, which allows ARCA to cover an energy
range which goes from the sub-TeV up to tens of PeV.

3. Search method

The search method is based on a binned cut-and-count technique. This means that we define a
set of cuts, according to a given optimization criteria, and we study the distribution of the different
reconstruction parameters to evaluate the expected number of signal and background events that
survive our cuts. The relevant background, in the considered energy range, are atmospheric
neutrinos and muons, that we have to properly distinguish from our signal: cosmic neutrinos from
a transient source.

A particular flux shape has to be considered for cosmic and atmospheric neutrinos in order
to perform Monte Carlo (MC) simulations. For atmospheric neutrinos, the conventional flux of
the model Honda2006 has been used [3]. A correction for the knee (of the cosmic-ray spectrum)
has been included according to the Gaisser-H3a model [4]. For cosmic neutrinos, a power law
Φ = Φ0�

−W has been considered, with Φ0 = 10−9 GeV−1cm−2s−1sr−1 and W = 2.0. We will work
under the assumption that all the signal flux for the cosmic model is emitted within the given time
window, as we are dealing with transient sources.

A time window of 1000 seconds is used for a test source considered in this analysis. The reason
for this particular selection is that it is a common choice between neutrino telescopes to perform
the follow-up of Gravitational Waves events and Gamma Ray Bursts. In the case of the test source,
we will consider that it is located at a zenith of 70◦ and an azimuth of 300◦ in local coordinates,
just as a reference point in the upgoing sky.

The neutrino flavour identification in large volume neutrino telescopes such as ARCA is not
possible. However, two different event topologies can be distinguished in these kind of detectors
using the hit pattern. On the one hand, track-like events are those in which the hit pattern is
consistent with a straight line. This feature is characteristic of the pathway of muons in water, so we
relate this topology with a` CC interactions. On the other hand, shower-like events are those events
in which the hit pattern can be seen as the quasi-spherical light emission from a localised point.
This pattern can be related with electromagnetic and hadronic cascades of electrons and hadrons in
water, and therefore is associated with a4 CC events and NC interactions of all neutrino flavors.

Another remarkable point is the distinction between upgoing and downgoing events. Upgoing
events are defined as those who travel across the Earth in their way to the detector. Selecting these
events is very useful to reject atmospheric muons, since only neutrinos can cross the Earth. The
present analysis has been focused on a sample of upgoing tracks, since these are the main interaction
channel to which neutrino telescopes are sensitive. However, the prospect is that this follow-up
method can be extended not only to downgoing events but also to include showers.

The reconstruction of the simulated MC events has been performed with the official KM3NeT
reconstruction algorithm for tracks [5]. In particular, for each event, the interaction vertex, the
particle energy, the direction of the outgoing lepton and the track length are reconstructed. The
quality parameter of the reconstruction (likelihood) is also provided for each event. Table (1) shows
the reconstruction variables that have been used in this analysis, which are the ones to which we
will apply our selection cuts.
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Variable Description
Zenith angle Angle between the zenith of the upgoing sky and the reconstruction direction

V0 Angular error estimation of the event
Length Distance (in meters) between the first and last hits

Likelihood Likelihood of the reconstruction (quality parameter)

Table 1: Variables of the reconstructed algorithm used in this analysis

The Region of Interest (RoI) is defined as the sky region selected to search for space coinci-
dences with an identified signal. It is given, for each event, by the angle between the reconstructed
direction and the direction of the source, defining a cone for the search. Only events which are
reconstructed close enough to the source (i.e. inside the RoI) are considered.

3.1 Optimization procedure

The optimization procedure can be divided into two parts: the determination of the pre-cuts
and the optimization of the cuts. First, the pre-cuts are set in order to reduce as much as possible
both the background and the shower contamination of our sample, as we want a pure track sample.
Shower events, when reconstructed by the track reconstruction algorithm, are expected to have some
characteristic attributes, such as large angular errors V0 and short track lengths. According to these
features, we will use these two variables to optimise the pre-cuts.

Our pure track sample is defined as a neutrino sample with a shower contamination smaller
than a 1% after applying the selection. Since several pairs of cuts in log10 V0 and length satisfy
this condition, we choose the optimal set of cuts as the one maximizing the number of pure-track
signal events. The pre-cuts obtained with this strategy are found to reduce also the background
contamination by three orders of magnitude with respect to the signal.

Once the pre-cuts are determined, the next step is the optimization of the rest of the variables:
the likelihood and RoI radius. This optimization will be performed by minimizing the Model
Rejection Factor (MRF) [6], which is defined as

MRF =
¯̀90(=1)
=B

, with ¯̀90(=1) =
∞∑

=obs=0
`FC

90 (=obs, =1)
=
=obs
1
4−=1

=obs!
, (1)

where =B (=1) denote the expected number of signal (background) events that will survive our cuts,
respectively, and `FC

90 (=obs, =1) denotes the 90% CL upper limit derived using the Feldman-Cousins
(FC) approach [7]. This parameter depends on the observed number of events once the experiment
is performed. Since we are dealing with a MC, we have to replace this limit by the average (or
expected) upper limit ¯̀90(=1), which is defined as the sum of the FC upper limits for all the possible
=obs, weighted by the Poisson probability.

4. Results

For the determination of the pre-cuts, the computation of the shower contamination and the
fraction of track signal that survives has been performed according to the procedure explained in
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section 3.1. The calculation carried out indicated that with the cuts log10 V0 < −0.7 and track length
> 340 m, the shower contamination in the sample was reduced to 0.94% and the fraction of track
signal that survived was 72%. The energy distribution of the events once these pre-cuts are applied
is shown in figure (1). The median angular resolution of the sample is 0.3◦ once the pre-cuts are
applied. Note that background (both muons and atmospheric neutrinos) are especially reduced for
this particular selection. Therefore, the pre-cuts not only provide us with a clean sample of track
events, but also reduce the background by one order of magnitude with respect to the signal. This
background will be reduced even more once the RoI is applied.
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Figure 1: Monte-Carlo energy distribution of cosmic neutrinos, atmospheric neutrinos and atmospheric
muons once the pre-cuts have been applied. Note that atmospheric muons are orders of magnitude below of
the signal.

Once the pre-cuts have been determined, the computation of the MRF for different cuts in the
likelihood and different RoI radii has been performed. The optimum RoI radius is large enough to
contain as much signal as possible, but with the condition that if we increase this radius we would
only gain more background without changing the signal appreciably. The values obtained indicated
that the optimum RoI radius is found at 6.5◦. For the case of the likelihood, we find that the MRF
is not sensitive to cuts in such variable, which indicates that there is no need for applying a cut on
the likelihood. This has sense since, as can be seen in table (2), the background is three orders of
magnitude below the signal once the RoI is applied, so the optimization procedure does not find
relevant changes when including a cut in the likelihood.

The same procedure can be repeated for different time windows. We provide the results
according to this method also for 1 day and 10 days. The pre-cuts used are the same in the three
cases, since the shower contamination is not affected by the time window.

Once the analysis selection is defined, one aims to derive which are the ARCA capabilities
concerning the detection of a transient neutrino signal. Here, we present the results in terms of the
fluence sensitivity and the discovery potential.

The fluence sensitivity is defined as the time integrated neutrino energy flux. This can be done

5
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Upgoing cut + log10 V0 < −0.7 + length > 340m RoI (6.5◦)
Cosmic neutrinos 10.4 6.4 5.4 5.3
Atm. neutrinos 1.4 0.79 0.74 5.1·10−3

Atm. muons 3.4 0.21 0.16 0.96·10−3

Table 2: Expected number of events for 1000 s of operation of one BB of ARCA, for a source located at
(70◦, 300◦).

by means of the acceptance, which is defined as the integral in energy and time of the effective area
convoluted by the normalized flux:

�22 =

∫
dC
∫

d�a�4 5 5 (�a)�−Wa . (2)

The effective area is defined as the equivalent surface which is 100% efficient and detects the
same number of events as the detector, for a particle beam perpendicular to that surface. Figure (2)
provides the effective area of ARCA once our pre-cuts have been applied.
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Figure 2: Effective area of ARCA (2 BB) after the pre-cuts.

The expected number of signal events is related to the acceptance through the flux normalization
factor Φ0. This allows to obtain the fluence sensitivity as the average FC upper limit divided by the
acceptance. Figure (3) shows the results obtained for the sensitivity as a function of the energy.

The discovery potential, which is defined as the number of signal events that are needed to be
emitted from the source for an experiment to claim a discovery at a given significance [8], has been
computed for the background events remaining inside the RoIs provided by the MRF method. The
results are given in table (3). The integrated sensitivity, which is the fluence sensitivity integrated
in the energy range 103 − 107 GeV, is also provided.
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Figure 3: Differential fluence sensitivity as a function of the neutrino energy for the two full BB of the
ARCA detector, for the three different time windows considered in this analysis.

Time
window

Optimum
RoI radius MRF

Expected
background events

Fluence
sensitivity
(GeV · cm−2)

Discovery
#5f

sg (50%)

1000 s 6.5◦ 1.2·10−2 0.047 2.7
1 day 3.0◦ 3.3·10−2 0.050 3.6
10 days 2.0◦ 1.2·10−1 0.061 4.6

Table 3: Sensitivity and discovery values for the optimum RoI radius obtained using the MRF, for the
different time windows. The expected numbers of background events are given for 2 BB of ARCA.

5. Conclusions

An optimum set of pre-cuts has been derived in this work to increase the sensitivity of ARCA
to transient sources. A reduction of the background is achieved using the pre-cuts and the RoI
radii obtained for the cases of a time window of 1000 seconds, one day and ten days. We find
that the optimum size of the RoI according to the MRF method is reduced as we increase the time
window. This is expected since as we enlarge the time window, the background is increased too, so
the optimization procedure provides a smaller RoI radius.

The resulting fluence sensitivity can be compared with similar results from other large-volume
neutrino telescopes. In the case of ANTARES [9], for a time window of 1000 s, an average fluence
upper limit of the order of magnitude of ∼0.8-1.4 GeV cm−2 is found for the upgoing sky in the
energy range from ∼3 TeV to ∼3 PeV. This limit is two orders of magnitude less stringent than
the result presented here. In the case of IceCube [10], the results for a time window of 1000 s
vary from 0.03 to 0.7 GeV cm−2 depending on the source considered, and both for the upgoing
and downgoing sky in the energy range ∼10 TeV to ∼100 PeV. Only the order of magnitude of the
fluence sensitivity can be compared since the ANTARES and IceCube analyses are for extended
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sources, while our result can be considered as a point-source result. The sensitivity obtained with
this binned cut-and-count method has a similar order of magnitude to the best IceCube results in
similar analyses of this field, in a broader energy range.
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