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Potential of water-Cherenkov air shower arrays for detecting transient
sources of high-energy astrophysical neutrinos
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We highlight the capacity of current and forthcoming air shower arrays using water-Cherenkov stations
to detect neutrino events spanning energies from 10 GeV to 100 TeV. This detection approach leverages
individual stations equipped with both bottom and top photosensors, making use of features of the signal
time trace and machine-learning techniques. Our findings demonstrate the complementary of this method
to established and future neutrino-detection experiments, including IceCube and the upcoming

Hyper-Kamiokande experiment.
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I. INTRODUCTION

Transient emissions originating from astrophysical
sources can release a substantial burst of energy over brief
time periods. These emissions may take the form of isolated
events that have not been previously observed, or manifest
as abrupt surges in the activity of well-known astrophysical
sources. Several new categories of transients have been
discovered through the observation of electromagnetic and/
or gravitational radiation. These include a wide range of
astrophysical phenomena, such as x-ray pulsars, magnetars,
supernovae, hypernovae, Gamma-ray bursts, mergers of
compact binary objects like binary neutron stars and binary
black holes, tidal disruption events, active galactic nuclei
blazars, and more [1]. This diversity highlights the large
amount of astrophysical sources that can provide insights
into the most violent and energetic processes in the
Universe. The burst in electromagnetic or gravitational
emission can be associated with the acceleration of charged
cosmic rays. Particle interactions within the source can
result in the generation of secondary neutrinos and gamma
rays, particularly in the range from GeV to PeV [2-4].

Large ground-based water-Cherenkov detector (WCD)
arrays have been and are being used for high-energy
gamma ray detection in the few tens of GeV to PeV energy
range [5—7]. These detectors offer advantages over imaging
Cherenkov telescope arrays as they operate almost con-
tinuously with close to a 100% duty cycle and can monitor
a substantial portion of the sky simultaneously. In this
work, we demonstrate that such arrays can also effectively
detect high-energy neutrinos, complementing dedicated
neutrino experiments and contributing to the multimessen-
ger observation of transient events.
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Identification of upward-going particles in a WCD unit
would be a clear signature of shower and/or muon events
produced by GeV-PeV neutrinos crossing the Earth, with no
known background. To explore this, we have combined cuts
on observables accessible in WCD stations with modern
machine-learning techniques, exploiting the time informa-
tion recorded by the photomultiplier tubes (PMT) in the
WCD station. In this work, we show that for certain
photosensors configurations in the station, it is possible to
determine that particles are travelling in the upward direc-
tion. This allows the rejection of the overwhelming
downward-going particle background from conventional
cosmic-ray atmospheric showers. Additionally, we demon-
strate that the directional reconstruction accuracy would
allow the identification of a relatively small solid angle in the
sky, facilitating the detection of potential transient neutrino
sources. This capability enables the investigation of regions
in the sky where transient events are obscured from gamma-
ray detection due to the Earth, but are detectable in high-
energy neutrinos. The resolution for neutrino energy
reconstruction is however expected to be rather low. In this
regard, the WCD array is primarily expected to act as a
neutrino counter above a certain energy threshold.

The total water volume of these WCD arrays, comprising
thousands of individual detectors, would enable the obser-
vation of a significant detection rate, thereby comple-
menting existing neutrino observatories. The atmospheric
neutrino flux in the TeV range would a priori dominate the
event rate. However, the detection of a sufficiently intense
flux of high-energy neutrinos from a transient source is
experimentally favored because time-dependent excesses
of events can stand above the atmospheric neutrino back-
ground. Follow-up of electromagnetic or gravitational wave
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alerts can further increase the statistical significance of
potential associations of neutrinos with their sources.

An array of WCD could operate in this neutrino-
detection mode in real time with almost 100% duty cycle,
simultaneously with the gamma-ray detector mode, serving
as both a follow-up and alert observatory of transient
events. This novel neutrino operation mode has the
potential to extend the capabilities and scientific scope
of ground-based air-shower arrays primarily dedicated to
gamma-ray detection. This potential is particularly impor-
tant in the emerging field of multimessenger astronomy
with high-energy particles.

II. EXPERIMENTAL CONFIGURATION AND
ANALYSIS STRATEGY

In this work, we will be considering the layout of a
gamma-ray wide field-of-view gamma-ray observatory,
such as the planned Southern Wide-field Gamma-ray
Observatory [7]. One of the proposed configurations
involves a compact array of WCD stations, covering an
area of 80000 m? with a fill factor (FF) [8] of approx-
imately 80%. This compact array is to be complemented
with a sparser array, spanning an area of >1 km? with a FF
of around 5%. The compact array is specifically designed
for detecting low-energy showers (around 100 GeV), while
the sparse array is tailored to capture ultra-high-energy
gamma rays (up to a few PeV).

The WCD unit used in this work is based on the designs
presented in [9] and [10]. While the dimensions of the
cylindrical WCD station remain the same in both designs
(1.7 m height and ~12 m? in the base), the number and
position of the photosensors are changed, reduced to only two.
The interior walls of the WCD are covered with a reflective
material to enhance the collection of Cherenkov light.

Given the dimensions of the WCD and the array layout
configuration described above, such an experiment would
have 5720 stations in the compact array and 3660 stations
in the sparse array.

The WCD is equipped with two 8-inch PMTs positioned
at the center of the cylinder caps, one at the bottom and
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FIG. 1. Design concept of the WCD used in this study, with the

red domes indicating the position and size of the photosensors.

another at the top (see Fig. 1). Such configuration allows
the detection of the direct Cherenkov light that hits the
PMTs without being reflected on the inside walls of the
WCD, maximizing the possibility of detecting the direct
Cherenkov light pulse, regardless of whether the particles
in the shower enter the water volume from above or below.
The comparison between the time trace of the signal of the
PMT hit by direct light with the opposite PMT, which
should observe no direct Cherenkov light, can be used to
tag the direction of the particles crossing the station.
Additionally, the PMT in the top offers redundancy and
could be used with a different dynamical range with respect
to the bottom one to tackle potential saturation effects in
showers with large signals at the ground.

The features of the direct light as observed in the WCD
mentioned above are evident in the simulations performed
with GEANT4 [11,12] shown in Fig. 2, where the average
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FIG. 2. Mean signal time traces in the top and bottom PMTs of
the WCD considered in Fig. 1 for downward-going events with
0 < 5° (left panel), and upward-going events with @ > 175° (right
panel). The mean traces were computed using individual elec-
trons, muons and protons with energies of 1, 2 and 10 GeV
respectively.
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PMT signal time traces are displayed for both downward
and upward events. Direct light, arriving earlier than the
reflected one, and appearing in the first time bins of the
traces, can be seen in the bottom (top) PMT for downward-
going (upward-going) particles.

While the idea behind this analysis is simple, the complex
geometries of particles entering a WCD unit, when crossed
by an upward-going neutrino-induced shower, require more
advanced analysis techniques to identify them.

A dedicated simulation [10] was conducted to evaluate
the discrimination capabilities of the WCD unit to particle
showers induced by upward-going neutrinos with zenith
angle 0€[140° 180°], and background particles with
0 €[0°,90°]. The simulation is focused on the aforemen-
tioned compact array and was implemented using the
GEANT4 toolkit (version 4.10.05.p01) [11,12]. The con-
version of Cherenkov photon hits into photoelectrons,
which are subsequently binned in 1 ns time intervals,
follows the methodology employed in [9,10,13].

To optimize the selection of upward-going particles
through the detection of direct Cherenkov light in the
top PMT, we targeted only simulated upward-going show-
ers above a zenith angle threshold. Given the angle of
Cherenkov light in water, which is approximately 41°, we
have conservatively selected in the simulation only par-
ticles with @ > 140°, to ensure that the bottom PMT is not
directly hit by Cherenkov light.

Definition of to:
S (to; to+5ns) > 3 p.e.

St <130 p.e.| Sbotom (2 nS) > 10 p.e.

Canditate
event

Total signal

Atmax & [5,10] ns

For the purposes of this study, the primary sources of
background were assumed to be showers induced by cosmic
protons and atmospheric muons [14,15]. The choice of
proton-induced showers provides a conservative estimate, as
heavier elements are scarcer at lower energies. Furthermore,
showers induced by heavier elements develop higher in the
atmosphere, fluctuate less, and consequently are easier to
discriminate. The energy of the simulated vertical proton-
induced showers ranges from 100 GeV to 1 TeV. These
showers were simulated with the CORSIKA air shower
Monte Carlo (version 7.5600) [16]. To assess the response
of the detector to atmospheric muons as well as electrons and
protons produced in small showers, these were injected in
the WCD to study its response for various geometries.

The interaction of electron and muon neutrinos in the
Earth’s surface was simulated using HERWIG (version
herwig6521) [17]. The directions of the resulting secondary
particles were then appropriately rotated to move in the
upward direction, directed towards the WCD. The neutrino-
induced shower was subsequently simulated using GEANT4.
This comprehensive simulation considers ground density
(p =28 gecm™) and its specific material properties,
accounting for all relevant physics processes in the shower.

A basic local WCD trigger was implemented to replicate
a realistic experimental analysis. The starting time of the
traces collected at the WCD station, T, is defined as the
time at which at least 5 photoelectrons have been recorded
by both PMTs.
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(Top) Steps followed in the analysis to identify upward-going neutrinos. (Bottom) Distributions of several observables derived

from the signal traces registered by the top and bottom PMTs, and cuts to suppress the downward-going background for the WCD in
Fig. 1. The shaded gray bands indicate the regions excluded by the cut in each corresponding variable. From left to right: Threshold in
the total number of photoelectrons, Sz, obtained from muonic events to avoid clipping trajectories and low-energy background particles;
signal collected during the first 2 ns at the bottom PMT, S5%°m_ for vertical upward (black) and down-going events (red); difference
between the times of the peaks of the signals in the top and bottom PMTs, d,,, for close to horizontal (red) and upward-going events
(black); time position of the peak of the signal at the bottom PMT, T84m for vertical upward (black) and down-going events (red); time
position of the peak of the signal at the top PMT, Tioh,, for vertical upward (black) and down-going events (red). See Fig. 4 for the

performance of the convolutional neural network (CNN).
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Using the simulations described above, an analysis was
conducted at the single WCD station level to determine
optimal geometries and selection criteria for the identifi-
cation of upward-going neutrino events. This analysis was
complemented with a machine-learning algorithm exploit-
ing the features of the time trace of the PMT signals. The
essential stages of this analysis are shown schematically in
Fig. 3. The main objective of the selection criteria is to
ensure that no background events originating from atmos-
pheric muons or downward-going air showers is retained,
thereby exclusively selecting upward-going neutrino
events. The series of cuts, shown and described in detail
in the bottom panel and caption of Fig. 3, effectively
eliminate ~#99% of the background events. These cuts are
applied prior to the implementation of the machine-learning
algorithm, a CNN in this work.

First, the cuts applied on the total signal (first and second
panel at the bottom of Fig. 3) serve to eliminate clipping
particles that have a small track inside the WCD as well as
low-energy background particles, including muons under-
going decay inside the WCD, thermal neutrons, and natural
radioactivity. The cuts applied on the features of the PMT
signal time trace allow us to reject specific geometries that
have been observed to hinder the discrimination. For
example, configurations involving horizontal particles are
excluded because Cherenkov light might hit both PMTs
nearly simultaneously. The chosen simulated upward-going
particle trajectories exhibit a comparably narrow distribu-
tion of the time separation between the maxima of the top
and bottom PMT signal traces (d,,,, in the third panel at the
bottom of Fig. 3) that contributes to the discrimination of
upward-going particles. Also, the times themselves (rela-
tive to T) of the maximum signals in the top and bottom
PMT (T1%, in the fourth, and Tt%°™ in the fifth panel of
Fig. 3) were found to contain information on the direction
of propagation of the particles.

Despite the prescribed cuts, a small fraction of simulated
background events remained. Closer examination of the
PMT signal time traces revealed additional features to
distinguish between downward- and upward-going trajec-
tories. To address this in a highly efficient manner, a CNN
was employed for the analysis of the PMT traces following
a similar approach as in [9,10,18]. The CNN was trained
using a dataset that included 1 GeV electrons, 2 GeV
muons, and 10 GeV protons and the interaction products of
10 GeV neutrinos. These particles were injected into the
WCD station with random azimuthal angles, ¢ € [0°, 360°],
and zenith angles, 6 € [0°, 180°]. The CNN weights were
carefully adjusted to give a stronger penalty for misclassi-
fying background events rather than signal (upward-going)
events.

The CNN was subject to comprehensive testing using
independent datasets, each containing around 10° events.
These datasets included single particles, upward-going
neutrino events and downward-going proton-induced
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FIG. 4. Response of the CNN to upward-going and downward-
going particles after the application of the cuts presented in
Fig. 3. The up-going events correspond to electron and muon
neutrinos while for the background there are single particles with
different geometries (1 GeV electrons, 2 GeV muons, 10 GeV
protons and shower events induced by protons with energies
€[100,500] GeV and 6 € [5°, 15°)).

showers, with energies from 100 to 500 GeV. The results,
as depicted in Fig. 4, demonstrate that the network correctly
identifies all background events, corresponding to Py > 0,
and all having Py > 0.5 with a large peak at Py~ 1.

The small number of background events with Py < 0.8
in Fig. 4 is primarily due to high-energy showers. The large
particle multiplicity within the WCD makes it harder for the
CNN network to confidently classify these showers as
down-going events, because the CNN was not specifically
trained for energetic shower events. However, it was
confirmed in our simulations that for primary energies
2500 GeV, the footprint of proton-induced showers at the
ground is ~150 m wide. As such, the shower can trigger
multiple WCD stations in the array allowing for effective
vetoing.

III. NEUTRINO EFFECTIVE MASS

To evaluate the proposed method for neutrino detection,
we can estimate the effective detector mass available for
upward-going neutrino identification using the array layout
described in Sec. II.

The effective mass depends on the direction (6, ¢) and
energy of incoming neutrinos (E,), as well as on the
position of their interaction point (x, y, D), with D defined
as the depth (in g cm™?) measured from the WCD station at
which neutrino interactions can be identified as up-going
events. This quantity can be calculated, assuming a uniform
distribution in ¢, using Egs. (1) and (2). Equation (1) allows
us to estimate the number of detected neutrinos under the
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assumption of an isotropic flux, while Eq. (2) assumes that
the neutrinos have their origin in a pointlike source.

dM
Meff(Eu) :/ deeff (Q,El,)dg

= 27rNstaﬁonS/sin9 e(x,y,D,0,E,)dxdydD dé [g]

(1)
Meff(Ewg) :Nstalions/g(x’vaaeﬁEv)dxdydD [g] (2)

It is important to note that in this approach, where only
individual station units are used for neutrino detection, the
effective mass is directly proportional to the number of
WCD stations employed Nions- The main element to be
determined in Eqs. (1) and (2) is the neutrino identification
efficiency, &(x,y,D,0,¢,E,) = ny./ngm €10, 1], where
N, 1s the number of events passing the cuts described
in Sec. II, and ng, the total number of simulated events.
This number is obtained using simulated muon and electron
neutrino-induced showers beneath the WCD with energies
Ey = {10 GeV,1 TeV, 100 TeV}, and zenith angles
0 = {140°,150°,165° 180°}. The neutrino interaction
point is sampled uniformly in an area bigger than the

10"

WCD projected area, and at different slant depths D from
the WCD station until the efficiency, &, becomes negligible.
About a hundred events were simulated for each neutrino
interaction point. The effective mass is obtained by a
numerical integration of Egs. (1) and (2), interpolating
the discrete values of (Ey, 6, D) [19].

The effective mass as a function of neutrino energy for
the gamma-ray observatory described in Sec. II, and for the
case of an isotropic neutrino flux, is shown in Fig. 5 (solid
lines), together with the effective masses of other present
and future neutrino observatories. A good sensitivity to
atmospheric and astrophysical neutrinos can be achieved
with this approach, complementing observations made by
existing neutrino observatories. The effective mass for the
case of a neutrino flux from a pointlike source is also shown
in Fig. 5 (shaded bands). As expected, the effective mass is
larger for vertically ascending trajectories (upper edge of
the band corresponding to 8 = 180°) compared to more
inclined ones (lower edge of band corresponding to
0 = 140°). The significantly larger effective mass of v,
compared to v, in Fig. 5, both for the diffuse and pointlike
flux, arises from the fact that the interaction of v, with the
Earth produces a high-energy muon capable of traversing
large distances depending on its energy.

It should be noted that, while some of the presented
curves from other experiments include quality selection
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FIG. 5.

Effective mass for a diffuse flux of neutrinos (points with lines) of the gamma-ray detector as described in Sec. II using its full

array configuration. The effective masses of the dense and sparse arrays can be obtained scaling the effective mass of the total array by
the factors F = 0.61 and F = 0.39 respectively. The shaded gray and red bands bracket the effective mass for a flux of neutrinos
corresponding to a pointlike source (full gamma-ray detector array), with the upper edge of the bands (dashed lines) corresponding to
vertical up-going events with & = 180°, and the lower edge (dotted lines) to up-going events with & = 140°. The results are compared
with the effective masses of the following experiments: Super-Kamiokande [20], Hyper-Kamiokande [21], DeepCore online filter for v,
(taken from Fig. 2 of Ref. [22]), KM3NeT/ORCA (taken from Fig. 1 of reference [23]), IceCube (derived from Figs. 2 and 5 of
Ref. [24]), and IceCube v, and v, high-energy starting events (HESE) [taken from Fig. 7(B) of reference [25] ]. A shaded area between

the fiducial and total water volume of the Kamiokande detectors was added.
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cuts, in this work we have not applied any extra quality cuts
to enhance neutrino energy or direction reconstruction for
obtaining the effective masses.

Finally, the approach explored in this work extends and
complements the sky coverage of other experiments, enhanc-
ing the capabilities of a gamma-ray ground-based array of
WCD at essentially no cost, and hence contributing to the
multimessenger network of detectors of cosmic particles.

IV. DISCUSSION

Our study has demonstrated that, with specific PMT
configurations within a WCD station, it becomes feasible to
efficiently discriminate particles moving in an upward-
going trajectory, such as those in up-going neutrino-
induced showers interacting beneath the WCD, from those
moving downward such those produced in conventional
cosmic-ray atmospheric showers.

We tested the validity of our results by considering the
electronic response characteristics of the PMTs [26] vary-
ing their sampling frequency from 1 to 5 ns in the
simulations. The response of the photosensors has been
emulated using the tables provided in Ref. [27]. These
include the characterization of various aspects of the PMT
and electronics response such as the single photoelectron
(p-e.) amplitude distribution, pulse time distribution, and
the electronics pulse shape. Remarkably, in all the tests
conducted, the distinguishing features in the PMT signal
time trace that enabled the identification of up-going
neutrinos remained visible. This observation holds true
as long as the time sampling is kept below 5 ns.

The current study was carried out for a specific detector
concept and array layout configuration. Nevertheless, our
findings can be extrapolated to other experimental layouts
as long as they also feature two photosensors separated by
some vertical distance. For instance, we have checked that
the methodology of applying simple cuts followed by a
CNN would also be very effective, after properly adjusting
the cuts, in other setups, such as a double-layered WCD, as
proposed in [28] and illustrated in Fig. 6.

On the other hand, using only two PMTs limits the
accuracy in the reconstruction of the arrival direction of up-
going neutrinos. Nevertheless, the use of multiple PMTs
within a single station, as suggested in [9,10] can be
explored to improve the accuracy of the angular
reconstruction of upward-going neutrinos. WCDs with
multiple PMTs have been proposed as an alternative for
the Southern Wide-field Gamma-ray Observatory compact
array [29]. For instance, using a WCD with 3 PMTs at the
bottom (Mercedes station) and one at the top, as sketched in
Fig. 7, a significant improvement in angular reconstruction
can be achieved for up-going neutrino-induced showers of
1 TeV. For this particular setup, we carried out a dedicated
study in which the arrival direction of the incoming
neutrino is reconstructed using two CNNs: one for deter-
mining its zenith angle, 8, and another for the azimuthal

25m

|
\
/
/

FIG. 6. [Illustration of a double-layered water-Cherenkov de-
tector with two photosensors in each chamber. The two PMTs,
one facing upwards and the other downwards, are represented by
the red domes.

angle, ¢p. These two CNNs analyze the signal time traces
from each PMT of events which have been tagged as up-
going events, following the methodology illustrated in Fig. 3.
To enhance the angular reconstruction, the loss function of
the neural networks was adapted to incorporate angles as
observables. Specifically, a circular regression loss function
of the form Loss = 5 >N | [1 — cos(y; — 9;)] €[0. 1] was
used to ensure precise reconstruction within the range of 0 to
360 degrees, taking into account the periodicity of angles.
Here, N denotes the number of samples, y, represents the true
angle for the ith sample, and y; denotes the predicted angle.
The overall loss is computed as a sum across all samples,
normalized by a factor of 1/2N to scale it within the range
[0, 1], where zero indicates a perfect angular reconstruction.

The resolution in angular reconstruction is obtained as
the standard deviation of the distribution of the difference
between the reconstructed and simulated neutrino angles,
as illustrated in Fig. 8. A modest reconstruction resolution
of approximately 9° in € and approximately 43° in ¢ was
achieved, that would allow the determination of a relatively
small solid angle in the sky, helping in the identification of
potential transient neutrino sources.

-w —
€
~
e 0 -
o
4m
FIG. 7. Illustration of a water-Cherenkov detector with three

photosensors at the bottom (Mercedes configuration) and one at
the top. The PMTs are represented by the red domes.
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FIG. 8. Distributions of the difference between the recon-
structed and simulated neutrino-induced shower azimuthal angle
¢ (gray and top axis) and zenith angle 8 (black and bottom axis)
using the M3T1 WCD Mercedes design depicted in Fig. 7. The
width of the bins in the x axis is 10% of the total range for the
given angle 6 or ¢.

Further improvement could be achieved in the future
employing multiple smaller PMTs with equivalent photo-
cathode-sensitive areas but oriented in various directions, as
proposed in [26,30,31].

The resolution in the reconstruction of the neutrino energy
is anticipated to be rather low, except in rare cases where
high-energy neutrinos interact close to the detector, increas-
ing the total recorded signal at the station (see Fig. 9).
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FIG. 9. Distribution of the signal for electron and muon
neutrino-induced showers. The shaded areas of the violin plot
represent the normalized distribution of the total signal at the
WCD for a given neutrino energy. The horizontal lines show the
quartiles of the distributions.

In essence, the WCD detector array can be regarded as a
counter of neutrinos above a certain energy threshold.

Finally, we do not expect the site location to play an
important role in the discrimination of upward from
downward-going events. The key parameter is site alti-
tude. As altitude increases, background from atmospheric
muons and low-energy showers are expected to rise,
though their energy spectrum changes very little. The
methodology in this paper successfully handled atmos-
pheric muons and vertical showers up to 1 TeV at 5200 m
altitude, making the analysis strategy applicable to differ-
ent altitudes.

V. CONCLUSION

The study presented in this work illustrates the potential
of a single water-Cherenkov detector unit in identifying up-
going neutrino-induced showers. To achieve this, the WCD
must be equipped with at least two photosensors positioned
at the bottom and the top of the station. A set of cuts on
observables related to the signal and timing characteristics
of the PMT signal traces effectively removes the majority
of background events when compared to upward-going
events. However, due to some peculiar geometries of the
shower particles traversing the WCD, a small fraction of
<1% of background events can only be rejected using a
machine-learning algorithm trained on the features of the
PMT signal time trace.

It has also been demonstrated that the arrival direction of
upward-going neutrinos can be reconstructed with a res-
olution of approximately 9° in € and 43° in ¢ for WCD
stations equipped with 3 PMTs at the bottom and one at the
top. Although the resolution in energy reconstruction
remains low even in this case, applying our methodology
could turn an array of WCD stations devoted to gamma-ray
detection into a viable counter of neutrinos above a certain
energy threshold.

The findings presented in this paper can enhance the
synergy between gamma/cosmic-ray and neutrino observa-
tories in the search for transient sources of energetic cosmic
particles in the Universe.
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