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. 1. Introduction
-
O.  ALTO is a R&D project that aims to design a wide field-of-
é view very high energy (VHE; > 200 GeV) gamma-ray observa-
= tory (Senniappan et al., 2021; Becherini et al., 2017; Thoudam
% et al., 2017; Senniappan et al., 2021) through prototype opera-
tion and simulation studies. The ALTO detectors take advan-
tage of the water Cherenkov technique, and are optimized for
=1 the detection of VHE gamma rays at high altitudes.

In contrast to most current and future initiatives in wide-
field-of-view ground-based gamma-ray astronomy, which con-
centrate on the multi-TeV to multi-PeV energy range (e.g.,
L) HAWC, High-Altitude Water Cherenkov Gamma-Ray Obser-
F! vatory, Abeysekara et al. 2019; LHAASO, Large High Alti-
(Y) tude Air Shower Observatory, Cao et al. 2019; or the proposed
O SWGO, Southern Wide-field Gamma-ray Observatory, Albert

et al. 2019), the primary science goal of the ALTO project is to
(:\! achieve a low threshold, of the order of 200 GeV, for the detec-
—> tion, the monitoring, and the characterization of soft-spectrum
'>2 VHE gamma-ray sources, which include active galactic nuclei
(AGN), and gamma-ray bursts (GRB). Therefore, the goal of
a ALTO is to optimize and improve the existing particle sampling
technique in the challenging domain of the energy range from
200 GeV to 10 TeV, while keeping the costs reasonably low?.
Detecting gamma rays with wide-field-of-view ground-based
particle sampling detectors in particular in the 200 GeV-10 TeV
energy range requires both the capability of sampling “small”

—
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2We estimate a ~ 20M€ materials construction cost on the basis of an
extrapolation from the prototype cost. The prototype is described in Section
1.2.
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gamma-ray showers originated from low-energy gamma rays
interacting at very high altitude in the atmosphere and an excel-
lent gamma-ray over cosmic-ray separation.

Signal over background (S/B) classification in this energy
range is a challenge: small gamma-ray and cosmic-ray showers
look very similar, as they trigger only a small number of parti-
cle detectors. We showed in Senniappan et al. (2021) — referred
to below as ALTO2] — our limited capability of S/B separation
in the lowest-energy bin with the SEMLA event classification,
which is based on a standard machine learning procedure using
human-crafted features. But we also mentioned that a Deep-
Learning-based classification might further enhance the event
separation in this energy range, as differences between the two
classes which are inconclusive for conventional methods might
yet be taken advantage of by Deep Learning. In this paper,
we evaluate the sensitivity of the simple ALTO design with the
SEMLA analysis technique without the use of Deep Learning,
so the results shown here can be considered as a lower limit to
the ALTO capabilities at the lowest energies.

In ALTO21, we demonstrated that using an advanced anal-
ysis strategy like SEMLA, we achieve a good performance in
the energy range considered’, and that our results do not im-
prove substantially when we add the information from the sig-
nals acquired in the scintillators positioned underneath the pri-
mary water Cherenkov tanks. Therefore we concluded that in
our energy range, the cost of adding a layer of scintillators was
not justified; consequently in this paper, we only use the pri-
mary water Cherenkov tanks.

Besides the obvious requirement to operate such detectors
at high altitude (5.1km in our simulations) to reach a lower

3Besides the lowest-energy bin.
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threshold, our detector design improvements include a simpli-
fication of the particle detector which, in this paper, is a water
Cherenkov tank?, and the use of signal waveforms which im-
prove the timing accuracy over threshold-passing methods.

Our study therefore aims to determine the requirements and
possible hardware choices in order for such a technology to be
effective for extragalactic gamma-ray astronomy. Our hardware
choices could be implemented as a standalone array, or encap-
sulated as a dedicated low-energy dense core inside a larger ar-
ray. Possible locations for the ALTO array are all in the Andes
(Argentina, Chile, Bolivia, Peru), to have the required high-
altitude plateau and to ensure complementarity with LHAASO
(Cao et al., 2019), which is operational in the Northern hemi-
sphere.

Finally, in this paper we consider point-like y-ray sources
only, although ALTO should also be sensitive to diffuse and
extended sources, thanks to its very wide Field-of-View.

1.1. The proposed ALTO detector design

The proposed ALTO detector array consists of 1242 detec-
tors in a circular array of 80 m radius as shown in Figure 1. The
full array is segmented into clusters, and each cluster consists
of six hexagonal-shaped Water Cherenkov Detectors (WCDs).
The WCDs are 2.5m tall and 4.15 m wide between the oppo-
site corners of the hexagon. Each WCD is filled with 25 m? of
water. An 8" super-bialkali Hamamatsu photo multiplier tube
(R5912-100) is placed at the central bottom of the WCDs. A
reflective crown is positioned on top of the PMT to increase the
water Cherenkov photon collection by ~40%.

The initial ALTO design in ALTO2] (Senniappan et al.,
2021) comprised an additional layer of 1242 scintillator detec-
tors, separated from each WCD by 25cm of concrete. This
scintillator layer was planned as a muon detector, aiming to
better distinguish gamma rays from cosmic rays. As we re-
ported in ALTO21 , this scintillator layer contributes somewhat
to the background discrimination, yet not significantly enough
to justify the cost, at least for the ALTO energy range and de-
tector array size. Hence, only the layer of WCDs is used in this
present work.

The simulations used in this paper are carried out for the full
proposed ALTO detector, covering an area of 20000 m?. A de-
tailed simulation study comprising shower generation, detec-
tor response, trigger, event reconstruction, data analysis, and its
subsequent performance study has been presented in ALTO21 .

1.2. The ALTO prototype at Linnaeus University

The ALTO R&D project involves prototype and simulation
studies. We have operated a prototype of the ALTO detector
units at Linnaeus University, Vixjo, from February 2019 (Sen-
niappan et al., 2021) until June 2022. The prototype consisted

4We will, in a future paper, present an alternative to the water Cherenkov
tank. The water Cherenkov tank has the main advantage of providing an ex-
cellent timing accuracy and to use only water as the detector medium, but it
comes also with some disadvantages: the large volume of water to be trans-
ported at high altitude and the need for water purification to avoid the growth
of bio-organisms.

of two water Cherenkov detectors, accompanied by two large
scintillator detectors and several smaller monitoring scintillator
detectors, as well as environmental monitoring devices. The
prototype allowed the verification and the stability of the hard-
ware choices implemented in the simulations, and in particular
justifies the final choice to lower the thresholds for triggering
and event reconstruction. Indeed, the prototype has been op-
erated with a threshold initially safely set at 20mV, for each
channel, and then lowered to 10mV while still triggering for
> 2 PMTs exceeding this threshold. This allowed to verify the
feasibility of the readout at this threshold, which on the other
hand, in simulations, has been proven to enhance the sensi-
tivity of a full array at low energy. The prototype served to
evaluate the readout method based on the WaveCatcher device
(Breton et al., 2014) set at 400 MHz sampling rate, 128 sam-
ples, and its Linux libraries that we used in our real-time data
analysis and formatting with ROOT6 (Brun and Rademakers,
1997; Bellenot et al., 2015), running on a dedicated Single
Board Computer connected to the WaveCatcher via UDP. The
sampling rate chosen for simulations is identical, and the num-
ber of samples similar (120), to ensure a similar and realistic
performance in charge integration and Time-of-Maximum mea-
surement. The single-photoelectron waveform template imple-
mented in the simulations has been measured on the PMTs used
in the prototype, at the operation gain of 10.

1.3. Aim of current work and evolution with respect to previous
work
The current work presents a refined study compared to
ALTO2] focusing on the following:

1. The aim of ALTO2] was to introduce the Monte Carlo
data production and analysis procedure and to study the
performance in terms of background discrimination, an-
gular resolution, effective area, and resolution on core po-
sition and energy. We showed that for the purpose of y-
ray astronomy, the scintillator detector layer as conceived
in our initial design gives mostly redundant information,
and therefore does not provide significant additional back-
ground discrimination. Given this conclusion, in the cur-
rent paper we present a new study using only one detector
layer — in particular the one giving the better timing infor-
mation, i.e., the layer of WCDs.

2. InALTO21, a detector “cluster” is composed by 12 detec-
tors (6 WCDs and 6 scintillation detectors), while in this
work, a cluster is composed by only 6 WCDs. Hence, the
cluster trigger condition used changes from 2 out of 12 in
ALTO21 to 2 out of 6 in this work.

3. From the experience gained in the ALTO prototype ac-
tivity, we learnt that we could lower the cluster trigger
threshold which opens the way to lowering the full de-
tector threshold. In ALTO21 , we used a 20mV thresh-
old per detector, which corresponds to ~ 3 photoelectrons
(p.e.), while a 10mV threshold will be used in this work,
corresponding to ~1.5p.e. Additionally, for the event re-
construction, the minimum level to take into account the
WCD signal can be reduced from 5 to 2 p.e. in integrated
signal.
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Figure 1: Proposed ALTO detector array. Left panel: The layout of the proposed ALTO array of 160 m diameter. A cluster consists of six ALTO units as
highlighted in the red box. Right panel: The geometry of an ALTO unit with its dimensions. A unit consists of a water Cherenkov detector (WCD).

4. In ALTO21 , we assumed that all the cosmic-ray compo-
nents behave like protons, which we simulated and scaled
up to the cosmic-ray spectrum. This results in an overes-
timate of the cosmic-ray rate seen by ALTO. In this work,
we study specifically the impact of the helium component
on rates, on the background discrimination, and on the sen-
sitivity.

5. In ALTO21 , we provided a performance study in terms
of resolutions, biases and effective areas. In this paper, we
update this to reflect the new configuration and trigger con-
ditions, and we provide a calculation of the sensitivity. We
calculate the Instrument Response Functions (IRFs), and
use them in the framework of Gammapy (see Section 6),
which allows us to study and predict the detection perfor-
mance of a number of already-known y-ray sources. In
this framework, we study the time needed to reach a firm
5o detection, as well as their spectra.

1.4. Structure of paper

Section 2 describes the atmospheric air shower and detector
Monte Carlo simulations. The trigger configuration used, and
the reconstruction technique, is briefly reviewed in Section 3.
Section 4 describes the analysis performed on the reconstructed
events, and Section 5 details the generation of the instrument
response functions. Finally, we present the ALTO sensitivity to
point-like y-ray sources, as well as the detection performance
and spectral analysis on a list of VHE y-ray sources in section
6. Then, we conclude with a discussion on possible future im-
provements in section 7.

2. Shower particles and ALTO detector response simula-
tion

For this study, atmospheric air showers are simulated us-
ing CORSIKA v7.4387 Heck et al. (1998). The primary par-

ticles simulated include point-like y-rays, diffuse protons (p)
and helium nuclei (He). The air shower particles are simu-
lated down to 5.1 km above sea level. Table 1 summarises
the characteristics of the air shower simulations used in this
study, which follow those used in ALTO21, with the addition
of the helium background. We use the same characteristics for
the proton and helium simulations, with the exception of their
power law spectral indices, these being taken from Bernlohr
et al. (2013). Given these characteristics, we can calculate the
live-times which would be required to produce the numbers of
protons and helium nuclei simulated, as 27.6 and 37.6 minutes,
respectively, as shown in the table. These live-times are needed
to find the corresponding background rates as a function of en-
ergy for the IRFs (sections 4, 5).

Following the atmospheric air shower simulation, Geant4
v4.10.02.p02 (Agostinelli et al., 2003) is used to obtain
the ALTO detector response. The detector design introduced
in Section 1.1 is used for the simulation. The number of
Cherenkov photons and their arrival time at the PMT level are
produced by the detector simulation. Subsequently, the wave-
form of the signals are generated using our custom PMT re-
sponse simulation.

3. Trigger configuration and shower reconstruction

In order to optimize the array for the detection of soft spec-
trum VHE sources, a loose trigger configuration with a low sig-
nal threshold is used: a 6-WCD cluster is considered as trig-
gered if 2 tanks have a signal exceeding 10 mV, which corre-
sponds to about 1.5p.e. at the foreseen operation gain of 10’
for the photomultipliers. This improvement with respect to the
work presented in ALTO21 , where the threshold was 20 mV,
has been proven to be feasible thanks to the ALTO prototype
activity. Indeed, in addition to the fact that operation remains



Table 1: Simulation details. CORSIKA shower simulation characteristics and number of events simulated. 61 and ¢ represent the true zenith and
azimuthal angle, respectively. The simulated live-time for the background is derived from these characteristics, assuming the proton and helium

spectra given in Bernlohr et al. (2013).

Primary Power law  Energy or ér Impact Events  Simulated
type spectral range [deg] [deg] parameter (x10°) live-time
index [TeV] [m] [min]
y-ray -2 0.01-100 18 0 0-130 34
proton -2.7 0.06-100  15-21 0-360 0-184 224 27.6
helium nuclei -2.64 0.06-100  15-21  0-360 0-184 199 37.6

stable and immune to electromagnetic noise, the higher acci-
dental coincidence rate measured at 10 mV can be handled at
the level of the cluster, where a single board computer extracts
the relevant parameters from the waveform to send them to the
central data acquisition, and, when extrapolating, at the level of
the central DAQ itself.

Clusters not satisfying the trigger criterion are ignored. For
clusters passing the trigger, the parameters extracted from the
waveform are the integrated charge in units of photoelectrons
and the time of maximum of the waveform. These two quanti-
ties are used in the reconstruction procedure. For an event to be
reconstructed, at least eight tanks should have a signal exceed-
ing 2 p.e. This key feature allows to lower the energy threshold
of the array, compared to ALTO21 , where 5 p.e. have been used.

The shower reconstruction is performed in several steps.
First, using the integrated charge from each detector, the shower
core position is obtained from a fit of the lateral distribution
with the NKG function (Kamata and Nishimura, 1958; Greisen,
1960). Then, the time of maximum and the shower core are
used to obtain the arrival direction of the primary particle using
a hyperbolic shower front model (Corstanje et al., 2015; Apel
et al., 2014). The reconstruction procedure also provides other
shower parameters, such as shower size, which are later used
in the analysis. The shower reconstruction and the variables
obtained from the procedure are reported in detail in ALTO21 .

4. Background discrimination and energy reconstruction:
the SEMLA analysis

The SEMLA (Signal Extraction using Machine Learning for
ALTO) analysis involves machine learning methods using ar-
tificial neural networks for selecting well-reconstructed events,
for gamma over hadron separation, and for energy reconstruc-
tion ALTO21 .

The analysis procedure is applied to events for which there
are at least eight tanks triggered (Nwcp > 8). It consists of four
successive stages: stages A, B, C and D. Stage A is a simple
filter to remove the few pathological events for which the re-
construction has clearly failed to converge. Stages B and C in-
volve machine learning classification procedures. The classifi-
cation of the events is performed for three bins in reconstructed
shower size to ensure energy-dependent background rejection.
After training/testing, the cuts are obtained for a given signal ef-
ficiency. Stage B focuses on removing the poorly reconstructed
events. The crucial part of the SEMLA analysis is to separate

the y-rays from the cosmic-ray background, which is performed
in stage C. We noted that if we include helium nuclei in the
training, we do not find any improvement in the background
rejection performance, so here we use only protons in the train-
ing. The analysis cuts defined in Stages A, B, and C are then
applied to simulated y-rays, protons, and helium nuclei leaving
a set of well-reconstructed y-rays and ““y-ray-like” protons and
helium. Finally, in stage D, the energy of these selected events
is obtained using a machine learning regression method.

The SEMLA training was done on one half of the simulated
events, while the other half was used for the performance plots
and the sensitivity calculation in the following sections.

The distributions in true energy of the simulated events af-
ter the successive SEMLA cut stages are shown in Figure 2 for
gamma rays, protons, and helium. Table 2 shows the overall
efficiency for the selection after the successive SEMLA cuts.
Given the live-times for the simulation derived in Table 1, this
can be used to determine the event rates for the background pro-
ton and helium cosmic rays. For the y-ray events, as in ALTO21
, we posit a “pseudo-Crab” source at 18° from Zenith, with the
same power law as in Aleksi¢ et al. (2015), but with no expo-
nential cut-off, to have a bright, steady source with a spectral
index close to that simulated for the y rays.

In this study, we obtain a proton rate alone of
3.65/deg’ /min, slightly higher than the value of
3.3/deg® /min reported in ALTO2I for which a scaling
factor had been applied on protons to account for all species
in Cosmic Rays. This higher background rate — even without
accounting for heavier species as below in section 5.3.1 —is due
to the lower trigger and reconstruction thresholds of the ALTO
detector used in this work. This is somewhat compensated
for by the higher rate for the pseudo-Crab y-ray source of
0.70/ min, thanks to the lower threshold, compared to the
0.56/ min in ALTO21 . For soft-spectrum sources such as the
AGN and GRBs which are a major target for ALTO, this gain
will be even greater.

Figure 3 presents the angular resolution (68.3% containment)
for the y-rays, shown as a function of both true energy log,,(ET)
and reconstructed energy log,,(Er). This angular resolution as
a function of reconstructed energy is then used (Sections 5, 6)
as an angular cut on the point-source y-rays, decreasing from
~ 1.2° near the ALTO threshold to below 0.2° at the high-
est energies, corresponding to solid angles of ~4 deg® down to
0.1 deg?.

In Figure 4, we show the performance of the ALTO detec-
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Figure 2: SEMLA performance on simulated y-rays, protons and helium nuclei. 7op panel: True energy distribution of simulated y-ray events
after each SEMLA analysis stage. Bottom panels: True energy distribution of simulated protons (Left) and helium nuclei (Right) after each

SEMLA stage.

tor optimized for soft-spectrum VHE sources. Comparing with
Figure 14 from ALTO21 , we note that the performance is prac-
tically identical, except for the effective area for y-rays, where
the previous performance is shown for comparison on the fig-
ure. The gain in effective area (or equivalently a lowering of
energy by ~ 20% for the same effective area at sub-TeV en-
ergies) is the consequence of the lowering of the trigger and
reconstruction thresholds.

5. Generation of Instrument Response Functions

5.1. Generation of ALTO Instrument Response Functions after
SEMLA
Instrument Response Functions (IRFs) were generated from
the above Monte Carlo simulations using the PyIRF v0.6.0
package being developed for CTA (Nothe et al., 2022). The
relevant IRFs are produced after all SEMLA selection cuts, as
defined in ALTO21 , are applied.

5.2. ALTO response to point-like gamma-ray sources (IRFs)

Here, we consider only point-like y-ray sources, so in ad-
dition to the SEMLA cuts we apply a selection on the recon-

structed y-ray direction to generate “point-like” IRFs. This an-
gular cut is the 68.3% containment radius for the y-ray events,
and is defined as a function of reconstructed energy Eg. Since
we estimate the sensitivity in uniform bins in log,,(Er) (five per
decade), the angular cut is defined in the same bins, as shown
in Figure 3.

For the gamma rays, the effective area for detection and
the energy dispersion matrix are generated with 100 bins per
decade of true energy, log,,(ET), and 5 bins per decade of re-
constructed energy, log;,(Er), the latter to match the energy
bins used for the sensitivity estimation.

5.2.1. Response to a Crab-like Gamma-ray source

The pseudo-Crab source described above would be detected
by ALTO with a rate of 0.70 y-rays per minute after all SEMLA
cuts and prior to the angular resolution cut, or 0.48 y-rays per
minute including the angular selection cut. The ALTO response
to the pseudo-Crab source after SEMLA prior to the angular
selection cut as a function of reconstructed energy is shown in
Figure 5 (left), which can be compared to the response to the
proton and helium background on the right panel, discussed be-
low.



Efficiencies Rates
Stages y-ray Proton He nuclei | y-rays Protons Helium
[min~!] [deg?min~T]
Stage A 95.6% 90.9% 90.2 % 2.86 121.04 27.37
Stage B 329% 21.6% 21.7 % 0.98 28.77 6.57
StagesC-D | 23.3% 2.7% 1.4 % 0.70 3.65 0.41

Table 2: SEMLA efficiencies and indicative rates. Remaining fraction of simulated y-rays, protons and helium nuclei relative to the events with
Nwcp > 8 after each SEMLA stage, before the application of the angular selection cut. The y-ray rates are estimated for the Pseudo-Crab source

described in the text, prior to the angular selection cut.
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Figure 3: Angular resolution of simulated y-rays selected by
SEMLA. The points represent the 68.3% containment of the distribu-
tion of the angle between each event’s reconstructed shower direction
and the true direction. The error bars indicate the 38.3% to 86.6% con-
tainment range. For clarity, the points in Et and Eg are slightly shifted
left and right respectively in energy

5.3. ALTO response to background

For the background estimate, we define a +3° band in zenith
angles encompassing the source (between 15-21°), over all az-
imuths. The background rate across this band being flat at a few
% level, we use the rate averaged over the band to estimate the
background event rate, in 5 bins per decade for log,,(ER).

5.3.1. Inclusion of the Cosmic-ray background beyond protons

For our preceding paper in ALTO21, due to computing-power
constraints, we had generated only proton Monte Carlo simu-
lations for the background, with these being scaled to the all-
particle cosmic-ray flux to give estimates of the background
cosmic-ray rate for ALTO. This was a conservative approach,
as we expected the heavier nuclei to be more easily rejected
than protons. Note that in the approach initially followed by
CTA (Bernlohr et al., 2013) which simulated multiple species
of cosmic rays, it was found that the heavier nuclei are more
easily rejected by Imaging Atmospheric Cherenkov Telescope
(IACT) arrays. Thus, in more recent CTA work, only protons
are considered, unscaled to the all-particle flux. For particle de-
tector arrays, however, the effect of helium and heavier cosmic-
ray backgrounds are generally taken into account based on the

most recent abundance measurements (e.g., for HAWC, Abey-
sekara et al. 2012, 2014, and LHAASO, LHAASO collabora-
tion 2021). However, the differences in response to the different
species are generally not detailed.

For this paper, we have now additionally simulated the he-
lium cosmic-ray background in order to test the assumption that
heavier species beyond protons are more easily rejected, even
if not as unequivocally as for IACTs. This also provides a more
accurate estimate of the background rate than in our previous
paper, needing fewer assumptions.

These background rates, Figure 5(right), show clearly that
in reconstructed energy, after SEMLA cuts, the proton back-
ground rate highly dominates over the helium rate, despite the
fact that before cuts the helium spectrum is only ~ 25% lower
than the proton spectrum given in Bernlohr et al. (2013) (see
Table 3). We find the ratio of the integral rate of protons over
helium to be ~ 9, as shown in the figure, so taking 0.11 times the
proton rate could be used as a proxy for the helium rate. We also
noted that the sum of the fluxes of the species heavier than he-
lium given in Bernlohr et al. (2013), is closely comparable with
the helium flux itself, such that taking the proton flux plus twice
the helium flux happens to reproduce the all-particle Cosmic-
ray flux to within £2% in the energy range from 100 GeV to
100 TeV.

Therefore, we can estimate the background rate taking the
ALTO response to Cosmic Rays to be at the level of the re-
sponse to protons plus twice that to helium. Given the intrinsic
imprecisions in the simulation of the detector response, which
can only be fully explored after the construction of a full de-
tector, this approximation is justifiable. In fact, given that the
helium rate is close to 0.11 times the proton rate, these could
be combined to give an approximation of the background being
1.22 times the basic proton rate. Both of these scenarios are
considered in the estimation of the sensitivity.

Finally, adding the ALTO detector response to proton show-
ers and the showers from helium nuclei and doubling the latter
as a proxy for the responses to heavier species gives the es-
timate of the background rate, both overall (4.48/ deg2 / min)
and as a function of reconstructed energy. This summed esti-
mate (i.e., protons plus twice the helium rates) for the back-
ground as a function of reconstructed energy, log,,(Er), is used
in the following section to estimate the sensitivity of ALTO and
its response to several example point-like y-ray sources.

The question of the contribution of the electron CR back-
ground may be posed, especially since electron-initiated show-
ers are practically indistinguishable from those initiated by y-
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Figure 4: SEMLA performance on simulated y-rays after the angular selection cut. Upper Panel: The effective area in m? (left) and the core
resolution in metres (right). Lower Panel: The energy bias and its spread (left), and the energy resolution (right) as a function of energy. In the
right panels, the points in Et and Eg are slightly shifted left and right respectively in energy for clarity. For details of the definitions of Bias,

Spread, and RMS, see Section 8 of the previous work ALTO21 .

rays. The electron flux is a tenth of a percent of that of protons
at 100 GeV, and decreases rapidly with increasing energy, but
the collection area for these is designed to be maximal — as
required for the y-rays — whereas the collection area for pro-
tons is minimized by their rejection factor after SEMLA cuts.
Given the IRFs of the y-rays, and assuming that the electron
collection area is the same as that for the y-rays, we can eval-
uate the ALTO response to electrons (again, as given by Bern-
16hr et al. 2013), simply by multiplying the electron flux by the
y-ray collection area (corrected to be that prior to angular se-
lection cuts) and convolving with the energy dispersion. This
gives the response in reconstructed energy, log,,(Er), shown in
Figure 5(Right). It can be seen that the irreducible background
rate from electrons is still less than 1% of the proton rate, both
after the SEMLA cuts, and so may be neglected.

Furthermore, from the angular cut defined above in Sec-
tion 5.2, also given in bins in log,;,(Er), we estimate the back-
ground rate in each energy bin in the region around the point-
source, the sum of which over all energies is found to be
8.28 min~'.

We conclude that contribution of helium, while not negligible
for particle detector arrays, is greatly suppressed with respect to
that of the protons for the same reconstructed energy, and so we
can make a more accurate estimate of the background rate —
and therefore of the ALTO sensitivity and response to sources
than in our previous work.

6. Sensitivity and Spectral Response calculation

6.1. Point-source Sensitivity

For y-ray experiments, the sensitivity is generally quoted as
a differential flux level in bins in log,(Ereco), generally with 5
bins per decade. This flux level is required to fulfil several crite-
ria, as follows. The flux level must result in a sufficiently large
number of y-rays, N,, against the background rate, Ngg, to give
a 50 significance in that bin. The flux must give a minimum
N,, where for ALTO we require > 10, and we also require N, >
1% of the background estimation. The latter is much less than
commonly used for IACTs, since for WCDs there are fewer
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perturbative effects, for example, there is no night-sky light or
stars.

For IACT experiments, an observation time of 50 h is usually
used as a basis, since this is a reasonable time within a calen-
dar year for pointed observation of a source during Moon-free
night-time with good weather conditions. These observing con-
straints do not apply to particle detector arrays such as WCDs.
For ALTO, taking the sensitivity and threshold to be reasonably
flat up to 30° from Zenith, a source in the declination range
for observation would be observable for approximately 4 h per
transit (day or night, independent of Moonlight), or 1461 h per
year. This range may be extended to higher zenith angles, but
with the penalty of a higher threshold which must be taken into
account with extensive Monte Carlo simulations which are be-
yond the scope of this paper.

We use the Gammapy 1.0 package (Deil et al., 2017; Acero
et al., 2022) for the estimation of the differential sensitivity of
ALTO, and for the response to typical known sources, assuming
these transit above the ALTO site. This has been cross-checked
with custom codes developed for the previous paper, with good
agreement.

For the background estimation, we assume that when observ-
ing with a full array the rate can be estimated from circular areas
at the same distance from Zenith but different azimuths. Given
the low background rates after SEMLA cuts — especially at the
highest energies — we take the background OFF-source region
to consist of 12 such areas with a radius of 3 deg (so ~0.1 sr in
total), out of 18 such areas possible in this zenith band.

However, Gammapy does not yet allow such a background
region as standard, being optimized for pointing instruments
with small fields-of-view. So, we calculate the background
counts in the OFF-region directly from the background rate
IRF and the supposed observation time, and provide this to
Gammapy. Together with ON and OFF acceptances (which

are just the corresponding solid angles), this allows us to use
Gammapy to compute the sensitivity, i.e., the flux required in
each energy bin to fulfil the criteria listed above.

The differential sensitivity of the full ALTO detector with
the SEMLA analysis, in this estimation, is shown in Figure
6(Upper-Left). Each step plot corresponds to a given obser-
vation time, from 4 h (one transit) through to the 1461 h which
would be achieved in one calendar year of operation. The solid-
line steps correspond to the estimate of the Cosmic Ray back-
ground using the proton background combined with twice the
helium background, while almost-indistinguishable dashed line
is for the protons scaled by a factor 1.22, and finally the dot-
ted line is the too-conservative proton background alone scaled
to the cosmic-ray background (by a factor ~ 2.5), as assumed
in our previous paper, ALTO21 . This therefore demonstrates,
at least for ALTO, that using only proton simulations and scal-
ing by the appropriate factor is equivalent to including scaled
helium simulations, and likely equivalent to simulating the full
range of cosmic-ray species. Figure 6 also shows the ALTO
differential sensitivity for one calendar year of operation su-
perimposed with the spectra from several sources of interest,
described in the following section, for soft- and hard-spectrum
sources respectively on the Upper-Right and Lower-Left plots.
In the next section we also estimate the ALTO spectral response
to these sources of interest.

6.2. Spectral response

The spectral response is estimated similarly to the procedure
for the point-source sensitivity. From the IRFs, for a given sup-
posed source y-ray spectrum in true energy and a given obser-
vation time, the signal counts in each bin in reconstructed en-
ergy can be calculated, along with the background counts in
the OFF-source region estimated as above. We then produce
a number of realizations of a typical observation by including
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Figure 6: Sensitivity to point-like y-ray sources. Sensitivity for the ALTO detector, shown as step plots: Upper-Left for observation times for
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Poisson fluctuations in the ON- and OF F-source counts in each
energy bin 7, to give realistic simulations of binned spectral
data.

From each set of realizations of the spectral response for
a given source, we can find the average excess counts which
would be measured in the ON-region (where this is an estimate
of the y-ray counts) and its error, compared to the background
counts in the ON-region along with their error which is esti-
mated from the much larger OFF-region. This gives the overall
average detection significance which would be achieved for a
source if it were at 18° from Zenith.

In Table 3, we present the performance of ALTO to a number
of notable examples of point-like sources, for which the details
are given in Section 6.2.1. For transient or outburst episodes,
we choose the observation times considered as equal to the flare
time actually observed, while for the steady or non-outburst
cases we consider longer times needed to achieve a significant

SGammapy’s ‘fake’ method is used for injecting these Poisson fluctuations.

signal. The ‘Background’ counts can be seen to scale with the
observation time according to the ~8.28 min~! rate within the
angular cut given above.

The performance was checked on a larger number of sources,
but for most of the brighter AGNs (besides Markarian 501)
the observation times required for detection of the steady state
were found to be several years. For the other GRBs detected at
VHE, even extrapolating back to the onset of the exponential-
decay phase, the detectability on the GRB time-scales was
not achieved, although there may be other GRBs which were
missed by VHE instruments due to observing constraints to
which ALTO would not be subject. Note that the significances
shown in Table 3 are pre-trials, whereas for a blind search for
detection of a transient, trials would apply depending on the
choice of detection time-window. However, in the cases where
a detection from another instrument or messenger provides a
time-window, such trials would be minimized, while if ALTO
is used to provide alerts to other observatories, then those ob-
servatories can choose which false-alarm-rate is acceptable.



Source State Obs. Excess Background Signif. So-time
time (h) (o) (h)
HAWC 3349 (92.8 £ 1.4) x 10° 1664.1 x 10°  71.1

Crab Nebula spectrum 50 (139£0.17)x 10°  24.8 x 10° 8.7 17.1
Big Flare 1.32 169 + 31 656 6.3 0.86

PI?EI ZEIESS_’J))M T300-High 1.36 158 + 28 676 5.8 0.86

B Quiescent 1461 (5.87 £0.91) x 10° 726 x 10° 6.9 759

Mkn 421 HAWC 3yr 50 940 + 168 24845 5.9 38
VERITAS 0.75 28 +£23 373 1.44

1ES 1215430 flare 4 156 +£53 1988 344 79

GRB 190114C MAGIC 0.66 219 £25 330 11.0 0.144

Table 3: Detection significances expected on certain point-like sources with the ALTO array. The sources are all supposed at 18° from Zenith.
For the flaring sources or episodes, the observation time corresponds to the burst duration; for the other cases, observations of ~4 h per night
around transit should be considered. The confidence interval on the excess is the result of the statistical errors on signal and background, for the
100 realisations of each source’s spectrum. The significances are given pre-trials. See Section 6.2.1 for spectral references.

In addition, given the excesses and background in each bin
in reconstructed energy, spectral models can be fitted to each
realization. Given a number of realizations, the average spec-
trum which would be measured can be found and its parameters
determined, and they are found to be in accordance with the in-
jected model. Examples of single realizations of fitted spectra
are shown in Figure 7 for the same sources, where the blue
points and error bars correspond to the flux point estimation in
true (Monte Carlo) energy.

6.2.1. Sources considered

As example notable sources, we consider the brightest AGN
and GRBs, but also the Crab nebula which is a standard can-
dle for the domain of VHE astrophysics. In all cases, we
give the response as if the source were at 18° from Zenith for
4h per transit, which in actuality would only be the case for
the AGN PKS 2155-304, with ALTO located in the Southern
hemisphere.

Comparisons with source detections from existing detectors
are only indicative, as they follow sources for longer transit
times, while for ALTO we apply a cut-off of 4h, or 30° for
a source at Zenith. Also, for existing detectors, few of these
sources transit at Zenith, in fact. The estimations for an oper-
ational ALTO would be pessimistic in the former case, while
over-optimistic in the latter.

e Crab Nebula: For this ‘standard candle’ we take the Crab
spectrum as measured by HAWC (NN-method) (Abey-
sekara et al., 2019), since this covers a similar energy
range. In 837.2 calendar days, HAWC measured a sig-
nificance of 1390, whereas for ALTO in the same time
(837.2x4 h = 3348.8 h), the significance would be 7107 in
50h, a still-significant result of 8.70 can be achieved, see
Table 3. The spectrum shown in Figure 7 is for the longer
time, for comparison with the HAWC result.

e PKS 2155-304: This Southern-hemisphere AGN, discov-
ered at VHE by the Durham Mk-VI telescope in 1999
(Chadwick et al., 1999), is notable in that with the H.E.S.S.
IACT array it is detected in all states, from quiescent to ex-
ceptional outbursts. Here we consider three states:
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— The exceptional flare (or ‘Big Flare’) on July 28,
2006 (MJD 53,944), consisted of several fast bursts
observed over a duration of 1.32 h live-time (Aharo-
nian et al., 2007). We consider the broken power-law
for the full live-time given there. While for H.E.S.S.,
an average y-ray rate of 2.5 Hz and a significance of
1680 was found, for ALTO this would be detected
with 2.1 min~! at the 6.40 level. However, we note
that the H.E.S.S. observations began ~2h after the
start of the observability window of 30° from Zenith,
so with an instrument such as ALTO a wider time-
coverage could be achieved.

— T300-High: The second-highest flare occurred on
the subsequent night, also known as the “Chandra
night” given the multi-wavelength observations trig-
gered by the ‘big flare’, as described in Aharonian
et al. (2009). From this, we use the spectrum for
the high state T300-High part of the night’s observa-
tions, with duration 1.36h. The flux level here was
similar to the average of the preceding night, with
the spectrum described by a log-parabola, giving a
similar ALTO response as for the ‘big flare’ night.

— Quiescent state: since this is the most power-
ful nearby AGN at VHE, this source is detectable
nightly even in its quiescent state by H.E.S.S., for
example in H. E. S. S. Collaboration et al. (2010).
For ALTO, this quiescent state would give a highly-
significant detection at 6.9¢0" in one calendar year of
observation (1461 h on the source).

e Mkn 421: This source, detected in 1992 by the Whipple

Observatory y-ray telescope (Punch et al., 1992) is the
most powerful nearby Northern AGN (39.2° declination).
It has been detected by several VHE observatories since
then, even at large zenith angles by the Southern-located
H.E.S.S. Observatory. Here, we use the 3-year spectrum
as measured by HAWC between June 2015 and July 2018
(Albert et al., 2022), (~ 1038 days of exposure) to estimate
detectability. We model this using the intrinsic power-law
with exponential cut-off spectrum given there, absorbed on



the extragalactic background light, which results in a sig-
nificant 5.90 detection with ALTO in 50h. With HAWC,
where the source transits at 20° from Zenith, the detection
in the three-year exposure was at the 48¢- level; for ALTO,
if the source were Southern, similarly, a 51.10 detection
would be achieved with 1038 transits of 4 h.

e |ES 1215+30: This blazar with a red-shift above ~ 0.1
was first detected at VHE by MAGIC in 2011 (Aleksi¢
et al., 2012). It has been extensively followed by VERI-
TAS, which has observed several outbursts, notably at the
~ 2-Crab level on February 8, 2014, in a 45-minute ob-
servation window (Abeysekara et al., 2017). Based on the
average flux and Log-Parabolic spectrum during that win-
dow, it would hardly be detectable by ALTO in that time-
lapse. However, if that burst (which was compatible with
steady emission) continued for a 4 h transit, ALTO could
give an alert at a > 30 level, as shown in Table 3. We
note that HAWC observed a 30 excess from this source
(between November 2014 and June 2019) in their AGN
survey (Albert et al., 2021), unfortunately not overlapping
the VERITAS outburst.

e GRB 190114C: This is one of the most intense GRBs
seen at VHE, detected by MAGIC (MAGIC Collaboration
et al., 2019). We take the observed spectrum as seen be-
tween To+62s and Ty+2453 s (from Figure 2 in MAGIC
Collaboration et al. 2019), i.e., for ~40 min. We note (Ta-
ble 3) that the excess is of the same order of the back-
ground, so ALTO would significantly detect such a bright
GRB. For this high red-shift source, the spectral index
measured by MAGIC is 5.43+0.22, while for ALTO, based
on the procedure above with this injected index, the fitted
spectrum in 100 realizations was found to be 5.49+0.37.

6.3. Comparison with Current and Future Major Particle De-

tector Arrays

In Figure 6(Lower-Right), we also show the ALTO differ-
ential sensitivity for one calendar year of operation as com-
pared with major current or proposed future particle detector
arrays, although we would place strong caveats on such a com-
parison given the different assumptions under which the curves
have been produced. For the comparison, as a proxy for a cost
estimate, we give the number and size of the PMTs used in
the arrays, since the PMT photocathode area is one major cost
driver. For HAWC (Abeysekara et al., 2019) and LHAASO
(LHAASO collaboration, 2021), the sensitivity estimation is
given for tracking the Crab Nebula over all Zenith angles up to a
certain limit. The HAWC sensitivity curve was also adjusted to
take into account the conversion from 4 bins per decade in that
reference to the 5 bins per decade used here. For LHAASO, the
numbers of PMTs given concern the WCDA component (water
Cherenkov detector array), which provides the sensitivity be-
low the break at 16 TeV. Concerning ALTO (this paper) and
the “SWGO straw-man” sensitivity (Albert et al., 2019), the es-
timates are made based on fixed Zenith angle simulations (18°
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and 20° respectively), while assuming the source transits over-
head within +30° and +45° of Zenith, respectively, so assuming
4 hr/day for ALTO versus 6 hr/day for SWGO. Evidently, such
comparisons are indicative only.

Furthermore, we note that, when comparing differential sen-
sitivities, this comparison only carries partial information, as
the improvements in energy resolution are essentially indepen-
dent of the sensitivity. The energy resolution is an important
parameter, for instance, for the determination of the spectral
cutoffs.

When comparing the ALTO sensitivity with respect to
HAWC, it is difficult to disentangle the effect of the altitude
from the hardware and design choices, as the number of PMTs
is similar.

As compared to LHAASO, it should be noted that while the
reported sensitivity extends lower in energy than ALTO, this
is at the expense of over ten times more photocathode area for
the ensemble of PMTs, and the costly choice of using covered
pools for the detector medium.

Finally, for the scientific goal of the ALTO project which is
to enlarge the y-ray horizon of high-altitude detector arrays by
studying the detection capability for extragalactic soft-spectrum
sources, and in particular, the capability of detecting transient
phenomena with a wide field-of-view, the ALTO design and
hardware choices represent an efficient, cost-effective solution,
since with just an eighth of number of similar-sized PMTs than
proposed by SWGO, ALTO has a threshold ~ 2 times lower
than SWGO, while having only ~ 2-3 times less sensitivity at
300 GeV. This implies that ALTO could operate as a standalone
array, or as a high-density core of a future larger initiative such
as SWGO.

7. Summary and outlook

In this paper, we show the point-like source detection capa-
bility of a ground-based y-ray detector array such as ALTO,
located at an altitude of 5.1 km. Until now, in the extragalac-
tic field similar types of array have detected only the clos-
est hard-spectrum AGNs (Mkn 421 and Mkn 501, by HAWC,
Albert et al. 2022) or the recently-detected ultra-bright GRB
(GRB 221009A, by LHAASO, Huang et al. 2022)°. Therefore,
the y-ray horizon of this technique is, at present, quite limited.

The ALTO results presented in this paper were obtained after
an effort comprising prototyping, full Monte Carlo simulations,
a full reconstruction and analysis strategy and the use of the
Gammapy software tool (Acero et al., 2022), which is becom-
ing the standard tool in y-ray astronomy for high-level analysis.
We show here the detection significances for a list of sources of
interest, and their reconstructed spectra, focussing our study on
extragalactic sources and transient phenomena.

We find that for short and bright transient phenomena, ALTO
is capable of significantly detecting an excess of gamma rays,
which makes it interesting for the monitoring of VHE y-ray
sources, given its large field-of-view.

6The ALTO response to GRB 221009A has not been considered here, as
spectral parameters are not yet available.



As a VHE monitor, it can be used to give instant alerts to
other pointing observatories, thus optimizing the observation
strategies on transient phenomena.

However, the capability on steady soft-spectrum sources re-
mains quite limited, indicating that the technique still needs
to be improved. In a forthcoming publication, we will show
how we could possibly improve the sensitivity of wide-field-of-
view ground-based gamma-ray observations during darkness,
by coupling the ALTO particle detectors with sensitive atmo-
spheric Cherenkov light collectors.
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Figure 7: Spectral responses for selected sources. Crab Nebula 3348.8 h (to compare with HAWC 837.2 calendar days); Markarian 421 50 h
(taking HAWC'’s 3-year average spectrum); PKS 2155-304: quiescent for 1 calendar year (1461 h live-time), Big Flare 1.32 h, “Chandra night”
T300-High 1.36 h; GRB 190114C for 40 min. On the spectra displayed, 20" upper limits are shown.

16



	1 Introduction
	1.1 The proposed ALTO detector design
	1.2 The ALTO prototype at Linnaeus University
	1.3 Aim of current work and evolution with respect to previous work
	1.4 Structure of paper

	2 Shower particles and ALTO detector response simulation
	3 Trigger configuration and shower reconstruction
	4 Background discrimination and energy reconstruction: the SEMLA analysis
	5 Generation of Instrument Response Functions
	5.1 Generation of ALTO Instrument Response Functions after SEMLA
	5.2 ALTO response to point-like gamma-ray sources (IRFs)
	5.2.1 Response to a Crab-like Gamma-ray source

	5.3 ALTO response to background
	5.3.1 Inclusion of the Cosmic-ray background beyond protons


	6 Sensitivity and Spectral Response calculation
	6.1 Point-source Sensitivity
	6.2 Spectral response
	6.2.1 Sources considered

	6.3 Comparison with Current and Future Major Particle Detector Arrays

	7 Summary and outlook

