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ABSTRACT

EUSO-TA is a ground-based fluorescence telescope built to validate the design of ultra-high energy cosmic ray
fluorescence detectors to be operated in space with the technology developed within the Joint Exploratory
Missions for Extreme Universe Space Observatory (JEM-EUSO) program. It operates at the Telescope Array
(TA) site in Utah, USA. With an external trigger provided by the Black Rock Mesa fluorescence detectors of
the Telescope Array experiment, with EUSO-TA we observed air-showers from ultra-high energy cosmic rays,
as well as laser events from the Central Laser Facility at the TA site and from portable lasers like the JEM-EUSO
Global Light System prototype. Since the Black Rock Mesa fluorescence detectors have a ~30 times larger field
of view than EUSO-TA, they allow a primary energy reconstruction based on the observation of a large part
of the shower evolution, including the shower maximum, while EUSO-TA observes only a part of it, usually
far away from the maximum. To estimate the detection limits of EUSO-TA in energy and distance, a method
was developed to re-scale their energy, taking into account that EUSO-TA observes only a portion of the air-
showers. The method was applied on simulation sets with showers with different primaries, energy, direction,
and impact point on the ground, as well as taking into account the experimental environment. EUSO-TA was
simulated with an internal trigger and different elevation angles and electronics. The same method was then
applied also to real measurements and compared to the simulations. In addition, the method can also be used
to estimate the detection limits for experiments that are operated at high altitudes and in most cases can
see the maximum of the showers. This was done for EUSO-SPB1, an instrument installed on a super-pressure
balloon. Finally, the expected detection rates for EUSO-TA were also assessed using the prepared simulated
event sets. The rates correspond to a few detections per recording session of 30 h of observation, depending
on the background level and the configuration of the detector.

1. Introduction

One of the aims of the JEM-EUSO program [1] is to build a fluo-
rescence cosmic ray detector designed to observe Ultra-High Energy
Cosmic Rays (UHECRs) from space. The UHECRs of interest have
energy 25 x 10'° eV. As deflections due to the extra-galactic and
galactic magnetic fields decrease with the energy, at these energies the
possibility of identifying the astrophysical sources is enhanced. More-
over, a strong suppression in the flux observed at such energies could
be consistent with the Greisen-Zatsepin—-Kuzmin (GZK) cutoff [2,3],
photo-disintegration of primaries, or the maximum power of sources.
The origin of the suppression is still debated and subject of studies.
However, the observation of such cosmic rays is challenging because
of their low flux of ~1 particle/km?/millennium. The advantage of ob-
servations from space is that the detection aperture is higher from space
with respect to ground, since the observed area projected on the ground
would be up to ~10° km?, much larger than any current ground-based
experiments that cover areas of ~10° km?2. In this context, UHECRs can
be detected by observing the UV fluorescence light emitted isotropically
by nitrogen molecules when extensive air showers (hereafter called
simply “showers”) induced by UHECRs cross the atmosphere, which
acts as a huge calorimeter. When UHECRs cross the atmosphere, there
is also Cherenkov emission, occurring when charged particles cross a
medium with a speed higher than the speed of light in that medium.
This emission happens in a cone around the direction of the shower
development and both direct and scattered Cherenkov photons can be
detected by fluorescence detectors as well.

EUSO-TA [4,5] is one of the experiments of the JEM-EUSO program,
developed and operated to validate the observation principle and the
design of the JEM-EUSO detectors, by observing showers and laser
pulses from the ground. It is installed at the Telescope Array (TA) [6]
site in Utah (USA), in front of the Black Rock Mesa Fluorescence
Detector (TA-BRM-FD) station [7], as shown in Fig. 1. With the external
trigger provided by the TA-BRM-FDs, it is possible to detect showers
and pulsed lasers from the Central Laser Facility (CLF) [8] located about
21 km away, which can be used to test and calibrate the detector.
In addition, portable lasers with adjustable direction and energy, like
the Global Light System prototype (GLS) [9], can be used to vary the
distance and direction of the source from the detector.

This paper provides updates to the analysis discussed in [4]. It
describes the estimation of the detection limit of EUSO-TA, i.e. the
energy required to detect showers varying the distance, taking into
account that EUSO-TA observes only a portion of their development.
Taking into account that in the energy range considered in this analysis,
both the light and heavy components are present [10], both proton
and iron were simulated as primary cosmic rays. The idea is to obtain
results for both the primaries, expecting that the actual limits are
in between them. The detection limit for EUSO-TA was re-scaled to
estimate the limit of EUSO-SPB1, that operated from a super-pressure
balloon in 2017, considering the different detection efficiencies and
atmospheric paths from the telescope to the shower. The results for
EUSO-SPB1 are then compared with the expectations from previous
analyses performed for EUSO-SPB1, based on both measurements and
simulations. In addition, the paper provides an estimate of the expected
detection rates for EUSO-TA. Both analyses have been performed via
simulations of EUSO-TA with its own internal trigger algorithm and
different electronics configurations, observing showers with different
energy, direction, and impact point on the ground. The results are then
compared to the real measurements, in which showers were identified
by the external trigger from the TA-BRM-FDs.

2. The EUSO-TA detector

The EUSO-TA detector consists of an optical system with two
flat Fresnel lenses of 1 m diameter and 8 mm thickness, made of
Poly(methyl methacrylate) - PMMA [11]. The EUSO-TA focal sur-
face has a concave shape, size of about 17 cmx17 cm, and consists
of an array of 3 x 3 Elementary Cells (ECs), each one made of
2 X 2 Hamamatsu Multi-Anode Photo-Multiplier Tubes (MAPMTs,
model R11265-M64) [12]. The array of 6 x 6 MAPMTs and the readout
electronics make the so called Photo-Detection Module (PDM). A Fres-
nel lens and the PDM of the EUSO-TA detector are shown in Fig. 2. Each
MAPMT has 8 x 8 pixels of 2.88 mm side and with a field of view (FOV)
of 0.2°x0.2°, which represents the angular resolution of the detector;
the complete focal surface has 2304 pixels, and the total FOV of the
detector is ~10.6° x 10.6°. Each pixel has a gain (electron multiplication
ratio) of more than 10°, which allows single-photon counting and an
overall photo-detection efficiency of ~30%. A 2 mm thick UV band-
pass filter (in the range 290—430 nm), made of BG3 material and with
anti-reflective coating, is glued on top of each MAPMT.
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The time resolution of most of the JEM-EUSO instruments is 2.5 ps,
which was defined for the observations from space.! The readout is
performed by one 64-channel SPACIROC1 ASIC chip [16] per MAPMT,
with a dead time at the beginning of each GTU of 200 ns and 30 ns
double pulse resolution.

As typical of fluorescence detectors, EUSO-TA works at nighttime
and in the best cases in clear sky conditions, to reduce the effects of
atmospheric and cloud attenuation. The elevation of the telescope axis
can be manually changed from 0° to 30° above the horizon, whereas
its azimuth is fixed at 53° from North counterclockwise, pointing to the
CLF.

Data discussed in this paper have been acquired with the exter-
nal trigger from the TA-BRM-FDs: in case of a trigger, a packet of
128 frames centered at the time of the trigger is saved. However, as
the FOV of the TA-BRM-FDs is about 30 times that of EUSO-TA, not
all the showers detected by the TA-BRM-FDs are inside the FOV of
EUSO-TA. This issue is overcome thanks to the support of the Telescope
Array Collaboration that provides us the list of showers inside the
FOV of EUSO-TA. This does not guarantee that the same event is
visible in the EUSO-TA data, as the sensitivities of the two experiments
are different and also because the EUSO-TA observes only a portion
of the shower, due to its small FOV, and therefore EUSO-TA might
measure only a faint emission that cannot be distinguished from the
background. For this reason, offline analysis is required to search for
shower events in the EUSO-TA data. Moreover, the Telescope Array
Collaboration performs the shower reconstruction and shares with the
EUSO-TA group information about the showers that cross the FOV of
EUSO-TA, such as the arrival time, direction, impact point on ground
(also called “shower core position”), and energy, which can be used for
further analyses.

The EUSO-TA experiment provides the opportunity to easily test the
technology for existing and future experiments within the JEM-EUSO
program, as it allows stable field observations for extended periods. To
increase the quantity and quality of data acquisitions, an upgrade of
the detector is foreseen, as discussed in Section 2.1.

2.1. Upgrade of EUSO-TA: EUSO-TA2

Up to now, data acquisition sessions were performed in parallel to
those of the Telescope Array, taking advantage of the external trigger
made available by the TA-BRM-FDs, optimized for the observation of
UHECRSs from ground. An upgrade of EUSO-TA is ongoing, to allow op-
erations with upgraded electronics and self-trigger capability, defining
the so-called EUSO-TA2 experiment.

The electronics will be upgraded with the installation of the new
SPACIROCS3 boards [17], with a dead time at the beginning of the GTU
of 50 ns (instead of 200 ns) and 5 ns double pulse resolution (instead
of 30 ns for SPACIROCI). This increases the sensitivity of the detector,
in particular to close showers. Indeed, for these showers the flux of
photons arriving on each pixel is higher than for distant showers, and
moreover, the shower itself crosses the pixel FOV in short timescales.
Reducing the time window in which single photons can be collected
reduces the probability that more than one photon arrives in the same
time window, which would result in the collection of the first photon
and the loss of the following ones.

1 The GTU of 2.5 ps corresponds to the time needed for an EAS-generated
signal to cross, at the speed of light, the field of view of a pixel of a space-based
detector observing a square area on ground of diagonal 750 km. This was kept
also for the ground-based EUSO-TA, the first balloon-based EUSO-Balloon [13]
and EUSO-SPB1 [14], in order to test the original design of a future space-
based detector. It was reduced to 1 ps for the most recent balloon-based
experiment EUSO-SPB2 [15], to operate a mission with a more appropriate
time resolution for observations from the stratosphere.
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Fig. 1. The EUSO-TA detector in front of the Black Rock Mesa Fluorescence Detector
station.

The detector will also be upgraded with advanced self-triggering ca-
pabilities (level-1 trigger logic) [18]. This will be achieved by replacing
the current PDM data processing board with a new board with more
memory and resources, based on the system-on-chip Zynq XC7Z030
FPGA [19]. The data read-out will be possible on three timescales:
2.5 ps (D1-GTU) for the observation of showers (the basic time reso-
lution of the JEM-EUSO detectors); 320 ps (D2-GTU = 128 x 2.5 ps)
to follow the evolution of fast atmospheric events such as transient
luminous events and lightning; and 40.96 ms (D3-GTU = 128 x 128 x
2.5 ps) for slow events such as meteors and strange quark matter
(strangelets). D1 and D2 data will be subject to two dedicated trigger
logics (level-1 and level-2, respectively), while D3 data will be collected
continuously and events will be recognized with offline event search
algorithms.

The general idea of the level-1 trigger logic for shower detection
with EUSO-TA is to select pixels with an excess of counts/pixel over
an adaptive threshold, which is independent for each pixel. When
the number of pixels with counts above threshold is higher than a
preset value, a trigger signal is transmitted. The procedure to set an
independent threshold for each pixel consists first in computing the
average counts for each pixel every 128 GTUs, comprising basically just
the background photons. Then, an adaptive threshold of 4 ¢ above the
background is set for the following 128 GTUs (where ¢ is the variance
of the Poisson-distributed background). Every pixel has its independent
threshold to take into account the different backgrounds inside the
FOV and also the different responses of the pixels. There are several
requirements on the number, the spatial and temporal distributions
of pixels above threshold to be able to detect both close/faint and
distant/bright showers. For example, a low-energy shower close to the
detector will produce a fast and faint signal on a large portion of the
PDM, while a more distant shower will produce a track that will persist
on the same MAPMT for a few GTUs. Therefore, the check of the pixels
above threshold is done at the MAPMT, EC, and PDM level and for 1
GTU and 2 consecutive GTUs.

In Section 4.2, analyses of simulations using the level-1 trigger
are discussed, in order to estimate the detection limit of EUSO-TA.
Moreover, in Section 4.4, a study to evaluate the level-1 trigger rates
via simulations is reported. Both analyses include a comparison of the
trigger performance with the SPACIROC1 and SPACIROC3 ASIC boards,
different elevations of EUSO-TA, and two background levels.

3. Observation of UHECR events

Four data acquisition sessions in 2015 (excluding the first one
dedicated to set up the detector and to perform the first tests) and
one in 2016 (devoted to test the EUSO-SPB1 performance before the
launch) were done using externally extracted shower triggers from
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Fig. 2. A Fresnel lens of the EUSO-TA optical system (left) and the PDM composed by a focal surface with 6 x 6 MAPMTs and electronics boards behind it (right).

Source: Photos taken from [4].

the TA-BRM-FDs, which we call external triggers, for a total of about
140 h. One acquisition session is normally a few days of acquisitions
during nighttime, in clear sky conditions, and with no or low Moon
illumination. The analysis reported in this paper uses data taken in
2015, equivalent to approximately 123 h.

As the FOV of TA-BRM-FDs includes the EUSO-TA one, the TA-BRM-
FDs detect all the showers in the EUSO-TA FOV. The Telescope Array
Collaboration provided a list of 110 showers that crossed the EUSO-
TA FOV during its acquisition time. Nine of them have been identified
in the EUSO-TA data as shower tracks visible above background at
the expected time (parameters of these showers are in Table A.5),
while 83 were not. The remaining 18 showers were discarded from the
analysis because, based on the Telescope Array Collaboration analysis,
the shower tracks were just on the edge of the EUSO-TA FOV or crossed
malfunctioning MAPMTs, making the identification of the events very
difficult or impossible. Moreover, although a few events look bright as
seen by the TA-BRM-FDs, they were not found in the EUSO-TA data.
A possible reason is that EUSO-TA works in single-photon counting
mode with a time resolution of 2.5 pus, which is a technique designed
for observations from space, while TA-BRM-FDs operate with a time
resolution of 100 ns. The GTU is pretty large for observations on
ground, therefore a lot of background photons are collected compared
to those from fast-moving shower tracks that arrive on the same pixel
in a few tens of nanoseconds, depending on the distance. Furthermore,
some events might have occurred during the dead time of EUSO-TA.

The Telescope Array Collaboration also provided the reconstruction
parameters of the showers, reconstructed in monocular mode (using
just data collected with the TA-BRM-FDs). These parameters comprise
the impact parameter R, i.e. the shortest distance between the shower
axis and the detector in the shower-detector plane; the reconstructed
energy of the primary particle E,.rs; the coordinates of the shower
core; and the zenith and azimuth angles of the shower axis.

In Fig. 3 both the detected and the non-detected events are pre-
sented in an impact parameter vs. reconstructed energy plot. The typi-
cal uncertainty on the energy corresponds to that of the reconstructed
energy by the Telescope Array Collaboration [20] in monocular mode,
equal to the 17% of the reconstructed energy, and the error bars are
within the marker size. The showers detected by EUSO-TA have high
energy as they generate bright events that could be recognized over
the background. Indeed, the EUSO-TA design is optimized for space-
based observations, while TA was developed for observations from
the ground, making it possible to detect showers with lower energies,
which are invisible in the EUSO-TA data, although they cross its FOV.
The spatial resolution is higher for EUSO-TA than for the TA-BRM-FDs,
which is ~0.2° for the first and 1° for the latter. As the FOV of the
TA-BRM-FDs covers 33° in elevation and 108° in azimuth, the event
reconstruction is based on the observation of the whole or majority of
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Fig. 3. Showers crossing the FOV of EUSO-TA with the impact parameter vs. the
reconstructed energy provided by the Telescope Array Collaboration.

the shower, including the shower maximum, i.e. the point along the
shower longitudinal axis with the maximum number of particles. From
the reconstruction of the shower, it is possible to estimate the energy of
the primary particle. On the other hand, EUSO-TA has a FOV of 10.6°
X 10.6° in elevation and azimuth, which is, by construction, inside the
FOV of the TA-BRM-FDs. This means that in the case of a shower in
its FOV, EUSO-TA observes just a small portion of it, and in most cases
it does not observe the maximum. This is not the case for space-based
experiments, which observe the entire shower and for which the energy
detection threshold is given by the number of photon counts coming
from the maximum of the detected shower.

The plot on the top-left in Fig. 4 shows a shower detected by EUSO-
TA in 1 GTU, and the color scale shows the counts/pixel/GTU. The
same event is represented on a re-binned histogram on the top-right,
where 4 x 4 original pixels are grouped in a pixel with comparable
angular resolution to the TA-BRM-FDs one. A more precise choice
5 x 5 original pixels was avoided not to mix pixels of different MAPMTs,
that might have different responses. Four MAPMTs were not working
properly at the time of the observation. The plot on the bottom shows
the same event detected by the TA-BRM-FDs, in which each circle
represents one PMT of the TA-BRM-FDs, and the EUSO-TA FOV is
indicated with a red rectangle.

The energy and distance of the showers crossing the FOV of EUSO-
TA, whether detected or not, can be used to estimate the detection
limit of EUSO-TA in terms of energy and distance to showers. To
study this, it is necessary to consider that the detector observes only
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GTU: 284114, pkt: 2219, GTU in pkt: 82, UTC time: 2015-05-13 08:26:53.3762424,
Utah time: 2015-05-13 02:26:53.3762424
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Fig. 4. The UHECR event detected on May 13th, 2015, with impact parameter R, = 2.5 km and energy E,.ry = 1.15x 10'"® ¢V. On the top-left, the event detected by EUSO-TA
operating with and elevation angle 15°, showing the shower track in terms of counts/pixel/GTU. On the top-right, the same event is shown on a re-binned histogram reproducing
a comparable angular resolution to the TA-BRM-FDs. At the top and the bottom, information about the time of the acquisition and filename is present, as shown by the ETOS
software used to visualize and analyze data and simulations [21]. On the bottom, the same event detected by TA-BRM-FDs is shown, and each circle represents one PMT of the

TA-BRM-FDs. The red frame indicates the FOV of EUSO-TA.

a portion of the shower, that might be far from the shower maximum.
For this reason, the observed shower would look dimmer than the same
shower observed at the maximum, and can be recognized only if its
intensity is higher than the background. This requires the evaluation of
an equivalent energy of the partially-observed shower that is lower than
the real energy of the cosmic ray (see Section 4.1 for more details on the
equivalent energy). Such an energy allows one to study the detection
limit of the detector.

In the next sections, the analyses of the detected and undetected
events performed on both simulation sets and data are discussed.

4. Analysis of the detected and undetected events
4.1. Correction of the energy

As seen in Section 3, not all the events that were detected by the
TA-BRM-FDs and crossed the EUSO-TA FOV have been found in the
EUSO-TA data. One reason lies in the fact that EUSO-TA observes only
a portion of the showers, and the corresponding light intensity is lower
than that of the same shower observed at the maximum. As the light
intensity is proportional to the energy of the shower, it is possible to
associate the observation made with EUSO-TA to a fictitious energy as
if the shower was observed at the maximum, and this energy is the
aforementioned equivalent energy. In this section, a method to compute
the equivalent energy is provided.

4.1.1. Equivalent energy of the shower in the FOV

To estimate the equivalent energy E, of the section of shower
crossing the EUSO-TA FOV, which is generally lower than the energy
estimated when the entire shower is observed, including its maximum,
an energy conversion factor has to be calculated and applied to the real
energy of the shower. The real energy E,., is the reconstructed energy
from the Telescope Array Collaboration E,..r, in case of real data, or
the simulated energy in case of simulations E,,.

On the left of Fig. 5, a scheme of the simultaneous observation
of a shower by EUSO-TA and TA-BRM-FDs is shown. While the TA-
BRM-FDs observe most of the shower development that includes the
maximum emission of particles at the atmospheric depth X, ,., EUSO-
TA observes only a portion of it. The vertical atmospheric depth is
the thickness of the air from the ground level up to the top of the
atmosphere and is measured in g/cm”. Here, as is conventionally done,
we use the slant depth, or the depth measured along the shower axis.
In Section 4.1.2 there will be a distinction between vertical and slant
depth. In Fig. 5, EUSO-TA observes above the maximum, though in
general this depends on the distance of the shower from the detector, its
elevation angle, and the energy and the zenith angle of the shower. It is
visible that the portion of the shower observed by EUSO-TA is smaller
than that observed by TA-BRM-FDs. Therefore, assuming that the major
contribution to the energy reconstruction with fluorescence detectors
is given by the energy loss at the shower maximum, it is possible to
estimate, with simulations, the energy of a fictitious shower based on
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Fig. 5. On the left, a schematic view of a shower (shaped in yellow) in the FOV of the TA-BRM-FDs (in green) and in the smaller FOV of EUSO-TA (in blue). On the right,
EUSO-TA observing the portion of the shower during a measurement (center of the FOV in the red circle) and pointing artificially to the shower maximum (center of the FOV in
the green circle). The equivalent energy of the observed portion of the shower is ideally that of the less energetic shower inside the FOV during the observation (with a thinner

profile in orange).
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Fig. 6. Longitudinal shower profiles from CONEX simulations. They represent the energy loss d E/d X vs. the altitude H for showers with energy 1x 107 eV (top) and 1x 10" eV
(bottom); with zenith angle 0° (left) and 60° (right). Vertical lines indicate the altitude of the EUSO-TA site at 1400 m a.s.l. in green, the altitude at which there is the maximum
of the shower in red, and the altitude at which EUSO-TA, with a fixed elevation angle of 15°, observes the same shower placed at fixed distances measured along the optical axis:

5, 10, 15, and 20 km.

the energy loss from the observed portion of the shower at X, as
depicted in Fig. 5 on the right. Such estimation can be performed by
applying a conversion factor to the real energy of the shower.

To calculate the conversion factors, shower simulations have been
performed with CONEX [22], with the QGSJETII-04 hadronic inter-
action model [23]. These simulations provide the distribution of the
energy loss (proportional to the number of generated particles) with
respect to the altitude. In Fig. 6 four proton shower profiles are re-
ported, as an example. They represent the energy loss d E/d X versus
the altitude H for showers with energy 1 x 10!7 eV at the top and
1 x 10 eV at the bottom, and with zenith angle 0° on the left and
60° on the right. The energy loss profiles vary depending on the energy
and the zenith angle of the shower. Indeed, the shower maximum is at
higher altitudes for low energies — as fewer particles are produced and
the energy is spread earlier among them; and for high zenith angles —
as the shower crosses a longer path in the atmosphere and loses energy
higher in the atmosphere. Therefore, low-energy and inclined showers

develop higher in the atmosphere than the more energetic and vertical
showers. All the plots have a green line at the altitude of the EUSO-TA
site Hgygo_Ta, Which is about 1400 m above sea level, and a red line at
the altitude of the shower maximum H,,,,. The gray lines are drawn at
the altitude of the intersection point between the EUSO-TA optical axis
(with an elevation of 15°, in this case), and the shower axis, observed at
fixed distances measured along the optical axis. The chosen distances
are 5, 10, 15, and 20 km, covering the range of distances involved in
the measurements, and are reported next to each gray line. The plots
demonstrate that the altitude at which EUSO-TA observes the shower
can be both above and below the maximum, depending on the distance.

To compute the energy conversion factors, CONEX simulations were
performed to reproduce shower profiles with several energies (E =
1x 107 — 1 x 102 eV, with steps of log E (eV) = 0.1) and zenith angles
(0@ =0°-65°, with steps of 5°). The longitudinal development of the
shower does not depend on the azimuth angle, so only showers with
azimuth angle 0° were simulated. Several elevation angles of EUSO-TA
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(10°, 15°, 20°, and 25°) and distances from the detector (D = 1-50 km, in
steps of 1 km) were considered. Combinations of distance, energy, and
direction of the showers, and of the EUSO-TA elevation angle, make it
possible to find points in the energy loss distribution corresponding to
the center of the FOV during a shower observation and to the shower
maximum. Both proton and iron were used as primary cosmic rays in
the CONEX simulations.

The energy conversion factor is the ratio between the energy loss
of the shower at the observed point (at the center of the FOV) and the
energy loss at the shower maximum:

_ (dE/dX) g
B E/dX) oy

To reduce fluctuations in the results, 20 showers were simulated with
each combination of energy and zenith angle. For each simulated
shower, the conversion factors were calculated for different distances
and elevation angles of EUSO-TA. Afterward, for each energy, zenith
angle, and distance of the showers, and elevation angle of EUSO-TA, the
average of the 20 conversion factors f; were tabulated, together with
the average atmospheric depth and altitude of the shower maximum,
Xmax and H_ ., respectively. In parallel, for each set of 20 showers,
the standard deviation of the mean was calculated and tabulated as the
uncertainty of the conversion factors. Knowing the characteristics of the
showers detected by EUSO-TA with the TA-BRM-FDs external trigger or
the simulated ones that crossed the FOV of EUSO-TA (energy, zenith
and azimuth angles, and impact point on ground), and the elevation
angle of the detector, it was possible to refer to the corresponding
(average) conversion factor and its uncertainty on an event-by-event
basis. In the case of intermediate values of the shower parameters
with respect to those tabulated, an interpolation between different
conversion factors was made, in order to find a more accurate one.
The energy conversion factor is <1 if the observed part of the shower
is above or below the maximum, or 1 in case the maximum was inside
the FOV. The equivalent energy can be calculated by multiplying the
real energy (reconstructed by Telescope Array in case of real data, or
simulated in case of simulations) and the conversion factor:

Eeq =fg " Erca- @

The values of the energy conversion factors for protons with several
combinations of (real) energy and zenith angle of the shower, distance
from the detector and elevation angle of the detector are displayed
in Fig. 7. The plots refer to elevation angles of 10°, 15°, 20°, and 25°
(from top to bottom), and zenith angles of 0°, 30°, and 60° (from left
to right). The central part of the yellowish bands with high values of
the conversion factors (very close to 1), represent the maxima of the
showers, and bluish areas correspond to lower conversion factors, and
therefore to portions of the showers far from their maxima. As expected,
by increasing the energy and reducing the zenith angle, the maximum
of the showers is at lower distances from the detector, i.e. lower
altitudes. By varying the elevation angle of the detector, different
portions of the showers are observed, and therefore the conversion
factors change accordingly. Plots of the conversion factors considering
iron as primary are visible in Fig. B.18. As showers from iron primaries
have the maximum at ~100 g/cm? lower than showers from protons,
i.e. at higher altitudes, the values of the conversion factors for iron
reflect this trend, with the yellowish bands at longer distance than those
for protons.

An example of a simulation of a shower detected with EUSO-
TA with the pre-defined elevation angle and when pointing to the
shower maximum is depicted in Fig. 8. The shower has an energy of
4.68 x 10'® eV, a zenith angle of 56.4°, and an azimuth angle of 141.9°,
moving towards EUSO-TA. The distance of the shower to the detector,
measured inside its FOV, with the pre-defined elevation angle of 10°, is
6.7 km. To point to the shower maximum, whose altitude is retrieved
from the simulation, an elevation angle of 22.75° is required, and the
distance becomes 10.0 km. The image on the left side represents the

@
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shower observed with the elevation angle of 10°, while that on the
right side represents the same shower observed at the maximum at
22.7°. Therefore, the energy of 4.68x10'® eV corresponds approximately
to the shower track observed when pointing at the maximum, while
the energy of the observed portion of the shower under the maximum
should correspond at a lower energy. The energy conversion factor for
this shower is fg = 0.101 = 0.011, therefore the equivalent energy of
the observed portion of the shower is (0.101 + 0.011) x 4.68 x 10!8 =
(477 £ 0.49) x 107 eV.

Further corrections to take into account the atmospheric effects on
the shower detection are discussed in the next section.

4.1.2. Atmospheric transmission

The atmospheric transmission depends on the thickness of atmo-
sphere crossed by photons and has to be taken into account for the
estimation of the energy of the observed portion of the shower. Indeed,
the slant depth along the EUSO-TA optical axis pointing to the shower
with a pre-defined elevation angle is different from that pointing to
the shower maximum (see the sketch on the right side of Fig. 5). Both
Rayleigh and Mie scattering are taken into account. The first occurs
when the dimensions of the scattering center is much smaller than
the wavelength of the incident photons (atoms and molecules), and
vice-versa for the latter (aerosol particles).

In this analysis, to correct the energy of the showers for the Rayleigh
scattering, the Linsley parametrization used in the CORSIKA simula-
tion software [24] is considered to retrieve the atmospheric depths at
given altitudes, taking into account that the atmospheric density varies
with the altitude. For a given atmospheric depth X, the atmospheric
transmission is given by

R — exp (X
TR =exp ( A(/U) , 3)

where A(4) is the mean free path of photons due to Rayleigh scattering
and depends on the photon wavelength. Since the wavelength range of
interest is the near-UV, in this analysis A(350 nm) = 1700 g/cm2 [25]
was used as 350 nm is close to both the mean value of the bandwidth
of the BG3 filter (280—430) nm and the main peak of the fluorescence
spectrum (~351.5 nm) [26]. The atmospheric slant depth-integrated
along the telescope axis up to the observed point of the shower can
be calculated as:

(Xvertu.dl XVCrll(,dl)

lant ground obs

Xl = ———— )
SIN A

and the one integrated up to the shower maximum as:

vertical vertical
X round Xm«'lX
slant g
gl o 2 g7 ®)
sSin «,

max

where Xvegh‘rfjl and X "e”‘c“l are the atmospheric vertical depths at
the altltude of the EUSO TA site and at the altitude of the shower
maximum, respectively; and a,, and a,,,,, are the elevation angles used
during the observation and when pointing to the maximum, respec-
tively. Therefore, the atmospheric transmission T(is corresponding to
the atmospheric slant depth X ;1["“‘5"‘ is:

Xslanl
TR —exp| ——25 ), 6
obs p( A(350 nm) ©®
and the atmospheric transmission T, considering the atmospheric
slant depth at the maximum XSt js:

slant
TR — _ max .
max = XP ( A(350 nm)) )

To calculate the atmospheric transmission considering the aerosol
scattering, the vertical aerosol optical depth IA(5 km) measured at
5 km above the ground at the TA site were used [27]. They increase
with the altitude until they become almost constant at 5 km altitude,
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Fig. 7. Energy conversion factors for proton primaries as a function of the shower energy and distance from the detector. The plots refer to 10°, 15°, 20°, and 25° elevation angles

and 0°, 30°, and 60° zenith angles.

where the presence of aerosol is negligible. They are subject to seasonal
variation, indeed the measurements performed at the TA site have
a monthly frequency. Since most EUSO-TA shower observations are
below 5 km altitude, the r;re’:‘(S km) has to be rescaled. The dependency
of rfgo(h) on the height 4, measured at the Pierre Auger Observatory
(PAO) and available in [28] were used for this, and then rescaled to the
values measured at the TA site. In general, the vertical aerosol optical
depth can be expressed as the integral over the height of the aerosol

extinction ¢,..(h), whose dependency on the height is:

oo (o)
e (-1, ®)
Laer Haer

wr and H,,. are the aerosol horizontal attenuation length and
the aerosol scale height, respectively. Therefore, the vertical aerosol

optical depth becomes:

€aer(M) =

where L

Tael.(h) —— aer

H, h
Laer . |:eXp (_ Haer> N 1:| . (9)

The values of £49(h) from the simulation study performed in condi-
tions of high, average, and low aerosol attenuation have been fitted
with a function like the one above, to retrieve the parameters H,.. and

L, The zT4(h) for any height was calculated as:

() = G0 5k 10
Taer( )_m'raer( m). 10)

aer
The transmission along the direction of observation considering the Mie
scattering by the aerosol particles can be calculated as:
TTA( h)

-=— ), (1)
s a

™ = ex

where a is the elevation angle of EUSO-TA. Thus, with the same
procedure used for the Rayleigh scattering, the atmospheric transmis-
sion along the observation direction and when pointing at the shower
maximum are:

TA

Toer (P)
TM — _ _aer , 12
obs = XP sin @y 12)
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Fig. 8. The same simulated shower with energy 4.68 x 10'® eV, zenith angle 56.4° and azimuth angle 141.9° observed with an elevation angle of 10° (left) and pointing at the
maximum of the shower with an elevation of 22.75° (right). Both images contain text giving information about the events, as shown by the ETOS software.

TA h
me = exp <_T3L()> (13)

SIN

Moreover, as the number of photons arriving at the detector is
inversely proportional to the square of the distance from their source,
the atmospheric transmission has to be corrected also for this factor.

In a similar way to the method used for the calculation of the
equivalent energy, the atmospheric correction factor f,,, is calculated
as the ratio between the atmospheric transmission in the direction of
observation and that pointing to the shower maximum, both corrected
for the distance:

R M D2
obs obs max
Fum = @ oo 5 a4
R M 2
Tmax Tmax Dobs

where D, and D, are the distance to the shower maximum and
to the observed portion of the shower, respectively. The atmospheric
correction factor is in principle equal to 1 if EUSO-TA directly observes
the shower maximum, but in general, it is greater or lower than 1,
depending on the shower direction with respect to the detector and
the elevation angle of the telescope. The equivalent energy corrected
for the atmospheric transmission becomes therefore:

Equ,alm = fam - Eeq' (15)
4.2. Analysis of the simulated events

4.2.1. Simulation set

Two sets of 10 000 showers were produced via CONEX simulations,
one with proton and one with iron primaries, with the QGSJETII-04
hadronic interaction model, zenith angles in the range 0°-90° drawn
from the isotropic flux on a flat surface, i.e. d N /d cos(8) ~ cos(d) and
random azimuth angles in the range 0°—360°. The energy range was
1x10'7 — 1 x 10%° eV and the spectral index for the energy distribution
was initially —1 in order to have statistics also at the highest energies,
but was properly rescaled afterward during the analysis to retrieve the
spectral index —2. The CONEX showers were then processed with the
Offline framework [29,30] to perform the production and propagation
of fluorescence and Cherenkov photons from the shower to the detector
through the atmosphere, and the detector response including the level-
1 trigger, foreseen in the upgraded version of the detector. Offline
generated the impact point on the ground of the showers on an area
of 36 x28km” = 1008 km? centered at half the distance between EUSO-
TA and the CLF. The elevation angles chosen for EUSO-TA were 10°,
15°, 20° and 25°, while the simulated background levels were 1 and
1.5 counts/pixel/GTU. The values of both the elevation angles and

background levels were realistic, reproducing the conditions in which
the real measurements were performed.

Among all the simulated showers, just a fraction of them actually
enter the FOV of EUSO-TA, due to geometrical constraints. The ra-
tio between the triggered showers and those that entered the FOV
but were not triggered are plotted in Fig. 9. On the axes there are
the coordinates in the Universal Transverse Mercator (UTM) system.
Each plot represents showers within a range of energy in logarithmic
scale log E (eV): top-left 18—18.5, top-right 18.5—19, bottom-left 19—19.5,
bottom-right 19.5-20. Below these energies no triggered showers are
present. The plots indicate how the showers can be detected as a
function of the energy and the distance. In Fig. C.21 plots with the
shower core positions split by energy, zenith and azimuth angle give
an overview of the simulation setup.

4.2.2. Detection limit via analysis of the simulations

In Section 4.1 the methodology used to estimate the equivalent
energy of the showers observed by EUSO-TA was described. Such
energies can be analyzed to determine the detection threshold of the
detector. This limit is important in general for the JEM-EUSO program,
and in particular, can be extended to balloon-based experiments.

With simulations it is possible to reach higher statistics than with
the real observations and therefore they can be used to study the
detection limit. The simulation set described in Section 4.2.1 was used
for this purpose. The same procedure to rescale the energy was applied
also to the data and the results are discussed in Section 4.3.1.

A few quality cuts have been applied to the showers for the further
analysis:

+ only events with >50 counts in at least one GTU are shown, to
reduce the number of non-triggered events (this selection does
not exclude triggered showers);

only showers with zenith angle <65° are included, as the energy
conversion factors are available up to this value;

only events with the shower axis in the FOV are considered,
excluding those that produce only scattered photons in the FOV,
since these would not correctly reflect the shower energy.

In Fig. 10 the simulated showers are plotted with their distance
measured along the optical axis of EUSO-TA (D, in Fig. 5) and the
simulated energy, for elevation angle of 10° (left) and 25° (right),
background level of 1 count/pixel/GTU, and SPACIROC1 electronics
board, without the cut on the number of counts. In Fig. 11 the simulated
showers are plotted with their distance measured inside the FOV of
EUSO-TA, and simulated energy (top), equivalent energy (middle), and
equivalent energy corrected for the atmospheric transmission (bottom).
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Fig. 9. Ratio between the triggered showers and those that entered the FOV but were not triggered, with the coordinates in the Universal Transverse Mercator (UTM) system.
Simulations refer to proton showers and EUSO-TA elevation 15°. Each plot represents showers within a range of energy in logarithmic scale log E (eV): top-left 18—18.5, top-right

18.5—19, bottom-left 19—19.5,
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Fig. 10. Showers in the FOV and the triggered ones, represented with their distance to EUSO-TA and the simulated energy, for 10° (left) and 25° (right) elevation angle. The
simulated background is 1 count/pixel/GTU and the electronic board version is SPACIROC1. No cuts on the number of counts are present.

In the bottom plots, the estimated EUSO-TA and EUSO-SPB1 detection
limits are drawn as well, whose details will be described later in this
section. Plots are for elevation angle of 10° (left) and 25° (right),
background level of 1 count/pixel/GTU, and SPACIROC1 electronics
board. The same analysis was performed also for the background level
of 1.5 count/pixel/GTU, the intermediate elevation angles 15° and 20°,
and SPACIROC3, but the corresponding plots are not shown in this
paper for ease of reading.

Comparing the D vs. Eg,, plots in Figs. 10 and 11, one can see
that increasing the distance, only events with high energy generate
>50 counts in at least one GTU. Moreover, at large distances more
showers are selected by the cuts on the number of counts for elevation

10

angle 10° rather than with 25°, and this is because increasing the
elevation angle and the distance, the portion of a shower in the FOV is
above the maximum where the number of emitted photons decreases.

The equivalent energy of each shower, which considers the portion
of the shower inside the FOV (see Section 4.1.1), is generally smaller
than Eg,, as visible in the D vs. E plots in the middle panels. The
reason is that E.q is lower than the E, when pointing above or below
the shower maximum, and they are equal only when pointing exactly
at the maximum. Also in this case there is a difference depending on
the elevation angle: with elevation angle 25° it is more likely that
the distant showers are observed above the maximum, and therefore
there is a tail of events at larger distances, turning towards lower
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Fig. 11. Showers in the FOV and the triggered ones with number of counts >50, represented with their distance to EUSO-TA and the simulated energy (top), the equivalent energy
(middle) and the equivalent energy corrected for the atmospheric transmission (bottom), for 10° (left) and 25° (right) elevation angle. The simulated background is 1 count/pixel/GTU
and the electronic board version is SPACIROCI. In the bottom plots, the distance and energy of laser events generated by the CLF and the GLS system are shown, too. In the
same plots, the evaluated EUSO-TA detection limits (for equations D =aE+b and D=a

plot, the energy limits of EUSO-SPB1 are overlapped.

equivalent energies. The distance at which this turn starts is ~20 km,
and it is visible also at intermediate elevation angles (15° and 20°).
The uncertainty on the energy E, is the standard deviation of the
mean of the conversion factors estimated for showers with the same
characteristics and distance from EUSO-TA.

Finally, the equivalent energy of each shower is corrected for the
atmospheric transmission (see Section 4.1.2), and the results are shown
in the D vs. Eq 4 plots in the bottom panels. In this case, Eqqm can
be both smaller, equal, or greater than E.,. The uncertainty on the

energy E.q,m is the root sum square of the uncertainty on E,., and
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E + b) are drawn, as well as the corresponding limits of EUSO-SPB1. In the bottom-left

the vertical aerosol optical depths measured by TA [27]. For reference,
the distance and energy of laser events generated by the CLF and the
GLS system during real measurements are shown, too. Such events were
clearly visible above the background.

In Fig. 12 the atmospheric transmission affecting the observation
of triggered and non-triggered showers is plotted with respect to the
distance, for both 10° (left) and 25° (right) elevation angles. Increasing
the elevation angle, the atmospheric transmission increases because
the atmospheric thickness is less than when observing through the low
atmosphere.



J.H. Adams Jr. et al.

Sim. w/ BG 1 ¢./p./GTU & elev. 10 deg & SPACIROCH1 (p)

% Not triggered

o
io\ TTT
‘ﬁﬁ#h

¥ Triggered

o e 9o
[} ~ oo
T T
Al

Atmospheric transmission

o
o

o
w

o
IS
HH‘HH‘HH‘HH‘HH‘HH‘HH‘\\

o
[

©

40

o

D (km)

Astroparticle Physics 163 (2024) 103007

Sim. w/ BG 1 ¢./p./GTU & elev. 25 deg & SPACIROC1 (p)

< Not triggered
¥ Triggered

BN

Atmospheric transmission

o

o
)
TT T[T [T T T[T T [T T T[T [ TT T T[T TTT [ TTTT[TTTF
I I I I I I I l I

o

D (km)

Fig. 12. The atmospheric transmission each shower is subjected to vs. its distance to EUSO-TA, for both the triggered and the non-triggered events. The plots are for both 10° (left)

and 25° (right) elevation angles.

The D vs. Eqq,m frame can be used to evaluate the detection limit
of EUSO-TA. Such a limit should separate the triggered and the non-
triggered events. However, they do partially overlap due to the variety

of simulated showers, for the following reasons:

» Due to the variety of energies and directions simulated, showers
with similar energy and distance but different orientations (zenith
and/or azimuth angles) with respect to the detector might appear
with different intensity, and therefore might be triggered or not.
The orientation plays a main role concerning the Cherenkov
emission, which is forward beamed along the shower axis.

In the calculation of the equivalent energy, only the fluorescence
emission is taken into account, proportional to the number of
particles and the energy loss through the shower development
that determines the longitudinal profile. Cherenkov emission is
not considered. Therefore, depending on its direction, the shower
might look brighter and generate more counts than those ex-
pected if only the fluorescence emission contributed to the signal.
For this reason, showers with relatively low equivalent energy
might overcome the cut on the counts and might be even trig-
gered. For each simulated shower, in Fig. 13 the ratio between the
total number of Cherenkov and the total number of fluorescence
photons arriving at the detector is shown vs. the equivalent
energy corrected for the atmospheric transmission. In general, the
ratio is higher for elevation angle 10° (top-left) than 25° (top-
right). Low ratios correspond to high distances (see later the
description of the bottom plots). However, for a given corrected
energy at which there are both triggered and non-triggered show-
ers, the ratio tends to be higher for the first than the latter,
indicating a role of the Cherenkov emission in the trigger re-
sponse. The aforementioned ratio vs. distance indicates that the
ratio decreases when the distance increases.

Each shower profile simulated in this study might be different
with respect to the average one (with the same parameters), used
to calculate the energy correction factors and the atmospheric
transmission factors, both based on the position of the average
shower maximum. This is due to fluctuations from shower to
shower, even those with the same energy, zenith and azimuth
angles.

A set of simulations was made only with vertical showers, in order to
exclude the effects due to the relative orientation between showers and
detector, see Appendix D. In this case, the separation between triggered
and non-triggered events is much clearer.

As the populations of triggered and non-triggered events are not
simply separable, a method was defined to draw the detection limit
of EUSO-TA. In principle, the triggered showers should lie on the
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right side of the detection limit (at higher energies), and the non-
triggered ones on the left side. Therefore, one can define the efficiency
of “properly” triggering the showers on the right side of the line and
not triggering those on the left side of the line, as
right left
o NTI + Nt 7 16)
NN

where N?gm and Ny are the number of triggered showers on the right
side of the line and the total number of triggered showers, respectively,
and, similarly, N} and N[ are the number of non-triggered showers
on the left side of the line and the total number of non-triggered
showers, respectively. The detection limit is approximated by finding
the lines that maximize ¢. With the purpose of extending the evaluation
of the detection limit to balloon-based experiments, only showers with
distance <20 km were considered in this part of the analysis, in order
to avoid the influence of the tails of events at large distances whose
equivalent energies are shifted back to low values because EUSO-
TA observes them above the maximum. Indeed, this condition occurs
during observations from ground, when the detector might point below,
above, or at the maximum of the showers, while in the top-down
perspective of detectors on balloons at a distance of ~33 km, all or
most of the shower development is inside the FOV.

As functions representing the limit, both the equations D =a- E+b
and D = a-\/ E+b were considered, where D and E are the distance and
the energy limit, respectively. The first equation takes into account that
the longer the distance is, the longer the shower takes to cross the FOV
of a pixel and, thus, the longer the counts are integrated in the same
pixel. In this way, the energy limit has to be E « D, and vice-versa
D « E. The second equation comes from the fact that the registered
counts decrease as 1/D? and that, therefore, the energy limit to register
the minimum number of counts in order to trigger the shower has to
be E « D?, and vice-versa D \/E The first equation is valid when
the time needed by the shower to cross the FOV of a pixel is <1 GTU,
i.e. at relatively short distances. When this time is >1 GTU, i.e. at larger
distances, the signal starts to be split in different GTUs and therefore is
lower in the sampling time of 1 GTU. At this point, the second equation
starts to be more appropriate. However, it is not obvious how to define
the distance at which there is the transition between the two trends, as
the time needed by the shower to cross the FOV of a pixel is strongly
related to its geometry.

Iterations over different values of the angular coefficient a and of
the intercept b make it possible to find the lines that maximize e,
i.e. when most of the triggered showers are on the left side of the line
and most of the non-triggered ones are on the right side of the line.
That line corresponds to the detection limit. Table E.8 (for proton) and
Table E.9 (for iron) in Appendix E reports the a and b parameters of
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Fig. 13. The ratio between the total number of Cherenkov and fluorescence photons arriving at the detector vs. the equivalent energy corrected for the atmospheric transmission
(top) and vs. the distance (bottom), for both the triggered and the non-triggered events. The plots are for both 10° (left) and 25° (right) elevation angles.

the lines representing the detection limits in the different background
conditions (1 and 1.5 counts/pixel/GTU), elevation angles (10°, 15°,
20° and 25°), and with SPACIROC1 and SPACIROC3 electronics boards.
Lines defining the detection limits for elevation angles 10° and 25° are
drawn in the bottom plots in Fig. 11. The limits corresponding to all the
elevation angles, the two background levels, and both the electronics
boards are also displayed in Fig. 15, where they are overlayed with real
measurements.

The detection limit of EUSO-TA can be preliminarily extended
also for balloon-based experiments, as the distance of showers to the
detector would be at most one order of magnitude larger than those
observed with EUSO-TA. Although the results obtained for EUSO-TA
should be scaled considering the different detection efficiency and
atmospheric depth, this analysis still provides valuable information.
This was done for EUSO-SPB1 that operated in 2017 at ~33 km altitude,
and whose design was similar to the one of EUSO-TA (two Fresnel
lenses and one PDM). In this analysis a distance of 27 km between
EUSO-SPB1 and the maximum of a sample shower was considered,
assuming that such a maximum was at 6 km altitude (see plots in
Fig. 6). The overall detection efficiency of EUSO-TA was ~4.8% and
that of EUSO-SPB1 was ~9.6% [31], measured with UV light sources
during test campaigns. This means that, at the limit, EUSO-SPB1 could
detect a shower with approximately half the energy of that detectable
by EUSO-TA. However, EUSO-SPB1 could detect also two times the
background photons as EUSO-TA in the same conditions. Therefore,
the energy limit of EUSO-SPB1 can be evaluated as the energy limit
of EUSO-TA at the same distance divided by \/5 However, in order
to compare the detection limits of the two experiments, it is necessary
also to consider the different atmospheric depths between the detector
and the showers, as EUSO-SPB1 observes them from nadir and EUSO-
TA from the ground and with certain elevation angles. Similar to what
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discussed in Section 4.1.2, a correction factor for the atmospheric trans-

mission £, slant/nadir o6 evaluated as the ratio between the atmospheric
transmlsswn for EUSO-TA along the slant depth T gh";‘o 1 and that of
Pt : nadir
EUSO-SPB1 pointing nadir Tgic0 cop;:
, Tslam
slant /nadir __ EUSO-TA
fa[m - Tl’lddlr . (17)
EUSO-SPBI

This ratio is <1, as the atmospheric depth is greater along inclined
directions than vertical ones, and vice-versa for the atmospheric trans-
mission (see Egs. (4) and (6)). Therefore, if the energy limit for EUSO-

EA at 27 km is Ellz‘{?g‘o s the energy limit for EUSO-SPB1 E}E‘E‘S‘O SPBI
ecomes:
, Flimit
limit slant /nadir EUSO-TA
Egso-ser1 = fam el 18)

V2

The EUSO-SPB1 energy limits are indicated in the bottom plots
in Fig. 11 for EUSO-TA elevation angles of 10° and 25°. The energy
limits of EUSO-SPB1 estimated in all combinations of background,
elevation angle of EUSO-TA, and version of the electronics board
(SPACIROC1 and SPACIROC3) are collected in Table 1 (from proton
simulations) and Table 2 (from iron simulations), where the average
energies over different elevation angles and for the same background
and electronics board are shown in bold type. They are also drawn in
the middle and bottom plots of Fig. 15, where they are superimposed
on real EUSO-TA measurements and on the energy corresponding to
the 100% EUSO-SPB1 trigger rate estimated in previous analysis with
both measurements and simulations (see Section 4.3.1).

In general, there is no significant difference in the results from
proton and iron simulations. For elevation angle 15° and background
1 count/pixel/GTU, the results differ from the trend set by the other
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Table 1

Energy limit of EUSO-SPB1 estimated from EUSO-TA simulations (with proton pri-
maries) in different conditions of background, elevation angle of EUSO-TA, version of
the electronics board (SPACIROC1 and SPACIROC3), and considering both D =a-E+b
(DxE)and D=a-VE+b (D x \/E) as the limit function. In bold are the average
energies over different elevation angles and for the same background and electronics
board.

Proton
Background Elevation — Eimi - (eV)
(c./p./GTU) (deg) SPACIROC1 SPACIROC3

DxE DxVE DxE DxVE
1 10 150x 10" 1.81x10"®  1.55x10'8  1.76x 10"
1 15 352x 108 6.88x 10"  2.82x10'8  431x10'
1 20 155x 10" 1.40x 10" 158x 10" 1.71x10'
1 25 1.99%x 10"  1.60x 10" 1.60x10'®  1.84x10'
Average energy limit 214x10%  317x10®  189x10"®  2.41x10"
1.5 10 320x 10" 491x10%  291x10'8  3.64x 10"
1.5 15 295x 1018 428x10%  3.15x10'8  3.94x 10"
1.5 20 336x 10" 4.04x10"%  438x10'8  534x10'
1.5 25 3.88x 10"  587x 10" 340x 10"  3.46x10'®
Average energy limit 335x10'8 477 x10'8 3.46x10" 419x10"®

Table 2

Energy limit of EUSO-SPB1 estimated from EUSO-TA simulations (with iron primaries)
in different conditions of background, elevation angle of EUSO-TA, version of the
electronics board (SPACIROC1 and SPACIROC3), and considering both D = a-E +b
(DxE)and D=a-VE+b (D x \/E) as the limit function. In bold are the average
energies over different elevation angles and for the same background and electronics
board.

Iron
Background Elevation Efimit op1 (€V)
(c./p./GTU)  (deg) SPACIROC1 SPACIROC3

DxE DxVE DxE DxVE
1 10 1.76x10'®  1.67x 10"  1.25x 10"  2.00x10'®
1 15 208x 10" 370x10'®  298x10'8 370 x 10'®
1 20 264x 10" 373x 10" 1.68x10'®  1.17x10'®
1 25 175x 10 225% 10" 1.96x 108 1.16x10'®
Average energy limit 228x10"  284x10"®  1.97x10"®  226x10"®
1.5 10 255x 10 2.63x 10 233x10"®  351x10'®
1.5 15 29110 299x 10" 396x10'8  4.62x10'®
1.5 20 415%x 10" 422x 10" 323x10'8  3.78x10'®
1.5 25 5.14x 10" 577x 10" 246x10'®  2.57x10'
Average energy limit 369x10®  390x10"®  299x10®  3.62x10"®

elevation angles. This is addressable only on statistical effects. The
trend seems to be that for low background, SPACIROC3 allows reaching
lower energy limits for EUSO-SPB1 than SPACIROC1, and vice versa
for high background. In principle, SPACIROC3 should always perform
better than SPACIROCI1, as with its higher double-pulse resolution it
can sample more photons in the same time frame. This makes it possible
to detect more showers. Moreover, with SPACIROC3 some non-detected
showers overcome the cut on the number of counts used in the analysis,
while do not with SPACIROCLI: in the first case they would be included
in the analysis and in the latter would be excluded. The difference in the
performance (with low and high background) is most likely due to both
the statistics of the simulated events and the aforementioned effects.
For example, in some cases with high background a few events at
relatively low distance and energy resulted in triggers with SPACIROC3
but not with SPACIROC1. This has tilted the limit line resulting to
be at lower energies for short distances and at higher energies for
long distances, causing an increase in the energy limit of EUSO-SPB1.
However, in the context of this analysis, the average values are taken
into account to estimate a range of energy that, according to this
approach, includes the detection limit of EUSO-SPB1.

The counts measured by the detector for each event can provide in-
formation to discriminate between triggered and non-triggered events,
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too. In Fig. 14 the total number of counts (excluding the background)
with respect to Eeqatm (top) and the distance (bottom) of each triggered
and non-triggered shower are shown, for elevation angles of 10° (left)
and 25° (right). Lines represent the limit evaluated for counts versus
energy and versus distance, following the procedure used to separate
events in the distance versus energy frame. The functions used for the
limit of counts (C) versus distance (D) are C = a- D + b (¢ «x D) and
C =a/D?* + b (C x 1/D?), being valid the considerations made in the
evaluation of the limit in the frame distance versus energy. For the limit
of counts versus energy, a linear equation C = a-E+b is used. The values
of the parameters are collected in Tables E.12 and E.10 for proton and
Tables E.13 and E.11 for iron.

In these plots, one can see that the number of counts increases with
the energy and decreases with the distance, as expected. For both ele-
vation angles, the triggered showers generate at least ~200 counts. The
minimum number of counts for the triggered showers tends to decrease
as the distance increases. This is because increasing the distance of the
showers, the FOV of single pixels increase and therefore the track at the
focal surface becomes narrower than a MAPMT size. On the other hand,
close showers have broad tracks with high-counts pixels distributed
through most of the MAPMTs. In this way, far away showers might
be triggered even with lower counts than close showers.

4.3. Analysis of the data

4.3.1. Detection limit via analysis of the measured data

The same procedure used to study the detection limit of EUSO-TA
with simulations, described in Section 4.2.2, was applied also to the
data. In this case, the original energy to be corrected (for the fact
that only a portion of shower was observed and for the atmospheric
transmission) is the energy reconstructed in monocular mode by the
Telescope Array Collaboration using the TA-BRM-FDs. The distance
provided by the reconstruction is the impact parameter. By considering
their distance to EUSO-TA measured inside its FOV and by applying the
correction to the energy of the showers, as discussed in Section 4.1,
the results from simulations can be compared with those from data.
Furthermore, the detection limits evaluated via simulations can be
tested on the data.

In Fig. 15 showers that crossed the FOV of EUSO-TA are shown.
Green stars represent the detected shower events and red crosses the
non-detected ones.

In the top-left panel, showers are represented with E,..r, and their
distance measured along the line of sight of the detector. Since the dis-
tance of the shower along the telescope axis is usually larger than (or at
most equal to) the impact parameter, all the points move towards larger
distances than in Fig. 3, where the detected and non-detected events
are shown with their impact parameter and reconstructed energy. The
typical uncertainty of the energy reconstructed in monocular mode by
the Telescope Array Collaboration is, as already mentioned, 17% [20].

In the following plots of Fig. 15, the energy is corrected with
conversion factors calculated through simulations of proton-generated
showers. The corresponding plots for iron-generated showers are in
Fig. B.19.

In the top-right panel, showers are plotted with their equivalent
energy E,q (calculated with conversion factors considering proton pri-
maries) and the distance. As the equivalent energy of the shower is
usually lower than (or at most equal to) the reconstructed energy,
the points move to lower energies with respect to the former plot.
The uncertainty of the equivalent energy is the root sum square of
the uncertainty on the reconstructed energy and that on the energy
conversion factor (the standard deviation of the mean of the conversion
factors estimated for showers with the same characteristics and at the
same distance from EUSO-TA).

Calculating the energy corrected for the atmospheric transmission

E, results in the shower distributions shown in the middle and

eq,atm
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(top) and distance (bottom), for triggered and non-triggered showers. Plots are for both

10° (left) and 25° (right) elevation angles. Lines represent the functions that separate triggered and non-triggered events.

bottom panels. The limits evaluated for the triggered and the non-
triggered showers via simulations, for different elevation angles of
EUSO-TA and considering both D = a- E+b and D = a-v/ E+b as trends
of the EUSO-TA detection limit, are overlayed. Results are shown for
both background levels 1 (middle panels) and 1.5 counts/pixel/GTU
(bottom panels) and for SPACIROC1 (left) and SPACIROC3 (right)
electronics boards. The uncertainty on the energy E.q,, is the same
as for E .

Statistics are naturally higher for showers at low energies with
respect to high energies. In general, measured showers have recon-
structed (by TA) energies in the range 1 x 107 — 6 x 10'8 eV. In
simulations, a wide range of energy was considered (1 x 10'7 — 1 x
1020 eV), and the energy limits resulted to be in the range 1 x 10'% —
1x 109 eV, for the distances involved (up to about 20 km). Therefore,
most of the showers in the data are at lower energies with respect to the
detection limits from simulations, even the detected ones, as happens
also in simulations for a minority of triggered showers. This is due to
the fact that the EUSO-TA design is not optimized for ground-based
observations (and therefore the energy limits are relatively high), while
the TA experiment has a higher exposure to UHECRs.

The energy limits for EUSO-SPB1, calculated as the average of the
energy limits for different elevation angles of EUSO-TA (the values in
bold fonts in Tables 1 and 2), are overlayed separately for D =a- E +b
and D = a - \/E + b, with a green full-circle and a pink full-cross,
respectively. The horizontal bar for both markers covers the interval
of possible values with different elevation angles between 10° and 25°.

To include a reference for EUSO-SPB1 from real measurements,
results from the laser acquisitions made with EUSO-SPB1 at the EUSO-
TA site before the launch were considered. EUSO-SPB1 operated with
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its own trigger algorithm, different from the EUSO-TA one. In [14] it
is reported that a laser event with energy 0.8 mJ produces a similar
number of counts to a simulated shower with energy 3 x 108 eV
observed from 33 km altitude. The energy of these events corresponds
to 40% trigger efficiency. For reference purposes, this energy was
rescaled in order to retrieve the 100% trigger rate, resulting to be
o spp = 563 x 108 eV and represented with an asterisk-like
marker at a distance of 27 km, assumed as the distance of EUSO-SPB1
from the maximum of a sample shower (see Section 4.2.2). The energy
limits for EUSO-SPB1 evaluated from simulations of EUSO-TA are lower
than E}z"l‘/’g‘ o_spgy> Which makes the results from simulations consistent
with those from measurements, also considering that the firsts have not
been estimated with the trigger algorithm developed for EUSO-SPB1
but with that of EUSO-TA, and therefore the performance are lower.
In addition, in the middle and bottom plots, laser events from the
CLF and the GLS (with two energies), are plotted with triangles and
squares, respectively. As the laser events are clearly visible above the
night sky background, their energies have to be much higher than the
limits at the same distance, and indeed they are on the right side and
far from the limit.

4.3.2. Analysis of the measured data via simulations

By means of the reconstruction parameters provided by the Tele-
scope Array Collaboration, i.e. the energy, zenith, and azimuth angles,
and the coordinates of the shower cores on ground, it was possible to
simulate the showers that crossed the FOV of EUSO-TA and the detector
response for each observation. The simulation of the showers was
performed with the combination of CONEX and offline simulations,
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Fig. 15. Showers crossing the FOV of EUSO-TA during measurements displayed at different steps of the energy correction and with the detection limits from simulations overlapped
(proton primaries). Distance of showers vs. the reconstructed energy (top-left); distance vs. equivalent energy (top-right); distance vs. equivalent energy corrected by the atmospheric
attenuation (middle and bottom panels, where the positions of the shower events are the same). In the middle and bottom panels, the detection limits from simulations are overlapped,
colors indicate different elevation angles and solid and dashed lines represent limits evaluated as D =a- E+b and D = a- \/E + b, respectively. In the middle plots, limits were
estimated with the background level of 1 count/pixel/GTU, while in the bottom plots with the background of 1.5 counts/pixel/GTU; on the left are limits for SPACIROC1 boards
and on the right for SPACIRCOC3 boards. In these plots, the energy thresholds for EUSO-SPB1 estimated from EUSO-TA simulations are indicated, as well as the energy at which

EUSO-SPB1 performed 100% trigger rate (TR) during field tests.

in a similar way to what was discussed in Section 4.2.1. One proton
shower was simulated per event, and the energies were rescaled using
the conversion factors calculated via proton shower simulations.

In Fig. 16 the total number of counts from simulations are plotted
with respect to Eeqaim (left) and the distance (right). Only showers with
E,.cra > 2.51x10!7 eV were simulated and are present in these plots, as
at lower energies there were no detected events and therefore no more
information to distinguish between detected and non-detected events
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could be obtained. The total number of counts is the sum of the counts
per GTU in each event and excludes the background.

Both plots indicate that, in general, the simulated showers repro-
ducing the detected events produce a higher number of counts with
respect to those reproducing the non-detected events, with an average
minimum value of ~300 counts. As discussed for simulations, the
minimum number of counts for the detected showers tends to decrease
as the distance increases.
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Fig. 16. Counts obtained from the simulation of the detected and non-detected events, with respect to F,

Astroparticle Physics 163 (2024) 103007

Data and Sim. w/ BG 1 ¢./p./GTU & SPACIROC1 (p)

j2] F
§ NN\ x % Detected
© ANERN 4~ Not detected
3 NN
10° \\:}\\
£ 3
F 3
C & AN \\ »
[ ®
B P Ey == —~—
& &
% & ¢
@ % %ﬁi )
ﬁ B
102 : dFew 08
£ @
E &
[ C=aD+b & o C=a/D’+b
L Sim. limit - el. 10° Sim. limit - el. 10°
L Sim. limit - el. 15° Sim. limit - el. 15°
—— Sim. limit - el. 20° — Sim. limit - el. 20°
—— Sim. limit - el. 25° — Sim. limit - el. 25°
10 I Ll Ll
1 10 10°
D (km)

qum (left) and the distance (right). One detected event is missing because

it was not possible to simulate it due to a technical issue possibly related to its short distance to the detector. Only showers with E,. ., > 2.51 x 10'7 eV were simulated and are

present in these plots.

As done for plots in Fig. 15, the data points are overlapped by lines
representing the detection limits in terms of counts as a function of the
energy and the distance, evaluated from simulations (see Section 4.2.2).
The parameters of the equations are collected in Tables E.10 and E.11.
In general, the detected events tend to have number of counts above
the threshold indicated by the limits from simulations.

4.4. Study of the level-1 trigger rates via simulations

The foreseen upgrade of EUSO-TA includes the self-trigger capabil-
ity, to operate independently from the TA-BRM-FDs. For this purpose,
dedicated trigger logics are needed. The level-1 trigger logic that
operates on the 2.5 ps timescale for the observation of showers, was
designed and implemented in the Offline framework, in order to test it
through simulations and evaluate the UHECRs trigger rate.

The sets of simulations discussed in Section 4.2.1 were used also
in this analysis, considering both proton and iron as primary cosmic
ray. As the spectral index used in the simulations was —1, the energy
distributions must be rescaled based on measured fluxes of UHECRs, to
estimate the EUSO-TA trigger rate. For this purpose, both the energy
fluxes measured with the Telescope Array (TA) experiment [32] and
the Pierre Auger Observatory (PAO) [33] were used. The flux measured
by the TA included showers with energy E > 10'72 eV and zenith angle
0 < 65°, while that measured by the PAO included showers with zenith
angle 6 < 40°.

In Fig. 17 the energy distributions of showers generated by protons
are presented, while those for iron showers are in Fig. B.20. In the top
plots, the energy distributions of the simulated showers with spectral
index —1 are shown.

The plots are for both the elevation angles 10° (left) and 25° (right)
and for SPACIROC1 ASIC board. Black lines represent the simulated
showers, blue lines the showers in the FOV of EUSO-TA, and red
lines the triggered showers. Solid lines are for all showers with no
cuts; dashed lines show the distributions with cuts on the energy and
the zenith angle corresponding to those used to measure the energy
spectrum with the TA; the dotted lines show the distributions with a cut
on the zenith angle corresponding to that used to measure the energy
spectrum with the PAO. It is visible that showers start to be triggered
at energies ~10'% eV, although a few events with lower energy were
triggered too.

In the first step of the trigger rate calculation, the energy distribu-
tions of the simulated and the triggered events with the same cuts on
the energy and/or the zenith angle used in the spectra measured by the
TA and the PAO were rescaled. Also the distributions of the events in
the FOV of EUSO-TA were rescaled, although this was not necessary
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for the analysis. Hereafter, equations refer to the triggered events, as
they are of interest in this analysis, but the same is valid also to rescale
the energy distributions of the simulated events and of those in the
FOV. For each i-th bin, we calculate the number of expected triggered
events nlcruitg,exp,i with the limits applied by the quality cuts and in the

time interval of 7,3, = 123 h, which is the active observation time
during the data acquisitions in 2015 used as a reference:

cut
trig,i

. Scut . Fcul . dEi (19)

cut -
ntrig,cxp,i (1123 h) — cut EUSO-TA i

sim,i
where nfr“i‘g’i and n;“n‘“ are the number of triggered and simulated events,
respectively; Sgiiso_ra = A €2~ tp3y is the exposure of EUSO-TA, with
A = 36x28 km® = 1008 km? the area where showers were simulated and
Q = x - sin’ 6, the solid angle corresponding to the maximum zenith
angle considered (6,,,x = 65° for the flux from the TA and 6,,,, = 40°
for that from the PAO); Ff“‘ is the flux measured with the PAO or the
TA; dE, = In(10) - E; - 0.1 ~ E
E, being the average energy and E

max,i

— Ei; is the differential energy,
and E
minimum energy, respectively. The rescaled distributions are visible in
the bottom panels of Fig. 17, in black for the simulated events, in blue
for those in the FOV of EUSO-TA, and in red for the triggered ones;
dashed lines correspond to the quality cuts applied in the TA spectrum
and dotted lines to that applied in the PAO spectrum.

In the second step, the limits imposed by the quality cuts were re-
moved. The number of expected triggered events in the i-th bin ng e i

max,i

mini the maximum and

with no cuts was estimated by rescaling the number of triggered events

with cuts in the same bin » . (already corrected by the measured
trig,exp,1

flux) with the ratio between the total number of events Ny, and the
total number of events with cuts Nfr‘;;, as follows:
N trig .
Mirigexpi 11230) = oo - "frui;,exp,i (t1231)- (20)
trig

The corresponding distributions are plotted in the bottom plots of
Fig. 17 with magenta and green dashed lines, considering the TA and
the PAO spectrum, respectively. The cut on the zenith angle used for
the PAO spectrum (6 < 40°) was considerably reducing the statistics of
simulated events, as can be seen in the distribution of triggered events
with this cut in Fig. 17, where some bins are empty. This would have
affected the rescaled distributions and ultimately the trigger rate. As
the flux per bin measured by the PAO with # < 40° differs only by
a few percent from that measured with the same experiment with 6 <
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Fig. 17. Energy distribution of the simulated showers with proton primaries, spectral index —1 (top) and rescaled by the UHECR flux measured by the PAO and the TA, to retrieve
the realistic ones (bottom). Plots are for elevation angles 10° (left) and 25° (right) and for SPACIROC1 ASIC boards. Black lines represent all the simulated showers, blue lines
showers in the FOV of EUSO-TA, and red lines the triggered showers. Solid lines are for all showers with no cuts. The dashed and dotted lines show the distributions with cuts on
the energy and zenith angle used to measure the energy spectrum with the TA and the PAO, respectively. In the rescaled distributions (bottom), the triggered showers are split
considering the TA and the PAO spectrum, plotted with magenta and green dashed lines, respectively.

60° [34],% the flux with § < 40° was applied to a larger set of simulated
events with 6 < 60°. The results obtained by this procedure are more
stable. Therefore, the final distributions of triggered events rescaled
using the fluxes by the TA and the PAO are presented in bottom plots
of Fig. 17 with thick lines, in magenta and green, respectively.

The potential trigger rate per bin in 123 h, T (123 h), was calcu-
lated as the sum of the expected events per bin (i.e. the integral of the
energy distribution):

Nbins

TR (t123p) = Z Mirigexp.i (F1231)-
i=10

(21

A few simulated events with energy E < 10'8 eV were triggered in
special conditions, for example with a strong component of Cherenkov
photons contributing to the overall signal (which happens when the
shower direction points towards the telescope), or events with very low
counts, barely passing the trigger conditions. For these reasons, a few
bins in the distributions in the plots at the top of Fig. 17 were populated

2 The flux in [34] was limited to energies E > 10'8* eV, and to simplify
the procedure and avoid problems of normalization between two sets of low-
and high-energy spectra, the flux in [33] was considered in this study.
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by single events. After the rescaling for the UHECR flux, the same bins
would contain tens to hundreds of expected triggered events as in the
bottom-left plot in Fig. 17, introducing statistical artifacts in the results.
To prevent outliers from affecting the trigger rate, only events with
E > 108 eV (i.e. bin i > 10, with i = 0 the first bin) were considered.

In Table 3 (proton) and Table 4 (iron) the trigger rates for different
background levels and elevation angles of EUSO-TA are reported, con-
sidering both the SPACIROC1 and SPACIROC3 ASIC boards and both
the PAO and TA measured flux to rescale the energy distributions. The
rates correspond to the duration of the four observation sessions made
in 2015 (123 h).

Thinking in terms of single acquisition sessions (of about 30 h each),
these results indicate that, with the level-1 trigger, it could be possible
to detect on average 1-2 showers/session in case of 1 count/pixel/GTU
background level and SPACIROC1 boards. Using SPACIROC3 boards
the trigger rates increase by 15—20%. With a higher background level of
1.5 counts/pixel/GTU, the trigger rates decrease with respect to those
with a lower background level: this happens in a stronger way for
SPACIROC1 than SPACIROC3, because with the latter the telescope is
more sensitive and thus able to detect more showers.

In iron simulations, the average trigger rates are slightly lower than
in the proton ones. However, in the case of iron, they increase regularly
with the elevation angle of EUSO-TA, moreso than with protons. This
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Table 3

Trigger rates for different background levels and elevation angles of EUSO-TA, con-
sidering both the SPACIROC1 and SPACIROC3 boards. Results are for proton primary
cosmic rays.

Proton
Background Elevation Ty (events/123 h)
(c./p./GTU) (deg) SPACIROC1 SPACIROC3
Auger TA Auger TA
1 10 5.2 6.1 5.5 6.4
1 15 7.3 9.4 7.7 10.0
1 20 6.0 6.9 7.6 8.7
1 25 6.2 7.1 8.3 9.5
Average trigger rate 6.2 74 73 87
1.5 10 2.0 2.6 2.5 3.3
1.5 15 1.9 2.4 3.6 4.3
1.5 20 3.0 3.4 4.9 5.5
1.5 25 3.2 3.5 8.3 8.7
Average trigger rate 25 3.0 4.8 55

Table 4

Trigger rates for different background levels and elevation angles of EUSO-TA, consid-
ering both the SPACIROC1 and SPACIROC3 boards. Results are for iron primary cosmic
rays.

Iron
Background Elevation Ty (events/123 h)
(c./p./GTU) (deg) SPACIROC1 SPACIROC3
Auger TA Auger TA
1 10 3.3 4.1 4.0 5.0
1 15 4.0 5.0 6.6 7.9
1 20 6.3 7.6 7.6 10.0
1 25 7.8 8.6 9.7 10.6
Average trigger rate 53 6.3 7.0 84
1.5 10 0.8 1.1 1.4 1.9
1.5 15 1.2 1.6 3.6 4.2
1.5 20 3.5 3.8 4.4 5.3
1.5 25 4.4 5.3 5.7 6.8
Average trigger rate 25 29 38 4.4

can be explained by the fact that the distribution of the X, in iron
showers is at lower values (higher in the atmosphere) and narrower
than in the proton ones [35], and therefore showers with the same
energy and direction have similar longitudinal profiles.

For reference, four showers were triggered by applying offline,
i.e. on the already acquired data, the level-1 trigger algorithm on the
data collected with the external trigger in 2015, during which the
EUSO-TA operated with the SPACIROC1 board and the background
level changed (depending on the sky condition, day, and time of the
acquisition). In this way, we estimated a rate of about 1 shower/session.

Therefore, the rates estimated from simulations, with SPACIROC1
boards, of 1-2 showers/session with low background and 0.5—1 show-
ers/session with higher background are consistent with the rate esti-
mated by applying the level-1 trigger on the collected data of 1 shower/
session. Only by processing the data with several methods, a total of
nine showers were identified, or about 2 showers/session.

5. Summary and conclusion

EUSO-TA demonstrates the performance of a new detector tech-
nology for the observation of UHECRs, based on an optical system
made of Fresnel lenses and a focal surface composed of a matrix of
MAPMTs. The detector system was designed for observations from
space within the JEM-EUSO program but performs well also on the
ground. The detector registered, using the TA-BRM-FD external trigger,
nine UHECRs events during its four acquisition sessions in 2015. The
response of the detector was also tested using UV laser shots mimicking
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extensive air showers. An optimization of the detector will be achieved
through hardware and firmware upgrades. This will allow remote
operations of EUSO-TA and will provide detector self-triggering, so that
the instrument can operate independently of the TA-BRM-FDs.

In order to evaluate the detection limit of EUSO-TA as a function
of the shower energy and distance from the detector, a method was
developed to rescale the real energy taking into account that only
a portion of the shower can be observed by the detector. Such a
method was then applied to several sets of simulations. The showers
were simulated with proton and iron primaries, different energies (1 x
10'7-1 x 10%° V) and directions (zenith angle in the range 0°~90° and
azimuth angle in the range 0°-360°), and distributed on the EUSO-
TA site, in order to reproduce several realistic conditions. EUSO-TA
was simulated with the self-trigger capability and with two electronics
configurations: the one used at the time of the measurements performed
in 2015 (SPACIROC1 board), and that foreseen for the upgraded EUSO-
TA2 (SPACIROC3 board). Two background levels were considered (1
and 1.5 counts/pixel/GTU). For all configurations, the detection limit
was evaluated. The overall results are that the energy limit is in the
range 1 x 10'8—1 x 10! eV in the range of distances involved (up to
50 km), although, occasionally, showers can be detected also at lower
energies.

The detection limits estimated from simulations (with the EUSO-TA
internal trigger) were compared to the real data (acquired with the ex-
ternal trigger from TA-BRM-FDs). Due to the natural higher statistics of
showers at the (relatively) low energies, the EUSO-TA design optimized
for space-based observations, and the higher TA exposure to UHECRs
observed from the ground, most of the showers that crossed the FOV
of EUSO-TA during real measurements are at lower energies than the
energy limit from simulations.

The sensitivity of EUSO-TA can be extended also to the EUSO-SPB1
balloon-based experiment, which is similar to EUSO-TA in design and
for which the distance of observation (33 km altitude, or lower when
considering the observation of the shower maximum at a few km from
the ground) is of the order of the longest distances from which EUSO-
TA can detect showers. The energy limit estimated for EUSO-SPB1 is in
the range 2—5x10'8 eV, consistent with the energy at which EUSO-SPB1
performed 100% trigger rate during field tests at the EUSO-TA site that
is, as expected, higher than the energy limits. There is no significant
difference in the results from proton and iron simulations.

An analysis of the internal trigger performance was also done, using
the aforementioned simulation sets for both proton and iron showers.
The expected trigger rate is of about 1-2 detections per acquisition
session (of about 30 h each), in the case of low background level
(1 count/pixel/GTU) and SPACIRCOC1 boards. By using SPACIROC3
boards, the trigger rates increase 15%—20%. For the higher background
level (1.5 counts/pixel/GTU) the rates halve. Running the level-1 trig-
ger algorithm on the real data (measured when the detector hosted
SPACIROCI electronic boards), it was possible to detect about one
shower per acquisition session. Considering that the background level
changed depending on the sky condition and time of the acquisition,
the results of the simulations are consistent with that rate. The average
trigger rates of iron showers are slightly lower than those for protons,
but they increase more regularly with the elevation angle of EUSO-TA
than proton showers. This is due to the fact that the X, distribution
for iron showers is at lower values (higher in the atmosphere) and
narrower than for the proton ones, reducing the difference between
showers with the same characteristics.
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Appendix A. Parameters of the detected events from measure-
ments with the external trigger from TA-BRM-FDs

This table collects the parameters of the nine events detected by
EUSO-TA while it was operating, with different elevation angles, using
the external trigger of TA-BRM-FDs. The elevation angle is in the first
column; in the following four columns there are the parameters from
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Table A.5

Parameters of the nine detected events from measurements with the external trigger
from TA-BRM-FDs. In order from left to right: elevation angle of EUSO-TA during the
operation; energy reconstructed by TA, zenith angle ¢; azimuth angle ¢ measured from
east counterclockwise; the impact parameter R; the energy rescaled based on this

analysis E,n; the distance of the shower measured along the telescope optical axis.

elev. (deg)  E.cqa (V) 60 (deg) ¢ (deg) R, km) E. ., (eV) D (km)
25 4.90x 10'8 56.9 15.7 8.3 2.09 x 10'8 8.66
15 1.15x 10'8 34.5 82.8 2.5 3.27x 1018 2.88
25 1.58x 10" 62.9 27.0 0.8 6.98 x 10'8 1.04
21 1.12x 108 29.5 254.9 5.0 5.61x 107 5.12
20 324x 10"  60.4 169.3 9.1 1.88 x 108 19.80
10 240%10'%  41.2 114.8 6.7 3.51% 10" 10.03
15 331x 10" 40.6 210.5 9.0 2.17x 10'8 10.07
10 5.13x 107 10.6 130.5 1.7 3.10% 107 2.12
15 263x10'"% 8.1 8.0 2.6 2.08%x 108 2.76

the TA reconstruction; in the last two columns parameters calculated
in this analysis (see Table A.5).

Appendix B. Plots from the analysis of iron showers

This appendix contains plots for iron primaries that are counterparts
of those in the main body of the paper made for proton primaries.

B.1. Conversion factors with iron as primary cosmic ray

See Fig. B.18.

B.2. Data rescaled in energy with conversion factors from iron simulations

See Fig. B.19.

B.3. Event rate with iron primaries

Event rate of showers generated by iron primaries. For the descrip-
tion of the plots, refer to Section 4.4.

Appendix C. Shower core positions

In Fig. C.21, the shower core positions are plotted in the North/East
frame in the Universal Transverse Mercator (UTM) system. The maps
also show the position of EUSO-TA and the CLF, which are about 21 km
apart. In the map on the top-left, the shower cores of all the simulated
showers are drawn with gray squares, overlayed by those that entered
the FOV drawn with blue squares, and those that were triggered drawn
with red stars. In the other plots, showers are split according to their
energy, zenith, and azimuth angles. Depending on the relative position
between EUSO-TA and these shower cores, they are distributed over
a different portion of the plots. In the map at the top-right, showers
are split depending on the energy. Having simulated showers with an
energy spectral index —1, most of the triggered showers have energy
above 1x 10'? eV and can reach distances of several tens of kilometers
from EUSO-TA. At lower energies, the distance of the triggered showers
gets smaller. In the map at the bottom-left, showers are split by the
zenith angle. It is visible that showers with low zenith angles have the
cores close to the optical axis of EUSO-TA, as it should be in order to
have the shower in the FOV; by increasing the zenith angle, the position
of the shower core gets farther from the optical axis. In the map at the
bottom-right, showers are split by the azimuth angle. For reference,
the azimuth angle 0° points towards the East (right) and increases
counterclockwise. Also in this case, due to geometrical constraints, the
shower cores are in different areas depending on the azimuth angle.
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Fig. B.18. Energy conversion factors for iron primaries as a function of the shower energy and distance from the detector. The plots refer to 10°, 15°, 20°, and 25° elevation angles
and 0°, 30°, and 60° zenith angles.
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Fig. B.19. Showers crossing the FOV of EUSO-TA during measurements displayed at different steps of the energy correction and with the detection limits from simulations
overlapped (iron primaries). Distance of showers vs. the reconstructed energy (top-left); distance vs. equivalent energy (top-right); distance vs. equivalent energy corrected by the
atmospheric attenuation (middle and bottom panels, where the positions of the shower events are the same). In the middle and bottom panels, the detection limits from simulations
are overlapped, colors indicate different elevation angles and solid and dashed lines represent limits evaluated as D =a-E+band D=a- \/E + b, respectively. In the middle
plots, limits were estimated with the background level of 1 count/pixel/GTU, while in the bottom plots with the background of 1.5 counts/pixel/GTU; on the left are limits for
SPACIROCI boards and on the right for SPACIRCOC3 boards. In these plots, the energy thresholds for EUSO-SPB1 estimated from EUSO-TA simulations are indicated, as well as
the energy at which EUSO-SPB1 performed 100% trigger rate (TR) during field tests.
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Fig. B.20. Energy distribution of the simulated showers with iron primaries, spectral index —1 (top) and rescaled by the UHECR flux measured by the PAO and the TA, to retrieve
the realistic ones (bottom). Plots are for elevation angles 10° (left) and 25° (right) and for SPACIROC1 ASIC boards. Black lines represent all the simulated showers, blue lines
showers in the FOV of EUSO-TA, and red lines the triggered showers. Solid lines are for all showers with no cuts. The dashed and dotted lines show the distributions with cuts on
the energy and zenith angle used to measure the energy spectrum with the TA and the PAO, respectively. In the rescaled distributions (bottom), the triggered showers are split
considering the TA and the PAO spectrum, plotted with magenta and green dashed lines, respectively.
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Fig. C.21. Position of the simulated shower cores plotted in the North/East frame in the UTM system. In the top-left plot, all shower cores are overlayed by those of showers
that entered the FOV and those of the triggered ones. In the other maps, showers in the FOV and the triggered ones are split depending on the energy (top-right), the zenith

(bottom-left) and the azimuth (bottom-right) angles.

Appendix D. Simulations of vertical showers

To exclude effects introduced by the random geometry of the simu-
lated showers, a set of simulations was performed with vertical (proton)
showers. This set of simulations is intended only to prove that with
vertical showers a cleaner separation between the triggered and the
non-triggered events can be reached. Indeed, using random directions
some events could be triggered as a consequence of the Cherenkov
emission of photons, but this contribution to the signal is not taken into
account in the energy re-scaling. Moreover, random directions might
produce some showers that cross the FOV of EUSO-TA only in the
corners, generating too little signal to trigger. With vertical showers,
these situations are largely avoided.

In Fig. D.22, the simulated vertical showers are plotted with their
distance and simulated energy (top), equivalent energy (middle), and
equivalent energy corrected for the atmospheric transmission (bottom).
Plots are for background level of 1 count/pixel/GTU, elevation angle
of 10° (left) and 25° (right), and SPACIROC1 electronics board. The
same quality cuts listed in Section 4.2.2 have been applied to the
showers, and the same procedures to draw the detection limit and to
calculate the energy limit for EUSO-SPB1 were used. It is visible that
there is almost no region where the triggered and the non-triggered
events overlap. Only a few non-triggered events are in the region of
the triggered ones, for cases in which the photons arrived on the focal
surface of the instrument mainly in the gaps between MAPMTs, and
therefore they were not recorded. At distances beyond 20 km, the non-
triggered events overlap more the triggered ones. This is due to the
larger area covered by the FOV of EUSO-TA at the long distances, which
implies a higher number of showers in the FOV and, therefore, the
aforementioned effect of photons arriving on the gaps is more likely
to happen.

Table D.6

Parameters a and b of the lines D=a-E+b (D « E) and D:a‘\/f+b (D \/E)
defining the detection limits from simulations of vertical showers, two elevation angles
of EUSO-TA (10° and 25°), one version of the electronics board (SPACIROC1), and one
background level (1 count/pixel/GTU). The a parameters have to be multiplied by the
value indicated in the header of the table.

Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) a(x107'%),b in D x E a(x107%),b in D« VE
1 10 3.06,-0.52 0.81,-4.50
1 25 6.26,—1.48 1.25,-7.19
Table D.7

Energy limit of EUSO-SPB1 estimated from simulations of vertical proton showers,
two elevation angles of EUSO-TA (10° and 25°), one version of the electronics board
(SPACIROC1), and one background level (1 count/pixel/GTU), for lines D =a-E+b

(DxE)and D=a-VE+b (D x VE).
Background (c./p./GTU) Elevation (deg) Epm _sep1 (€V)
DxE DxVE
1 10 2.18x 108 3.70x 108
1 25 1.60 x 10'8 2.63x 10'8
Average energy limit 1.89x 10" 317x 10"

In Table D.6 the parameters of the equations defining the detection
limits are reported, considering both the forms D = a - E + b and
D =a-V\E+b and in Table D.7 the corresponding energy limits for
EUSO-SPB1 are included. For the latter, the values are similar to those
obtained with the simulation of showers with random directions, and
this indicates the good performance of the methods used in the analysis.
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Fig. D.22. Simulated vertical proton showers in the FOV and the triggered ones represented with their distance to EUSO-TA measured inside the FOV and the simulated energy
(top), the equivalent energy (middle), and the equivalent energy corrected for the atmospheric transmission (bottom), for 10° (left) and 25° (right) elevation angles. The simulated
background is 1 count/pixel/GTU and the electronic board version is SPACIROCI. In the bottom plots, the distance and energy of laser events generated by the CLF and the GLS
system are shown, too. In the same plots, the evaluated detection limit is drawn, as well as the evaluated limit of EUSO-SPB1.

the detection limit. The same information but for iron simulations is in
Table E.O.

Appendix E. Parameters of the detection limits from simulations

E.1. Distance versus energy E.2. Counts versus Distance

Table E.8 reports the a and b parameters of the lines representing the See Tables E.10 and E.11.
detection limits from proton simulations in the different background
conditions (1 and 1.5 counts/pixel/GTU), elevation angles (10°, 15°,
20° and 25°), and with SPACIROC1 and SPACIROCS3 electronics boards.
Both the D =a-E+band D = a- v/ E + b functions are used to evaluate

E.3. Counts versus Energy
See Tables E.12 and E.13.
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Table E.8

Parameters a and b of the lines D = a-E+b (D « E) and D = a~\/f+b (D x \/E) defining
the detection limits from simulations proton showers and EUSO-TA with four elevation
angles (10°, 15°, 20° and 25°), two versions of the electronics board (SPACIROC1
and SPACIROC3), and two background levels (1 and 1.5 counts/pixel/GTU). The a
parameters have to be multiplied by the value indicated in the header of the table.

Proton
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC1

a(x1071%),b in D E a(x107%),b in D« VE
1 10 +4.97,-3.71 +1.40,-11.25
1 15 +2.04,+1.40 +0.56,-0.75
1 20 +8.32,-13.67 +4.98,-77.81
1 25 +5.90,-6.25 +1.64,-17.50
1.5 10 +2.29,-3.23 +0.78,-8.09
1.5 15 +2.85,-3.08 +0.88,-7.38
1.5 20 +3.49, -10.00 +1.34,-20.79
1.5 25 +3.18,-8.00 +0.93,-10.94
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC3

a(x1071%).b in D « E a(x107%),b in D« VE
1 10 +4.59,-2.38 +1.52,-13.99
1 15 +2.72,-0.29 +0.80,-4.35
1 20 +7.60,—-11.02 +2.56,-32.33
1 25 +7.00, —4.59 +2.00,-18.35
1.5 10 +2.54,-3.50 +0.93, -8.81
1.5 15 +2.36,+0.50 +0.94,-8.25
1.5 20 +1.77,42.48 +0.84,-7.50
1.5 25 +2.82,-0.27 +1.20,-12.79

Table E.9

Parameters a and b of the lines D = a-E+b (D « E) and D = a<\/f+b (D x \/E) defining
the detection limits from simulations iron showers and EUSO-TA with four elevation
angles (10°, 15°, 20° and 25°), two versions of the electronics board (SPACIROC1
and SPACIROC3), and two background levels (1 and 1.5 counts/pixel/GTU). The a
parameters have to be multiplied by the value indicated in the header of the table.

Iron
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC1

a(x10718),b in D < E a(x107%),b in D x VE
1 10 +4.13,-3.00 +1.75,-19.08
1 15 +2.32,42.38 +0.88,-5.14
1 20 +3.03,+1.75 +0.94,-5.25
1 25 +7.04,-7.91 +1.81,-18.81
1.5 10 +7.11,-47.85 +3.67,-93.85
1.5 15 +7.35,-49.32 +2.12,-42.25
1.5 20 +2.04,40.25 +1.12,-13.75
1.5 25 +1.68,4+2.50 +0.89,-9.00
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC3

a(x10718),b in D x E a(x107%),b in D« VE
1 10 +6.48,-6.50 +1.34,-11.50
1 15 +2.32,4+2.38 +0.88,-5.14
1 20 +5.74,-3.55 +1.50,-12.25
1 25 +5.78,-5.06 +5.46,-72.12
1.5 10 +3.54,-7.03 +1.02,-11.74
1.5 15 +1.81,+1.44 +0.85,-7.50
1.5 20 +2.94,-2.90 +1.22,-15.00
1.5 25 +6.54, -18.60 +2.76,-47.61
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Table E.10

Parameters a and b of the lines separating triggered and non-triggered events depending
on the number of counts and their distance C = a-D+b (C « D) or energy C = a/D>+b
(C « 1/D?) defining the detection limits from simulations of proton showers and
EUSO-TA with four elevation angles (10°, 15°, 20° and 25°), two versions of the
electronics board (SPACIROC1 and SPACIROC3), and two background levels (1 and
1.5 counts/pixel/GTU).

Proton
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC1

a,bin Cx D a,bin C x 1/D?
1 10 —7.84,4504.74 +6373.00, 4+293.65
1 15 —6.32,+450.93 +1136.38,4222.32
1 20 —6.33,+407.80 +3288.52, +253.55
1 25 —8.82,+483.80 +6749.62, +284.23
1.5 10 —11.39,+724.60 +5139.73,+532.77
1.5 15 —10.79, +656.43 +9538.00, +357.43
1.5 20 —4.09, +482.06 +7387.21,4384.20
1.5 25 —6.60,+616.22 +5240.32,4+497.53
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC3

a,bin C x D a,bin C « 1/D?
1 10 —6.71,4+494.47 +8064.82,4+298.27
1 15 —10.07,+528.44 +7227.70,+240.17
1 20 —9.56,+484.72 +4465.39,4253.88
1 25 —8.50,4+429.28 +7538.18,4223.60
1.5 10 —11.33,4699.63 +7722.38,+476.47
1.5 15 —8.75,+593.33 +5984.98, +424.41
1.5 20 —11.78,4685.69 +6351.93,4439.01
1.5 25 —9.64,+624.31 +1000.00, +600.04

Table E.11

Parameters a and b of the lines separating triggered and non-triggered events depending
on the number of counts C and their distance D C = a- D+ b (C « D) or energy
C =a/D*+b (C « 1/D?) defining the detection limits from simulations of iron showers
and EUSO-TA with four elevation angles (10°, 15°, 20° and 25°), two versions of the
electronics board (SPACIROC1 and SPACIROC3), and two background levels (1 and
1.5 counts/pixel/GTU).

Iron
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC1

a,bin Cx D a,bin C x 1/D?
1 10 —7.60, +458.62 +1778.50,+4307.36
1 15 —5.55,+419.70 +6076.00,+290.71
1 20 —9.42,+484.69 +3742.92,+329.39
1 25 —9.20,4+535.04 +4010.57,4345.24
1.5 10 —8.51,+668.47 +4240.00, +496.50
1.5 15 —8.37,4+603.33 +9245.00, +436.58
1.5 20 —11.11,4749.31 +9802.00, +425.15
1.5 25 —8.58, +657.02 +7122.61,+477.48
Background Elevation Parameters of the limit’s equation
(c./p./GTU) (deg) SPACIROC3

a,bin Cx D a,b in Co<l/D2
1 10 —7.57,+488.80 +9511.75,4276.49
1 15 —8.06, +486.63 +7975.36, +252.04
1 20 —5.11,4+363.83 +7524.34,4203.54
1 25 —7.17,4+443.11 +7099.26, +264.60
1.5 10 —11.6,+720.10 +7928.75,4+386.94
1.5 15 —9.68,+611.53 +9470.34,4373.88
1.5 20 —-9.03,+537.95 +3855.24,+385.16
1.5 25 —7.90, +607.46 +1958.26,+378.39
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Table E.12

Parameters a and b of the lines separating triggered and non-triggered events depending
on the number of counts and their distance C = a- D + b (C « D) or energy
C =a/D*+b (C x 1/D?) defining the detection limits from simulated proton showers
and EUSO-TA with four elevation angles (10°, 15°, 20° and 25°), two versions of the
electronics board (SPACIROC1 and SPACIROC3), and two background levels (1 and
1.5 counts/pixel/GTU). The a parameters have to be multiplied by the value indicated
in the header of the table.

Proton

Background Elevation Parameters of the limit’s equation

(c./p./GTU) (deg) SPACIROC1
a(x107),b in C x E

1 10 —-9.19,+353.92

1 15 —8.62,+233.28

1 20 —1.57,4356.58

1 25 —2.38,+344.92

1.5 10 —9.60,4+558.77

1.5 15 —9.03,+473.27

1.5 20 —4.74,+434.49

1.5 25 —0.56,+528.76

Background Elevation Parameters of the limit’s equation

(c./p./GTU) (deg) SPACIROC3
a(x1071),b in C x E

1 10 —-9.10,+335.95

1 15 —9.77,4255.31

1 20 —9.39,4304.82

1 25 +0.55,+249.50

1.5 10 —9.08, +449.44

1.5 15 —7.20,+470.03

1.5 20 —8.76, +486.00

1.5 25 +4.20, +581.55

Table E.13

Parameters a and b of the lines separating triggered and non-triggered events depending
on the number of counts and their distance C = a- D + b (C « D) or energy
C = a/x* +b (C « 1/D?) defining the detection limits from simulated iron showers
and EUSO-TA with four elevation angles (10°, 15°, 20° and 25°), two versions of the
electronics board (SPACIROC1 and SPACIROC3), and two background levels (1 and
1.5 counts/pixel/GTU). The a parameters have to be multiplied by the value indicated
in the header of the table.

Iron

Background Elevation Parameters of the limit’s equation

(c./p./GTU) (deg) SPACIROC1
a(x1071%),b in C x E

1 10 -9.92,4321.40

1 15 —9.54,+326.80

1 20 —-0.28,+332.76

1 25 —8.48,4362.77

1.5 10 —9.58,+4539.56

1.5 15 —9.09, +475.85

1.5 20 —5.22,4455.04

1.5 25 +1.94,+542.17

Background Elevation Parameters of the limit’s equation

(c./p./GTU) (deg) SPACIROC3
a(x107),b in C < E

1 10 —7.31,4356.29

1 15 —9.22,+330.40

1 20 —3.34,4269.08

1 25 —2.33,4283.00

1.5 10 —8.80,+550.48

1.5 15 —8.95,+422.16

1.5 20 —9.56,+413.20

1.5 25 —7.43,+385.44
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