PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

“ ay Conference
r 12-23 July 2021

Science and mission status of EUSO-SPB2

J. Eser,* A. V. Olinto® and L. Wiencke” on behalf of the JEM-EUSO Collaboration
(a complete list of authors can be found at the end of the proceedings)

“Department of Astronomy & Astrophysics, University of Chicago,
Chicago, IL 60637, USA

b Department of Physics, Colorado School of Mines,
Golden, CO 80401, USA

E-mail: jeser@uchicago.edu

The Extreme Universe Space Observatory on a Super Pressure Balloon II (EUSO-SPB2) is a
second generation stratospheric balloon instrument for the detection of Ultra High Energy Cosmic
Rays (UHECRs, E > 1 EeV) via the fluorescence technique and of Very High Energy (VHE, E >
10 PeV) neutrinos via Cherenkov emission. EUSO-SPB2 is a pathfinder mission for instruments
like the proposed Probe Of Extreme Multi-Messenger Astrophysics (POEMMA). The purpose of
such a space-based observatory is to measure UHECRs and UHE neutrinos with high statistics
and uniform exposure.

EUSO-SPB2 is designed with two Schmidt telescopes, each optimized for their respective observa-
tional goals. The Fluorescence Telescope looks at the nadir to measure the fluorescence emission
from UHECR-induced extensive air shower (EAS), while the Cherenkov Telescope is optimized
for fast signals (~10 ns) and points near the Earth’s limb. This allows for the measurement of
Cherenkov light from EAS caused by Earth skimming VHE neutrinos if pointed slightly below
the limb or from UHECRSs if observing slightly above.

The expected launch date of EUSO-SPB2 is Spring 2023 from Wanaka, NZ with target duration of
up to 100 days. Such a flight would provide thousands of VHECR Cherenkov signals in addition
to tens of UHECR fluorescence tracks. Neither of these kinds of events have been observed from
either orbital or suborbital altitudes before, making EUSO-SPB2 crucial to move forward towards
a space-based instrument. It will also enhance the understanding of potential background signals
for both detection techniques.

This contribution will provide a short overview of the detector and the current status of the mission

as well as its scientific goals.
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1. Introduction

With arecord energy of more than 100 EeV, Ultra High Energy Cosmic Rays (UHECRs) are the
most energetic particles known to exist. Although ground-based observatories have observed these
energetic particles for decades, their source and acceleration mechanisms remain largely unknown
due to their extremely low flux at Earth’s surface (see [1] and references therein).

Very High Energy (VHE) neutrinos (E>10 PeV) can also help to explain the most energetic
processes in the universe as well as the evolution of astrophysical sources. Few of these VHE
neutrinos have been detected so far due to their minuscule interaction cross sections, requiring very
large amounts of target material to allow for observation.

A space-based experiment such as the proposed Probe for Multi Messenger Astrophysics
(POEMMA) [2] could overcome the shortcomings of ground-based observation (by observing the
Earth and its atmosphere from above, allowing for gargantuan increase in acceptance at the highest
energies), thereby representing the next frontier in UHECR and VHE neutrino physics. Before such
a detector can be built and launched, it is highly advantageous to develop pathfinder missions to
raise the technological readiness and to verify the targeted detection techniques. A stratospheric
balloon allows for such an investigation in a near space environment without the risk and cost of a
fully realized space mission.

The Extreme Universe Space Observatory on a Super Pressure Balloon 2 (EUSO-SPB2) is the
third (and most advanced) balloon mission undertaken by the EUSO collaboration and will build on
the experiences of previous missions [3, 4]. The timeline of the evolution of the EUSO ballooning
missions is shown in Fig. 1.
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Figure 1: Evolution of the EUSO ballooning program towards a space based mission, starting from the first
proof of concept of the technology with EUSO-Balloon in 2014 and updated payload in EUSO-SPB1 in
2017. EUSO-SPB2 will launch in 2023 and is the next step towards a space based mission like K-EUSO or
POEMMA.

EUSO-SPB2 has three main scientific objectives:
1. Observing the first extensive air showers via the fluorescence technique from suborbital space.

2. Observing Cherenkov light from upwards going extensive air showers initiated by cosmic
rays.
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3. Measuring the background conditions for the detection of neutrino induced upwards going
air showers.

4. Searching for neutrinos from astrophysical transient events (e.g. binary neutron star mergers)

The mission and the instrument will be detailed in section 2 before we discuss the different science
objectives for the two telescopes in sections 3 and 4, respectively.

2. The EUSO-SPB2 Instrument and Mission

To achieve the science goals outlined earlier, EUSO-SPB2 is equipped with two telescopes:
one optimized for the fluorescence detection technique (nadir pointing), and a second one optimized
for the Cherenkov detection technique (pointing near the Earth limb).

The Fluorescence Telescope (FT) camera has a modular design following the layout of previous
instruments, particularly EUSO-SPB1, which flew in 2017. While EUSO-SPB1 was equipped with
only one Photo Detection Modules (PDM), each consisting of 2304 individual pixels capable of
single photo electron counting with a double pulse resolution of 6 ns, EUSO-SPB2 will fly 3 PDMs.
Also the integration time was shortened from 2.5 us to 1 us in EUSO-SPB2 to increase the signal
to noise ratio. The optical system used in EUSO-SPB1 was a 2 Fresnel lens system. To increase
the light collection onto the focal surface EUSO-SPB2 design was switched to a Schmidt system
consisting of 6 mirror segments and a 1 m diameter Schmidt corrector plate at the aperture providing
a field of view of roughly 12° by 36°. A detailed description of the FT is given in [5].

The Cherenkov Telescope (CT) is a brand new instrument. To accommodate the very fast signals
of the Cherenkov emission, the camera is composed of 512 Silicon Photomultipliers (SiPMs) pixels
with a 10ns integration time and a spectral range between 400 nm and 800 nm. The optical system
of the CT is a Schmidt system similar to the FT but with only 4 mirror segments. The field of view
of the CT is 6.4° in zenith and 12.8 ° in azimuth. The mirror segments are aligned in such a way
that a parallel light pulse from outside the telescope produces two spots in the camera. This bi-focal
alignment allows to distinguish triggers of interest from single spot events caused by low energy
cosmic rays striking the SiPM camera directly. A detailed description of the CT is given in [6].

EUSO-SPB?2 is designed as a payload of a NASA Super Pressure Balloon, allowing a mission
duration of up to 100 days at a nominal altitude of 33 km. EUSO-SPB2’s planned launch is in
March/April of 2023 from Wanaka, New Zealand. This launch window and location is chosen to
allow the balloon to travel easterly around the globe following a stratospheric air circulation that
develops twice a year in these latitudes (~ 45°S). The azimuth rotator will allow to point the solar
panels during the day towards the sun for maximum battery charging time for the night-time data
taking. The average observation time per night is around 5 hours over the entire flight. While the
FT points nadir during the entire flight for the observation of EAS via the fluorescence technique,
the CT has a pointing mechanism allowing to aim the telescope both above and below the Earth
limb. Above the limb, the CT will record direct Cherenkov light from PeV cosmic rays early in the
flight to verify the functionality of the instrument. Below the limb, the CT will search for signals
corresponding to the upward 7-induced EAS. In case that an astrophysical event alert is issued
during the mission, the zenith and azimuth pointing capability of the CT will allow for a follow up
search (see 4.1).
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3. Science Objective of the Fluorescence Telescope

The primary scientific goal of the FT is to achieve the first measurement of an EAS induced by
a primary cosmic ray via the fluorescence technique from suborbital space as well as the accurate
reconstruction of the properties of such an event (direction and energy). Such a measurement would
prove the feasibility of measuring UHECR from space using fluorescence emission—a technique
proposed also for the POEMMA mission. To evaluate the capability of the FT to obtain this goal,
extensive simulation work was performed. A detailed discussion of the FT performance can be
found in [7].

For these simulations, CONEX [8] is used to simulate the shower profiles using EPOS-LHC
[9] assuming proton primaries. A total of 1.6 million showers were isotropically simulated landing
on a disk with 100 km radius. The center of the disk is the detector location projected on ground.
The 100 km disk is needed to ensure that all shower geometries that deposit light inside the field
of view are taken into account. The shower azimuth angle is uniformly distributed between 0° and
360° while the zenith angle is distributed flat in sinfcosé (0°-80°). The energy of the simulated
showers is sampled between 10'7-3 ¢V and 10'°-7 eV in 20 bins evenly spaced in log,o(E/eV). The
background used in the simulation is estimated using the measurements from previous experiments
appropriately scaled to the new detector characteristics. The Pierre Auger Observatory [10] energy
spectrum is used to convert a trigger rate to a hourly event rate as shown in fig. 2.
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Figure 2: Expected event rate for the FT (See [7] for more details).

Integrating over the entire energy span, we expect to record 0.12 + 0.01 events per observation
hour which equates to roughly 0.6 events per night. Machine learning techniques will be used on
board to identify these events and download them with the highest priority. This is necessary as a
recovery of the whole data set is not guaranteed for a stratospheric balloon flight. More information
is provided in [7].

Another interesting science objective for the FT concerns the search for the candidate upwards
going events as reported by the Antarctic Impulse Transient Antenna (ANITA) [11]. The feasibility
of such a search is still under investigation but preliminary simulations look promising, mostly due
to the apparent strong intensity of those events.
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4. Science objective of the Cherenkov telescope

The CT is a novel instrument and no previous version was flown or even built before. Therefore,
the main objective for the telescope is to raise the technical readiness level and to understand the
occurring backgrounds in such an instrument before utilizing it in future space missions such as
POEMMA. At any given time, the science goals of the CT depend on its pointing direction. If the
instrument is pointed below the limb, there are two objectives that EUSO-SPB2 aims to achieve: i)
in principle, detect upwards going EAS sourced from neutrinos from transient astrophysical events
(see 4.1) and ii) measure optical background signals for the observation of Earth-skimming neutrino
events.

The background observations are particularly crucial for future missions as currently no measure-
ments in this wavelength range or with this time resolution have been conducted from suborbital
space. The night sky background has a significant impact on the detection threshold and the subse-
quent event reconstruction, which indicates that a detailed measurement of its variation over time
and telescope pointing direction over the spectral response of the SiPMs is crucial for the event
rate estimation of future experiments. In addition, EUSO-SPB2 will be able to identify known
and unknown background sources that could influence the detection of the signal of upwards going
EASs for example atmospheric events. Finally, the impact of direct hits on the focal surface cased
by charged particles will be studied as they produce the same signature as Cherenkov light from
upwards going EASs. EUSO-SPB2 will use the bi-focal technique to identify such events correctly.

4.1 Target of Opportunity

The sensitivity of EUSO-SPB2 to the diffuse cosmogenic neutrino flux was investigated but
due to the limited field of view and relatively short mission time, EUSO-SPB2 is not sensitive to the
diffuse neutrino flux even assuming the most optimistic UHECR source evolution (corresponding to
the cosmological evolution of Active Galactic Nuclei), which is already excluded by the IceCube and
Auger experiments. For more details how the sensitivity was estimated, see [12]. One possibility
for EUSO-SPB2 to still observe neutrinos is to point the instrument in the direction of a transient
astrophysical event (e.g. binary neutron star mergers after receiving an alert). The EUSO-SPB2
sensitivity to such events, called "target of opportunity” (ToO) events, was investigated in detail in
[13].

The ToO events can be divided in two classes based on their characteristic time duration. Short
bursts are defined as events which last around 1000 s while long bursts can last from days to even
weeks. For the latter, the neutrino flux is averaged over the duration of the event while for the
former, it is assumed that the instrument is positioned at the ideal location for the source at the
beginning of the event and the flux is integrated over the duration of the event.

The left panel of fig. 3 shows EUSO-SPB2’s sensitivity for Binary Neutron star mergers [ 14] scaled
for a distance of 0.8 Mpc and 3 Mpc. Possible sources that may correspond to these distances could
be located in M31, and NGC 253 and MS2 (star burst) respectively. The red line shows a flight
duration of 30 days while the black line is for 100 days. The right panel shows the sensitivity for
emissions from short gamma-ray burst assuming a moderate emission as discussed in [15]. The
distances chosen are 3 Mpc and 40 Mpc which correspond to the distances of GW170817 and
GRB170817A respectively. The sensitivities shown in fig. 3 are not taking the balloon trajectory
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Figure 3: The EUSO-SPB2 all-flavor 90% unified confidence level sensitivity to ToO neutrino flux per
decade in energy. In blue the all-flavor fluency for different models, [14] for the long and [15] for the short
scenario. For the long duration events a 30 and 100 days flight is considered (red and black line respectively).

into account. For the long scenario the effect of the sun and moon is considered including a longer
twilight period due to the balloon altitude. The short scenario does not contain these restrains.
Further, although EUSO-SPB2 is sensitive to neutrinos produced in these events, the short mission
duration of up to 100 days makes the probability of such an event occurring in close enough range
during operations unlikely.

4.2 Above-the-limb Extensive Air Showers

When the instrument is pointed above the limb, EUSO-SPB2 will be able to, for the first time,
measure Cherenkov emission from EAS from suborbital space. The trajectory of the above-the-limb
cosmic ray events is shown in panel A of fig. 4. The trajectories of these events provide enough
atmosphere for a primary cosmic ray to produce an EAS which is detectable via its Cherenkov
emission as long as the primary energy is larger than a few PeV. This is due to the highly forward
beam nature of Cherenkov radiation. As the shower mostly develops in rarefied atmosphere, the
atmospheric attenuation is minimized but the Cherenkov emission is also limited due to increased
thresholds. Details of how to accurately simulate the Cherenkov signal of such showers is discussed
in [16].

The resulting event rate of the above-the-limb cosmic rays for EUSO-SPB2 is displayed in
panel B of fig. 4. The cumulative event rate is more than 100 events per hour for primary energies
above 1 PeV. Such a high rate makes it possible to collect a statistically relevant dataset in a relatively
short observation time, thereby providing a guaranteed signal which has similar properties to those
signals from air showers sourced from Earth-skimming neutrinos. Frequent observation of such
events will help evaluate and refine the detection and reconstruction techniques of the experiment.

5. Conclusion

EUSO-SPB?2 is the follow up project of EUSO-SPB1 and represents a pathfinder for the
POEMMA mission and, as such, is equipped with two telescopes. One telescope is optimized
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Figure 4: A) Schematic trajectory of upwards going EAS initiated by cosmic rays, observable at the detector
via Cherenkov emission of the shower B) The cumulative, energy dependent, expected event rate of above-
the-limb cosmic rays, assuming a detection threshold of 10 photons m™2ns~! (See [16] for details). The
cosmic ray fluxes are taken from [17].

for the fluorescence detection of UHECRs while the other is optimized to measure the Cherenkov
emission from EAS sourced from either Earth skimming neutrinos or above-the-limb cosmic rays.
EUSO-SPB?2 is scheduled to fly as a NASA SPB payload from Wanaka, NZ in early 2023.

EUSO-SPB2 will measure, for the first time, EAS from above using the fluorescence technique.
Extensive simulation studies have shown that the expected event rate is 0.12 UHECR events per hour
with the FT and the possibility to search for ANITA event-like candidates are still under study. For
the first time, a Cherenkov Telescope based on SiPMs will be flown on a stratospheric balloon raising
the technological readiness level. EUSO-SPB2 will study the background signals encountered while
looking for signals from upward going EASs sourced from below the limb. Although studies have
revealed that EUSO-SPB2 has very limited sensitivity towards the diffuse cosmogenic neutrino
flux, being significantly less competitive than existing ground based experiments, the instrument
still has the capability to detect neutrinos emitted by astrophysical events if they happen within our
cosmic neighbourhood. Pointing the CT above the limb allows to record more than 100 events per
hour of above-the-limb direct cosmic rays. As this signal is similar to that from potential neutrino
induced showers, these events allow to evaluate the detection technique.
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