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Multi-messenger observations of transient astrophysical sources have the potential to characterize
the highest energy accelerators and the most extreme environments in the Universe. Detection of
neutrinos, in particular tau neutrinos generated by neutrino oscillations in transit from their sources
to Earth, is possible for neutrino energies above 10 PeV using optical Cherenkov detectors imaging
upward-moving extensive air showers (EAS). These EAS are produced from Earth-interacting tau
neutrinos leading to tau leptons that subsequently decay in the atmosphere. We compare neutrino
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Probe of Extreme Multi-Messenger Astrophysics (POEMMA) mission.
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1. Introduction

Transient astrophysical sources such as tidal disruption events, binary neutron star mergers
and the merger of black hole pairs are expected to generate signals in gravitational waves, cosmic
rays, photons and in neutrinos. Over cosmic distance scales, the flavor ratio of two muon neutrinos
to one electron neutrino will oscillate to approximately equal numbers of all three flavors of
neutrinos (and anti-neutrinos). At high energies, signals of tau neutrino fluxes may be observed
through tau neutrino induced up-going air showers that produce an optical Cherenkov signal, the
focus of this work. Using the Earth as a tau neutrino converter, taus are produced in v, charged
current interactions [1]. Taus may exit directly or proceed through a series of decays and neutrino
reinteractions called regeneration. Exiting taus that decay into a shower in the atmosphere can
produce optical and radio Cherenkov signals, and at the highest energies, air fluorescence.

The optical Cherenkov signal of up-going tau air showers is the target of the two missions
describe here: the Probe of Extreme MultiMessenger Astrophysics (POEMMA) [2] with a pair
of satellites proposed for a 2028 launch, and the second generation Extreme Universe Space
Observatory on a Super-Pressure Balloon (EUSO-SPB2) [3] pathfinder telescope scheduled to
launch in May 2023. Both missions also have a fluorescence telescope as well, discussed elsewhere
in these proceedings. Parameters of these satellite and sub-orbital telescopes are listed in table
1. With reference to fig. 1, table 1 shows the altitude /4, the angular coverage below the limb
Aa and the corresponding maximum Earth emergence angle (relative to the surface plane) Sy, the
ym
consistent with a reduction of the air glow background to less than 1% [4]. POEMMA has two
observing modes: stereo with both telescopes pointing to the same spot on the ground, and dual,

azimuthal coverage A¢ and the minimum photon number density at the respective detectors p

where the telescopes point to two different locations. Stereo mode has the advantage of a lower
photon number density threshold, most important at lower energies, while the dual mode increases
the observing area by a factor of 2. Telescopes can slew over time frames of order 500 s [5].

| Mission | POEMMA Stereo (Dual) | EUSO-SPB2

h 525 km 33 km
Aa 7° 6.4°
Ag 30° 12.8°

P 20 (40) y/m? 200 y/m?
max 19.6° 10.8°

Table 1: Altitude &, angular coverage below the limb Aa, azimuthal coverage A¢, minimum photon number

density on the telescope surface p?i“ and maximum Earth emergence angle 8",

POEMMA’s altitude i = 525 km is a clear advantage over the EUSO-SPB2 sub-orbital altitude
in coverage of the Earth’s surface for detection of the diffuse astrophysical neutrino flux, a factor of
~ 70 enhanced geometric effective aperture of the Earth. For point source detection, POEMMA’s
advantage is not in effective area, but instead that it has full sky coverage over a year, during which
time the orbital plane precesses through almost seven periods. In the next section, we compare the
diffuse neutrino flux sensitivities of POEMMA and EUSO-SPB2. The target of opportunity (ToO)
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Figure 1: Definition of angles and distances for diffuse flux and point source fluence sensitivities.

sensitivities are compared in the following section. We conclude with a short discussion of some
of the modeling uncertainties. For the range of neutrino energies relevant to these detectors, above
107 GeV, neutrinos and antineutrinos have equal cross sections, so in our discussion, “neutrino”
refers to both particle and antiparticle.

2. Diffuse neutrino flux
The sensitivity to the diffuse neutrino flux for a detector with effective aperture (AQ) and
observing time including duty cycle fos for three neutrino flavors is

o 2.44%3
T In(10) X Ey. X (AQ) X tobs

ey

assuming no background, at a 90% confidence level over a decade of energy. With the variables
defined in fig. 1, a detector’s effective aperture is given by [6]

<AQ> (EVT) = // PObS f * ﬁ dS thr 5 (2)
S J AQy

where the observation probability P,,s depends on the probability pegir for v. — 7 with an exiting
7, the probability for the tau to decay in the atmosphere pgecay, and the detection probability pget:

Pobs = / Pexit (ETIEVTaﬁtr)

X

/ds/Pdecay(s/)pdet (E+,0E, B, s/) dE+ , 3)

A full discussion of the diffuse neutrino flux sensitivity can be found in ref. [4].

Figure 2 shows part of the integrand in eq. (2): the product of the geometric portion of the
effective area 7 - 7idS = cos 0,,dS with the tau exit probability pei for E,, = 10° GeV, accounting for
the angular ranges Aa and A¢ for POEMMA and EUSO-SPB2 shown in table 1. The shaded regions
are outside of the respective Aa ranges. For reference, the Earth emergence angles G = 1°, 10°
are shown by vertical lines. Both telescopes cover the most important range of 6g (B ).

The sensitivity of both instruments to Cherenkov signals of up-going air showers degrades at
low energies because peit is smaller for low energies than high energies. Tau decays dominate tau
propagation, and the decay length of the tau in vacuum is 500 mx(E/10” GeV). Figure 3 shows
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Figure 2: Comparison of differential effective aperture for POEMMA and EUSO-SPB2 for E,, = 10° GeV,
as a function of 6. The dotted vertical lines are labeled with the corresponding value of Earth emergence

angle Sy.
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Figure 3: The sensitivity of POEMMA and EUSO-SPB2 to the all-flavor diffuse neutrino flux.

the diffuse all-flavor neutrino flux sensitivity of POEMMA, EUSO-SPB2 and the sensitivity of a
A¢ = 360° version of POEMMA [4]. Without A¢ = 360°, POEMMA will not be competitive
with other instruments. The 5-year planned running time, a factor of ~ 18 times longer than
EUSO-SPB2, and the advantage in geometric effective aperture account are only partly offset by
the enhanced detectability of EUSO-SPB2 that comes from being closer to the showers as they
develop in the atmosphere. Overall, POEMMA with A¢ = 30° is a factor of ~ 200 more sensitive
than EUSO-SPB2 to the diffuse astrophysical neutrino flux over most of the neutrino energy range.

3. Target of opportunity neutrino fluence
The sensitivity to neutrino point sources depends on the instantaneous effective area [5]

2
Acn(s) = (v — )% x (HCCTI) , (G

the area subtended by the Cherenkov cone over the distance between the tau decay point and the
telescope, v — 5. For long neutrino bursts, the relevant quantity is the instantaneous effective area
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Figure 4: Long (left) and short (right) burst all-flavor neutrino fluence sensitivities for POEMMA (blue) and
EUSO-SPB2 (violet) with parameters of Table 1 assuming instruments can slew over the 360° in azimuth.

weighted by the observation probability, time averaged over the period Ty of the satellite orbit (90
minutes for POEMMA) or the Earth’s rotation of approximately one day (for EUSO-SPB2):

ABu(1).Ey.0.6) = / dPoss(Ey, B, $) Ach(5) 5)
to+71o
<A(EV, 0’ ¢)>TO = F th(Btr(t),Ev,Q, ¢) . (6)
0 1o
The sensitivity is determined from
244 %3
¢sens = (7)

In(10) X E,, X (A(E\, 0, $))p, X fi

for the all-flavor fluence ¢,,.

The left panel of fig. 4 shows the long neutrino burst sensitivities for POEMMA and EUSO-
SPB2. For POEMMA, the sensitivity is evaluated assuming stereo viewing, and an overall duty cycle
S+ of 30% is used to account for the time that the Sun and Moon prohibit observing. Dual viewing
mode for POEMMA yields the best long neutrino burst sensitivity a factor ~ 5 higher (weaker) than
in stereo mode for 107 GeV. Stereo and dual viewing modes have very similar sensitivities above
E, ~ 3 x 10® GeV. For EUSO-SPB2, the sensitivity to a long neutrino burst of 30 days = 10%* s
comes from the 30 day average of the effective area, assuming a 20% duty cycle because of the Sun
and Moon. Since there are some regions of the sky inaccessible to EUSO-SPB2, we do not plot an
upper bound to the sensitivity band. POEMMA has the advantage of full sky coverage over time.
We also show the prediction of Fang and Metzger’s binary neutron star all-flavor neutrino fluence
for a merger at 3 Mpc distance over a time interval of 10*3 — 1053 s [7].

For short neutrino bursts, we assume that a 10° s neutrino burst begins when the source is in
an optimal position for observation by either instrument. The best short neutrino burst sensitivities
are shown in the right panel of fig. 4, with the duty cycle f; = 1, part of the definition of “best.” For
a short neutrino burst, POEMMA does not have time to slew into stereo mode, so the sensitivity is
determined in dual mode. Also shown in the right panel is the on-axis prediction for a short gamma
ray burst at 40 Mpc with moderate extended emission predicted by Kimura, Murase, Meszaros and

All flavor sensitivity [GeV cm ™2
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Kiuchi (KMMK) [8]. The short neutrino burst sensitivity of EUSO-SPB2 is much closer to the
POEMMA short neutrino burst sensitivity than for their respective long neutrino burst sensitivities,
and even better than POEMMA at E,, = 107 GeV. The low energy results for EUSO-SPB2 come
from the advantage of being closer to the developing shower. There is boost in the effective area
through A, with larger distances (v — s) from the tau decay, at the cost of a lower photon density
at the telescope. At low energies, the photon density threshold is the determining factor.

Both telescopes will require external (GCN) alerts for short and long neutrino bursts. With five
years of viewing, POEMMA has greater potential for transient observations from tidal disruption
events, binary black hole mergers and binary neutron star mergers [5]. EUSO-SPB2 will be a
pathfinder instrument. The sensitivities shown here indicate that sources in nearby galaxies are
accessible for detection if those sources are located in optimal regions of the sky [9].

4. Modeling uncertainties

The evaluations of the sensitivities to the diffuse neutrino flux and the neutrino point source
fluence rely on modeling the tau neutrino and tau propagation in the Earth, the up-going tau air
shower and its detection. In this section, we illustrate the impact of modeling uncertainties in tau
propagation in the Earth (in pej¢) and the shower modeling, which impacts pget.

Neutrino propagation in the Earth has a primary uncertainty in the ultrahigh energy extrapola-
tion of the neutrino cross section. Once a tau is produced, it propagates with electromagnetic energy
loss dominated by photonuclear processes. Again, the high energy behavior of tau photonuclear
scattering requires extrapolations. Here, we focus on electromagnetic energy loss. Two examples of
parameterizations of the photonuclear energy loss are those of Abramowitz et al. (ALLM) [10] and
Block et al. (BDHM) [11]. The blue region between the solid black (ALLM) and blue (BDHM)
curves shows an approximate theoretical uncertainty range for photonuclear energy loss. Both solid
curves come from an Earth model based on the Preliminary Reference Earth Model [12] with an
outer layer of water of depth 3 km. The black dashed line shows the result when the final layer
of Earth is rock. At low energies, most of the neutrino production of taus is in the final layer, so
the rock density enhances the probability for the neutrino to interact. At high energies, tau can
propagate farther. Propagation in water entails less energy loss than in rock, so the sensitivity is
best over water at high energies [13].

In refs. [4] and [5], the photon density as a function of angle and altitude of the decay was
determined using the Greisen parameterization of the EAS and a composite atmosphere model (see
ref. [4] for details) for Eg,, = 10% GeV, then rescaled by a factor of Egy/ 108 GeV. In figs. 3 and
4, the shower energy is taken to be 0.5E,. Recently, improvements to the air shower modeling
have been reported in ref. [14]. There, the air shower modeling is based on CORSIKA, modified
for upward showers. The longitudinal profile as a function of shower age shows longer shower
tails than the Greisen parameterization, resulting in an increased effective aperture at high energies.
Figure 6 show a comparison of our results (black) for the sensitivity of the diffuse flux of POEMMA
[4] (Ieft) and for EUSO-SPB2 (right) with the results from the improved treatment of the showers
(red) evident at high energies, illustrating the projected improved sensitivity at high energies for
both instruments. At low energies, the diffuse neutrino flux sensitivity of EUSO-SPB2 shows little
change with the improved shower treatment. For POEMMA, the results are in qualitative agreement
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Figure 5: Comparison of POEMMA (A¢ = 360°) sensitivity evaluations for the diffuse all-flavor neutrino
flux with ALLM and BDHM tau photonuclear energy loss extrapolations with 3 km water in the outer layer
of the Earth (solid curves) and with a final layer of all rock (dashed). The figure is updated from ref. [4].
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Figure 6: Comparison of sensitivity evaluations for the all flavor diffuse neutrino flux E2¢,.; following ref.
[4] in black and with the more detailed shower modeling of ref. [14] (black, labeled CAK (2021)).

at low energies. The initial shower energy is expected to have a larger impact close to the sharper
threshold of the higher altitude telescope. The quantitative discrepancy between two results at low
energy for POEMMA is under investigation.

Further studies of the impact of different models for the inputs to Py are in progress. The
end-to-end simulation of neutrino to optical Cherenkov and geomagnetic radio signals from EAS
in the nuSpaceSim package is under development [15], with a component nuPyProp that evaluates
the tau exit probabilities and energy distributions [16].
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