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nSpaceSim motivation: Low nt Energy Threshold via Ĉ
Spiering, C. 2012, The European Physical Journal H, 37, 515

Use the Earth and Atmosphere as large neutrino 
target & detector using extensive air showers (EAS) 

- sn ≈ snbar for En ≳ PeV
- y-dependence similar for charge-current (CC) 

and neutral-current (NC) interactions 
TeVPA 2024 - nuSpaceSIm

dimensional profile. For each (Eν, θsh), we calculate the
average δðθEÞ across all 105 thrown showers.
Note that for a muon initiated EAS with multiple

interactions along the muon trajectory, we track only the
spatial profile of the interaction which provides the largest
angle to which the instrument is sensitive. That is, we do
not calculate the superposition of spatial distributions from
multiple interactions of the muon, but only that from the
interaction which provides the largest signal at the detector.
This was found to have a minimal (<5%) effect on the
maximum observable angle from shower axis.

C. Event rate estimations

The photon detection threshold of the two experiments
we are concerned with is given by ρthr ¼ Nmin

PE =ðϵQAÞ,
where ϵQ is the quantum efficiency for background photons
detection, A is the effective photon collecting area and Nmin

PE
is the minimum number of photo-electrons corresponding
to a fixed maximum rate of “false events” triggered by the
background (here fixed below 10−2 per year).
As discussed in [66], integrating the signal into the

typical duration of a Cherenkov burst (20 ns), the reference
value Nmin

PE ¼ 10 (40 for EUSO-SPB2) can be used as it
follows from the technical design of POEMMA and the
dark-sky air glow background model in the 300–1000 nm
range. This model, based on the VLTL/UVES measure-
ments [98,99] with the van Rhijn enhancement [100–102],
implies a quantum efficiency for the background detection
with ϵQ ¼ 0.2, assuming the same performances of the
Cherenkov signal detection [37,66]. The photon collecting
area of POEMMA and EUSO-SPB2 are respectively A ¼
2.5 m2 and A ¼ 1 m2 and the threshold photon density ρthr
will be respectively 20 photons=m2 and 200 photons=m2.
To determine the geometric aperture hAΩiðEνÞ (where

the nominal 20% duty cycle of each instrument is not yet
applied) to an isotropic neutrino flux, we perform the
numerical integration of Eq. (15) over the spatial region
covered by the fields of view of POEMMA and EUSO-
SPB2. The angular parameter δ is sampled from the
simulated Cherenkov showers, as before, using the detailed
fit to the 1D Cherenkov spatial distribution. The resulting
geometric aperture of POEMMA-like and EUSO-SPB2-
like instruments (unscaled by the proper azimuth ranges)
for the 3 detection channels as a function of primary
neutrino energy is shown in Fig. 22.
As expected, at low neutrino energies (<10 PeV)

EUSO-SPB2 is significantly more sensitive than
POEMMA due to the near-field geometric effects for
EAS observation from balloon altitudes that lead to a
relative brightening of dim signals. At higher energies,
the aperture of EUSO-SPB2 is roughly ∼1=5 that of
POEMMA, even under the assumption that both have
2π azimuth ranges (the ratio becomes ∼1=15 taking into
account the proper azimuth ranges). Additionally, we note

the effect of muon induced cascades which, at low energies,
is the dominant signal that allows for muon neutrino
detection. At high energies, the muon neutrino signal
becomes less significant with an acceptance that becomes
roughly ∼1=5 that of the tau neutrino curve. The least
important detection channel for both instruments is that of
secondary muons coming from τ-lepton decay. While the
showers from secondary muons can be equally as bright as
those from primary muons, for low neutrino energies, they
are not boosted by the improvement in τ-lepton emergence
probability and, at high neutrino energies, the decay length
of the τ-lepton limits the number of interactions the muon
can experience before departing the atmosphere.
The only detection channel that can be directly compared

with our results is that of the τ-lepton decay into hadrons
and electrons, which has also been calculated in [66] where
the Cherenkov spatial distribution is fitted with a modified
Gaussian profile in angle. Using the same Gaussian fit in
angle to describe the Cherenkov photon spatial distribution,

FIG. 22. Geometric aperture as a function of primary neutrino
energy for the primary tau neutrino, primary and secondary muon
neutrino detection channels for POEMMA-360° [upper panel]
and EUSO-SPB2-360° [lower panel].
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Upward t-lepton 
induced EAS provide a 
beamed optical 
Cherenkov signal that 
leads to < 10 PeV tau-
neutrino detection 
threshold in space-
based or balloon-
based experiments, 
which is at energies 
above the atm bkgnd.
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Simulation Modeling : Simplified Picture

Instrument Response
Signal at Instrument:
- Cherenkov/radio Spatial and temporal profile
- Cherenkov/radio wavelength spectrum

Atmospheric attenuation and scattering of 
Cherenkov & dispersion of radio signals
Air Shower & Optical and Radio Generation
Tau propagation and decay

Tau propagation & energy loss in Earth, nt regeneration 
Tau neutrino CC interaction
Tau neutrino flux

Sampled Libraries:
- nuPyProp: 
- nuTauSim
- Any other if defined 

appropriate input 
format.

Sampled Libraries:
- Tau decay
- EAS, eg CONEX
- Optical and radio 

signals
- MERRA-2 Data-driven 

atmosphere model

Detailed definition of instrument
- Orientation of viewed 

Earth/atmosphere 
- Time/location of observation
- Tools to define threshold, eg 

optical dark-sky background

TeVPA 2024 - nuSpaceSIm
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Modeling Software Status

TeVPA 2024 - nuSpaceSIm

Current Version:  nSpaceSim 1.5.1 
Features:  FAST!   106  Generated events in ~6 min (M2 Mac)
- nuPyProp nt → t-lepton PEXIT generator
- Modeling of optical Cherenkov emission from extensive 

air showers and Cherenkov light detection
- Modeling of geomagnetic radio emission from EAS, 

ionospheric dispersion, and radio detection
- Modeling of cosmic diffuse neutrinos
- Modeling of transient neutrino sources
- Cloud attenuation of optical signals based on MERRA-2 

database
- User input format in TOML format
- Upward EAS output in CONEX format (Beta)
- Incorporation of CHASM Ĉ light generator (in progress)

JCAP01(2023)041

Figure 1. Schematic of incident tau neutrino trajectory that emerges as a · -lepton at an angle —tr
relative to a tangent to the Earth’s surface. The depth of water is adjustable in the range of 0–10 km.

regeneration) that can provide a substantial lower energy tau flux [38–43]. Muons can also
emerge from the Earth from muon neutrino interactions. While regeneration is not a feature
of ‹µ propagation, muons also induce upward-going EASs [44].

Space-based missions such as POEMMA [32, 45] and the sub-orbital instrument EUSO-
SPB2 [46, 47] can leverage the large surface area of the Earth to detect the beamed optical
Cherenkov signals from cosmic neutrinos [48–51] and perform complimentary observations
of UHE cosmic rays using fluorescence telescopes. For determining the neutrino flux sen-
sitivities of such missions, an end-to-end package to simulate the cosmic neutrino induced
EASs becomes a necessity. nuSpaceSim [52, 53] is such a software, which is designed to
simulate radio and optical signals from EASs that are induced by these astrophysical tau
neutrinos and muon neutrinos. Presented here is a stand-alone component of nuSpaceSim

called nuPyProp[54]. It takes incident tau neutrinos and muon neutrinos and propagates them
through the Earth. We use the more complex case of tau neutrino and · -lepton propagation
to illustrate how nuPyProp is structured and how nuPyProp contributes to the nuSpaceSim

software package.
Following the propagation and energy loss of tau neutrinos and · -leptons through the

Earth as in figure 1, one can express the exiting tau observation probability in terms of the
· -lepton exit probability Pexit, the · -lepton decay probability pdecay for an infinitesimal path
length dsÕ in the atmosphere, and the detection probability pdet [48, 55, 56]:

Pobs(E‹· , —tr, ◊v) =
⁄

Pexit(E· |E‹· , —tr) ◊
5⁄

dsÕ pdecay(sÕ) pdet(E· , ◊v, —tr, sÕ)
6

dE· , (1.1)

where —tr denotes the Earth emergence angle (relative to tangent to the Earth at exit) of
the · -lepton as shown in the right panel of figure 1 and ◊v is the angle along the line of
sight from the point of Earth emergence to the detector. Here, pdecay relates to the decay
of the · -lepton in the Earth’s atmosphere as a function of altitude (implicitly through sÕ, its
path length in the atmosphere that depends on altitude and —tr). The air shower produces
light in the Cherenkov cone around the trajectory axis with an energy-weighted Cherenkov
angle between ≥ 0.2¶–1.3¶ depending on the altitude of the decay and —tr [48], so in general

– 2 –
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Simulation Architecture

- Vectorized Python wrapper than schedules modules also written in Python
- Inherent multi-core processing via Dask
- TOML input format and HDF5 library and output format

- Libraries pre-generated, with code of user to re-generate:
- t-lepton exit Probability: nuPyProp (nuLeptonSim in progress)
- t-lepton decay products: 50% in EAS (Pythia-based in progress)
- EAS longitudinal profiles: Greisen param , Gaisser-Hillas with and without  

full EAS longitudinal fluctuations in Beta testing
- Optical:

- Optical Cherenkov properties via EAS age (CHASM in progress)
- Atmosphere definition:

- Baseline for Rayleigh scattering, aerosol & ozone absorption
- Cloud libraries from MERRA-2 database, time and location dependent
- Aerosol & Ozone from MERRA-2 (in progress) 

- Baseline Detector modeling (more detailed modeling in progress)
- Radio: based on ZHAireS simulated libraries 

- upgrade in progress ‘Accurate&Efficient’ method developed by Austin  
Cummings

- Modeling of optical and radio correlation (near future)
TeVPA 2024 - nuSpaceSIm
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User Input, Geometry, Tau Yield, EAS Generation 

Geometric Selection

Observatory Altitude

Earth Surface Region 
of interest

Detector Response 
Detection Threshold

Interaction Models

Neutrino Energy

User Input

Particle Trajectory 
Samplng

Geometric 
Acceptance (AW)G

Geometry

t-lepton Energy

t-lepton Exit 
Probability

Tau Propagation

Celestial  Definition

Decay Products

t-lepton Decay 
Altitude

Tau Decays

Master Loop

Sampled Libraries

ZHAireS EAS and 
Radio Signal Gen

Signal at FEE

Radio Signal
Sampled Libraries

CONEX/Cosmos EAS

EAS Gen
Sampled Libraries

Rayleigh

Aerosol

Atm Scattering

Clouds

Ozone

Ionosphere 
Dispersion

EAS Universality

Optical Signal

Cherenkov & 
Flourescence Gen

Efficiency

Timing

Signal at Detector

Radio or Optical

Sampled Libraries

Run Results

Event Physics 
variables

Acceptance (AW)

Earth Density Model

Pythia 8: t → p p0 nt
Blue: left-hand polarized
Red: unpolarized
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Altitude [km]
3 33 525

HorizAng [deg] 88.24 84.18 67.50
HorizAng -Alpha 
[deg]

Earth Emerg An
[deg]

1 2.13 3.56 6.97
3 4.42 6.64 12.33
5 6.53 9.14 16.24
7 8.58 11.44 19.60

10 11.63 14.74 24.09
15 16.67 20.02 30.83
25 26.70 30.32 43.01
35 36.72 40.47 54.44
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Figure 1. Schematic of incident tau neutrino trajectory that emerges as a · -lepton at an angle —tr
relative to a tangent to the Earth’s surface. The depth of water is adjustable in the range of 0–10 km.

regeneration) that can provide a substantial lower energy tau flux [38–43]. Muons can also
emerge from the Earth from muon neutrino interactions. While regeneration is not a feature
of ‹µ propagation, muons also induce upward-going EASs [44].

Space-based missions such as POEMMA [32, 45] and the sub-orbital instrument EUSO-
SPB2 [46, 47] can leverage the large surface area of the Earth to detect the beamed optical
Cherenkov signals from cosmic neutrinos [48–51] and perform complimentary observations
of UHE cosmic rays using fluorescence telescopes. For determining the neutrino flux sen-
sitivities of such missions, an end-to-end package to simulate the cosmic neutrino induced
EASs becomes a necessity. nuSpaceSim [52, 53] is such a software, which is designed to
simulate radio and optical signals from EASs that are induced by these astrophysical tau
neutrinos and muon neutrinos. Presented here is a stand-alone component of nuSpaceSim

called nuPyProp[54]. It takes incident tau neutrinos and muon neutrinos and propagates them
through the Earth. We use the more complex case of tau neutrino and · -lepton propagation
to illustrate how nuPyProp is structured and how nuPyProp contributes to the nuSpaceSim

software package.
Following the propagation and energy loss of tau neutrinos and · -leptons through the

Earth as in figure 1, one can express the exiting tau observation probability in terms of the
· -lepton exit probability Pexit, the · -lepton decay probability pdecay for an infinitesimal path
length dsÕ in the atmosphere, and the detection probability pdet [48, 55, 56]:

Pobs(E‹· , —tr, ◊v) =
⁄

Pexit(E· |E‹· , —tr) ◊
5⁄

dsÕ pdecay(sÕ) pdet(E· , ◊v, —tr, sÕ)
6

dE· , (1.1)

where —tr denotes the Earth emergence angle (relative to tangent to the Earth at exit) of
the · -lepton as shown in the right panel of figure 1 and ◊v is the angle along the line of
sight from the point of Earth emergence to the detector. Here, pdecay relates to the decay
of the · -lepton in the Earth’s atmosphere as a function of altitude (implicitly through sÕ, its
path length in the atmosphere that depends on altitude and —tr). The air shower produces
light in the Cherenkov cone around the trajectory axis with an energy-weighted Cherenkov
angle between ≥ 0.2¶–1.3¶ depending on the altitude of the decay and —tr [48], so in general
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nuPyProp: D. Garg et al. 
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Optical Cherenkov Light Generation & Detection

TeVPA 2024 - nuSpaceSIm

Developed, 
awaiting Beta 
testing

  Johannes Eser (jeser@mines.edu)      NuSpaceSim call 30/04/2020    
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 Detector Response Example

● Shower detector distance 1.5km

Detector properties:
● 1mm PSF
● 3mm px size
● 5ns time binning
● 70% e5ciency
● 12deg FoV
● 1m Aperture

2021JCAP...06..007P: 

  Johannes Eser (jeser@mines.edu)      NuSpaceSim call 30/04/2020    
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 Example distributions

Number of Photons

CHASM 

Baseline

nSpaceSIm Incorporation 
under development

nSpaceSIm Incorporation 
under development
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Optical Cherenkov Light Generation & Detection
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 Detector Response Example

● Shower detector distance 1.5km

Detector properties:
● 1mm PSF
● 3mm px size
● 5ns time binning
● 70% e5ciency
● 12deg FoV
● 1m Aperture

amount of computational resources. It is thus useful to
model the three dimensional output of the Cherenkov
spatial light profile analytically using a one dimensional
profile of the Cherenkov photon density (in photons
per m2) as a function of θ, the angle off shower axis as
measured from the ground, as follows:

ρch ¼

8
>><

>>:

ρ0 θ ≤ θch
ρ0ð θ

θch
Þ−β θch ≤ θ ≤ θ1

ρ1e−ðθ−θ1Þ=θ2 θ ≥ θ1

ð12Þ

Where the free parameters are ρ0, the central Cherenkov
intensity in photons=m2, θch, the angle within which the
Cherenkov spatial distribution is approximated as flat,
which corresponds well to the Cherenkov angle at Xmax
projected from ground, β, the power law index describing
the behavior of the tails close to the shower axis, θ1 the
transition angle from power law to exponential behavior,
and θ2, the exponential scale of the tails far off shower
axis. ρ1 is calculated such that the function remains
continuous between the last 2 regions, and is not a free
parameter. For a given shower geometry (trajectory angle
and shower starting altitude), we perform a least squares
fit to the Cherenkov spatial distribution with the 5
parameter fit described above. The results of the fits
are shown in Fig. 17 for a 100 PeV proton shower with
Earth emergence angle 10° and starting altitudes 0 km and
17 km. The flat-top fit to the distribution provides an
effective average close to the shower axis, while accu-
rately modeling the tails of the distribution out to very
large angles off of shower axis.
Previous attempts to fit the Cherenkov spatial distribu-

tion used solely power law or exponential models to
describe the off axis behavior, but this results in large
overestimates and underestimates, respectively. This com-
bined fit presented in Fig. 17 describes the Cherenkov
photon distribution quite well, even out to very large angles
off shower axis, which becomes important for showers with
very large primary energies.
To generate a large parameter space on which to

sample, we simulate showers with starting altitudes from
0 km to 25 km in 0.5 km increments, and Earth emergence
angles from 0.1° to 50° in 2° increments. In Figs. 18
and 19, we plot the three dominant parameters of the fit
(the central intensity ρ0, the effective Cherenkov width
θch, and the log scale β, which describe the shape of the
distribution close to the axis) to the Cherenkov spatial
distribution for a space based instrument and a balloon
based instrument. The relative intensity of the Cherenkov
signal for a 100 PeV upward going EAS is roughly 3
orders of magnitude larger for a balloon based instrument
than a space based instrument. The difference in inten-
sities can be reasonably approximated as the ratio of
ðL525

L33
Þ2 (where L here is the path length from Xmax to

observation), but breaks down when L is of the same
magnitude as rm the Moliere radius, which occurs for
balloon based instruments, making them more sensitive
to near-field effects.
The effective Cherenkov angle θch and the scale β of

the Cherenkov spatial profile decrease and increase,
respectively, with increasing starting altitude, resulting
in a very narrow, steeply falling distribution. However,
for very high starting altitudes (z ≥ 20 km), we begin
to see the opposite behavior, that is, a slight rebound in
θch, and a decrease in β. These are the effects of the
electron lateral distribution, which result in a more
spatially spread signal. As expected, the effects of
the lateral distribution become important earlier for
balloon-based altitudes, as an instrument observing at
these altitudes can often be inside the active shower
development.

FIG. 17. Upper panel: Cherenkov light distribution for 100 PeV
proton shower with 10° Earth emergence angle initiated at 0 km
altitude as seen by POEMMA, with profile fits described in
the text. Vertical lines show the transition from constant to power
law to exponential behaviors. Lower panel: Shower initiated at
17 km altitude.

CUMMINGS, ALOISIO, and KRIZMANIC PHYS. REV. D 103, 043017 (2021)
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Smaller Č  angle at 
higher altitudes

0 km
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17 km
EASStart

PhysRevD.103.043017: 
A.L. Cummings, R, Aloisi, J.F. Krizmanic
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Upward-moving EAS: unique development and Radio & 
Optical Cherenkov signal formation PoS(ICRC2021)1205

aSpaceSim John F Krizmanic

the orbital parameters of a space-instrument or an estimate of the trajectory for a balloon flight, one
can infer the cloud cover probability in the field-of-view of the instrument. A robust framework was
developed to read out the cloud modelling information constrained by real data provided by NASA’s
MERRA-2 database [14]. The MERRA-2 data are integrated in a(?024(8< with a resolution of
0.625� in longitude and 0.5� in latitude and values available every hour of every day, a monthly
average Cloud Top Pressure (CTP) probability distribution can be created for each pixel. Using
an atmospheric model of the user’s choosing, a corresponding Cloud Top Height (CTH) can be
generated, and to facilitate a web interface via HEASARC [12] will provide access.

Figure 3: The average longitudinal EAS pro-
files from the CONEX simulation for 100 PeV
pions for 5� Earth-emergence angle as a function
of EAS starting altitudes. The various compo-
nents (solid lines) are compared to the Greissen
parameterization (black boxes).

Figure 4: Results from the ZHAireS simulation showing
the radio pulse spectra at 525 km altitude as a function
of observer view angle of the shower for a zenith angle
of 80� g-lepton decay altitude.

Optical Detector Modeling: The resultant optical Cherenkov spectrum and time distribu-
tion after atmospheric attenuation is recorded at the altitude of the detector. These results are
then processed assuming an instrument response function, which includes e�ective area and op-
tics point-spread-function (PSF) as a function of the viewing direction to the Cherenkov light
generated by the EAS. A Poisson probability funtion is then applied using a photo-detection-
e�ciency (PDE) wavelength-dependent function. A separate tool determines the needed photo-
electron (PE) threshold needed to minimize the e�ects of the dark-sky air glow background, see
Refs. 2019PhRvD.100f3010R,PhysRevD.102.123013,2021NIMPA.98564614K. The PE threshold
is set in the input xml user file.

Geomagnetic Radio Generation: The radio emission from an EAS is due to the combination
of several classical radiation mechanisms [25]. The evolving electron and positron distributions in
the EAS are deflected by the Earth’s magnetic field, resulting in radio emission due to the time-
varying transverse currents in the shower. A small atmospheric refractivity is su�cient to produce
a Cherenkov-like radiation e�ect that focuses the radio emission forward along the propagation
axis of the EAS. The combination of these e�ects is referred to as geomagnetic radiation. The
EAS also produces an excess negative charge due to the dominance of electrons over positrons,
leading to an additional Askaryan-like [26] contribution to the radio emission. The properties
this radiation produce a characteristic radio impulse spectrum and polarization that make EAS

6

PoS(ICRC2021)1205 : J.F 
Krizmanic, for nSpaceSim
POS(ICRC2021)1031 : A. 
Romero-Wolf  et al. & 
nSpaceSim

Geomag Radio: 
more w (sterads) for 
lower frequency 
signals

Radio TOML Input



28-Aug-24 10TeVPA 2024 - nuSpaceSIm

Optical Ĉ Results Dashboard Plots:  108.5 GeV nt Isotropic Flux

Standard Analysis Plots & Event-by-Event data variables available for each run -> 
needed to answer questions such as what is the nt energy resolution?

Example Balloon Mission:
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Optical Cherenkov Example:   E-2 nt Spectrum to 

Standard Analysis Plots & Event-by-Event data 
variables available for each run -> needed to answer 
questions such as what is the nt energy resolution?

JCAP06(2021)007
Figure 2. POEMMA observing modes (see also § 4). Left: POEMMA-Stereo mode to observe
fluorescence from UHE cosmic rays and neutrinos in stereo. (Telescope separation ≥300 km and
pointing close to nadir for the most precise measurements at 10s of EeV.) Right: POEMMA-Limb
mode to observe Cherenkov from cosmic neutrinos just below the limb of the Earth and fluorescence
from UHECRs throughout the volume. (Telescope separation ≥25 km and pointing towards rising or
setting source for ToO-stereo mode.)

These groundbreaking measurements are obtained by operating POEMMA’s two tele-
scopes (described in figure 1 and table 1) in di�erent orientation modes. The first is
POEMMA-Stereo, a quasi-nadir configuration, optimized for stereo fluorescence observations
of UHECR and UHE neutrino (shown in the left panel of figure 2). The second is POEMMA-
Limb, a tilted configuration pointed towards the Earth’s limb as shown in the right panel
of figure 2. POEMMA-Limb is designed to simultaneously search for cosmic neutrinos from
just below the limb via the EAS Cherenkov signals and for UHECRs via fluorescence in the
angular range from below the limb to ≥45¶ from nadir. In addition, observations of cosmic
ray Cherenkov signals just above the limb can also be made for calibration and background
estimation.

To follow up ToO transient alerts, the observatory is swiftly positioned in POEMMA-
Limb mode pointing towards the rising or setting source position to search for neutrino
emission associated with the astrophysical event. If transient neutrino events lasting longer
than a day are uncovered, the spacecraft propulsion systems will bring the POEMMA tele-
scopes closer together to observe the ToO source with overlapping instrument light pools,
lowering the energy threshold for neutrino detection via the use of time coincidence (denoted
ToO-stereo configuration). For shorter-duration transients, the two POEMMA telescopes
will conduct independent observations of the source in separate light pools. This ToO-dual
configuration doubles the e�ective area for observations while increasing the neutrino energy
threshold to reduce the night sky air glow background e�ects. It should be noted that the
space-based POEMMA observatory has sensitivity for neutrinos above 20 PeV over the full-
sky in a 180-day time span, without the blind spots inherent to ground-based experiments,
see figures 7 and 8 in ref. [6].

In the POEMMA-Stereo configuration, the two wide-angle (45¶) Schmidt telescopes
with several square meters of e�ective photon collecting area view a common, immense
atmospheric volume corresponding to approximately 104 gigatons of atmosphere. This stereo
mode yields a factor of 4–18 increase in yearly UHECR exposure compared to that obtainable
by current ground observatory arrays and a factor of 40–180 compared to current ground
fluorescence observations. In all of the limb-viewing configurations, POEMMA searches for

– 5 –
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Figure 1. Concept of POEMMA telescope (left) and instrument (right) with major components
identified. Adapted from ref. [1].

Telescope: Instrument Spacecraft
Optics Schmidt 45¶ full FoV Slew rate 90¶ in 8 min

Primary Mirror 4 m diam. Pointing Res. 0.1¶

Corrector Lens 3.3 m diam. Pointing Know. 0.01¶

Focal Surface 1.6 m diam. Clock synch. 10 ns
Pixel Size 3 ◊ 3 mm2 Data Storage 7 days
Pixel FoV 0.084¶ Communication S-band

PFC MAPMT (1 µs) 126,720 pixels Wet Mass 3,450 kg
PCC SiPM (20 ns) 15,360 pixels Power (w/cont) 550 W
Observatory Each Telescope Mission (2 Telescopes)

Mass 1,550 kg Lifetime 3 year (5 year goal)
Power (w/cont) 700 W Orbit 525 km, 28.5¶ Inc
Data < 1 GB/day Orbit Period 95 min

Telescope Sep. ≥25–1000 km

POEMMA Observatory = Two Telescopes; Each Telescope = Instrument + Spacecraft

Table 1. POEMMA Observatory Specifications.

locations. For multi-messenger transients, POEMMA will follow ToOs to potentially detect
the first cosmic neutrino emission with energies E‹ & 20 PeV from astrophysical transients.
POEMMA also has sensitivity to neutrinos with energies above 20 EeV through fluorescence
observations of neutrino-induced EASs. Supplementary science capabilities of POEMMA
include probes of physics beyond the Standard Model of particle physics, the study of atmo-
spheric transient luminous events (TLEs), and the search for meteors and nuclearites.

– 4 –
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Figure 14. Left: illustration of the geometrical configuration in the orbital plane (satellite position,
ųsat, versus satellite velocity v̨sat). The satellite is located at point S. The arrival direction of an EAS
generated by a ‹· is characterized by its Earth emergence angle ◊e and the corresponding angle away
from the limb ” from the point of view of the satellite. The detector has a conical FoV of opening
angle –c, with an o�set angle –o� (away from the Earth’s limb) and pointing direction n̨d. Right:
Cherenkov viewing angle ” below the limb versus Earth emergence angle ◊e [85].

the region of parameter space of M and g where the neutrino interaction length is less than
150 Mpc (a far source) or 15 Mpc (a near source). Inside this region, the flux of emitted
UHE neutrinos is suppressed by secret interactions. Therefore, if POEMMA detects UHE
neutrinos from a source located at either of those distances, it would allow us to disfavor a
new region of parameter space.

At the EeV neutrino energy scale, POEMMA may test neutrino emission from relics from
the early universe. One example involves cosmic neutrinos produced via the decay of highly
boosted, strongly coupled moduli — scalar fields — radiated by relic cosmic strings [131],
which are quite generic in the string theory landscape [132, 133].

A recent BSM possibility was the report by the ANITA experiment. The observa-
tion comprised two intriguing up-going showers with deposited energies in the range 108 .
E/GeV . 109 [134, 135]. These anomalous events could originate in the atmospheric decay
of an up-going · -lepton produced through the charged-current interaction of a ‹· inside the
Earth. However, the relatively steep arrival angles of these perplexing events are in ten-
sion with the Standard Model neutrino-nucleon cross section: the column depth through
the Earth for these events is approximately 10 times the neutrino interaction length. The
lack of similar observations from Auger and IceCube implies that the particle giving rise to
ANITA events must produce an air-shower event rate at least a factor of 40 larger than that
produced by a flux of ‹· [136]. Thus, while the ANITA anomalous events might have a BSM
origin [137–145], recent observations suggest that systematic e�ects may play a larger role
than first anticipated [146]. Larger statistics are needed to test this. POEMMA will have
the required FoV to observe anomalous events with high statistics and put a BSM origin
to test. It should be noted that both the PCC and PFC have sensitivity to the Cherenkov
signal from BSM upward EAS events, albeit with a higher threshold energy for the PFC.
Thus POEMMA will be sensitive to BSM events while in POEMMA-Stereo mode as well as
POEMMA-limb observation modes.

– 18 –

7∘ from 
limb

Space-based Example:

POEMMA in nt Limb-
viewing mode
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ANITA

ANITA Radio 
Comparison : nt – 
induced upward EAS 
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Plot by  Andrew Ludwig:
Ref:  Remy Prechelt: arXiv:2112.07069

1 EeV

nSpaceSim: Example Radio Detector Sensitivity Calculation
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Combined EAS Cherenkov and Radio

TeVPA 2024 - nuSpaceSIm

Radio 90CL Sensitivity: 
100% Duty Cycle

Optical Cherenkov 90CL 
Sensitivity: 20% Duty 
Cycle

Key Parameters:
- 33 km Altitude
- Limb to 6.4∘ below Earth 

Limb
- Df = 360∘ 
- 1 m2 Optical Collection Area
- 10 radio antennae: 30 - 300 

MHz

All-flavor Optical w/ Radio Simulated Sensitivity TOML input File
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Effects of Clouds using MERRA-2 Database 

TeVPA 2024 - nuSpaceSIm

Effects of cloud height distribution over Baltimore

MERRA-2 Cloud Map: <June 2023>

X

Example Balloon Mission:
- 33 km Altitude
- Limb to 6.4∘ below 

Earth Limb
- Df = 360∘ 
- 1 m2 Optical Collection 

Area
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GW170817 Transient Neutrino Sensitivity Example

TeVPA 2024 - nuSpaceSIm

14-day All-flavor 90% CL GW170817 Limits

Assume EUSO-SPB2 was over Wanaka, NZ on 17Aug17

EUSO-SPB2

Auger 

ANTARES

ANTARES

EUSO-SPB2

Auger 
IceCube

IceCube

Ave August cloud height distribution  
in EUSO-SPB2 simulation

No cloud attanuationn in EUSO-SPB2 simulation

EUSO 
SPB2
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https://heasarc.gsfc.nasa.gov/docs/nuSpaceSim/

- nSpaceSim is designed to be a comprehensive, end-to-end 
simulation package for the development of space- and sub-
orbital based experiments to detect the optical and radio EAS 
signals and interpret data:

- Provides a quantification of modeling systematics by 
choice of different libraries by user

- Provide detailed analysis variables to aid definition and 
analysis of upward neutrino induced EAS missions using 
radio and optical signals

- Available thru Github and pip (precompiled binaries)
- nuPyProp: t-lepton Pexit and Energy Distributions
- nSpaceSim1.5.1  ver 1.6.0 in beta test

- Implementation of EAS external CONEX libraries 
- Future updates:

- Atmosphere defined using MERRA-2 Database for Aerosol 
and Ozone Distributions

- Full implementation of CHASM for optical Cherenkov 
generation

- Update of EAS radio signal modeling
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nSpaceSim Collaboration

nSpaceSim is funded by 21-APRA21-0071 (GSFC), 80NSSC22K1517 (Colorado School of Mines), 80NSSC22K1523 
(University of Iowa), 80NSSC22K1522 (University of Utah), 80NSSC22K1519 (Pennsylvania State University), 
80NSSC22K1520 (University of Chicago)
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Andrew Ludwig11, Simon Mackovjak12, Eric Mayoie5, Sonja Mayoie5, Angela Olinto7, Thomas Paul3, Alex Reustle1, 
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5 Department of Physics, Colorado School of Mines, Golden, Colorado 80401 USA
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Backup Slides
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Overview of t-lepton EAS Signal Formation

Tau decay channels (PDG)
Tau -> electron + nu_e + nu_tau  18% BR
Tau -> h- + nu_tau   12% BR
Tau -> h- + pi0 + nu_tau   26% BR
Tau -> h- + 2pi0 + nu_tau  11% BR
Tau -> h- + 3pi0 + nu_tau    1% BR
Tau -> h- + h- + h+ + nu_tau  10% BR
Tau -> h- + h- + h+ +pi0 + nu_tau     5% BR
Tau -> mu + neutrinos (special case) 17% BR

    Total  100%

Pythia 8: t → p p0 nt
Blue: left-hand polarized
Red: unpolarized

Both Optical Č and 
geomag radio signal 
dominated by e± in 
EAS with variability 
due to atmospheric 
properties

Stanev and Vankov, Phys Rev D 40 (1989)

Charged particle yield ~10-4 that for E&M 
or hadronic EAS

However, column depths are much larger 
than nominal 500 g/cm2 EAS width for 
E&M and hadronic showers


