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Outline

Stereo Viewing of UHECRs E ≳ 20 EeV
via Fluoresence: 10’s of µsec timescale

Upward t-lepton EAS E ≳ 20 PeV
via Cherenkov: ~10 nsec timescale

1. Scientific and Experimental Motivation.
2. POEMMA & Mission Description:

- Summary of results presented in arXiv:2012.07945
3. POEMMA UHECR & UHE Neutrino Performance via air fluorescence measurements.

- Summary of results presented in PhysRevD.101.023012
4. POEMMA VHE Neutrino Performance via optical Cherenkov measurements.

- Summary of results presented in PhysRevD.100.063010 and PhysRevD.102.123013
5. Summary & Comments
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Abstract. The Probe Of Extreme Multi-Messenger Astrophysics (POEMMA) is designed
to accurately observe ultra-high-energy cosmic rays (UHECRs) and cosmic neutrinos from
space with sensitivity over the full celestial sky. POEMMA will observe the extensive air
showers (EASs) from UHECRs and UHE neutrinos above 20 EeV via air fluorescence. Addi-
tionally, POEMMA will observe the Cherenkov signal from upward-moving EASs induced
by Earth-interacting tau neutrinos above 20 PeV. The POEMMA spacecraft are designed to
quickly re-orientate to follow up transient neutrino sources and obtain unparalleled neu-
trino flux sensitivity. Developed as a NASA Astrophysics Probe-class mission, POEMMA
consists of two identical satellites flying in loose formation in 525 km altitude orbits. Each
POEMMA instrument incorporates a wide field-of-view (45�) Schmidt telescope with over
6 m2 of collecting area. The hybrid focal surface of each telescope includes a fast (1 µs)
near-ultraviolet camera for EAS fluorescence observations and an ultrafast (10 ns) optical
camera for Cherenkov EAS observations. In a 5-year mission, POEMMA will provide mea-
surements that open new multi-messenger windows onto the most energetic events in the
universe, enabling the study of new astrophysics and particle physics at these otherwise
inaccessible energies.

Keywords: ultra-high-energy cosmic rays, high-energy neutrinos, orbital experiment,
multi-messenger astrophysics, transient luminous events, meteors
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POEMMA: Heritage

Based on OWL 2002 study, JEM-EUSO, EUSO balloon experience, and CHANT proposal 

OWL
2002 

design
EUSO: 

Extreme Universe 
Space Observatory

CHANT

Cherenkov from Astrophysical 
Neutrinos 
Telescope

EUSO-SPB1

EUSO-Balloon
EUSO@TA
Mini-EUSO

EUSO-SPB2

TUS, KLYPVE-EUSO
MASS:*Maximum*
Energy*Auger*(Air)*
Shower*Satellite*
******Italian*Mission�
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POEMMA: Science Goals

POEMMA Science goals:
primary
- Discover the origin of Ultra-High Energy Cosmic Rays 

Measure Spectrum, composition, full-Sky Distribution at Highest Energies (ECR > 20 EeV) 
Requires very good angular, energy, and Xmax resolutions: stereo fluorescence
High sensitivity UHE neutrino measurements via stereo fluorescence measurements

- Observe Neutrinos from Transient Astrophysical Events 
Measure beamed Cherenkov light from upward-moving EAS from t-leptons source by 
nt interactions in the Earth (En > 20 PeV)
Requires tilted-mode of operation to view limb of the Earth &  ~10 ns timing
Allows for tilted UHECR air fluorescence operation, higher GF but degraded resolutions

secondary
- study fundamental physics with the most energetic cosmic particles: CRs and Neutrinos 
- search for super-Heavy Dark Matter: photons and neutrinos
- study Atmospheric Transient Events, survey Meteor Population 

√s ≈ 450 TeV @ 100 EeV
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POEMMA Operational Modes: UHECR Stereo versus Limb-viewing Neutrino

Stereo Viewing of UHECRs E ≳ 20 EeV
via Fluoresence: 10’s of µsec timescale

Upward t-lepton EAS E ≳ 20 PeV
via Cherenkov: ~10 nsec timescale

nt

t

Dark, quasi-moon less nights:
Fluorescence Duty Cycle: 11%
Cherenkov Duty Cycle: 20%

Optimized for 
UHECR and 
UHE neutrinos

Optimized for 
tau neutrino 
Cherenkov
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POEMMA: UHECR Exposure History

‘Nadir’

‘Limb’

POEMMA-limb UHECR air fluorescence operation, 
higher UHECR geometry factor but degraded Angular, 
Energy, and XMAX resolutions compared to that from 
POEMMA-stereo observations
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POEMMA: Instruments defined by weeklong IDL run at GSFC 

Imaging ~104 away from diffraction limit
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POEMMA: Schmidt Telescope details

Two 4 meter F/0.64 Schmidt telescopes: 45∘ FoV
Primary Mirror: 4 meter diameter 
Corrector Lens: 3.3 meter diameter
Focal Surface: 1.6 meter  diameter
Optical AreaEFF: ~6 to 2 m2

Hybrid focal surface (MAPMTs and SiPM) 
3 mm linear pixel size: 0.084 ∘ FoV

RMS spot size  → 3 mm pixels
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POEMMA: Hybrid Focal Plane

UV Fluorescence Detection using MAPMTs 
with BG3 filter (300 – 500 nm) developed by 

JEM-EUSO: 1 usec sampling

1.6 m

Elementary	Cell	 (EC)
SiPM (8x8)

PCB1
Si-Diode

PCB2
Interconnector

Cherenkov Detection 
with SiPMs (300 – 1000 nm): 

20 nsec sampling

30 SiPM focal surface units 
Total 15,360 pixels
512 pixels per FSU (64x4x2)
Si-Diode for LEO radiation 
backgrounds rejection

55 Photo Detector Modules (PDMs)= 126,720 pixels
1 PDM = 36 MAPMTs = 2,304 pixels 

9∘

XIX Workshop Neutrino Telescopes2/24/21
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30 SiPM focal surface units 
Total 15,360 pixels
512 pixels per FSU (64x4x2)
Si-Diode for LEO radiation 
backgrounds rejection

MC results :
qC ≲ 2.5∘→ ≲ 20 ns
0.084∘ FoVPix puts 
signal into single pixel
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POEMMA: Mission (Class B) defined by weeklong MDL run at GSFC  

Mission Lifetime: 3 years (5 year goal)
Orbits: 525 km, 28.5∘ Inc
Orbit Period: 95 min
Satellite Separation: ~25 km – 1000+ km
Satellite Position: 1 m (knowledge)
Pointing Resolution: 0.1∘
Pointing Knowledge: 0.01∘
Slew Rate: 8 min for 90 ∘

Satellite Wet Mass: 3860 kg
Power: 1250 W (w/contig)
Data: < 1 GB/day
Data Storage: 7 days
Communication: S-band 
Clock synch (timing): 10 nsec

Operations:
- Each satellite collects data autonomously 
- Coincidences analyzed on the ground
- View the Earth at near-moonless nights, 

charge in day and telemeter data to ground
- ToO Mode: dedicated com uplink to re-

orient satellites if desired

Dual Manifest Atlas V

Flight Dynamics/Propulsion:
- 300 km ⟹ 50 km SatSep

- Puts both in CherLight Pool
- Dt =3 hr, 9 times 
- Dt 24 hr, 90 times 



POEMMA: UHECR Performance: see PhysRevD.101.023012
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Significant increase in exposure with all-sky coverage 
Uniform sky coverage to guarantee the discovery of UHECR sources
Spectrum, Composition, Anisotropy ECR ≥ 50 EeV

Very good energy (< 20%), angular (≲ 1.2∘), and composition 
(sXmax ≲ 30 g/cm2)  resolutions 
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POEMMA: stereo reconstructed angular resolution: see PhysRevD.101.023012
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Excellent angular resolution → accurate determination of slant depth of EAS starting point

50 EeV simulated event

azimuth

zenith

100 EeV UHECR protons
Prob(XSRT ≥ 2000 g/cm2)        

≈ 10-4

UHECR 100% proton assumption 
most conservative

https://www.mpi-hd.mpg.de/hfm/CosmicRay/ShowerDetection.html



POEMMA: Air fluorescence Neutrino Sensitivity: see PhysRevD.101.023012
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Effectively comes for free in stereo UHECR mode
Assumptions:

- CC ne : 100% En in EAS
- CC nµ & nt : 20% En in EAS (gctt ≈ 5000 km)
- NC ne & nµ & nt : 20% En in EAS 

UHECR Background Probabilities (1 event in 5 years):
- Auger Spectrum (100% H): < 1%
- TA Spectrum (100% H): ≈ 4%

Dashed
GQRS1998

Solid 
BDG2014

For En ≳ 1 PeV, sCC & sNC virtually identical for n & nbar
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POEMMA Tau Neutrino Detection: see PhysRevD.100.063010 and PhysRevD.102.123013

ntau

tau

High-Energy Astrophysical Events generates 
neutrinos (ne,nµ) and 3 neutrino flavors reach Earth 
via neutrino oscillations: ne : nµ : nt = 1:1:1
POEMMA designed to observe neutrinos with E > 
20 PeV through Cherenkov signal of EASs from 
Earth-emerging tau decays.

few times 108 GeV, and for small angles ∼1°–5°, above
E ∼ 109 GeV. This can be seen in a comparison of the
upper and lower panels of Fig. 10.
In Fig. 11, we show EFτðEÞ rather than the transmission

function for flux 1 to illustrate the difference in the energy
behavior of exiting τ-leptons compared to incident tau
neutrinos. The figure comes from using the ALLM energy
loss model, again for fixed angles βtr relative to the horizon.
The much larger incident isotropic tau neutrino flux is
scaled by a factor of 1=10.
The energy loss model makes some difference in the

predictions. In Fig. 12, the ALLM model results are shown
with the solid histograms while the dashed histograms are
results using the BDHM model for tau electromagnetic
energy loss, both with standard model (SM) neutrino-
nucleon cross section. The parameter bnucτ ðEÞ evaluated
usingBDHMis smaller than forALLM, so tau energy loss at
high energies is smaller for BDHM thanALLMevaluations.
This effect accounts for the difference at high energies.

We note, however, that we use stochastic energy loss rather
than hdEτ=dXi ¼ −bτE for the tau energy loss to better
model the exiting tau energy after transport through the
column depth X.
Below Eτ ¼ 108 GeV, there is little difference in the

exiting tau fluxes for a fixed incident neutrino flux because
the main feature is that taus are produced in the final few
kilometers before exiting the Earth. The predicted tau

FIG. 10. Upper panel: The ratio of the outgoing tau flux to the
incident neutrino flux, at the same energies, for fixed values of the
angle of the trajectory relative to the horizon βtr for cosmogenic
flux 1 [18]. The ALLM tau energy loss model is used, along with
the standard model neutrino cross section. The solid histograms
include regeneration, while the dashed histograms do not. Lower
panel: As in the upper plot, for flux 4.

FIG. 11. The five lower histograms show the exiting tau flux
scaled by energy as a function of tau energy for cosmogenic
neutrino flux 1 [18] and for fixed values of the angle of the
trajectory relative to the horizon βtr . The ALLM tau energy loss
model is used, along with the standard model neutrino cross
section. The uppermost histogram shows the incident tau neutrino
flux scaled by a factor of 1=10.

FIG. 12. The exiting tau flux scaled by energy as a function of
tau energy for flux 1 [18], for fixed values of the angle of the
trajectory relative to the horizon βtr . The ALLM tau energy loss
model is shown with the solid histograms, while the BDHM
energy loss model is shown with the dashed histograms, in both
cases with the neutrino cross section taken to be σSM. The band
shows the minimum and maximum values of the energy-scaled
flux when the BDHM energy loss and neutrino cross section, as
well as the ALLM energy loss and neutrino cross sections, are
considered.

COSMIC TAU NEUTRINO DETECTION VIA CHERENKOV … PHYS. REV. D 100, 063010 (2019)

063010-9

100 km

t-lepton Yield Calc: PREM Earth Model: Kotera2010 
mixed UHECR composition cosmogenic n flux

APPENDIX A: POEMMA DETECTION
FOR βtr < 35°

Many of the details required for the evaluation of the
POEMMA effective area follow from the discussion of the
sensitivity to the diffuse flux in Ref. [57]. Figure 10 shows
the configuration of POEMMA at altitude h ¼ 525 km and
a τ-lepton emerging at a local zenith angle θtr. In practice,
we consider angles θtr close (≲θeffCh ∼ 1.5°) to the local
zenith angle θv of the line of sight as required for detection
of the showers. The difference in angles θtr and θv in
Fig. 10 is exaggerated for clarity.
For τ-lepton air showers, it is common to use the local

elevation angle to describe the trajectory rather than the
local zenith angle. The elevation angles, labeled with β,
are defined by angles relative to the local tangent plane,
e.g., βtr ¼ 90° − θtr.
The τ-lepton decay at a distance s is viewable for decays

within a cone of opening angle θeffCh. The effective area for
the τ-lepton air shower that begins s from the point of
emergence on the Earth is shown by the dashed disk on the
figure. The area of the disk is expressed in Eq. (1).
For the ToO neutrino sources, the slewing capabilities of

POEMMA allow for a larger range of viewing below the
limb, or alternatively, a larger range of elevation angles βtr.
We show the τ-lepton exit probability for angles up to
βtr ¼ 35° in Fig. 11. Neutrino attenuation becomes increas-
ingly important for larger βtr and higher neutrino energies.
Tau neutrino regeneration is included here, namely, multi-
ple iterations of ντ → τ production for weak scattering with
nucleons, and τ → ντ regeneration through decays.
Figures 12 and 13 are EAS parameter inputs to the

detection probability calculated by a neutrino sensitivity
Monte Carlo. They are derived from modeling of the
upward EAS development, Cherenkov signal generation,
and atmospheric attenuation of the Cherenkov signal (see
Ref. [57]). The EAS development is modeled using shower

universality [160,161] and provides an average EAS
profile for a given energy and βtr, with the assumption
that 50% of the energy of the τ-lepton goes into the EAS.
The Cherenkov angle is calculated from the modeling
as a function of altitude and βtr, which is sampled in
the POEMMA neutrino sensitivity Monte Carlo. The
Cherenkov angle variations shown in Fig. 12 are mainly
due to the fact that the atmosphere density decreases as
function of altitude, e.g., the index of refraction of air
decreases as altitude increases, with an additional effect
because EAS development at larger βtr spans larger ranges

FIG. 10. The effective area (dashed disk on the figure) for a
τ-lepton air shower that begins a path length s from the point of
emergence on the Earth. The local zenith angle of the line of
sight, of distance v, is θv. The inset shows the emergence angle
of the τ-lepton θtr .

FIG. 11. The exit probability for a ντ of a given energy to
emerge as a τ-lepton as a function of elevation angle βtr ¼ 1°–35°.

FIG. 12. The effective Cherenkov angle of the air shower as a
function of altitude of the τ-lepton decay and elevation angle βtr
for an upward-moving 100 PeV EAS.

TONIA M. VENTERS et al. PHYS. REV. D 102, 123013 (2020)

123013-18



burst duration is longer than the amount of time the source
is visible to POEMMA. This last feature and the result that
POEMMA is potentially more sensitive to well-positioned
neutrino sources with short bursts than to long bursts is
demonstrated in Fig. 5. For this example, we consider
sources with an RA of 0° and for which a line from the
Earth to the source is at an angle of θi relative to
POEMMA’s orbital plane. All other source locations can
be mapped to this configuration if we are free to choose t0
in Eq. (6). The green shaded band in Fig. 5 shows the
fraction of an orbit when a source is behind the Earth
with neutrino trajectory elevation angles in the range

βtr ¼ 1°–35°. The source first sets below the horizon and
then rises above the limb of the Earth as viewed from the
POEMMA satellites. Considering the example of a source
within POEMMA’s orbital plane (θi ¼ 0°), the green
shaded band indicates two time intervals for which
Earth-emerging neutrinos will have elevation angles in
the range βtr ¼ 1°–35°. The region between the green bands
represents the time when the neutrino fluence is strongly
attenuated by the Earth. Before the first green interval and
after the second interval, the source is not behind the Earth.
For θi ≃ 50°, the source dips below the horizon and βtr ≤
35° for one extended interval. Given the inclination of
POEMMA’s orbital plane of 28.5°, when θi > 68.5°, the
source is never below the Earth’s horizon for POEMMA.
In Figs. 2 and 4, the dashed lines bracket the sensitivities
(including the effect of the Sun and Moon for long
bursts) for θi ≤ 50° (the dark purple region), and the
dotted lines extend to 50° < θi < 68.5° with the light
purple region.
For long bursts, hAðEνÞi is determined with Ts, the full

range of the y-axis in Fig. 5. For short bursts, the fraction of
the y-axis equivalent to 103 s is shown with the pink band.
The time average of the effective area is the probability-
weighted green band with normalization of 103 s. If the
burst begins at t ¼ 0 for θi ¼ 0°, a 103 s burst will not be
observed at all. On the other hand, if the burst begins within
∼500–700 s of the viewing window (either green band), the
sensitivity is the optimal value. This is true for most of the
angles θi. The dark pink band shows a window of 500 s.
If the source is optimally placed, a 500 s delay from slewing
the instrument to the position of the source will not change
the sensitivity.

TABLE II. Minimum and maximum best-case all-flavor sensi-
tivities in units of (GeV=cm2) for bursts of 103 s, taking the 90%
unified confidence level and assuming observations during
astronomical night (ft ¼ 1) and the ToO-dual configuration
(Nmin

PE ¼ 20) for POEMMA.

Eν (GeV) Min Max

107 20.9 1.59 × 106

108 3.20 × 10−1 9.90 × 10−1

109 8.15 × 10−2 7.64 × 10−1

1010 1.28 × 10−1 2.41

FIG. 5. The green band shows the fraction of the time during
which the source is observable during astronomical night relative
to the orbital period for a given θi (see text). The pink band shows
the burst time of 103 s relative to the orbital period of Ts ¼
5; 700 s. The red band shows the relative time of 500 s to Ts.

FIG. 4. The POEMMA all-flavor 90% unified confidence level
sensitivity per decade in energy for short-burst observations in
ToO-dual mode (NPE > 20). The purple band shows the range of
sensitivities accessible to POEMMA for a 103 s burst in the “best-
case” scenario (see text). The dark purple band corresponds to
source locations in a large portion of the sky. The IceCube, Auger,
andANTARES sensitivities to GW170817, scaled to three flavors,
for $500 s around the binary neutron star merger are shown with
solid histograms [66]. The red dashed curves indicate the projected
instantaneous sensitivities of GRAND200k at zenith angles θ ¼
90° and 94° [48,77]. The blue shaded region shows the range of
sensitivities that depend on location from IceCube’s effective area.
Also plotted are examples of the all-flavor fluence for a short
neutrino burst during two phases (extended and prompt) for a
sGRB, as predicted by Kimura et al. (KMMK) [17] for on-axis
viewing (Θ ¼ 0°) and scaled to 40 Mpc.
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86 strings.2 A background of zero events is assumed for
IceCube, reasonable to within 20% even for long bursts
[69]. For the purposes of rounding out the sample of
experiments capable of detecting cosmic neutrinos through
the widely discussed neutrino detection techniques, we also
include a projected declination-averaged (0° < jδj < 45°)
sensitivity band for GRAND200k, denoted by the red
dashed curves [48]. A follow-on experiment to ANTARES
that is currently being deployed in the Mediterranean Sea is
KM3NeT [70]. Based on the projected effective area for its
ARCA site, we expect similar sensitivities for KM3NeT as
with IceCube, neglecting background; however, improve-
ments in the angular resolution of KM3NeT compared to
IceCube (0.2° vs 1° for tracklike events; [70]) will allow
for improvements in the backgrounds at energies below
∼100 TeV, particularly for observations lasting ∼106 s or
longer.
We also include in Fig. 2 an example of a modeled all-

flavor fluence from a long-duration transient event, the
BNS merger model of Fang and Metzger [22] scaled to a
source distance of 5 Mpc. While IceCube’s best sensitivity
in Fig. 2 dips below the level of POEMMA’s best sensitivity

for energies below ∼108 GeV, sensitivity depends on
location in the sky as well as energy. Even considering
optimal source locations, depending on the neutrino spec-
trum of the source, POEMMA may be able to detect bursts
that IceCube will not.
In the left column of Fig. 3, we provide sky plots of the

all-flavor sensitivity for long bursts, including the location-
dependent factor ft plotted in Fig. 1, as a function of sky
position in galactic celestial coordinates for two fixed
incident tau neutrino energies, 108 and 109 GeV. For
reference, we include several selected nearby sources
and/or relevant sky regions (i.e., the Telescope Array hot
spot [71,72]) in the sky plots of Fig. 3. In Table I, we list the
minimum and maximum all-flavor sensitivities, assuming
equal fluxes for the three neutrino flavors, for Eν ¼ 107,
108, 109, and 1010 GeV.
For the neutrino sensitivity for short bursts, several

aspects of the calculations differ from those for the long
bursts. The timing and location of the burst determine the
extent to which POEMMA will be able to make observa-
tions. As such, we limit our considerations for short
bursts to a best-case scenario in which POEMMA started
observations just as the source moves below the limb of
the Earth, and the Sun and the Moon do not impede
observations. In such a scenario, the sensitivity to short
bursts, being in the optimal location for a given time,
will be better than the sensitivity for long bursts. This
optimal sensitivity is calculated by finding the time-
averaged effective area, now with T0 ¼ 103 s. For short-
burst time scales (Tburst ∼ 103 s), we assume that the
POEMMA satellites will be in the ToO-dual configuration
(Nmin

PE ¼ 20). We vary the satellite positions relative to
sources and the Earth over a period of 380 days in order to
obtain a range of optimal POEMMA sensitivities.
In Fig. 4, we plot the range of POEMMA all-flavor

sensitivities in the described best-case scenario for short
bursts. For comparison, we include histograms for the
IceCube, Auger, and ANTARES sensitivities (scaled to
three flavors) based on a "500 s time window around
the binary neutron star merger GW170817 [66]. We also
include the projected instantaneous sensitivities of
GRAND200k for zenith angles θ ¼ 90° and 94° [48,77]
to indicate the possible range in their sensitivity to short
bursts. For reference, we also plot examples of the modeled
all-flavor fluence for a short neutrino burst during two
phases (extended and prompt) for a short gamma-ray burst
(sGRB), as predicted by Kimura et al. (KMMK) [17] for on-
axis viewing (Θ ¼ 0°). The modeled fluences in Fig. 4 are
scaled to 40 Mpc. In the right column of Fig. 3, we provide
sky plots of the best-case all-flavor sensitivity as a function
of sky position in galactic celestial coordinates forEν ¼ 108

and 109 GeV. In Table II, we list the best-caseminimum and
maximum sensitivities based on sky location.
Figures 2 and 4 show that the time-averaged sensitivity

for long bursts and the best-case sensitivity for short bursts

FIG. 2. The POEMMA all-flavor 90% unified confidence level
sensitivity per decade in energy for long-burst observations in
ToO-stereo mode (NPE > 10) (purple bands), compared with
sensitivities to GW170817 from IceCube, Auger, and ANTARES
(scaled to three flavors) for 14 days after its trigger time (solid
black histograms) [66]. The projected declination-averaged
(0°–45°) sensitivity for GRAND200k is denoted by the red dashed
lines [48]. The blue shaded region shows the range of sensitivities
based on IceCube’s effective area as a function of energy and
zenith angle. Bounds set over an e-fold energy interval [67] are a
factor of 2.3 less restrictive. For comparison, the modeled all-flavor
fluence from a BNS merger to a millisecond magnetar from
Ref. [22] is also plotted, assuming a source distance of
D ¼ 5 Mpc. The effects of the Sun and Moon in reducing the
effective area are incorporated using a factor of ft ¼ 0.3.

2Available at https://icecube.wisc.edu/science/data/PS-3years
[see also, [68] ].
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slewing to source position

IceCube, ANTARES, Auger Limits for 
NS-NS merger GW170817

Short Bursts:
- 500 s to slew to source after alert
- 1000 s burst duration
- Source celestial location optimal
- Two independent Cher measurements

- 300 km SatSep
- 20 PE threshold: 

- AirGlowBack <  10-3/year

Long Bursts:
- 3 to 24+hr to move SatSep to 50 km
- Burst duration ≳ 105 s (models in plot)
- Average Sun and moon effects
- Simultaneous Cher measurements

- 50 km SatSep
- 10 PE threshold (time coincidence): 

- AirGlowBack <  10-3/year

17% hit for ignoring t → µ channel 
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POEMMA is designed to open two new Cosmic Windows:
- UHECRS (> 20 EeV), to identify the source(s) of these 

extreme energy messengers
- All-sky coverage with significant increase in exposure
- Stereo UHECR measurements of Spectrum, 

Composition, Anisotropy ECR ≥ 50 EeV
- Remarkable energy (< 20%), angular (≲ 1.2∘), 

and composition (sXmax ≲ 30 g/cm2) resolutions
- Leads to high sensitivity to UHE neutrinos (> 20 EeV) 

via stereo air fluorescence measurements
- Neutrinos from astrophysical Transients (> 20 PeV)

- Unique sensitivity to short- & long-lived transient 
events with ‘full-sky’ coverage

- Highlights the low energy neutrino threshold nature 
of space-based optical Cherenkov method, even with 
duty cycle of order 10% – 20% 

- PAPERs in progress (including ICRC) regarding POEMMA 
sensitivity to SHDM → n’s (C. Guepin et al..)

Work in Progress:
- Awaiting Results from Astro2020 regarding NASA 

Probe recommendation and NASA implementation.
- Group is building upon POEMMA neutrino studies 

investigating focused neutrino missions
- nSpaceSim: Neutrino Simulation work continue 

under funded NASA-APRA grant: Goal to develop 
robust end-to-end neutrino simulation package for 
space-based and sub-orbital experiment: optical 
Cherenkov and radio signals.

- EUSO-SPB2 (with Cherenkov Camera) under 
development to ULDB fly in 2023.11-Oct-2019

diffuse

Cherenkov nt
Response

Fluorescence 
n Sensitivity
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All flavor Sensitivity Limit:
- 5 year
- 20% duty cycle
- 10 PE threshold with time coincidence to reduce air glow 

background ‘false positives’
- 2.44 events/decade (90% CL)
- 17% hit for ignoring µ channel 
- Viewing to 7∘ away from Limb (or to ~20∘ Earth Emerg Angle)
- ne : nµ : nt = 1:1:1

B. Sensitivity

The tau neutrino aperture as a function of neutrino energy
permits us to evaluate the sensitivity for POEMMA at
h ¼ 525 km altitude to an isotropic tau neutrino flux.
The sensitivity over a decade in energy for Nν ¼ 3 flavors
is given by

FsensðEντÞ ¼
2.44 × Nν

lnð10Þ × Eντ × hAΩiðEντÞ × tobs
; ð19Þ

where the factor of 2.44 events arises from the unified
confidence upper limit (i.e., the upper edge of the two-
sided interval for which the lower limit is 0) at the
90% confidence level [140]. The unified confidence upper
limit includes all hypothetical Poisson means for which
n ¼ 0 observed events would be a reasonable realization
(i.e., n ¼ 0 is within the 90% acceptance interval of
observed numbers of events) when drawing from a given
Poisson distribution within the unified confidence interval.
As such, for signals that are expected to fluctuate
about their true values, our use of the unified confidence
interval ensures that possible realizations in that observed
number of events will be “covered” to the desired
confidence level, in this case 90% (i.e., “coverage

probability” of 90%).2 For the results shown here, we
take tobs ¼ 0.2 × 5 years assuming a 20% duty cycle
over 5 years. The assumption for the 20% duty cycle is
motivated by the relatively large NPE ≳ 10 threshold
needed to eliminate the effects of the large air glow
background in the 314–900 nm range; e.g., some modest
amount of moonlight can be tolerated.
The resulting three-flavor sensitivity curves E2Fsens are

plotted as black lines in Fig. 21, the dashed curve for Δϕ ¼
360° and solid curve for Δϕ ¼ 30°. The closed circular
markers come from evaluating an integral flux scaling like
E−γ
ν for γ ¼ 2 that yields 2.44 events per neutrino flavor

for a given decade of energy centered (on the log10 scale) at
the energy of the marker for Δϕ ¼ 360°. Thus, we find the
normalization F0 of

FνðEνÞ ¼ F0 ×
!
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FIG. 21. All-flavor sensitivity scaled by neutrino energy
squared, as a function of neutrino energy, assuming an operating
time of 5 years and a duty cycle of 20%, for showers produced
at all altitudes (black curves and markers). The solid (dashed)
curves follow from Eq. (19) for Δϕ ¼ 30° ð360°Þ. The closed
markers follow from Eq. (21) with Δϕ ¼ 360°. The 90% CL
upper limits from Auger [45] (scaled for sliding decade-wide
neutrino energy bins), IceCube [136], and ANITA [137] are
shown along with projected sensitivities of ARIANNA [138],
ARA-37 [139] and GRAND10k [41], for the all-flavor limits.
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FIG. 22. All-flavor sensitivity scaled by neutrino energy
squared, as a function of neutrino energy, assuming an operating
time of 5 years and a duty cycle of 20%, for showers produced at all
altitudes (black curves), as in Fig. 21. The solid (dashed) black
curves follow from Eq. (19) for Δϕ ¼ 30° ð360°Þ. Curves and
bands for diffuse all-flavor neutrino fluxes are shown for newborn
pulsar sources [8], AGNs [9], galactic clusters with central sources
[10,11], late flares and prompt emission from GRBs [7] and from
UHECR photodisintegration within a source (labeled UFA) [12].
Observational sensitivities are shown as in Fig. 21.

2Note that the value of 2.3 that is often used in the literature
excludes values in the interval [2.3, 2.44] for which n ¼ 0 is a
reasonable realization to within 90% and hence, does not fully
cover the 90% confidence region. In this case, the coverage
probability would in fact be less than 90%. For more in-depth
discussions, we refer the reader to Refs. [123,140].

RENO, KRIZMANIC, and VENTERS PHYS. REV. D 100, 063010 (2019)
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PhysRevD.100.063010  Fig. 22Air fluorescence UHE limits not 
included in plot
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Auger Spectrum: NObs � 2
� 1500 g/cm2 1.2 ⇥ 10�8 1.9 ⇥ 10�4 7.1 ⇥ 10�4 1.0 ⇥ 10�5 9.1 ⇥ 10�4
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UHECR observed proton background probabilities as a function 
of energy and observed XSTART based on 5 year observation with 
the Auger and TA measured spectra. 40 EeV 60 EeV
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UHECR Fake n‘s Background (1 event in 5 years):
- Auger Spectrum (100% H): < 1%
- TA Spectrum (100% H): ≈ 4%
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events can be calculated and evaluated assuming Poisson
statistics to calculate the probability of observing ≥ 1 and
≥ 2UHECR background events with POEMMA in 5 years.
These are also detailed in Table VIII.
The results show that assuming the POEMMA UHECR

statistics based on the measured Auger UHECR spectrum,
the probability of getting at least one UHECR background
event in the neutrino sample is 6.1% for XStart ≥
1500 g=cm2 while it is < 1% for XStart ≥ 2000 g=cm2.
Assuming the POEMMA UHECR statistics based on the

measured TA UHECR spectrum, the probability of getting
at lease one UHECR background event in the neutrino
sample is 25% for XStart ≥ 1500 g=cm2 while it is 4.2% for
XStart ≥ 2000 g=cm2. This motivates the use of XStart ≥
2000 g=cm2 for the POEMMA air fluorescence neutrino
acceptance.
The effects of the XStart selection on the simulated

electron neutrino aperture is shown in Fig. 42. A parametric
fit is used to describe the aperture based on simulations at
specific energies. The comparison of the results for XStart ≥
2000 g=cm2 shows a modest 15% reduction over the entire
energy band as compared to the XStart ≥ 1500 g=cm2

results. This comparison shows the relative insensitivity
of the electron neutrino aperture for modest changes in the
observed XStart requirement.
Using the CC electron neutrino aperture, the apertures of

the other neutrino flavors for both CC and NC can be
obtained. For the NC, the emergent lepton is a neutrino and
thus an EAS with 20% of the incident neutrino energy is
produced but with a lower rate given by the ratio of NC to
CC neutrino cross sections. Effectively this shifts the NC
neutrino aperture curve up by a factor of 5 in neutrino
energy, compared to the CC electron neutrino aperture,
with a reduction given by σNCðEνÞ

σCCðEνÞ
for each of the three

neutrino flavors. For the CC μμ and ντ apertures, we
conservatively assume that only 20% of the neutrino energy
is observed; e.g., the EAS generated by the emergent muon
or τ lepton is not observed. While these UHE muons are
well above their critical energy, the charged-particle pro-
duction in these muonic EASs versus electron-initiated
EAS is much reduced [163]. Thus it is assumed that the air
fluorescence signal is below POEMMA’s detection thresh-
old. For τ-leptons, the decay length given by γcτ is nearly
5,000 km at 100 EeV. The conservative approach is to
assume the τ lepton decays outside POEMMA’s FoV and

TABLE VIII. UHECR observed proton background probabilities as a function of energy and XStart based on 5-year observation with
the Auger and TA measured spectra.

XStart 40 EeV 60 EeV 100 EeV 200 EeV Sum

Auger spectrum: NObs ≥ 1

≥ 1500g=cm2 1.5 × 10−4 1.9 × 10−2 3.8 × 10−2 4.5 × 10−3 6.1 × 10−2

≥ 2000g=cm2 2.8 × 10−7 1.3 × 10−3 7.2 × 10−3 1.0 × 10−3 9.6 × 10−3

Auger spectrum: NObs ≥ 2

≥ 1500g=cm2 1.2 × 10−8 1.9 × 10−4 7.1 × 10−4 1.0 × 10−5 9.1 × 10−4

≥ 2000g=cm2 3.9 × 10−14 8.4 × 10−7 2.6 × 10−5 5.3 × 10−7 2.8 × 10−5

TA spectrum: NObs ≥ 1

≥ 1500g=cm2 2.5 × 10−4 6.4 × 10−2 1.7 × 10−1 9.0 × 10−3 2.5 × 10−1

≥ 2000g=cm2 4.7 × 10−7 4.4 × 10−3 3.5 × 10−2 2.1 × 10−3 4.2 × 10−2

Ta spectrum: NObs ≥ 2

≥ 1500g=cm2 3.0 × 10−8 2.1 × 10−3 1.6 × 10−2 4.1 × 10−5 1.8 × 10−2

≥ 2000g=cm2 1.0 × 10−13 9.8 × 10−6 6.3 × 10−4 2.1 × 10−6 6.4 × 10−4

FIG. 42. Comparison of the instantaneous electron neutrino
apertures based on stereo air fluorescence measurements. Upper
points and curve are for XStart ≥ 1500 g=cm2 while the lower
points and curve are for XStart ≥ 2000 g=cm2. The lower curve is
85% of the upper curve over the energy band.

LUIS A. ANCHORDOQUI et al. PHYS. REV. D 101, 023012 (2020)

023012-34

Upper: XSTART ≥ 1500 g/cm2

Lower: XSTART ≥ 2000 g/cm2
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POEMMA: anomalous ANITA upward EAS

4

ANITA-III flew a separate low-frequency horizontally-
polarized quad-slot antenna, the ANITA low-frequency an-
tenna (ALFA), covering the frequency band from 30 to
80 MHz. ALFA’s goal was to provide radio-spectral overlap of
ANITA UHECR measurements with ground-based data which
generally favors bands below 100 MHz. Roughly 3/4 of the
UHECR event sample reported here were also detected in the
ALFA, and of those detections, the ALFA data for 15717147
was among the events with the highest signal-to-noise ratio,
in this case � 5s above the thermal noise. Fig. 4(bottom)
shows the combined ASD for this event, including the ALFA
data. The overlain curve gives the simulated spectral density
expected from a t-lepton initiated air shower, with character-
istics consistent with this event [15]. While similar spectral
density would be expected for a normal CR air shower seen in
reflection, these data which fit this non-inverted event further
strengthen its identification as an anomalous air shower.

An alternative explanation of the similar ANITA-I event
as due to transition radiation of an Earth-skimming event
has also been proposed [11]. In this model, the plane-of-
polarization correlation to geomagnetic angles would be coin-
cidental. Since the event observed in ANITA-III is also well-
correlated to the local geomagnetic angle, and both events are
consistent within 3-5 degrees of measurement error, coinci-
dental alignment for both appears probable only at the few
percent level. The waveform of these events showed a high de-
gree of correlation to radio-detected UHECRs in each flight,
which supported their identification as UHECRs. Ref. [11]
did not provide any detailed modeling of time-domain wave-
forms for transition radiation that confirm its similarity to
those made by the UHECR emission process. This step ap-
pears necessary before this hypothesis can be further evalu-
ated.

TABLE I: ANITA-I,-III anomalous upward air showers.

event, flight 3985267, ANITA-I 15717147, ANITA-III
date, time 2006-12-28,00:33:20UTC 2014-12-20,08:33:22.5UTC

Lat., Lon.(1) -82.6559, 17.2842 -81.39856, 129.01626
Altitude 2.56 km 2.75 km
Ice depth 3.53 km 3.22 km
El., Az. �27.4±0.3�,159.62±0.7� �35.0±0.3�,61.41±0.7�

RA, Dec(2) 282.14064, +20.33043 50.78203, +38.65498
E (3)

shower 0.6±0.4 EeV 0.56+0.3
�0.2 EeV

1 Latitude, Longitude of the estimated ground position of the event.
2 Sky coordinates projected from event arrival angles at ANITA.
3 For upward shower initiation at or near ice surface.

Table I gives measured and estimated parameters for both of
the anomalous CR events, with sky coordinates derived from
the arrival direction of the radio impulses.

In our report of the ANITA-I anomalous CR event, we con-
sidered the hypothesis that such events could arise through
decay of emerging t-leptons generated by nt interactions be-
neath the ice surface. However, the interpretation of these
events as t-lepton decay-driven air showers, arising from a
diffuse flux of cosmic nt, faces the difficult challenge that

the chord lengths through the Earth are such that the Standard
Model (SM) neutrino cross section [18], even including the ef-
fect of nt regeneration [12], will attenuate the flux by a factor
of 10�5 [15, 16]. Event 15717147 emerged from the ice with
a zenith angle of ⇠ 55.5�, implying a chord distance through
the Earth of ⇠ 7000 km, or 3⇥ 104 km water equivalent, a
total of 18 SM interaction lengths at 1 EeV. Even with com-
bined effects of nt regeneration, and significant suppression
of the SM neutrino cross section above ⇠ 1018 eV, an alterna-
tive model, such as a strong transient flux from a source with
compact angular extent, is required to avoid exceeding current
bounds on diffuse, isotropic neutrino fluxes.

Suppression of the cross section may occur even within the
SM for the extremely low values of the Bjorken-x parameter
that obtain at ultra-high energies. For example, ref. [19] shows
examples where higher-than-expected gluon saturation at x <
10�6 causes the UHE deep-inelastic neutrino cross section
to saturate at 1018 eV, remaining essentially constant above
that energy. This yields a factor of 3-4 suppression compared
to the SM at 1019 eV, approaching an order of magnitude at
1020 eV. More recent studies show similar types of suppres-
sion are possible, giving factors of 2-3 at 1018�19 eV [20, 21].
Such SM-motivated scenarios would certainly decrease the
exponential attenuation for the Earth-crossing neutrinos rel-
evant to our case, but unless the suppression is an order of
magnitude or more, a large transient point-source flux is likely
still required. Thus we consider also a search for potential
candidate transients that may be associated with this event.

Under the hypothesis that event 15717147 is a t-lepton-
initiated air shower, the angular error relative to the parent
neutrino direction is ⇠ 1.5�, arising from both the width of
the emission cone [10], and the instrinsic statistical errors in
our estimate of the arrival direction of the RF signal. To in-
vestigate this hypothesis further, we point back along the ap-
parent arrival direction, giving sky coordinates shown in Ta-
ble I. With these parameters, we search existing catalogs for
associations with two transient source types for which source
confusion is not excessive: gamma-ray burst (GRB) sources,
and supernovae. GRBs have been considered as possible UHE
neutrino sources for many years, although there are no detec-
tions to date. Supernovae (SNe) have also been proposed as
UHE sources in a variety of scenarios, both in core-collapse
SNe, and more recently even in type Ia SNe, which are be-
lieved to originate in the ignition of a white dwarf (WD) pro-
genitor. In the latter case, tidal ignition of a WD by interaction
with an intermediate-mass black hole has been proposed as a
potential source of UHECRs [23–25].

For the 1.5� radius error circle derived from the angular
emission pattern for UHECR events, no concurrent GRBs
are observed. A SN candidate is found to be associated:
SN2014dz, a nearby type Ia SN at z = 0.017, is within 1.19�,
well within our expected angular uncertainty on the sky. This
relatively bright SN was discovered ⇠ 7 days before maxi-
mum, on 2014-12-20.146 [22]. Our event time follows the
initial discovery by just over five hours. Using catalogued SNe
discoveries during our flight, and a Bayesian estimator [8], we

arXiv:1803.05088v1

alt [km] elevation [deg] alpha [deg] beta_e [deg]
34 -27.4 62.6 26.8
34 -35 55 34.6

qCONE= 1.0 deg
w ≈  1.e-3 sr

qEFF ≈ 4.5 deg
w ≈  2.e-2 sr

t-lepton      
gct ~ 60 km 
for 1.2 EeV

POEMMA 
signal size 
~6000 PEs in 
cone

POEMMA can tilt to view 9∘ × 30∘ ‘spot’
But these events may be bright enough 
to be seen in the UV fluorescence 
detector with ~1 usec coincidence.
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POEMMA: UHECR XMAX analysis
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FIG. 6: POEMMA’s simulated stereo-reconstructed angular resolution versus UHECR energy. Left: Azimuth angle, right: zenith
angle.
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FIG. 7: Distribution of zenith angles of triggered events above
50 EeV.

increases and therefore the energy threshold of the in-
strument increases as well. Moreover, it is expected that
the background increases as the the column density of
airglow emitting layer increases with the tilt angle. This
is taken into account assuming that such increase is pro-
portional to cos(q)�1. In Fig. 10 we exhibit the UHECR
proton aperture, after taking into account event recon-
struction efficiency, for stereo viewing, as well as that
when the satellites are tilted by 47� for the condition
when POEMMA is viewing the limb of the Earth in neu-
trino mode. The stereo results are based on the stereo
POEMMA simulation, whereas the 47� tilted mode re-
sults are based on the ESAF simulation using monocular
reconstruction of POEMMA.

B. Duty Cycle and Exposure

The estimation of the UHECR exposure of a space-
based experiment like POEMMA requires accounting

for: (i) the characteristics of the EAS development in the
atmosphere as observed from space, (ii) the properties
of the telescope, including its orbit and FoV, (iii) the var-
ious sources of steady background like night-glow and
moonlight, (iv) the overall optical transmission proper-
ties of the atmosphere, in particular the possible pres-
ence of clouds, and (v) the effect of anthropogenic light,
or other light sources such as transient luminous events
(TLEs) and meteors. Topics (i) and (ii) are the princi-
pal factors determining the threshold in energy and the
maximum aperture of the telescope. Topic (iii) limits the
observational duty cycle of the mission. Topics (iv) and
(v) affect the instantaneous aperture of the telescope.
The role of each of the above listed aspects has been
studied in the past to evaluate their contribution to the
determination of the JEM-EUSO exposure. A detailed
description of such studies was reported in [59].

The observational duty cycle of POEMMA is the frac-
tion of time in which the EAS measurement is not ham-
pered by the brightness of the atmosphere. The atmo-
spheric brightness, which is mainly due to the night-
glow and back-scattered moonlight, is variable over
time. We define the observational duty cycle as the frac-
tion of time h0 in which the background intensity IBG is
lower than a given value Ithr

BG. The moonless condition is
assumed to be IBG = 500 photons m�2 sr�1 ns�1 in the
range 300 < l/nm < 500. This produces a signal of
⇠ 1.5 photo-electron pixel�1 µs�1 for POEMMA. To re-
main conservative, herein we adopt Ithr

BG = 1,500 photons
m�2 sr�1 ns�1. In this condition, the signal of a 100 EeV
shower is still more than 5 times brighter than the back-
ground level well around the shower maximum. The
back-scattered moonlight is calculated from the moon
phase and its apparent position as seen from the PO-
EMMA orbit. The zenith angle of the Sun is required to
be greater than 109� for an orbiting altitude of 525 km.
The observational duty cycle h0 (IBG < Ithr

BG ) is of the
order of ⇠ 20%. This value is actually conservative at

8

FIG. 8: A stereo reconstructed 50 EeV UHECR in the two POEMMA focal planes. The solid line denotes the simulated trajectory
while the dashed line shows the reconstructed trajectory. The color map provided the photo-electron statistics in each pixel
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FIG. 9: Single-photometer Xmax-resolution from photo-
electron statistics.

E & 100 EeV, where it is possible to also operate in
higher background levels.

Another source of background is the UV emission
produced by direct particles interacting in the detector,
particularly with the corrector lens due to its large size
and transparency. For the JEM-EUSO mission, which
was designed to use two lenses, the increase of UV light
due to this contribution was determined to be negligible
(⇠ 1%). This will also be the case for POEMMA. A point
worth noting at this juncture is that this estimate takes
into account the UV emission in the corrector lens due
to trapped electrons in the center of the South Atlantic
Anomaly, where the flux of particles exceeds by orders
of magnitude the average value.

In addition to the diffuse sources of background, there
are transient or steady local sources, such as, lightning

FIG. 10: The simulated UHECR aperture after event recon-
struction for POEMMA for stereo mode and tilted mode.

and TLEs, auroras or city lights. To estimate the effect of
lightning and TLEs, we scale the rate of events detected
by Tatiana satellite [78]. We find this prevents observa-
tion by ⇠ 4%. This scaling does not take into account
the double counting due to the fact that the presence
of lightning is very often associated to the presence of
high clouds. This is explicitly done to reinforce the con-
servative nature of our calculation. Because of the PO-
EMMA equatorial orbit the presence of auroras is negli-
gible. This was evaluated for JEM-EUSO (ISS orbit) and
even in the case maximum solar activity, the effect is of
the level of ⇠ 1%.
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FIG. 17: Exposure as a function of time collected by Auger, TA (including TAx4) and POEMMA. For Auger the exposure for two
different event selections are shown. The left panel shows the exposures at 40 EeV and the right panel at 100 EeV.
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FIG. 18: Preliminary estimate of the Xmax resolution of PO-
EMMA in stereo mode. The contributions from the photo-
electron statistics and angular resolution are shown in blue
and gray respectively. The total resolution, obtained by adding
both contributions in quadrature is shown in red for two cuts
on the maximum zenith angle.

and interact sooner, and because the energy is already
shared among A nucleons, so the shower develops more
quickly. More concretely, hXmaxi scales approximately
as ln(E/A) [15, 16]. In addition, the standard deviation
s(Xmax) is smaller for heavier nuclei because the sub-
shower fluctuations average out. By contrast, protons or
He can have a deep or shallow first interaction, and the
shower-to-shower fluctuations in subsequent develop-
ment are larger. Therefore, only light cosmic rays have
large Xmax, permitting a fraction of events to be un-
ambiguously identified as light nuclei. The high event
statistics with good Xmax resolution would allow PO-
EMMA not only isolate baryons from photon and neu-
trino primaries, but also to distinguish between protons,
light nuclei, medium mass nuclei, and heavies [91].

In addition, if a hot spot of a nearby source is iden-

tified, protons can be further discriminated from CNO
and heavies by looking at the distribution of arrival
directions. This is because while sources of UHECR
protons exhibit anisotropy patterns that become denser
and compressed with rising energy nucleus-emitting-
sources imprint layers on the sky that become more dis-
tant from the source position with rising energy [92].
The peculiar shape of the hot spots from nucleus-
accelerators is steered by the competition between en-
ergy loss during propagation and deflection on the
Galactic magnetic field: for a nucleus of charge Ze and
baryon number A, the bending of the cosmic ray de-
creases as Z/E with rising energy, while the energy loss
per distance traveled decreases with increasing A. The
potential for nucleus-proton discrimination is shown
schematically in Fig. 21, and can be understood as fol-
lows. If the source emits only protons, the size of the
corresponding “spot” should decrease as 1/E with ris-
ing energy due to reduced deflection in magnetic fields.
In contrast, if the source produce a mixed composition,
a different quality emerges. Lighter compositions tend
to shorter mean-free-paths at higher energies, so as their
energy increases they begin to disappear from the sam-
ple leaving behind only the lower energy component.
The latter suffers a relatively smaller magnetic deflec-
tion compared to heavier nuclei at all energies. One
thus ends up with a hot spot in which the energies of
the species observed closer to the source have a lower
rather than higher energy, as they would in the case that
the source emitted only protons.

Despite the fact the Galactic Magnetic field is highly
anisotropic, to anticipate the sensitivity of POEMMA
herein we assume that the deflection of particles is
isotropic around the line of sight, and given by (2). We
further assume that the fixed parameters of the statisti-
cal analysis should match the anisotropy clues provided
by Auger data. Hence, we adopt a search angular win-
dow D = 13�, a source distance ⇠ 4 Mpc, a threshold
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FIG. 19: Left: Energy spectrum of UHECRs as measured by TA and Auger in the Northern and Southern hemisphere respectively.
The energy scale of the two experiments were cross-calibrated by ±5.2% as derived by the UHECR Spectrum Working Group
at low energies. Red and blue dots with error bars illustrate the expected accuracy reached with POEMMA in stereo and limb-
viewing mode within 5 years of operation. Right: Flux suppression at UHE as measured by the Pierre Auger Observatory (data
points) [7]. 90% confidence upper limits of the flux at UHE are shown as downward triangles (ideal limits without taking into
account event migration due to the limited energy resolution of the observatories). Black: Pierre Auger Observatory 2017, red:
POEMMA 5 year stereo mode, blue POEMMA 5 year limb-viewing mode. Various model predictions for the shape of the flux
suppression from [82] are superimposed as black lines.
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energy E0 = 39 EeV, and source spectrum µ E�5.03

that consistent with both the energy spectrum above
40 EeV reported by the Auger Collaboration [7] and the
source spectra of nearby starburst galaxies as estimated
in [93]. With this simplified picture in mind, we now
assume that UHECRs are normally distributed around

the source direction, which defines the center of the hot
spot. The deflection d, which characterizes the angle be-
tween the arrival direction and the line of sight, is a ran-
dom variable distributed according to a one sided von
Mises distribution, bounded by a window size D with
zero mean and a dispersion parameter k = 1/q2(E, Z).
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10 PE threshold with simultaneous viewing of 
Cherenkov light pool and time coincidence (60 ns)

20 PE threshold with separate viewing of different 
Cherenkov light pool and times
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POEMMA: upward t-lepton EAS Cherenkov spectrum variability

shorter, so there is the possibility for more τ-leptons to
decay at higher altitudes. The accurate calculation of the
Cherenkov signal for this case requires a three-dimensional
particle-cascade simulation, e.g., CORSIKA [113] or Cosmos
[122] but with modifications for the modeling of the
Cherenkov signal for upward-moving EASs. However,
our simulation approach is valid for balloon altitudes
(∼33 km) and for energies below an EeV, where the
τ-lepton decays below ∼5 km.
For space-based observations using an approxi-

mately 0.1° focal plane pixel field of view (FoV), a one-
dimensional treatment of the EAS signal is sufficient. This
can be understood by considering the relevant distance
scales. Assuming the EAS width is defined by a Molière
radius value 8.83 g=cm2 for air at STP1, near sea level the
EAS radius is ∼100 m. From the view of the EAS from
525 km altitude, the 100 m radius is well contained in a
single 0.1° pixel, even for nadir viewing. For viewing a
highly inclined EAS originating near the Earth’s limb, the
distance to shower maximum is > 1000 km (assuming a
525 km orbit) for the Earth-emergence angles (βtr) with
reasonable τ-lepton exit probabilities. This distance scale
includes those > 1 EeV τ-leptons that can decay at
altitudes ∼20 km. While the EAS radius will widen to
∼1 km at an altitude of 20 km (∼10% atmospheric
pressure), the width of the visible portion of the EAS is
still well contained in a 0.1° pixel. In contrast, for
observations on balloon-borne experiments (∼33 km alti-
tude) or on a mountaintop, such as Trinity (∼3 km
altitude) the width of a τ-lepton EAS can be large
compared to the pixel FoV and a three-dimensional
EAS cascade development model is more appropriate.
Thus for the calculation of the Cherenkov signal inten-

sity, spatial extent, and spectrum for low-Earth orbits,
we use a parametric model based on our EAS three-
dimensional Cherenkov approach, which is much more
computationally efficient when sampled in a Monte Carlo.
The Cherenkov intensities and angles as functions of βtr
and EAS decay altitude are tabulated for a fixed, 100 PeV
EAS energy in a library format. A profile function fit is
used, shown in Fig. 15, to describe the beamed Cherenkov
“flattop” signal within the Cherenkov cone, ignoring the
horns. As discussed in Appendix C, we scale the intensity
as a function of τ-lepton energy and use a mathematical
function to account for the increase in the effective
Cherenkov acceptance angle for bright signals that place
portions of the power-law part of the Cherenkov profile
(outside the Cherenkov ring) above the detection threshold
of the instrument. This models the increase in acceptance
solid angle for brighter EASs.
The Cherenkov angle θ0Ch as a function of starting alti-

tude, for 100 PeV showers, is shown by the upper panel

of Fig. 18, based on an evaluation of three-dimensional
EAS Cherenkov simulations. Showers that start at lower
altitudes have a Cherenkov angle between ∼1.2° and 1.3°.
The Cherenkov angle decreases with altitude due to the
reduction of the atmospheric index of refraction. The
detection of the air shower depends on the photon density
at the detector, which in turn depends on the altitude of the
detector, the altitude of the start of the air shower, and the
Earth-emergence angle. For our evaluation of the sensitivity
of instruments with POEMMA performance, we consider a
detector at an altitude of h ¼ 525 km. The photon density

FIG. 18. Upper panel: The Cherenkov angle θ0Ch as a function
of starting altitude for a 100 PeVair shower from a tau decay from
the one-dimensional Cherenkov EAS model. Lower panel:
Cherenkov cone photon distribution as a function of starting
altitude and Earth-emergence angle for a 100 PeVair shower from
the one-dimensional Cherenkov EAS model.

1See Particle Detectors for Non-Accelerator Physics in
Ref. [123].

COSMIC TAU NEUTRINO DETECTION VIA CHERENKOV … PHYS. REV. D 100, 063010 (2019)
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PhysRevD.100.063010  Fig. 18Atmospheric optical attenuation:
- Rayleigh Scattering
- Aerosols (scale height ~ 1 km)
- Ozone (decimates signal ≲ 300 nm) 
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POEMMA: upward t-lepton EAS Cherenkov considerations

t-lepton Yield Calc:
-PREM Earth Model
-Kotera2010 mixed 
UHECR composition 
cosmogenic n flux

few times 108 GeV, and for small angles ∼1°–5°, above
E ∼ 109 GeV. This can be seen in a comparison of the
upper and lower panels of Fig. 10.
In Fig. 11, we show EFτðEÞ rather than the transmission

function for flux 1 to illustrate the difference in the energy
behavior of exiting τ-leptons compared to incident tau
neutrinos. The figure comes from using the ALLM energy
loss model, again for fixed angles βtr relative to the horizon.
The much larger incident isotropic tau neutrino flux is
scaled by a factor of 1=10.
The energy loss model makes some difference in the

predictions. In Fig. 12, the ALLM model results are shown
with the solid histograms while the dashed histograms are
results using the BDHM model for tau electromagnetic
energy loss, both with standard model (SM) neutrino-
nucleon cross section. The parameter bnucτ ðEÞ evaluated
usingBDHMis smaller than forALLM, so tau energy loss at
high energies is smaller for BDHM thanALLMevaluations.
This effect accounts for the difference at high energies.

We note, however, that we use stochastic energy loss rather
than hdEτ=dXi ¼ −bτE for the tau energy loss to better
model the exiting tau energy after transport through the
column depth X.
Below Eτ ¼ 108 GeV, there is little difference in the

exiting tau fluxes for a fixed incident neutrino flux because
the main feature is that taus are produced in the final few
kilometers before exiting the Earth. The predicted tau

FIG. 10. Upper panel: The ratio of the outgoing tau flux to the
incident neutrino flux, at the same energies, for fixed values of the
angle of the trajectory relative to the horizon βtr for cosmogenic
flux 1 [18]. The ALLM tau energy loss model is used, along with
the standard model neutrino cross section. The solid histograms
include regeneration, while the dashed histograms do not. Lower
panel: As in the upper plot, for flux 4.

FIG. 11. The five lower histograms show the exiting tau flux
scaled by energy as a function of tau energy for cosmogenic
neutrino flux 1 [18] and for fixed values of the angle of the
trajectory relative to the horizon βtr . The ALLM tau energy loss
model is used, along with the standard model neutrino cross
section. The uppermost histogram shows the incident tau neutrino
flux scaled by a factor of 1=10.

FIG. 12. The exiting tau flux scaled by energy as a function of
tau energy for flux 1 [18], for fixed values of the angle of the
trajectory relative to the horizon βtr . The ALLM tau energy loss
model is shown with the solid histograms, while the BDHM
energy loss model is shown with the dashed histograms, in both
cases with the neutrino cross section taken to be σSM. The band
shows the minimum and maximum values of the energy-scaled
flux when the BDHM energy loss and neutrino cross section, as
well as the ALLM energy loss and neutrino cross sections, are
considered.
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