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UHECRs: E > 20 EeV

ToO Neutrinos: E > 20 PeV
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the Standard Model of particle physics, the study of atmospheric transient luminous events
(TLEs), and the search for meteors and nuclearites.

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 observa-
tions 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-limb, designed to simul-
taneously search for cosmic neutrinos from below the limb and for UHECRs from above
the limb via each messenger’s unique Cherenkov signature. In POEMMA-Limb mode, the
observatory also observes UHECRs via EAS fluorescence in the angular range from below
the limb to ⇠47� from nadir (shown in the right panel of Figure 2).

Figure 2. POEMMA observing modes. Left: POEMMA-Stereo mode to observe fluorescence for UHE
cosmic rays and neutrinos in stereo (most precise measurements when pointed close to nadir). Right:
POEMMA-Limb mode to observe Cherenkov from cosmic neutrinos just below the limb of the Earth
and fluorescence from UHECRs.

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. For transient neutrino events lasting longer
than a day, the spacecraft propulsion systems will bring the POEMMA telescopes 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.

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 at-
mospheric volume corresponding to approximately 104 gigatons of atmosphere. This stereo
mode yields a factor of 5–20 increase in yearly UHECR exposure compared to that obtainable
by current ground observatory arrays and a factor of 50–200 compared to current ground
fluorescence observations. In all of the limb-viewing configurations, POEMMA searches for
optical Cherenkov signals of upward-moving EASs generated by ⌧-lepton decays produced
by ⌫⌧ interactions in the Earth. The terrestrial neutrino target monitored by POEMMA
reaches nearly 1010 gigatons. In the POEMMA-Limb configuration, an even more extensive
volume of the atmosphere is monitored for UHECR fluorescence observations. Thus, PO-
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Based on OWL 2002 study, JEM-EUSO, EUSO balloon experience, and CHANT proposal 
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The Cosmic Ray Spectrum
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Key Features:

1. Knee: ~ 106.5 GeV 
Consistent with galactic 
sources changing via 
Peters cycle, Z-dependent 
acceleration (lighter going 
to heavier).

2. Ankle: ~109.5 GeV
a. Funky composition 

evolution.
b. Galactic to 

extragalactic 
transition?

c. Due to proton 
interactions with 
evolving CMB 
(disfavored)

d. Composition effect?

3. Foot/Toes/Bunions: 
~1010.7 GeV
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The Cosmic Ray Spectrum: Structure in VHE & UHECR energy range

LHC

PoS(ICRC2019)030 
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UHECR Gound-based Measurement Status

Origin UHECRs still unknown
Giant ground Observatories: Auger & TA
- TA Hotspot: intermediate-scale anisotropy
- sources are extragalactic: Auger dipole > 8 EeV
- spectral features: discrepancies E > 50 EeV
- UHECR Composition: unclear E > 50 EeV
- source anisotropy Hints E > 50 EeV

Auger Highlights Antonella Castellina
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Figure 9: Left: The CR flux above 8 EeV, averaged on top-hat windows of 45� radius (equatorial
coordinates). The Galactic plane and the Galactic center are indicated by a dashed line and a star
respectively. Right: Energy dependence of the dipolar amplitude measured in four energy bins
above 4 EeV.

The same study, free from assumptions on the shape of the underlying angular distribution, has
been performed considering a full-sky search for large-scale anisotropies, in a joint working group
of the Pierre Auger and Telescope Array collaborations [34]. By a careful reweighting of the
exposures and cross-calibrating the respective energy scales, the data from the two experiments
could be analyzed together. The dipolar amplitude found is again consistent with that obtained by
Auger alone, with smaller uncertainties when allowing for non-vanishing quadrupole moments.

Thanks to the large exposure, with the Auger Observatory we studied the evolution of the
dipolar amplitude with energy, which is shown in the right panel of Fig.9. The linear growth can
be reproduced with d = d10(E/10 EeV)b , where d10 = 0.051 ± 0.007 and b = 0.96 ± 0.16; an
evolution of the amplitude constant with energy is disfavoured at the level of 5.1s by a likelihood
ratio test. A study of the effect on the extragalactic dipole of the deflections caused by the Galactic
magnetic field showed that in this case, depending on the particle rigidities, the dipole direction
would tend to align in the direction of the spiral arms and suffer a reduction of the amplitude [35].

Further studies have been conducted to extend the search for large-scale anisotropies to a lower
energy range, exploiting the data from the infill array SD750 and using the East-West method [36],
less sensitive to systematic effects that could result in spurious anisotropies, in place of the standard
Rayleigh analysis. The amplitudes and phases of the equatorial dipole in the extended energy range
are shown in Fig.10. There, we also indicate with the 99% CL upper bounds the result in the bins
where the measured amplitude is smaller than the value within which 99% of the simulations
with isotropic distributions of the same number of events would fall. Although the amplitudes
at low energy are not significant, the phase of the equatorial dipole appears to change from values
pointing close to the right ascension of the Galactic center below EeV energies towards the opposite
direction, again indicating an extragalactic origin for the dipolar anisotropy above a few EeV.

At higher energies, where the rigidities of the particles are high enough and cosmic rays from
far sources are suppressed due to the energy losses they suffered during propagation, searches for
intermediate-scale anisotropies have been performed by exploiting 15 years of data, reaching an
unprecedented exposure of ⇠ 100,000 km2 sr yr in a declination range between �90� and +45�

[37]. A model-independent blind search for overdensities was performed over the whole field of
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PoS(ICRC2019)310
UHECR Hotspot Observed by the TA K. Kawata

Figure 1: (a) A significance map of the UHECR events with E > 57 EeV for 11 years of TA data (May 2008
- May 2019) in the equatorial coordinates. Events are smoothed by 25◦ oversampling radius circle, which is
defined in this paper. (b) A significance map of the UHECR events with E > 57 EeV for events observed in
the 1st 5 years of TA data (May 2008 - May 2013). Events are smoothed by 20◦ oversampling radius circle
according to our original paper [4]. The solid curves indicate supergalactic plane (SGP) and the galactic
plane (GP).

Figure 2: Number of cumulative events of the hotspot region (Red curve), and cumulative background
events (Blue curve), respectively, above 57 EeV. The green and yellow shaded areas show ±1σ and ±2σ
deviations from the rate of data observation respectively, assuming a linear increase in rate.

approximately double statistics of the first 5-year observation. These events are summed over dif-
ferent five oversampling radius circles, 15◦, 20◦, 25◦, 30◦, and 35◦. The centers of tested directions
are on a 0.1◦×0.1◦ grid in the equatorial coordinates. We then search for the maximum significance
over all grid points and five oversampling radius circles. We found the maximum significance of
5.1σ at a position R.A.=144.3◦, and Dec.=40.3◦ with 25◦ oversampling radius circle. The chance
probability of the 11-year hotspot in an isotropic sky is estimated to be 2.1×10−3 (2.9σ ). Figure 1
(a) shows the significance maps of the UHECR events with E > 57 EeV for 11 years with 25◦

radius circle, compared with our previous result for the 1st 5 years of data with 20◦ shown in Fig.1
(b) [4]. The 11-year hotspot looks larger size than the 5-year hotspot (the number of background
events in 25◦ radius circle is 50% higher than that of 20◦ radius circle). It has extended all the way
to the supergalactic plane (SGP), and is irregular in shape. Therefore a circular oversampling shape
is not really appropriate. In that case, the significance of such an excess might be underestimated.
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Auger and TA UHECR energy spectrum Olivier Deligny
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Figure 1: ICRC 2019 energy spectra of the Pierre Auger Observatory and the Telescope Array scaled by
E3. In each experiment, data of different detection techniques are combined to obtain the spectrum over a
wide energy range.

1. Introduction

Cosmic rays compose less than one particle out of ten million in the interstellar gas. Still, their
average energy density is similar to that of the gas. A small proportion of particles has therefore
appropriated a substantial part of the available energy. The study of the energy spectrum of cosmic
rays, providing the differential intensity (flux per steradian) of cosmic protons and nuclei as a
function of energy, is thus one of the cornerstones of astroparticle physics.

Because of the very small value of the cosmic-ray intensity at high energies – less than one
particle per km2 yr sr above 10 EeV – the construction of giant observatories has been necessary
to collect an increased influx of events. The Pierre Auger Observatory, located in the province
of Mendoza (Argentina) and covering 3000 km2, has been allowing since 2004 a scrutiny of the
UHECR intensity – except in the northernmost quarter. Another scrutiny, mainly of the Northern
sky, has been provided by the Telescope Array (TA), located in Utah (USA) and covering 700 km2,
operating since 2008. These latest-generation experiments have allowed an unprecedented sensi-
tivity in measuring the UHECR energy spectrum.

In this joint contribution, we review the different energy spectrum measurements made at these
observatories in the last decade in the quest to decipher the UHECR origin. Both observatories are
hybrid cosmic-ray detectors that consist of fluorescence telescopes overviewing an array of surface
detectors (SD). The fluorescence detectors (FD) provide an accurate determination of the cosmic-
ray energies by measuring the longitudinal developments of the extensive air showers in a nearly
calorimetric manner. Their duty cycle is however limited to about 15%. By contrast, the SD duty
cycle is quasi-permanent, allowing for a large and uniform exposure. It is thus advantageous for
both Auger and TA to use their SD arrays to measure the energy spectrum at the highest energies,

2

PoS(ICRC2019)234
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POEMMA: UHECR Exposure History

‘Nadir’

‘Limb’

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%.

106 km2 sr

POEMMA
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POEMMA: Science Goals

√s ≈ 450 TeV @ 100 EeV

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

Measure Spectrum, composition, 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 
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POEMMA: Instruments defined by weeklong IDL run at GSFC 

Imaging ~104 away from diffraction limit

Alignment Precision RMS, mm



6-Jul-21 29th JEM-EUSO International Collab Meeting - vCSM 11

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∘
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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∘

29th JEM-EUSO International Collab Meeting - vCSM6-Jul-21

X [mm]
250− 200− 150− 100− 50− 0

Y 
[m

m
]

100−

50−

0

50

100

150

C
ou

nt
s

0

5

10

15

20

25

30

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 

Dual Manifest Atlas V

Flight Dynamics/Propulsion:
- 300 km ⟹ 25 km SatSep

- Puts both in CherLight Pool
- Dt = 3 hr: 8 – 15 times
- Dt = 24 hr: 90 times

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



POEMMA UHECR Performance: Stereo Reconstructed Angular Resolution
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Stereo Reconstructed Zenith Angle Resolution

Stereo Reconstructed Azimuth Angle Resolution

HiRes Stereo Observation

Stereo Geometric Reconstruction
- Intersection of EAS-detector planes 

accurately defines the EAS trajectory
- Requires minimum opening angle 

between planes ≳ 5∘
- With track selection → 80% 

reconstruction efficiency 
- FoVPIX = 0.084∘ coupled with small 

RMS spot size allows for precise 
determination

50 EeV simulated event

40 EeV
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POEMMA: UHECR Performance: see PhysRevD.101.023012

Significant increase in exposure with all-sky coverage 
Uniform sky coverage to guarantee the discovery of UHECR sources
Spectrum, Composition, Anisotropy: ECR > 20 EeV

Very good energy (< 20%), angular (≲ 1.2∘), and composition 
(sXmax ≲ 30 g/cm2)  resolutions 
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Figure 12. Left: examples of the 5-year POEMMA stereo UHECR exposure for a satellite separation
of 300 km, assuming a 12% duty cycle, in units Auger exposure [14] and TA exposure [17, 18] reporting
at ICRC-2019. The Stereo (Mono) mode has lower (higher) energy threshold, with the mono mode
having the higher exposure. Right: the POEMMA di�use-flux neutrino aperture as a function of ‹·

energy for accepting ‹· ’s through the up-going · -lepton decay EAS. Solid-line is for the current design
with a 30¶ FoV and dashed-line for POEMMA30 (◊12), (extrapolating the POEMMA30 sensitivity to
360¶ FoV in azimuth), and a Duty Cycle, ÁDC , of 20% for both. Also shown is the IceCube all-flavor
‹ aperture (dashed line) and ‹· (solid line) neutrino aperture for HESE (high-energy starting events).

Given the current data on UHECR composition, the di�use cosmogenic neutrino flux is too
faint for POEMMA to reach with a 30¶ e�ective FoV, set by the PCC location at the edge
of the focal surface. The POEMMA Collaboration is developing a version of the POEMMA
mission with 360¶ FoV, named POEMMA360, which has an optical design optimized for
Cherenkov detection improving the sensitivity to the di�use neutrino flux.

POEMMA will be uniquely suited for rapid follow-up of ToOs for neutrino observations,
because it will orbit the Earth in a period of 95 mins. and will be capable of repointing its
satellites by 90¶ in 500 s. In combination, these design features will enable POEMMA to
access the entire dark sky within the time scale of one orbit. Additionally, an optimal survey
strategy will enable POEMMA to achieve quasi-uniform coverage of the full sky on a time
scale of a few months for di�use neutrino flux observations [85]. POEMMA will also have
groundbreaking sensitivity to neutrinos at energies beyond 100 PeV, reaching the level of
modeled neutrino fluences for nearby sources in many astrophysical scenarios (see figures 19
and 20 and [6]).

Highly energetic cosmic neutrinos are emitted in a number of models of astrophysical
transient events, such as gravitational wave events from compact object mergers e.g., [100,
101], short and long gamma-ray bursts e.g., [102, 103], the birth of pulsars and magnetars
e.g., [104, 105], tidal disruption events e.g., [106], blazar flares (e.g., TXS 0506+056 [107,
108]), and possibly other high-energy transients. In models of cosmic neutrino emission,
neutrinos are typically produced in the decay of pions, kaons, and secondary muons generated
by hadronic interactions in astrophysical sources [88]. Consequently, the expectation for the
relative fluxes of each neutrino flavor at production in the cosmic sources, (‹e : ‹µ : ‹· ),
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Figure 6. Left: di�erential exposure as a function of declination for five years of POEMMA operations
in POEMMA-Stereo mode (purple lines) and two energies for EASs: 1019.7 eV (dotted) and 1020 eV
(solid); and for POEMMA-Limb mode (red lines) and three energies: 1020 eV (dotted), 1020.3 eV
(dashed), and 1021 eV (solid). The exposures of Auger and TA (including the TAx4 upgrade) are
shown as black (TA) and green (Auger) lines respectively assuming operations until 2030. Right:
simulated POEMMA spectra extrapolation compared with Auger 2020 spectrum (black dots and
solid line) from ref. [56] and the TA 2019 spectrum (black open circles and dotted line) from ref. [17]
for both POEMMA-Stereo (red) and POEMMA-Limb (blue) observations, shown for energies above
1019.2 eV. Adapted from ref. [5] with more recent results.

POEMMA spectra based on extrapolation of the Auger spectrum to higher energies (filled
circles following the solid line). If the extrapolation is based on the TA spectrum (black
open circles and dotted line), the POEMMA measurement will reach higher energies for
both POEMMA-Stereo (red) and POEMMA-Limb (blue) observations. The impact of the
POEMMA exposure in the spectrum is clear for energies above ≥100 EeV, where new spec-
tral features can signal source signatures such as the e�ect of the closest sources in a given
hemisphere [19–21].

POEMMA observations allow the study of di�erent composition models at the high-
est energies, where composition should become less mixed due to propagation e�ects (see,
e.g., [19]). The Xmax resolution of POEMMA makes it possible to decompose EASs into
four groups of nuclear species, gamma-rays, and neutrinos in the highest energy range [61].
Auger observations show an interesting evolution of the composition with energy consistent
with the maximum energy models [13]. The current paucity of UHECR data above 40 EeV
(see figures 6 right, 7, and 10) strongly limits definitive tests of di�erent source models with
the spectral behavior and composition trends. Figure 7 shows the statistical power with
which POEMMA will determine the first two moments of the Xmax distribution, the mean,
<Xmax>, and the standard deviation, ‡(Xmax), for energies well beyond the leading observa-
tions by Auger. The blue band in figure 7 represents the statistical uncertainty assuming the
5 year POEMMA-Stereo UHECR statistics in 0.1 decade energy bands using on a constant
composition model that is based on extrapolation to higher energies of Auger data below
40 EeV, where low-statistics measurements of Xmax are available. As is clearly seen, a single
POEMMA data point around 100 EeV will have an <Xmax> uncertainty that is less than
a tenth of the proton-iron separation. With several POEMMA data points above 40 EeV,
determination of the UHE composition evolution will be possible.

In addition, if hot spots in the sky are observed with more than 20 events, POEMMA can
study a given source composition by the evolution of the hot spot shape with energy [5, 62].

– 11 –



POEMMA: UHECR Composition
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Spectrum, Composition, Anisotropy: ECR > 20 EeV
Very good energy (< 20%), angular (≲ 1.2∘), and composition (sXmax ≲ 30 g/cm2)  resolutions 
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Figure 7. Capability of POEMMA to measure ÈXmaxÍ and ‡(Xmax) for composition studies at
UHEs. The width of the blue band illustrates the expected statistical uncertainties in five years of
POEMMA-Stereo (nadir) operations given the number of events per 0.1 in the logarithm of energy,
the Xmax resolution and e�ciency for ◊ < 70¶, and the intrinsic shower-to-shower fluctuations of
40 g/cm2. The band spans the energy range for which more than 10 events are within a 0.1 decade
bin (assuming the Auger spectrum). The black dots are fluorescence data from Auger ICRC 2019 [57]
and the blue bands are from ref. [5].
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Figure 8. POEMMA’s simulated stereo-reconstructed angular resolution versus UHECR energy:
azimuth (left) zenith (right). Adapted from ref. [5].

The high energy Xmax tail of the distribution dN/dXmax of events probes the funda-
mental physics of the proton-air cross section, as outlined in, e.g., [63]. The distribution
falls o� according to exp(≠Xmax/�÷) with �≠1

÷ ≥ ‡p≠air(E0 > 40 EeV), which corresponds
to a cross section at an equivalent center-of-mass energy in nucleon-nucleon collisions ofÔ

sNN = 283 TeV. The dN/dXmax tail depends on the cosmic ray mass composition. The
composition above 40 EeV is modeled here with two simple representative scenarios guided by
the cosmic ray composition analysis described in [64]. A conservative UHECR composition
scenario with 10% protons and 90% nitrogen has a 20% proton fraction in the high Xmax

tail. A less conservative scenario has 25% protons and 75% silicon, with a proton fraction
of 50% in the high Xmax tail. Figure 9 shows the projected cross section measurements with

– 12 –
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Michael Unger Work:
- Based on ad hoc model 

extrapolating Auger 
measurements below 40 
EeV.

- Around 100 EeV, 
POEMMA Xmax
uncertainty  0.1 – 0.2 p-Fe 
separation → several 
energy points above 40 
EeV by POEMMA will 
determine composition 
evolution.

JCAP Referee: it is advertised that different scenarios/models can be distinguished}, it would be 
good to illustrate the prediction of such models in Fig 7. This will allows the reader to judge the 
discrimination power of PEOMMA, given experimental uncertainties, indicated by the blue band.



POEMMA: UHECR Sky Coverage (isotropic UHECR flux)
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POEMMA: UHECR Anisotropy Analysis see PhysRevD.101.023012
Auger Highlights Antonella Castellina
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Figure 11: Left: Maximum likelihood-ratio as a function of energy threshold for the models based
on SBGs and gAGNs. The results are shown in the attenuation (full line) and no-attenuation
(dashed line) scenarios. Right: Cumulated test statistics for Ethr = 38 EeV as a function of the
time ordered number of events (for the SBG-only model). The number of events at the time of [39]
and of this conference are indicated by the red arrows.

3. Hadronic interactions

The interpretation of the experimental observables in terms of primary composition is prone
to systematic uncertainties, mainly due to the lack of knowledge on hadronic interactions at ultra-
high energies. On the one hand, additional data from collider and fixed-target experiments are
needed to lower these uncertainties. On the other hand, the interactions of primary cosmic rays in
the atmosphere can be exploited to study the hadronic interaction models in a kinematic and en-
ergy region not accessible by human-made accelerators. Indeed, exploiting Auger data, we reach
center-of-mass energies up to

p
s ⇠ 400 TeV, more than 30 times those attainable at LHC and ex-

plore interactions in the very forward region of phase space on targets of hAi ⇠ 14.
The shower development depends on many different features of the hadronic interactions. In par-
ticular, by collecting the electromagnetic radiation emitted by the shower particles crossing the
atmosphere and its depth of maximum development Xmax, we get information about the first inter-
action cross section [40]. The measure of the muonic component at the ground is more sensitive to
the details of the hadronic interactions along many steps of the cascade, like the multiplicity of the
secondaries and the fraction of electromagnetic component with respect to the total signal. On the
contrary, the intrinsic muon fluctuations mostly depend on the first interaction [41].
Clear evidence for a deficit of the number of muons predicted by the models was reported by our
Collaboration by exploiting inclined showers, where the electromagnetic component has been fully
absorbed by the atmosphere [42] and in the hadronic component [43]. The study of the muon pro-
duction depth [44] and of the time profiles of the signals recorded with SD [16] further proved the
inability of models to describe all the components of the showers correctly.

At this conference, we showed that the deficit of muons in the models is well visible also
at lower energies, by directly measuring the muon content of EAS with an engineering array of
underground muon detectors (UMD) deployed in the infill area [45]. In Fig.12, the correlation of
the muon densities measured by the UMD with the hXmaxi measured by the FD is shown at two
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2. Intermediate-scale anisotropy searches through
cross-correlations with astrophysical catalogs

One commonly invoked test for anisotropy on inter-
mediate scales is motivated by the expectation that
UHECRs will point back to their sources above a given
threshold energy. The exact value of the threshold energy is
unknown due to uncertainties in the Galactic and extra-
galactic magnetic fields. However, the expectation is that
the threshold energy occurs at roughly the same energies at
which the flux of UHECRs is attenuated by cosmological
photon backgrounds. UHECR attenuation results in a
horizon distance for UHECRs within which astrophysical
sources appear to be anisotropic; hence, the expectation is
that above a given energy threshold, the arrival directions of
UHECRs will be similarly anisotropic and will be, to a
given degree, correlated with the positions of their sources
on the sky, with angular separations corresponding to the
degree of magnetic deflection (angular separations ∼ few
tens of degrees). As such, statistical tests cross-correlating
arrival directions of UHECR events with astrophysical
catalogs are effective in detecting anisotropy at intermedi-
ate scales and may also provide clues about the UHECR
source population(s) and the amount of deflection due to
intervening magnetic fields [102]. Previous searches con-
ducted by the Auger and TA collaborations utilizing this
approach have provided hints of anisotropy [34,35], with
the strongest signal arising from cross-correlation with a
catalog of starburst galaxies (significance ∼4.5σ [103]).
As can be seen in Fig. 16, POEMMA will attain an

exposure of ∼1.5 × 105 km2 sr year above 40 EeV within
5 years of operation. Furthermore, the POEMMA exposure
will cover the entire sky, providing sensitivity to starburst
galaxies that are not accessible to Auger or TA. As such,
within its nominal mission lifetime, POEMMA will be
capable of detecting anisotropy to high significances,

achieving 5σ discovery reach for search parameters within
the vicinity of the signal regions for anisotropy hints
reported by the Auger [35,103] and TA [34] collaborations.
In order to determine the reach of POEMMA in such cross-
correlation searches, we implement a simple statistical
study simulating POEMMA data sets assuming various
astrophysical scenarios (i.e., starbursts and AGNs). Mock
data sets are constructed by drawing a given fraction of
events, fsig, from an astrophysical source sky map and
drawing the rest (1 − fsig) from an isotropic sky map,
where both sky maps are weighted by the variation in
POEMMA exposure over the sky (see Fig. 11). We
construct the astrophysical source sky maps from catalogs
of candidate UHECR sources, weighting each individual
source by its electromagnetic flux, accounting for UHECR
attenuation due to energy losses during propagation, and
smoothing with a von Mises-Fisher distribution with a
given angular spread, Θ (see examples in Fig. 23). For the
purposes of this study, we use the same astrophysical
catalogs as in Refs. [35,103], which include a catalog of
starburst galaxies selected based on their continuum emis-
sion at 1.4 GHz, a catalog of radio-loud and radio-quiet
AGNs included in the 70 Month Swift-BAT All-sky Hard
X-ray Survey [104], and a catalog of galaxies at distances
greater than 1 Mpc from the 2MASS Redshift Survey
(2MRS) of nearby galaxies [105]. For calculating the
UHECR attenuation factors, we adopted composition
scenario A from Ref. [35], which best matches Auger
composition and spectral measurements. For the threshold
energy values, we adopted the values found in Ref. [103],
which corresponds to roughly 1400 events with 5 years of
POEMMA, assuming the Auger cosmic-ray spectrum. We
construct mock data sets several scenarios for each catalog,
varying the signal fraction of events, fsig, and the angular
spread, Θ. For each mock data set, we perform a statistical

FIG. 23. Left: Skymap of nearby starburst galaxies from Refs. [35,103] weighted by radio flux at 1.4 GHz, the attenuation factor
accounting for energy losses incurred by UHECRs through propagation, and the exposure of POEMMA. The map has been smoothed
using a von Miser-Fisher distribution with concentration parameter corresponding to a search radius of 15.0° as found in Ref. [35]. The
color scale indicates F src, the probability density of the source sky map, as a function of position on the sky. The white dot-dashed line
indicates the supergalactic plane. Right: Same as at left for nearby galaxies from the 2MRS catalog [105] and weighting by K-band flux
corrected for Galactic extinction.
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analysis testing the astrophysical hypothesis against the
null hypothesis of isotropy. In so doing, we follow the
likelihood ratio approach of Abbasi et al. [[36]; see also
[3,35,106] ], constructing profiles of the test statistic (TS)
as a function of fsig and Θ and finding the maximum TS
value. Since TS values vary over realizations of the mock
data sets, we simulate 1000 data sets for each scenario and
compute the average TS value at particular values of fsig
and Θ in order to construct the TS profiles. Motivated by
reported search radii of ∼15° found in Ref. [103], we
present results for selected scenarios in which Θ ¼ 15° in
Table II and Fig. 24. See Appendix B for more details
on the maximum-likelihood methodology and a more
complete table of results for all scenarios considered in
this study.
It is worth noting that though many of the scenarios

included in this study are very similar to the maximumli-
kelihood search parameters obtained by the Auger col-
laboration [103], the maximum TS values obtained from
our simulations may be somewhat different than expected
based on the maximum TS values obtained Auger. This is

likely due to the fact that certain catalogs contain powerful
sources in regions of the sky that are not accessible by
Auger. The impact is that in simulations in which we
assume the same signal fraction as found by Auger, the
signal events are now distributed over more sources,
spreading out the anisotropic events over a wider portion
of the sky and making each individual source less signifi-
cant. The result is that the TS values obtained from the
simulations may be somewhat lower than expected, per-
haps even lower than Auger found. This is most noticeable
in the starburst scenario with simulation parameters fsig ¼
10% and Θ ¼ 15°. The Auger exposure map does not
include M82, a nearby powerful starburst galaxy, that
would be included in our simulations. The result is that
the TS value predicted by the simulations (24.7; signifi-
cance ∼4.6σ) is somewhat lower than the TS value reported
by Auger (29.5; post-trial significance ∼4.5σ). However, if
starbursts are the sources of UHECRs, we would expect
that adding a powerful source like M82 would increase the
fraction of events that would correlate with starburst
galaxies. As such, we also present scenarios in which
the signal fraction is higher, and in these scenarios, we
see that POEMMA will detect the signal to very high
significances.

D. Fundamental physics

In this section we explore the potential of the POEMMA
mission to probe fundamental physics. We begin with a
discussion of measurements of the pp cross section
beyond collider energies. After that, we study the sensi-
tivity of POEMMA for two typical messengers of top-down
models: photons and neutrinos.

1. Inelastic proton-air and proton-proton cross sections

The showers absorbed in the atmosphere observed by
POEMMA correspond to a calorimetric fixed target experi-
ment with E0 > 40 EeV. The collisions of the primary

TABLE II. TS values for scenarios with Θ ¼ 15°.

Catalog fsig TS σ

SBG 5% 6.2 2.0
10% 24.7 4.6
15% 54.2 7.1
20% 92.9 9.4

2MRS 5% 2.4 1.0
10% 8.7 2.5
15% 20.0 4.1
20% 35.2 5.6

Swift-BAT AGN 5% 10.4 2.8
10% 39.6 6.0
15% 82.4 8.8
20% 139.3 11.6

FIG. 24. TS profile for 1400 events for a particular scenario using the starburst source sky map in Fig. 23. In the scenario pictured here,
the fraction of events drawn from the source sky map is f ¼ 10% (left) and 20% (right), and the angular spread is Θ ¼ 15°.
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POEMMA

analysis testing the astrophysical hypothesis against the
null hypothesis of isotropy. In so doing, we follow the
likelihood ratio approach of Abbasi et al. [[36]; see also
[3,35,106] ], constructing profiles of the test statistic (TS)
as a function of fsig and Θ and finding the maximum TS
value. Since TS values vary over realizations of the mock
data sets, we simulate 1000 data sets for each scenario and
compute the average TS value at particular values of fsig
and Θ in order to construct the TS profiles. Motivated by
reported search radii of ∼15° found in Ref. [103], we
present results for selected scenarios in which Θ ¼ 15° in
Table II and Fig. 24. See Appendix B for more details
on the maximum-likelihood methodology and a more
complete table of results for all scenarios considered in
this study.
It is worth noting that though many of the scenarios

included in this study are very similar to the maximumli-
kelihood search parameters obtained by the Auger col-
laboration [103], the maximum TS values obtained from
our simulations may be somewhat different than expected
based on the maximum TS values obtained Auger. This is

likely due to the fact that certain catalogs contain powerful
sources in regions of the sky that are not accessible by
Auger. The impact is that in simulations in which we
assume the same signal fraction as found by Auger, the
signal events are now distributed over more sources,
spreading out the anisotropic events over a wider portion
of the sky and making each individual source less signifi-
cant. The result is that the TS values obtained from the
simulations may be somewhat lower than expected, per-
haps even lower than Auger found. This is most noticeable
in the starburst scenario with simulation parameters fsig ¼
10% and Θ ¼ 15°. The Auger exposure map does not
include M82, a nearby powerful starburst galaxy, that
would be included in our simulations. The result is that
the TS value predicted by the simulations (24.7; signifi-
cance ∼4.6σ) is somewhat lower than the TS value reported
by Auger (29.5; post-trial significance ∼4.5σ). However, if
starbursts are the sources of UHECRs, we would expect
that adding a powerful source like M82 would increase the
fraction of events that would correlate with starburst
galaxies. As such, we also present scenarios in which
the signal fraction is higher, and in these scenarios, we
see that POEMMA will detect the signal to very high
significances.

D. Fundamental physics

In this section we explore the potential of the POEMMA
mission to probe fundamental physics. We begin with a
discussion of measurements of the pp cross section
beyond collider energies. After that, we study the sensi-
tivity of POEMMA for two typical messengers of top-down
models: photons and neutrinos.

1. Inelastic proton-air and proton-proton cross sections

The showers absorbed in the atmosphere observed by
POEMMA correspond to a calorimetric fixed target experi-
ment with E0 > 40 EeV. The collisions of the primary

TABLE II. TS values for scenarios with Θ ¼ 15°.

Catalog fsig TS σ

SBG 5% 6.2 2.0
10% 24.7 4.6
15% 54.2 7.1
20% 92.9 9.4

2MRS 5% 2.4 1.0
10% 8.7 2.5
15% 20.0 4.1
20% 35.2 5.6

Swift-BAT AGN 5% 10.4 2.8
10% 39.6 6.0
15% 82.4 8.8
20% 139.3 11.6

FIG. 24. TS profile for 1400 events for a particular scenario using the starburst source sky map in Fig. 23. In the scenario pictured here,
the fraction of events drawn from the source sky map is f ¼ 10% (left) and 20% (right), and the angular spread is Θ ¼ 15°.
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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
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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

ntau

tau

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

Diffuse 
Flux

100 km

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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For the purposes of this study, we have assumed
that the neutrino burst will be closely coincident in
time and space with the event and/or other neu-
tral messengers, such as gamma rays or gravitational
waves. Murase and Shoemaker [153] recently ex-
plored possible time delays and angular signatures in
the neutrino signal resulting from beyond SM inter-
actions between high-energy neutrinos and the cos-
mic neutrino background and/or dark matter par-
ticles. In POEMMA’s energy range (beginning at
⇠ 10 PeV or ⇠ 30 PeV in stereo and dual modes,
respectively) and at the neutrino horizon distances
calculated in this paper, we expect the e↵ects from
these types of interactions to be minuscule; however,
we note that any time delay in the neutrino burst
would be helpful to POEMMA by providing more
time for re-pointing and re-positioning the satellites
for the ToO observation.
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Appendix A: POEMMA detection for �tr < 35�

Many of the details required for the evaluation of
the POEMMA e↵ective area follow from the discus-
sion of the sensitivity to the di↵use flux in Ref. [56].
Figure 10 shows the configuration of POEMMA at
altitude h = 525 km and a ⌧ -lepton emerging at a lo-
cal zenith angle ✓tr. In practice, we consider angles
✓tr close (⇠< ✓

e↵

Ch
⇠ 1.5�) to the local zenith angle

✓v of the line of sight as required for detection of
the showers. The di↵erence in angles ✓tr and ✓v in

FIG. 10. The e↵ective area (dashed disk on the figure)
for a ⌧ -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 ✓v. The inset
shows the emergence angle of the ⌧ -lepton ✓tr.

Fig. 10 is exaggerated for clarity.

FIG. 11. The exit probability for a ⌫⌧ of a given energy
to emerge as a ⌧ -lepton as a function of elevation angle
�tr.

For ⌧ -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 �, are defined by angles relative to the
local tangent plane, e.g., �tr = 90� � ✓tr.

The ⌧ -lepton decay at a distance s is viewable
for decays within a cone of opening angle ✓

e↵

Ch
. The

e↵ective area for the ⌧ -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 capabil-
ities of POEMMA allow for a larger range of viewing
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Field of view

~usat

~vsat
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↵o↵
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�

Figure 14. Left: Illustration of the geometrical configuration in the orbital plane (satellite position,
~usat, versus satellite velocity ~vsat). 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 � in 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 limb) and pointing direction ~nd. Right: Cherenkov
viewing angle � below the limb versus Earth emergence angle ✓e [84].

Figure 15. Left: The probability for a ⌫⌧to produce a ⌧-lepton which exits the Earth, as a function
of Earth emerging angle relative to horizontal, ✓e = 1� � 35�, for incident neutrino energies of 107,
108, 109, 1010 and 1011 GeV. The ALLM ⌧-lepton energy loss model is used, as described in [146].
Right: The ⌧-lepton energy distribution as a function of z = E⌧/E⌫ for ⌧-leptons exiting at an Earth
emergence angle ✓e = 15� for E⌫ = 108 and 109 GeV.

2.5 POEMMA Performance for Neutrino ToO Observations

POEMMA’s sensitivity to the cosmic ⌫⌧ flux is based on the observation of Cherenkov emis-
sion from EAS caused by the decay of ⌧-leptons as they exit the Earth’s surface. Observable
⌧-lepton decay events for POEMMA start in directions close to the limb of the Earth lo-
cated at 67.5� from the nadir for POEMMA’s 525 km altitude. The geometry of the ⌧-lepton

– 18 –

Flight Dynamics/Propulsion:
- 300 km ⟹ 25 km SatSep

- Puts both in CherLight Pool
- Dt = 3 hr: 8 – 15 times 
- Dt = 24 hr: 90 times 

Avionics on each POEMMA satellite allow for 
slewing : 90∘ in 500 sec

EUSO-SPB2 Work by M.H 
Reno, T. Venters, and JFK 
(see ICRC21 presentations)

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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POEMMA ToO Neutrino Sensitivity: see PhysRevD.102.123013

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.

TONIA M. VENTERS et al. PHYS. REV. D 102, 123013 (2020)
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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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E2
νϕντðEνÞ ¼

ð1þ zÞ
4πd2L

Q
3
E2
srcΔtsrc; ð18Þ

where Q is the all-flavor neutrino source emission rate as
measured by a fundamental observer at the source redshift
in units of neutrinos per energy interval per time interval,
Δtsrc is the event duration at the source redshift, Esrc is the
emission energy, and we assume that the relevant quantities
for calculating the fluences are isotropic equivalent quan-
tities and that neutrino oscillations will yield equal flavor
ratios on Earth (for derivation of Eq. (18), see Appendix D).
For any astrophysical model that provides an observed
fluence for a source at a given redshift or luminosity
distance, the observed fluence can be computed for any
redshift using Eq. (18) by calculating the intrinsic neutrino
source emission rate and then rescaling to the new redshift.
The expected number of neutrino events predicted by the
astrophysical model is then given by Eq. (17).
Though Eq. (17) is expressed in terms of the average

effective area as a function of energy and redshift, we can
also determine the expected number of neutrino events
as a function of celestial position by replacing AðEν; zÞ
with hAðEν; θ;ϕÞiT0

, the time-averaged effective area as a
function of celestial position from Eq. (6). In Figs. 7 and 8,
we plot the expected numbers of neutrino events as
functions of galactic coordinates for POEMMA for a
long-burst scenario (BNS merger according to the Fang

and Metzger model in Ref. [22] and Fig. 2; for further
details on the model, see Sec. III D) and a short-burst
scenario (sGRB with moderate levels of extended emission
according to the KMMK model in Ref. [17] and Fig. 4; for
further details on the model, see Appendix E), respectively.
For comparison, we provide analogous sky plots for
IceCube and GRAND200k in their respective energy ranges
(10 TeV–1 EeV for IceCube and 108–3×1011GeV for
GRAND200k) in Figs. 7 and 8. As the location on the sky of
a given source as viewed by the instrument varies as a
function of time, we compute time-averaged effective areas
as a function of galactic coordinates for IceCube and
GRAND200k5 in Figs. 7 and 8.
For all three experiments, we calculate the percentage of

the sky in which the expected number of neutrinos meets or
exceeds the thresholds corresponding to two scenarios for
neutrino ToO observations: (i) multimessenger follow-up
observations in which the experiment detects one neutrino
coincident both spatially and in time with an electromag-
netic transient event (e.g., as with IC-170922A coincident
with blazar TXS0506þ 056 [3]; IC-191001A coincident
with tidal disruption event AT2019dsg [92]) and/or a gra-
vitational-wave event, and (ii) neutrino-only observations

FIG. 7. Left: sky plot of the expected number of neutrino events as a function of galactic coordinates for POEMMA in the long-burst
scenario of a BNS merger, as in the Fang and Metzger model [22], and placing the source at 5 Mpc. Point sources are galaxies from the
2MRS catalog [78]. Middle: same as at left for IceCube for muon neutrinos. Right: same as at left for GRAND200k. Areas with gray
point sources are regions for which the experiment is expected to detect less than one neutrino.

FIG. 8. Left: sky plot of the expected number of neutrino events as a function of galactic coordinates for POEMMA in the best-case
short-burst scenario of an sGRB with moderate EE, as in the KMMK model [17], and placing the source at 40 Mpc. Point sources are
galaxies from the 2MRS catalog [78]. Middle: same as at left for IceCube for muon neutrinos. Right: same as at left for GRAND200k.
Areas with gray point sources are regions for which the experiment is expected to detect less than one neutrino.

5The GRAND200k effective area as a function of elevation
angle was provided through private communication with Olivier
Martineau-Huynh.
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POEMMA ToO Rate of Detection: see PhysRevD.102.123013

for a discussion of the additional source classes, see
Appendix E). We should note that our list of sources
and corresponding models is not intended to be an
exhaustive list or present a complete characterization of
the sources in question. Several of the source classes have
been proposed as possible neutrino emitters going back
several decades. Furthermore, the relevant parameter
spaces for the characteristics of these sources can be quite
large and uncertain, particularly in the presumed regime of
neutrino production. Rather, our intent with this list is to
provide a rough idea of POEMMA’s capability in detecting
neutrinos from commonly invoked source candidates and
identify the most promising source classes for POEMMA.
For each of the most promising source candidates, we
discuss their contributions to the diffuse astrophysical
neutrino flux in light of IceCube measurements below
5 PeV [93] and constraints at higher energies [8].
Jetted tidal disruption events.—During a TDE, a mas-

sive black hole rips apart an orbiting star, accreting its
material and producing a flare of radiation that can last for
months or even years [94,95]; for detailed reviews, see,

e.g., [96,97]. As demonstrated by Swift J1644þ 57, some
TDEs result in powerful, relativistic jets [98–100]. With the
abundance of baryons from the disrupted stellar material,
jetted TDEs are natural candidates for proton and nuclei
accelerators, possibly capable of reaching ultrahigh ener-
gies [101–104] and producing very-high and ultrahigh-
energy neutrinos [18,19,104–106]. In order to evaluate the
capability of POEMMA for detecting neutrinos from jetted
TDEs, we use models from Lunardini and Winter in
Ref. [19], which explored the relationship between key
jet characteristics and the mass of the SMBH. Alternative
models of TDE neutrino production are available in the
literature [cf. [104–108] ] can exhibit differences related to
modeling parameters such as the jet luminosity, the baryon
loading, and the comoving event rate.
For the purposes of this study, we consider two models

from Ref. [19]: the Base Case model in which no depend-
ence on SMBH mass is included, and a Lumi Scaling model
in which the jet bulk Lorentz factor, variability time scale,
and X-ray luminosity scale with SMBH mass. We note that
neither model violates IceCube measurements of the diffuse

TABLE IV. Average expected numbers of neutrino events above Eν > 107 GeV detectable by POEMMA for several models of
transient source classes assuming source locations at the GC and at 3 Mpc. The horizon distance for detecting 1.0 neutrino per ToO event
is also provided. Source classes with observed durations >103 s are classified as long bursts. Those with observed durations ≲103 s are
classified as short bursts. Models in boldface type are those models for which POEMMA has ≳10% chance of observing a ToO during
the proposed mission lifetime of 3–5 years. Models in italics are the same but for a mission lifetime of 10 years.

Long bursts

Source class
No. of ν’s
at GC

No. of ν’s
at 3 Mpc

Largest distance
for 1.0ν per event Model reference

TDEs 1.4 × 105 0.9 3 Mpc Dai and Fang [18] average
TDEs 6.8 × 105 4.7 7 Mpc Dai and Fang [18] bright
TDEs 2.7 × 108 1.7 × 103 128 Mpc Lunardini and Winter [19] MSMBH ¼

5 × 106 M⊙ Lumi scaling model
TDEs 7.7 × 107 489 69 Mpc Lunardini and Winter [19] Base scenario
Blazar flares NAa NAa 47 Mpc RFGBW [20]—FSRQ proton-dominated

advective escape model
lGRB reverse shock (ISM) 1.2 × 105 0.8 3 Mpc Murase [16]
lGRB reverse shock (wind) 2.5 × 107 174 41 Mpc Murase [16]
BBH merger 2.8 × 107 195 43 Mpc Kotera and Silk [21] (rescaled) Low

fluence
BBH merger 2.9 × 108 2.0 × 103 137 Mpc Kotera and Silk [21] (rescaled) High

fluence
BNS merger 4.3 × 106 30 16 Mpc Fang and Metzger [22]
BWD merger 25 0 38 kpc XMMD [23]
Newly born Crablike pulsars (p) 190 0 109 kpc Fang [24]
Newly born magnetars (p) 2.5 × 104 0.2 1 Mpc Fang [24]
Newly born magnetars (Fe) 5.0 × 104 0.3 2 Mpc Fang [24]

Short bursts

Source class
No. of ν’s
at GC

No. of ν’s
at 3 Mpc

Largest distance
for 1.0ν per event Model reference

sGRB extended emission (moderate) 1.1 × 108 800 90 Mpc KMMK [17]
aNot applicable due to a lack of known blazars within 100 Mpc.

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

123013-14

which is restricted to the rotation speed of the Earth. With
this combination of capabilities, POEMMA will be able
access to ∼21% of the sky in 500 s (∼37% in 103 s) [56],
a key advantage over GRAND200k in terms of sky
coverage on such short time scales.
As in Fig. 7, holes in the IceCube and GRAND200k sky

plots in Fig. 8 appear where the experiment has limited or
no effective area and/or exposure for the range of energies
in which it can detect neutrinos from the source model. In
this scenario, a hole in the southern celestial sphere for
IceCube appears because the range of energies in which it
can detect neutrinos for the KMMK model is smaller than
that for the Fang and Metzger model at the distances
considered (cf. Figs. 2 and 4). Even considering the best-
case scenarios for IceCube and GRAND200k, POEMMA
has a distinct advantage in detecting these types of short-
burst events. Not only will POEMMA be sensitive to
neutrinos from the entire sky (compared with ∼50% for
IceCube and ∼81% for GRAND200k), POEMMA can
expect to see more neutrinos (maximum number of ∼10
events vs ∼5 for IceCube and ∼6 for GRAND200k). For
the higher threshold of ∼6 neutrinos, POEMMA will be
able to achieve this level in ∼49% of the sky, compared
with ∼0% for IceCube and ∼2% for GRAND200k.

C. Probability of ToOs for modeled
astrophysical neutrino sources

In order to determine the modeled source classes that are
most likely to result in ToOs for POEMMA, we model the
occurrence of transient events as a Poisson process. The
probability of POEMMA observing at least one ToO for a
given source model as a function of time, t, is then given by

Pð≥ 1 ToOÞ ¼ 1 − Pð0Þ ¼ 1 − e−rt; ð19Þ

where r is the expected rate of ToOs for the source model as
determined from the cosmological volume in which neu-
trinos would be detectable by POEMMA and from cos-
mological event rates for the source class taken from the
literature (see model descriptions provided in Sec. III D).
The cosmological volume is determined from the neutrino
horizon, zhor, which we calculate from Eq. (17) by
determining the redshift at which Nev is set equal 1.0. In
Fig. 9, we plot the probability that POEMMAwill observe
at least one ToO versus observation time for several of the
source models considered in this paper.
In Table IV, we provide the calculated number of

neutrino events for several models of astrophysical tran-
sient source classes assuming a source at the Galactic
Center (GC) and at 3 Mpc (roughly the distance to the
nearest starburst galaxy, NGC253). To provide a sense of
the maximum distance at which a given source class is
detectable by POEMMA, we include its neutrino horizon
expressed as a luminosity distance as determined from a
model taken from the literature. The results for long bursts

include the average impacts of the Sun and the Moon
and hence, provide a reasonable estimate of POEMMA’s
capability in detecting such sources. For short bursts, we do
not account for the Sun and Moon due to strong variations
in their effects over the course of POEMMA’s orbital
period. Furthermore, for these scenarios, the source was
placed at the optimal sky position for POEMMA obser-
vations. As such, the results for short bursts should be
regarded as reflecting the best possible scenarios for
POEMMA observations. The models in boldface type
are those for which POEMMA has at least a 10% chance
of seeing a ToO within the proposed mission lifetime of
3–5 years and hence, are the most promising source classes
for POEMMA. Other source classes listed in Table IV
would be detectable by POEMMA if located reasonably
close by, but would likely require mission lifetimes of
10 years (source classes in italics) or more for a reasonable
chance of detecting one ToO. Based on the results from this
study and studies of ToOs with other neutrino observatories
provided in the literature, we expect these latter sources to
be challenging to observe by any currently operating or
planned neutrino observatory.

D. Most promising candidate neutrino
source classes for POEMMA

In the remainder of this section, we provide brief
discussions of the most promising astrophysical candidate
neutrino source classes in terms of their expected ToO rates
for POEMMA (boldface and italicized models in Table IV;
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FIG. 9. The Poisson probability of POEMMA observing at
least one ToO versus mission operation time for several modeled
source classes. Featured source models are TDEs from Lunardini
andWinter [19], BNS mergers from Fang andMetzger [22], BBH
mergers from Kotera and Silk [21], and sGRBs with moderate EE
from KMMK [17].

POEMMA’S TARGET-OF-OPPORTUNITY SENSITIVITY TO … PHYS. REV. D 102, 123013 (2020)

123013-13



6-Jul-21 29th JEM-EUSO International Collab Meeting - vCSM 27

POEMMA Summary

diffuse

Cherenkov nt
Response

15

19.2 19.4 19.6 19.8 20 20.2 20.4 20.6 20.8 21

lg(E/eV)

3610

3710

3810)-1
 y

r
-1

 s
r

-1
 k

m
2

 J
 / 

(e
V

3 E
Auger ICRC17
POEMMA Nadir 5yr South
POEMMA Limb 5yr South

TA ICRC17
POEMMA Nadir 5yr North
POEMMA Limb 5yr North

19.6 19.8 20 20.2 20.4 20.6 20.8 21

lg(E/eV)

3610

3710

3810

-1
 y

r
-1

 s
r

-1
 k

m
2

 J
 / 

(e
V

3 E

Auger2017 flux

Auger2017 90% U.L.

POEMMA Nadir 5 yr 90% U.L.

POEMMA Limb 5 yr 90% U.L.

 1 mass EPOS-LHC (UL)

 1 mass Sibyll2.3c (UL)

 1 mass EPOS-LHC (BF)

 1 mass Sibyll2.3c (BF)

 gal. mix EPOS-LHC (BF)

 gal. mix Sibyll2.3c (BF)

lg(E/eV) > 19.6

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).

UHECRs

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 ~20% 

- POEMMA sensitivity to SHDM → n’s in 20+ PeV
(Cherenkov) and 20+ EeV (fluorescence) energy bands

- C. Guepin et al.: arXiv:2106.04446)

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.
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EUSO-SPB2: Sources of Cherenkov Signals 
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POEMMA: proton-Air Cross Section Measurements

Since the measurement is entirely focused on the
exponential slope of the tail the expected Gaussian detector
resolution on the order of 35 g=cm2 in Xmax and 0.2 in
ΔE=E does not affect this. The exponential slope Λη is
determined by using an unbinned logL fit [109] approxi-
mated by the result in the large Xmax limit, as described in
Appendix C. Thus, the relative statistical uncertainty of Λη

is simply 1=
ffiffiffiffiffiffiffiffiffi
Ntail

p
, where Ntail ¼ Nη is the number of

events in the tail of the Xmax distribution.
In the following, we use two different choices for η

following the guidance of the Pierre Auger Observatory: for
the p∶N ¼ 1∶9 case, η reflecting the proton content of 0.1
is reduced by an additional fraction 0.2 to minimize the
potential impact of the nonproton primaries that contami-
nate the high Xmax tail; for the p:Si case, since Si is a
heavier primary that affects Λη much less, we use a fraction
of 0.5 of the proton content 0.25 for the tail measurement.
We arrive with a very conservative effective η ¼ 0.1 ×
0.2 ¼ 0.02 for the pessimistic scenario of p∶N ¼ 1∶9,
and η ¼ 0.25 × 0.5 ¼ 0.13 for the more optimistic one
with p∶Si ¼ 1∶3.
Now, using the estimate of the overall number of

events above 40 EeV of N ¼ 1400 and combining it
with expectations from cosmic-ray propagation simula-
tions indicating possible mass composition scenarios,
we can determine a projected measurement of the
proton-air cross section as shown in Fig. 26. In this
plot the uncertainties of the left point for POEMMA

correspond to the p:N=1∶9 and the right point to
p∶Si ¼ 1∶3 proton fraction scenarios. The analysis
described here is not yet optimized for the actual
POEMMA observations and we study two very different
potential scenarios. For illustration purposes, the central
value of the projected POEMMA points in Fig. 26 is
located at the lower range of the model prediction. This
is what some of the recent data from the Pierre Auger
Observatory and also LHC suggest [110–112].
In the final step, these data are also converted into the

fundamental inelastic proton-proton cross section σinelpp
using an inverse Glauber formalism.

2. Searches for superheavy dark matter

One of the leading objectives of the particle physics
program is to identify the connection between DM and the
standard model (SM). Despite the fact there is ample
evidence for DM existence, the specific properties and
the identity of the particle DM remain elusive [113]. For
many decades, the favored models characterized DM as
relic density of weakly interacting massive particles
(WIMPs) [114]. Theoretical ideas and experimental efforts
have focused mostly on production and detection of
thermal relics, with mass typically in the range of a few
to a hundred GeV. However, despite numerous direct and
indirect detection searches [115,116], as well as searches
for DM produced at particle accelerators [117,118], there
has thus far been no definitive observation of the WIMP
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FIG. 26. Potential of a measurement of the UHE proton-air cross section with POEMMA. Shown are also current model predictions
and a complete compilation of accelerator data converted to a proton-air cross section using the Glauber formalism. The expected
uncertainties for two composition scenarios (left, p∶N ¼ 1∶9; right, p∶Si ¼ 1∶3) are shown as red markers with error bars. The two
points are slightly displaced in energy for better visibility.

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

023012-20

Assuming 1400 UHECRs for ECR ≥ 40 EeV
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Figure 10. Left: number of UHE events detected by POEMMA for five years of observations in
POEMMA-Stereo (red) and POEMMA-Limb (blue) operational modes assuming the Auger UHECR
energy spectrum. For comparison, the projected event numbers for Auger observations projected to
2030 are indicated by black dashed lines. Right: number of UHE events detected by POEMMA for
five years of observations in POEMMA-Stereo (red) and POEMMA-Limb (blue) operational modes
assuming the TA UHECR energy spectrum. For comparison, the projected event numbers for TA
observations projected to 2030 are indicated by black dashed lines.

The POEMMA-Stereo observation coverage is shown for two EASs energies in figure 6
left, 1019.7 eV (purple dotted line) and 1020 eV (purple solid line). These are also displayed
as sky exposures in figure 11 in declination versus right ascension. In figure 11 the color
scale denotes the exposure variations in terms of the mean response taking into account the
positions of the sun and the moon during a 5-year observation cycle. The higher exposure for
POEMMA-Limb observations is also clear in figure 6 left, where red lines for three energies
is shown: 1020 eV (dotted), 1020.3 eV (dashed), and 1021 eV (solid).

POEMMA will measure the UHECR source distribution over the full celestial sphere
using a single experimental framework with a well-defined UHECR acceptance, mitigating
the issues of cross-comparisons inherent to viewing di�erent portions of the sky with multiple
experiments. The response shown in figure 11 was calculated assuming a POEMMA-Stereo
configuration aligned along the orbit path. The ability of the space-based POEMMA tele-
scopes to tilt towards the Northern or Southern Hemisphere allows for the sky exposure to
be enhanced for a specific hemisphere. Likewise, POEMMA can preferentially point north or
south for a sequence of orbital periods to further tailor the UHECR sky coverage for possible
source locations.

Figure 12 left shows an example of a 5-year stereo UHECR exposure in terms of the
Auger and TA exposures reported in 2017 [13]. The POEMMA UHECR exposures are cal-
culated from simulations assuming an isotropic flux and an EAS trigger condition based on
the modeling of the response of the PDMs in the PFC [84]. Simulations of the EAS recon-
struction selection criteria lead to an 85% acceptance for stereo mode and 80% for the tilted
(monocular) configuration for UHECR observations in neutrino mode. The fraction of time
POEMMA is viewing the night sky with minimal moonlight is 18% based on calculations for
the POEMMA orbit [85]. Previous simulation studies [84] have shown that 72% of events
observed from space have the location of shower maximum above clouds based on meteoro-
logical cloud height measurements. An additional 5% reduction is estimated to account for
the e�ects of light pollution from cities and lightning. These lead to an e�ective duty cycle
of 12% for the UHECR exposure determined after event reconstruction and selection.

– 14 –
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FIG. 1. Geometry of measuring the Cherenkov signal from
cosmic rays arriving from above the Earth horizon in the case
of a space based instrument.

above the limb trajectories can be observed inside the
viewing angle range 84.2� < ✓d < 90�; while in the case of
POEMMA, being an orbital instrument, the correspond-
ing viewing angle range shrinks into 67.5� < ✓d < 70�.
We further note here that the viewable range for PO-
EMMA will later decrease, limited by the amount of
atmosphere in which cosmic rays can interact. In this
regard, the range given here should be considered the
maximum geometrically allowable range.

The cumulative slant depth as a function of path length
traveled by a particle through the atmosphere can be
found by integrating the atmospheric density along the
particle trajectory for a given detector viewing angle.
Assuming the standard US atmosphere [24], the slant
depth profiles for the observation altitudes of EUSO-
SPB2 (33 km) and POEMMA (525 km) are plotted in
figure 2 across the labeled viewing angles.

Cosmic ray air showers complete their full development
over roughly a distance of ⇠ 1000g cm�2, with the shower
maximumXmax (the slant depth where maximum shower
development occurs, and thus a good estimate of the
overall shower properties) occurring from ⇠ 500g cm�2

to ⇠ 800g cm�2, depending on the primary energy and
mass composition of the cosmic ray [18].

From the upper panel of figure 2, it follows that, for a
balloon borne instrument, any observation from the limb
to 90� nadir will yield enough atmosphere to produce
generous particle content in the EAS. As we will discuss
later, in the case of balloon borne instruments it is also
possible that the detector itself can be positioned inside
the ongoing shower development. On the other hand,
the lower panel of 2 shows that, for a space based instru-

FIG. 2. Cumulative slant depth as a function of altitude and
nadir viewing angle, as measured from 33 km altitude (up-
per panel) and 525 km altitude (lower panel). Calculations
assume the US standard atmosphere [24].

ment, the viewing angle range, corresponding to a signif-
icant amount of atmosphere traversed (& 500g cm�2), is
smaller–extending only ⇠ 1� above the limb.

By taking a representative shower Xmax = 700g cm�2,
we note that within the ranges where there is enough
atmosphere in which a shower can develop, the altitude
of Xmax has a minimum of ⇠ 20 km for both balloon
and satellite trajectories, which increases with increasing
viewing angle, indicating the need to carefully account
for shower development at high altitudes.

We also note that in the process of developing an EAS
in the atmosphere, the first interaction point which be-
gins the shower is sampled from an exponential with a
mean interaction length �int. For a proton primary, �int

decreases from roughly 70 g cm�2 at 1 PeV energy to
40 g cm�2 at 10 EeV. As we will discuss later, this im-
plies that for high viewing angles, where the atmosphere
is thin, large variations in the optical Cherenkov signal
are expected due to the shower-to-shower fluctuations.
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FIG. 15. Integrated expected event rate (events measured
above given energy E) for above-the-limb UHECR events for
the EUSO-SPB2 [upper panel] and POEMMA [lower panel]
instruments. Event rate is given per hour of live time (instru-
ment duty cycle not taken into account).

V. CONCLUSIONS

In this paper, we have extended the computation
scheme developed in [1] to also model the observation of
the cosmic ray EAS which arrive with trajectories from
above Earth’s limb and calculate their expected event
rate for the EUSO-SPB2 and POEMMA instruments.
Cosmic rays can deposit much of their primary energy
into showering products, resulting in extremely bright
optical Cherenkov signals.

In section II, we discussed the characteristic alti-
tudes of the shower development for above-the-limb EAS
which occur above 20 km, where the atmosphere is rar-
ified, leading to signals with unique properties. Specif-
ically, we showed that the required thresholds for opti-
cal Cherenkov emission are increased, with smaller lo-
cal Cherenkov angles, while the atmospheric transmis-
sion can be greatly decreased with respect to upward go-

ing (below the limb) EAS. These combined e↵ects result
in bright signals which are strongly focused close to the
shower propagation axis.
As these events can be extremely bright, even for large

angles o↵ shower axis, it was necessary to consider also
the time spread of arriving photons at the plane of de-
tection, which can increase up to a few microseconds
when measured far o↵ axis, much greater than the typical
⇠ 20 ns integration time of the Cherenkov telescope de-
signs being investigated. This fact implies a reduction of
the estimated geometric aperture to above-the-limb cos-
mic ray events, with the larger e↵ect at the highest ener-
gies, where the exponential tails of the optical Cherenkov
spatial distribution become relevant.
Additionally, for shower development within a rari-

fied atmosphere (high altitudes), the distance scale corre-
sponding to a radiation length is much longer than that
at low atmospheric altitudes, allowing for more signifi-
cant geomagnetic deflection of electrons and positrons.
To consider the e↵ects of the geomagnetic field, we took
the approach of applying a large (50 µT) field perpen-
dicular to the shower propagation direction, and mea-
sured the flux profile of arriving Cherenkov photons along
the axes perpendicular and parallel to the magnetic field
compared with the profile of una↵ected showers (sym-
metric about the shower axis). We demonstrated that the
e↵ect of applying a magnetic field to the developing EAS
is to spread the optical Cherenkov photons within the
e↵ective Cherenkov angle away from shower axis along
the axis perpendicular to the magnetic field, thereby re-
ducing the central intensity, but increasing the intensity
within the tails of the distribution. This approach pro-
vided an upper and lower bound on the e↵ect of magnetic
deflection, showing that, ultimately, it is a modest, fac-
tor of ⇠ 2, e↵ect on the Cherenkov intensity for a specific
EAS energy and trajectory.
Using a Monte Carlo methodology, we showed that the

estimated event rate of (above-the-limb) cosmic rays for
the EUSO-SPB2 and POEMMA instruments can be very
high. Specifically, as follows from figures 13 and 15, we
see that both instruments have the capability to observe
potentially hundreds of events per hour of live time above
energies of PeV and 10 PeV for sub-orbital and orbital
observation schemes, respectively.
The properties of the optical Cherenkov emission from

the above-the-limb cosmic rays are extremely similar to
those of the neutrino events of comparable energy in
wavelength, arrival angle, and arrival time distributions
despite the development at high altitudes. Taking this
information together with the huge event rates presented
in figure 15, the above-the-limb cosmic rays represent
a guaranteed in-flight test source for both orbital and
sub-orbital optical Cherenkov telescopes. While simula-
tion studies have predicted the rate of upward-moving
EAS sourced from Earth-interacting neutrino events to
be small for cosmogenic flux assumptions [1, 2], above-
the-limb cosmic rays are plentiful, allowing for validation
of the optical Cherenkov detection technique for upward
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FIG. 13. Geometric aperture to above-the-limb cosmic rays
as a function of primary energy for the EUSO-SPB2 [upper
panel] and POEMMA [lower panel] detectors.

IV. APERTURE AND EVENT RATE

For the Earth-skimming neutrino events analyzed in
[1], a semi-analytical estimate was used to determine
the geometric aperture and sensitivity, where a Monte
Carlo methodology was used only to estimate the aver-
age behavior of the EAS properties for use in the sim-
ulation. This was due, in part, to the sheer number of
events which needed to be simulated (correspondingly,
the large amount of computation time) in order to cal-
culate an accurate figure, properly sampling all the rele-
vant distributions involved. When simulating cosmic ray
events from above the limb, we do not have these restric-
tions, as proton induced EAS vary significantly mainly by
the first interaction depth which decreases with increas-
ing energy (here we do not consider the Landau-Migdal-
Pomeranchuk (LPM) e↵ect [39] or ⇡0 interactions, which
for z > 20 km become relevant for energies greater than
3 ⇥ 1018 eV and 7 ⇥ 1019 eV, respectively) [40]. Addi-
tionally, as observed in Figures 11 and 12, the intensity

FIG. 14. Normalized distribution of arrival angle ✓d for ac-
cepted above-the-limb cosmic rays for di↵erent primary en-
ergies as measured with the EUSO-SPB2 instrument [upper
panel] and POEMMA instrument [lower panel].

and the angular scales of the Cherenkov emission from
above-the-limb cosmic ray EAS vary rapidly with detec-
tor viewing angle (on scales smaller than the e↵ective
Cherenkov angle of the distribution), making an analyti-
cal estimate unreliable. For these reasons, in the present
computation scheme we utilize a more realized Monte
Carlo methodology.

In the Earth-centered coordinate system shown in fig-
ure 1, the detector is positioned at the cartesian coordi-
nates (0, 0, RE + h), where RE is the Earth radius and
h the detector altitude above ground (33 km for EUSO-
SPB2, 525 km for POEMMA). The starting point of the
shower is sampled isotropically on the top of Earth’s at-
mosphere, namely with radius RE + zatm, zenith angle
sampled uniformly in cos✓E within the detector viewing
range and azimuth �E sampled uniformly between (0,
2⇡).

The trajectory of the shower must also then be sampled
isotropically. To do this, we sample the shower zenith in
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PAO and TA

Telescope Array
• Location: Delta, Utah, 
• 2019 ICRC: 11 years of operation
• Cherenkov Tank Surface Array Area: ~700 km2

• Surface Array UHECR Aperture: ~1300 km2 sr
• Fluorescence UHECR Aperture: ~ 130 km2

• Upgrading SA and FT to TAx4 (4 x area of TA)
• More modest precision: ERES ~ 25% (from 

GCOS discussion)

Pierre Auger Observatory
• Location: Malargüe, Argentina
• 2019 ICRC: 14 years of operation
• Cherenkov Tank Surface Array Area: ~3000 km2

• Surface Array UHECR Aperture: ~6000 km2 sr
• Fluorescence UHECR Aperture: ~ 600 km2

• Upgrading SA detectors via Auger Prime
• Increase EAS measurement precision via 

better e/µ separation including radio
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Figure 2. Local-significance maps from searches for localized excess in Equatorial coordinates. Left:
Southern sky observed at EAuger > 54 EeV smeared on a 12� angular scale. The solid and long-dashed lines
indicate the supergalactic and Galactic plane, respectively. Reproduced with permission from [4]. Right:
Northern sky observed at ETA > 57 EeV smeared on a 20� angular scale. Reproduced with permission
from [11].

An update of the analysis presented with seven and ten years of data [9, 10] indicates no increase in the
significance of the excess.

The directions with largest departures from UHECR isotropy have been compared with the position of
nearby prominent objects. The two most significant excesses in the Northern and Southern hemispheres are
located near the supergalactic plane, and multiple candidate sources have been discussed either within or
outside from Collaborations. For example, in [12, 13], a ranking of gamma-ray emitting sources detected
within 200 Mpc attempted to identify possible candidates for the TA hotspot, such as the starburst galaxy
M82, blazars of BL Lac type such as Mrk 180 and Mrk 421, but also regular star-forming galaxies and
galaxy clusters. Similarly, Cen A, an FR-I radio galaxy, or starburst galaxies such as NGC 4945 and M 83
have been pointed out as lying 10 � 20� away from the Southernmost significant UHECR excess. These
sources are powerful X-ray and (or) �-ray emitters and could potentially explain the UHECR flux from the
TA hotspot region.

To reach a more complete view of the UHECR sky, cross-correlation studies against numerous
astronomical catalogs have been performed within the Auger and TA collaborations, as well as by
independent groups. Models often assume that the UHECR source distribution follows the distribution of
luminous matter in the nearby Universe, based on radio —- 3CRR catalog — or infrared — IRAS and
2MASS — or X-ray — Swift-BAT — or gamma-ray — Fermi-LAT — observations. These models account
for the expected energy losses and deflections of UHECRs during their extragalactic propagation [4, 14–16].
While such studies have not yet revealed any statistically significant (> 5�) departure from isotropy, a recent
search against �-ray bright sources, that accounted for their expected relative flux has unveiled an indication
of excess UHECR flux at 4.0 � post-trial in the direction of starburst galaxies (at EAuger > 39 EeV), and at
2.7� post-trial in the direction of jetted active galactic nuclei (AGN) at EAuger > 60 EeV [17]. A search
by the TA Collaboration with fixed parameters at ETA > 43 EeV is consistent with the Auger result for
starburst galaxies, but also with isotropy, indicating that the currently limited statistics from the Northern
hemisphere is not sufficient to discriminate between the two hypotheses [18].

2.2 Spectrum

Measuring the energy spectrum of UHECRs at high precision is of prime importance for understanding
the origin and mechanisms of CR acceleration and propagation. Data at the highest energies have been
accumulated for decades by AGASA [19], Yakutsk [20], HiRes[21], and more recently by the Pierre Auger
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UHECR Anisotropy for full-sky using PAO and TA subject to systematics

Slide from Toni

arXiv:1903.06174
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POEMMA: Astrophysics from UHECR composition analysis

PhysRevD98, 123018

Use differences in angular deflections and flux attenuation for light vs heavy 
nuclei to assess “hot spot” sources. Hot Spot Analysis:

- Discriminate protons (vs 
using XMAX) from CNO 
and heavies by looking 
at the distribution of 
arrival directions. 

- If source emits protons, 
then AngRes should 
improve ~ 1/ECR

- If mixed composition, 
picture is more 
complicated

- If the hot spot is nuclei 
heavier than nitrogen, in 
two years of operation 
POEMMA will be able to 
exclude a pure-proton 
origin at the 95% CL. 

Source, Bfield, and distance dependent!

Small -> Wide: H, He, N, Si, Fe
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314 nm – 900 nm
Use to calculate effective PDE (for 
SiPM): <PDE> = 0.1
12,660 photons/m2/sr/ns 
314 nm – 1000 nm
~25,000 photons/m2/sr/ns

314 nm – 500 nm
570 photons/m2/sr/ns

Work by Simon Mackovjak

Viewing at angles away from 
nadir views more optical depth of 
air glow layer.
x6 for viewing limb from 525 km

Air Glow Background in Cherenkov Band: Ref 10.1016/j.nima.2020.164614

Requirement for < 1e-2 
background events per 
year leads to high PE 
thresholds

10 PE (coincident Cher 
measurement)
20 PE (individual Cher 
measurement)
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Indirect CR Measurements

Fluorescence and Cherenkov: 10% 
Duty Cycle

Ground arrays and 
radio: 100% Duty Cycle

NICHE Results: 
2013ICRC...33.1900K 
(arXiv:1307.3918) 

XMAX resolution of ~25 g/cm2 

leads to 4-component unfolding
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Direct vs Indirect Measurements

Direct Measurements

Cosmic Rays provide a measure on how the Universe processes and distributes matter.

Indirect Measurements

UHECR NMAX

Xmax
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