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POEMMA: A Space-based Mission for Ultra-high Energy Particles

POEMMA - ASTRA Initiative

John Krizmanic
NASA/GSFC

for the POEMMA Collaboration1

POEMMA (Probe of Extreme MultiMessenger Astrophysics) is an 
observatory  comprised of two large-area (ACOLL  = 6 m2 ) Schmidt 
telescopes that orbit in a loose formation and measure the air 
fluorescence from extensive air showers (EAS) induced by UHECR while 
also slewing to measure  the beam Cherenkov radiation from upward-
moving EAS source by neutrino interactions in the Earth.

Science Goals:
- Discover the origin of Ultra-High Energy Cosmic Rays 

Measure full-Sky Distribution, Spectrum, and composition at Highest Energies 
(ECR > 20 EeV) using stereo air fluorescence technique

- Observe Neutrinos from Transient Astrophysical Events 
Measure beamed Cherenkov light from upward-moving EAS from -leptons 
source by  interactions in the Earth (E > 20 PeV)

- Probe particle physics at the highest energy scales
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Ultra-high Energy Cosmic Rays and Very-high Energy Neutrinos
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Impact of a Space-based Mission for Ultra-high Energy Particles
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UHECR/ questions from the Astro2020 Decadal Review

What is the nature and origin of UHECRs?
- What are the source(s) and acceleration mechanism of 

UHECRs?

- Are the TeV-PeV neutrinos and UHECRs produced in the 

same sources? 

- What is the nature of the flux suppression at the highest 
energies?

- What is the composition evolution of the UHECR 
spectrum?

- Can UHECR charged-particle astronomy be able to study 
individual or classes of sources, considering the 
dependence on UHECR composition and understanding 
on galactic and extragalactic magnetic fields? High-
energy neutrino detection from would help.

- Are there new interactions and physics waiting to be 
discovered at energies beyond those achievable at the 
LHC?

Global Spline Fit of the cosmic ray nuclear composition 
based on scaled cosmic-ray flux per energy interval with 
all measurements adjusted to common energy scale. 
[From Dembinski, Engel, Fedynith, and Fujisue ICRC2025 Pos 248]

Elab(√s=13.6 TeV)

Elab(√s=433 TeV)
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What are the sources of UHECR?  What is the acceleration mechanism(s)?

Ref: Batista et al., Open Questions in Cosmic-Ray Research 
at Ultrahigh Energies, Front. Astron. Space Sci 6 id.23 (2019)

Foteini Oikonomou ICRC2025 CR Indirect Rapporteur Talk
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Snowmass Study: Phase Space for Future UHECR Experiments

Ultra-High-Energy Cosmic Rays: The Intersection of the Cosmic and Energy 
Frontiers (SnowMass WP), Coleman et al., AstroPart Phys 149 id.102819 
(2023)

UHECR Measurements:

• Event-by-event Rigidity

–  Requires high accuracy for mass and energy of primary particle.

–  Enables rigidity selection to search for sources in distribution of arrival 
directions.

–  Helpful for rigidities R > 10 EeV stem from mixed composition.

–  Requires knowledge of galactic/intergalactic B-fields.

–  Ground-based detection can measure EAS particle component, e.g. muons.

• Huge Exposure and Full-sky coverage

–  Required for full anisotropy measurements with very high statistics while 
searching for declination dependence.

–  Search of recovery in UHECR spectrum.

• Particle Physics at the highest-energy scales

–  Is BSM at these extreme energies?

–  Do fundamental symmetries in Nature, e.g. Lorentz Invariance, break down?

–  What do UHECR, UHE photons, and VHE neutrinos say about dark matter 
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POEMMA Performance: Example of a Space-based UHECR mission

Exposure Evolution Simulated Spectrum (Auger vs TA)

Simulated Composition Simulated Sky Coverage

Science Interpretation

UHECR 
Source 
Model

Starburst 

Galaxies:
11% anisotropy
15% angular 

spread

Swift-BAT AGNs:

8% anisotropy
15% angular 
spread

2MRS  Galaxies:

19% anisotropy
15% angular 
spread
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Impact of a Space-based Mission for VHE-UHE Cosmic Neutrinos
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POEMMA Stereo Air Fluor.

Ackermann et al., J. High Energy Astrophys. 36, p. 55-110 (2022)

POEMMA Diffuse  via Stereo Air Fluorescence

POEMMA Cherenkov
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Snowmass Study: Phase Space for Future HE Neutrino Experiments

Distribution of neutrino sources in energy and distance traveled to the detector, and present and 
future experiments aimed at detecting them.  
Ref: High-energy and ultra-high-energy neutrinos: A Snowmass white paper, Ackermann et al., J. High Energy Astrophys. 36, p. 55-110 (2022)
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Snowmass Study: HE-VHE-UHE Neutrino Sensitivity Comparison

Sensitivity to short (1000 s) burst all-flavor neutrino for current and future experiments.
Ref: Ackermann et al., J. High Energy Astrophys. 36, p. 55-110 (2022)
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POEMMA ToO Neutrino Sensitivity: see PhysRevD.102.123013
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SHDM Neutrino Sensitivity Comparison

Ref: Ackermann et al., J. High Energy Astrophys. 36, p. 55-110 (2022)

Guépin et al., Indirect dark matter searches at ultrahigh energy 
neutrino detectors, PRD 104, 083002 (2021)
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Comments on WP ASTRA: Space-Based Mission for Ultrahigh Energy Particles
arXiv: 2608.09835v1

• In this talk, we discussed the unique capabilities of space-based UHECR and VHE-UHE cosmic neutrino measurements 
in the context of POEMMA as it was developed as a NASA Astrophysics Probe mission (starting in 2016) and with the 
constraints of the program.

• Since then, more capable launch vehicles have been developed included Space X Starship and SLS  that have nearly 
doubled the allowable diameter of a payload from 4.6 m to 8 m:

➢ Allows for larger diameter mirrors which would lead to significant improvements in UHECR exposure and 
neutrino sensitivity to transient sources.

➢ There also has been a significant development in meter-size lightweight optics in part due to use of additive 
manufacturing and driven by increased aerospace applications.

• While the JEM-EUSO/POEMMA collaboration has been developing ULDB balloon missions to proof the technology 
and measurement concepts, including the EUSO-SPB1, EUSO-SPB2 completed missions and the PBR mission currently 
in development (including a FT/CT hybrid focal plane and EAS radio detection), and the Terzina satellite mission, there 
are several technology developments that are highly desired:

➢ Milliwatt per channel SiPM ASIC readout: MIZAR ASIC development has shown 5 mW/channel

➢ Fluorescence telescope use of SiPM (or SiPM+filter):  wavelength response with neglible PDE above 500 nm is 
required to eliminate the dominant air glow background above 500 nm

➢ Algorithms based on ML: preliminary research has shown that space-based EAS profile measurements using ML 
can obtain moderate-resolution event-by-event rigidity reconstruction.



Please see POEMMA poster at this workshop!!

ad ASTRA - Space-based UHE Particle Missions

Thank you !!
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ToO Neutrinos: E > 20 PeV

UHECRs: E > 20 EeV

P-air cross section measurement at √s ≈ 300 TeV
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Backup Slides
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POEMMA Collaboration

70+ scientists from 21+ institutions (US + 10+)
OWL, JEM-EUSO, Auger, TA, Veritas, CTA, Fermi, Theory

Acknowledgements



9/1/26 ad ASTRA - Space-based UHE Particle Missions 17

Snowmass Study:  Diffuse cosmic neutrino sensitivity

Sensitivity to all-flavor neutrino diffuse flux for current and future experiments.
Ref: Ackermann et al., J. High Energy Astrophys. 36, p. 55-110 (2022)
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UHECR/ questions: How Powerful and Common are UHECR Sources?

What is the nature and origin of UHECRs?
- What are the source(s) and acceleration mechanism of 

UHECRs?

- Are the TeV-PeV neutrinos and UHECRs produced in the 

same sources? 

- What is the nature of the flux suppression at the highest 
energies?

- What is the composition evolution of the UHECR 
spectrum?

- Can UHECR charged-particle astronomy be able to study 
individual or classes of sources, considering the 
dependence on UHECR composition and understanding 
on galactic and extragalactic magnetic fields? High-
energy neutrino detection from would help.

- Are there new interactions and physics waiting to be 
discovered at energies beyond those achievable at the 
LHC?

Ref: Batista et al., Open Questions in Cosmic-Ray Research 
at Ultrahigh Energies, Front. Astron. Space Sci 6 id.23 (2019)



POEMMA: UHECR Sky Coverage (isotropic UHECR flux)
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Significant increase in exposure with all-sky coverage 
Uniform sky coverage to guarantee the discovery of UHECR sources



POEMMA: UHECR Anisotropy Analysis see PhysRevD.101.023012
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Auger Highlights Antonella Castellina
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Figure 11: Left: Maximum likelihood-ratio asa function of energy threshold for themodels 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

timeordered number of events (for theSBG-only model). Thenumber of eventsat the timeof [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 phasespaceon targetsof 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, weget information about the first inter-

action crosssection [40]. Themeasureof themuonic component at theground ismoresensitive to

thedetails of thehadronic interactionsalong many stepsof thecascade, like themultiplicity of the

secondaries and the fraction of electromagnetic component with respect to the total signal. On the

contrary, the intrinsic muon fluctuationsmostly depend on the first interaction [41].

Clear evidence for a deficit of the number of muons predicted by themodels was reported by our

Collaboration by exploiting inclined showers, wheretheelectromagnetic component hasbeen fully

absorbed by theatmosphere [42] and in thehadronic component [43]. Thestudy of themuon pro-

duction depth [44] and of the timeprofiles of the signals recorded with SD [16] further proved the

inability of models to describe all the components of the showerscorrectly.

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

13

ArXiv:1909.10791
Auger

15∘ Angular Spread, 10% StarBurst Fraction

POEMMA



9/1/26 ad ASTRA - Space-based UHE Particle Missions 21

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


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21

