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Multimessenger astrophysics

Fig. from Bartos and Kowalski, IOP 2017
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Interesting messengers of 
astrophysical processes

Snowmass white paper: Ackermann et al., JHEAp 36 (2022) 55-110 https://arxiv.org/pdf/2203.08096



neutrino flux
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My interest: very- (ultra-) high energy neutrinos 
which require large target volumes
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Water and ice Cherenkov 
detectors
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P-one
IceCube optical arrays

§ KM3-net: ORCA 1-100 GeV, ARCA 100-108 GeV, to 1 km3 
§ Baikal-GVD staged instrumentation since 2016, 1 km3 

by 2025
§ IceCube-Gen2 TBD

pathfinders in 2018, 2020
northern hemisphere

Figs. from Ackermann et al., JHEAp 36 (2022) 55

Terrestrial detectors



Radio Cherenkov – Askaryan 
effect
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§ Askaryan effect (JETP 14, 1962), in which interactions 
in material produce a 20% electron excess (time-
varying).

§ Showers produce electron-positron pairs and also 
scatter with atomic electrons to produce a radio-
frequency impulse.

§ The attenuation length at radio frequencies is of 
order 2 km in South Pole ice – can increase detection 
volume at low cost! (Scattering & absorption of 
optical light is ~100 m, optical sensitive to air 
bubbles in ice.)

§ May be able to distinguish electron neutrinos and 
antineutrinos. Figure from T. Jaeger, PhD thesis 2010

See review: Barwick & Glaser, arXiv:2208.04971 

Fig from Paudel et al., PoS 
ICRC2021 (2021) 429

Terrestrial detectors

https://arxiv.org/abs/2208.04971


Radio Cherenkov Detectors
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§ RNO-G in Greenland ice, 
1 km attenuation  
length, detector station 
separation1.5 km.

§ Phased array of radio 
antennas.

§ Testbed for IceCube-
Gen2 Radio.

IceCube-Gen2 Radio will 
cover 500 km2 of South 
Pole ice.
Also, Askaryan from Moon!

Fig. from Ackermann et al., JHEAp 36 (2022) 55

Terrestrial detectors



Focus here: large detection 
areas with atmospheric  
optical Cherenkov
§ Overview of the process for atmospheric 

optical Cherenkov detection with skimming tau neutrinos. 
§ Detectors/telescopes. (Some actual, one hypothetical.)
§ Geometry
§ Neutrino & tau propagation
§ Diffuse flux sensitivities
§ Transient neutrino source sensitivities (most competitive 

here)
§ Theoretical uncertainties in neutrino & tau propagation
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Earth-skimming !!  for optical 
Cherenkov signals

9

Fig: Arguelles et al, PRD 106 (2022) 043008

§ Use the Earth as a !! converter. 
Neutrino oscillations over 
astronomical distances yield 
!": !#: !! ≃ 1: 1: 1.

§ Tau neutrinos can produce taus 
that emerge from the Earth.

§ Taus decay in the atmosphere – 
high energy hadrons produce up-
going air showers.

§ Air showers generate optical 
Cherenkov light.

tau makes air 
shower with 
hadron decay 
products

Sub-orbital/orbital detectors (and terrestrial)

⌫⌧N ! ⌧X

⌧ ! ⌫⌧⇡
<latexit sha1_base64="V0lapoxYBRwMhDiOiwLR4aQgYqg=">AAACGnicbZDLSsNAFIYn9VbjLerSzWBRXJWkCnZZcONKKtgLNCFMppN26GQS5iKU0udw46u4caGIO3Hj2zhNI2jrDwMf/zmHM+ePMkalct0vq7Syura+Ud60t7Z3dvec/YO2TLXApIVTlopuhCRhlJOWooqRbiYISiJGOtHoalbv3BMhacrv1DgjQYIGnMYUI2Ws0PF8rkNfIQ1v4KmvUphzF/pY2DnOzZ8mP6OhU3Grbi64DF4BFVCoGToffj/FOiFcYYak7HlupoIJEopiRqa2ryXJEB6hAekZ5CghMpjkp03hiXH6ME6FeVzB3P09MUGJlOMkMp0JUkO5WJuZ/9V6WsX1YEJ5phXheL4o1gyaa2c5wT4VBCs2NoCwoOavEA+RQFiZNG0Tgrd48jK0a1XvvFq7vag06kUcZXAEjsEZ8MAlaIBr0AQtgMEDeAIv4NV6tJ6tN+t93lqyiplD8EfW5zd9iZ9D</latexit>

e.g.,



Optical Cherenkov in the 
atmosphere

10

Index of refraction of air !!"# ≠ 1, Δ! = 2.9×10$% at sea level 

Energy thresholds in air:
electron: 20.75 MeV   pion: 5.6 GeV   proton: 39 GeV
muon: 4.4 GeV    kaon: 20.5 GeV

Cherenkov angle: 1.4 deg 

Index of refraction of air !&!'(# = 1.33
Energy thresholds in water:
electron: 0.75 MeV   pion: 204 MeV  proton: 1.4 GeV
muon: 159 MeV    kaon: 746 MeV
Cherenkov angle: 41.4 deg 



Atmospheric optical Cherenkov 
detection 
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Trinity: on a mountain top

POEMMA: twin satellite

PBR

EUSO-SPB2

Fig. from Ackermann et al., JHEAp 36 (2022) 55

Sub-orbital/orbital detectors (and terrestrial)

actual protoype

very short 
flight

NASA APRA/Italian/France funding

future?



Optical Cherenkov (plus fluorescence) 
telescopes 
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POEMMA satellite, future EUSO-SPB2 balloon launched May 2023

§ Launched from Wanaka, NZ.
§ Potential for 100 days at 33 km altitude, 

actual: 2 days.
§ Search for neutrino events and measure 

optical backgrounds.
§ A = 0.35 m2 photon collecting area.

CT FT

§ Hybrid focal surface: Cherenkov and 
fluorescence.

§ Pair of satellites.
§ 525 km altitude for 5 years.
§ Limb viewing mode for neutrino-induced air 

showers.
§ A = 2.5 m2 photon collecting area for 

Cherenkov.



EUSO-SPB2 actual
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Figs: Adams, Jr. et al, in preparation

stratcat.com.ar

at float, size of football field

actualpotential



Optical Cherenkov (plus fluorescence) 
telescopes 
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POEMMA Balloon with Radio (PBR), launch in 2027

§ Hybrid focal surface: Cherenkov and fluorescence, will 
advance technical readiness for POEMMA 

§ Launch from Wanaka, NZ in spring 2027.
§ Potential for 100 days at 33 km altitude.
§ Search for neutrino events and measure optical backgrounds.
§ A ~ 0.4 m2 photon collecting area.
§ Additional radio detection 50-550 MHz,~10 PeV shower energy 

threshold,  to detect radio and optical emission of the same 
shower.

Radio emission from geomagnetic effects:

Fig: Paudel et al., PoS ICRC2021 (2021) 429
 https://arxiv.org/pdf/2108.06336



Earth-skimming !!  for optical 
Cherenkov signals
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Fig: Arguelles et al, PRD 106 (2022) 043008

§ No signals of high energy tau neutrinos 
that go straight through the center of 
the Earth – attenuation of the flux. 
Hence “skimming.”

§ Neutrino regeneration in the Earth is 
important. Lower energy -)	comes from 
every / decay:

⌫⌧N ! ⌧X

⌧ ! ⌫⌧X
<latexit sha1_base64="E7tA/UXN7Nr+FVAWL1reUVJJa18=">AAACGHicbZDNSsNAFIUn/tb4F3XpZrAormpSBbssuHElFWwbaEKYTCft0MkkzEyEEvoYbnwVNy4Ucdudb+M0jaCtBwY+zr2XO/eEKaNS2faXsbK6tr6xWdkyt3d29/atg8OOTDKBSRsnLBFuiCRhlJO2oooRNxUExSEj3XB0M6t3H4mQNOEPapwSP0YDTiOKkdJWYF14PAs8hTJ4B888lcCCXQ8LaBY4N3+a3MCq2jW7EFwGp4QqKNUKrKnXT3AWE64wQ1L2HDtVfo6EopiRiellkqQIj9CA9DRyFBPp58VhE3iqnT6MEqEfV7Bwf0/kKJZyHIe6M0ZqKBdrM/O/Wi9TUcPPKU8zRTieL4oyBvWts5RgnwqCFRtrQFhQ/VeIh0ggrHSWpg7BWTx5GTr1mnNZq99fVZuNMo4KOAYn4Bw44Bo0wS1ogTbA4Am8gDfwbjwbr8aH8TlvXTHKmSPwR8b0G8RinlI=</latexit>

“tau neutrino regeneration” makes 
the Earth more transparent to tau 
neutrinos (but not transparent!) 

tau makes air 
shower with 
hadron decay 
products

Sub-orbital/orbital detectors (and terrestrial)



Geometry
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shower axis

Earth emergence angle 0'# = 0*



Geometry

17

Motloch, Hollon, Privitera, Astropart. Phys. 
54 (2014) 40
MHR et al., PRD 100 (2019) 063010

“cap”

§ Integrate over surface 
S 

§ integrate over the 
shower axis directions 
that yield photons at 
the detector.

effective Ch angle 1+



Geometry
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Adjust for “zone”

zenith FoV angle Δ2

Motloch, Hollon, Privitera, Astropart. Phys. 
54 (2014) 40
MHR et al., PRD 100 (2019) 063010



Geometry
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GF = geometry factor
zenith FoV angle Δ2
effective Ch angle 1+

MHR et al., PRD 100 (2019) 063010



Tau neutrino propagation
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https://github.com/NuSpaceSim/nupyprop part of the NuSpaceSim end-to-end 
simulation package – neutrinos in, photons at the detector out.
NuPyProp generates look-up tables for NuSpaceSim.

§ Density of Earth model
§ Neutrino cross section*
§ Tau electromagnetic energy loss*

§ Tau decay with neutrino energy 
distribution

§ Repeat

Garg et al, JCAP 01 (2023) 041

* theory inputs that can be adjusted – high energy extrapolations are used here



Inputs
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Garg et al, JCAP 01 (2023) 041

Earth density Cross sections EM energy loss of tau

You can put in your own inputs – BSM cross sections?
Useful for both surface (or near surface) and sub-orbital/orbital detectors. 



NuPyProp results for !! → #
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4 km water depth regeneration is important for high 
energy taus, large angles

Garg et al, JCAP 01 (2023) 041



NuPyProp Results
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Garg et al, JCAP 01 (2023) 041

regeneration is important for high energies, large angles



IceCube etc use Earth attenuation 
for cross section measurements
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Esteban, Prohira & Beacom, PRD 106 (2022) 023021



Caution! 
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Example with large extra dimension (Randall-Sundrum model of TeV gravity) 
where the cross section rises steeply, but the neutrino energy loss is non-
standard (mostly elastic). 3, is the scale where gravity becomes strong, 4-  is 
the mass of the first KK excitation.

Garcia – Soto, Garg, Reno, Arguelles, PRD 107 (2023) 033009 



Attenuation
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Dashed lines:
bad approximation 
for attenuation with 
SM+Gravity.

Even with small 
inelasticity, 
SM+Gravity has 
different signatures 
in IceCube Gen2, 
however, neutrino 
flux uncertainties 
can make unfolding 
BSM physics 
challenging. 

Complementary measurements help with neutrino flux uncertainties.



Aside – nearly horizontal showers 
from cosmic rays
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HAHAs: High-Altitude 
Horizontal Air Showers
Cummings et al., PRD 104 (2021) 063029

§ Geometric energy filter
§ Shower development – composition?
§ Guaranteed events! Estimated 

Eshr>0.5 PeV, 65 evts/hr



Diffuse flux all-flavor sensitivity assuming no observed events (and no background):

Fsens =
2.44⇥N⌫

ln(10)⇥ E⌫⌧ ⇥ hA⌦i(E⌫⌧ )⇥ tobs
<latexit sha1_base64="ZPjgT0iCUO08i445tA0Rujckoi0="></latexit>

N⌫ = 3

E2
⌫⌧
Fsens

<latexit sha1_base64="gKacjB3gWWb9tMN+gE2kuh1TJio=">AAACE3icbVC7SgNBFJ2NrxhfUUubwWAQi7CbCKYRAqJYSQTzgGxcZiezyZDZ2WUeQljyDzb+io2FIrY2dv6Nk2QLTTwwcO4593LnHj9mVCrb/rYyS8srq2vZ9dzG5tb2Tn53rykjLTBp4IhFou0jSRjlpKGoYqQdC4JCn5GWP7yY+K0HIiSN+J0axaQboj6nAcVIGcnLn9x4LteweF5xscgVL73ElJ6rkB7fl+GVKUUIJeFyDL18wS7ZU8BF4qSkAFLUvfyX24uwDglXmCEpO44dq26ChKKYkXHO1ZLECA9Rn3QM5SgksptMbxrDI6P0YBAJ87iCU/X3RIJCKUehbzpDpAZy3puI/3kdrYJqN6E81opwPFsUaAZVBCcBwR4VBCs2MgRhQc1fIR4ggbAyMeZMCM78yYukWS45lVL59rRQq6ZxZMEBOATHwAFnoAauQR00AAaP4Bm8gjfryXqx3q2PWWvGSmf2wR9Ynz+FdZyt</latexit>

plot

hA⌦i(E⌫⌧ ) =

Z

S

Z

�⌦tr

Pobs ~r · n̂ dS d⌦tr
<latexit sha1_base64="amSZWc7Ln/aKc3Tq1GFL1+Mzf/s="></latexit>

Detector aperture:

dPobs(E⌫⌧ ,�tr, s) = dsPexit(E⌫⌧ ,�tr)⇥ pdec(s)⇥ Pdet(E⌫⌧ ,�tr, s)
<latexit sha1_base64="Z9O7lBV6FFDwEjqBM2wDdWFSW4U="></latexit>

Observation and detection probability

Pdet = H[✓Ch � ✓]H[swin � s]H[NPE �N
min
PE ]

<latexit sha1_base64="CXG9bS4h5/5YzGsurJ6Ts4Q7TfI="></latexit>

Diffuse flux sensitivity
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(geometry factor weighted by Pobs)

also !! dependence (so ""# dependence)



Diffuse neutrino flux sensitivity (all flavor)
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hA⌦i =
Z

S(��)

Z

�⌦tr

Pobs

⇥ r̂ · n̂ dS d⌦tr
<latexit sha1_base64="/oOQ3n3dOQx5E054jqvMrMTbcZM="></latexit>

Sensitivity = E⌫
2.44

ln(10)

3

hA⌦itobs(0.20)
<latexit sha1_base64="g8mmDzAi0FnMT8KBFgp6OjLD60Q="></latexit>

POEMMA – design 30o but  360o would 
improve sensitivity.

potential of SPB2: 
tobs=1/18 of 5 years

Advantage, for SPB2, closer 
to the shower, but net,  
POEMMA-30 ~100x more 
sensitive than SPB2.used 20% duty cycle for POEMMA

Tails of EAS profiles at 
high altitudes make 
some improvements 
(factor close to 10 for 
1011 GeV) [Cummings et al. 
Phys. Rev. D 103 (2021) 043017 ].
See also muon 
detection.

Venters et al., Phys. Rev. D 102 (2020) 123013



ToO fluence all-flavor sensitivity assuming no observed events (and no background):

Sensitivity =
2.44⇥N⌫ ⇥ E⌫⌧

ln(10)⇥ ft ⇥ hA(E⌫⌧ )iT0
<latexit sha1_base64="d7mRf15iaokywNgcOb+aY2D/j8Q="></latexit>

Detector effective area:

hA(E⌫⌧ )iT0 =
1

T0

Z t0+T0

t0

dt dPobs(E⌫⌧ ,�tr, s)ACh(s)
<latexit sha1_base64="+Cq93usUlRGeYSz2qgaxsgtfROk="></latexit>

dPobs(E⌫⌧ ,�tr, s) = dsPexit(E⌫⌧ ,�tr)⇥ pdec(s)⇥ Pdet(E⌫⌧ ,�tr, s)
<latexit sha1_base64="Z9O7lBV6FFDwEjqBM2wDdWFSW4U="></latexit>

Observation and detection probability

Pdet = H[NPE �N
min
PE ]

<latexit sha1_base64="YBAsXB+z285dnxyzehx9XxjC8GI=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmqmA3QkGErqSCvUA7Dpk0bUOTzJBkhDLMc7jxVdy4UMSduPFtTKcFtfWHwJf/nENy/iBiVGnH+bJyS8srq2v59cLG5tb2jr2711RhLDFp4JCFsh0gRRgVpKGpZqQdSYJ4wEgrGF1O6q17IhUNxa0eR8TjaCBon2KkjeXbLqz7SVdy2CM6vYCw1rme3utX6ckP3mXAqUg93y46JScTXAR3BkUwU923P7q9EMecCI0ZUqrjOpH2EiQ1xYykhW6sSITwCA1Ix6BAnCgvyVZL4ZFxerAfSnOEhpn7eyJBXKkxD0wnR3qo5msT879aJ9b9ipdQEcWaCDx9qB8zqEM4yQn2qCRYs7EBhCU1f4V4iCTC2qRZMCG48ysvQrNcck9L5ZuzYrUyiyMPDsAhOAYuOAdVUAN10AAYPIAn8AJerUfr2Xqz3qetOWs2sw/+yPr8Bi5rn7c=</latexit>

Transient neutrino source (ToO) sensitivity
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Point source sky coverage
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POEMMA

fraction of observing time 
without Sun and Moon

full sky coverage (here 380 day avg)

EUSO-SPB2

30 day effective area for 10 PeV neutrinos, 
Sun and Moon over full period included.

more focused sky coverage

Hammer projections

Nu Target Scheduler – python code for azimuthal pointing to given source – work in progress



Sensitivity to long-burst transients
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Sensitivity to long bursts of 30 day 
duration assuming 20% duty cycle for 
Sun/Moon. 

Red: 30 day average, 
black: 100 day average of 
effective area.

EUSO-SPB2POEMMA

106 s burst (~2 weeks), ft = 0.3
Per decade, all flavor, no muons.

Venters et al, Phys. Rev. D 102 (2020) 123013

Theory: Fang & Metzger, Ap J 849 (2017) 153



Sensitivity to short-burst transients
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Theory: KMMK: Kimura, Murase, Meszaros, Kiuchi, Ap. J. 848 (2017) L4.

Best short-burst transients for 1,000 s burst, on axis viewing for short GRB. 
No Sun and Moon, burst occurs when viewable (part of “best”).

EUSO-SPB2POEMMA
Venters et al, Phys. Rev. D 102 (2020) 123013



Summary for Cherenkov telescope ToO 
detection
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§ Pathfinder instruments to POEMMA-
like space-based instrument.

§ With GCN alerts, sensitivity to all-
flavor neutrino fluences from 
transient sources as good as 0.3-10 
GeV/cm2 short/long burst in EeV 
range based on EUSO-SPB2 
projections (similar size).

§ This means potential to detect 
events in nearby galaxies.

§ Interesting cosmic ray studies.

§ Mono- and dual-telescope viewing.
§ With external (GCN) alerts, best 

sensitivity to all-flavor neutrino 
fluences from transient sources 0.1-
1 GeV/cm2 short/long burst in EeV 
range. 

§ All sky coverage over the course of a 
year.

§ Five years of viewing.

Balloon-based instrumentsPOEMMA satellite, proposed for 2030+



Modeling uncertainties and backgrounds
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§ Neutrino cross section
§ Tau energy loss
§ Water or rock in final layer?

Diffuse POEMMA360
example of uncertainties

§ Thresholds for night sky air glow background -  fake 
neutrino  probability is <1%. 
EUSO-SPB2 will measure air glow.

§ UHECR signals reflected off the ground have the 
wrong timing: reflection time is large at these 
angles.

§ Cherenkov signals from UHECR showers in the 
atmosphere above the limb come from a very 
narrow angular range.

See background discussion for ToO in Venters 
et al., Phys. Rev. D 102 (2020) 123013.   

water

Backgrounds:



Tau energy loss

39

5./-)

b⌧ (E) =
N

A

Z
dy y

d�(y,E)

dy
<latexit sha1_base64="Va023bG8b3KMrSNTA0TxqQZPL18="></latexit>

Electromagnetic structure function 
at very small x!



40Song et al, 2012.12893

BSM physics that disrupts !6: !7: !8 ≃ 9
: :

9
: :

9
:  should be 

observable through combination of experiments including 
skimming !8.



Final remarks
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§ There is a program in progress for sub-orbital, eventually satellite-based 
Cherenkov telescopes designed to detect skimming tau neutrinos via 
up-going air showers. 

§ Flavor sensitive! This will be part of a collection of instruments/neutrino 
telescopes to determine neutrino flavor. 

§ Software tools available (nuPyProp, nuSpaceSim) and in development 
(NuTS).

§ EUSO-SPB2 data analysis in progress - only ~30 minutes pointing below 
the limb. 

§ With flight, opportunities to follow-up alerts from EM/gravitational wave 
events. Balloon-based telescopes have competitive sensitivities.

§ Cosmic ray induced air shower observation from novel  vantage point 
guaranteed.
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