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Multimessenger astrophysics

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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Interesting messengers of
astrophysical processes
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Snowmass white paper: Ackermann et al., JHEAp 36 (2022) 55-110 https://arxiv.org/pdf/2203.08096



My interest: very- (ultra-) high energy neutrinos

which require large target volumes
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Terrestrial detectors

Water and ice Cherenkov
detectors

P-one

IceCube optical arrays

IceCube-Gen2 ® IceCube ol IceCube Upgrade
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= KM3-net: ORCA 1-100 GeV, ARCA 100-108 GeV, to 1 km?3
= Baikal-GVD staged instrumentation since 2016, 1 km3 pathfinders in 2018, 2020
by 2025 northern hemisphere

= |ceCube-Gen2 TBD
Figs. from Ackermann et al., JHEAp 36 (2022) 55



Terrestrial detectors

Radio Cherenkov — Askaryan
effect ™

shower |
axis

See review: Barwick & Glaser, arXiv:2208.04971

+

= Askaryan effect (JETP 14, 1962), in which interactions +
in material produce a 20% electron excess (time- ®
varying). ©

= Showers produce electron-positron pairs and also Vienn)
scatter with atomic electrons to produce a radio- \ vf()
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 e
bubbles inice.) i € (O

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

Narrow
Cherenkov Cone (LPM effect)

Electron
Entrainment



https://arxiv.org/abs/2208.04971

Terrestrial detectors

Radio Cherenkov Detectors

= RNO-Gin Greenlandice, - e

wwwwwwwwww

1 km attenuation = v

length, detector station

separation1.5 km. _%
= Phased array of radio o i

antennas. !

= Testbed for lceCube- -
Gen2 Radio. 3

lceCube-Gen2 Radio will [

cover 500 km? of South

Pole ice.

Also, Askaryan from Moon!
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Focus here: large detection ———
B“\LLOON With

areas with atmospheric | = | & &

optical Cherenkov

= Overview of the process for atmospheric
optical Cherenkov detection with skimming tau neutrinos.

sSPB2

= 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



Sub-orbital/orbital detectors (and terrestrial)

Earth-skimming v for optical

Cherenkov signals

" taumakes air -
" . showerwith -
hadron decay

- products

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

Use the Earth as a v; converter.
Neutrino oscillations over
astronomical distances yield
Vervyive = 1101,

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.

e.g., ;N - 17X



Optical Cherenkov in the
atmosphere

Index of refraction of airng;,- # 1, An = 2.9x10~* 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 airn,,qter = 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
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Sub-orbital/orbital detectors (and terrestrial)

Atmospheric optical Cherenkov

detection

Fig. from Ackermann et al., JHEAp 36 (2022) 55
Trinity: on a mountain top

actual protoype

Cherenkov
light

- NASA APRA/Italian/France funding

POEMMA-Balloon S
with Radio (PBR) 3

Ultra-High-Energy

Cosmic Rays /
PBR Nt ,
/ Fluorescence

POEMMA: twin satellite

’37,@*@

EUSO-SPB2
very short
flight
POEMMA-Linnb
future?
UHECR 543
Tau_deC
A > I EAs
~2,300 km
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Optical Cherenkov (plus fluorescence)

telescopes

POEMMA satellite, future

EUSO-SPB2 balloon launched May 2023

= Hybrid focal surface: Cherenkov and
fluorescence.

= Pair of satellites.

= 525 km altitude for 5 years.

= Limb viewing mode for neutrino-induced air
showers.

= A=2.5m?photon collecting area for
Cherenkov.

= |aunched from Wanaka, NZ.

= Potential for 100 days at 33 km altitude,
actual: 2 days.

=  Search for neutrino events and measure

optical backgrounds.
= A=0.35m?photon collecting area.
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EUSO-SPB2 actual

at float, size of football field
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potential actual
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Figs: Adams, Jr. et al, in preparation
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Optical Cherenkov (plus fluorescence)

telescopes

J

POEMMA Balloon with Radio (PBR), launch in 2027

shower.
shower
axis '
Radio emission from geomagnetic effects: @k@@—»
A geo 1

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 m?photon collecting area.

Additional radio detection 50-550 MHz,~10 PeV shower energ
threshold, to detect radio and optical emission of the same

a;

:F—

Fig: Paudel et al., PoS ICRC2021 (2021) 429 I
https://arxiv.org/pdf/2108.06336 o N Bp— shower front
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Sub-orbital/orbital detectors (and terrestrial)

Earth-skimming v for optical
Cherenkov signals

= No signals of high energy tau neutrinos

" tau makes air - . §$§EJSRCI%(3E that go straight through the center of
*_shower with the Earth — attenuation of the flux.
hadron decay Kb Hence “skimming.”

products

= Neutrino regeneration in the Earth is
important. Lower energy v, comes from
every T decay:

v, N — 17X
T U X

“tau neutrino regeneration” makes

the Earth more transparent to tau
Fig: Arguelles et al, PRD 106 (2022) 043008 neutrinos (but not transparent!)
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Geometry

Earth emergence angle B;,- = Sk

detector

shower axis
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Geometry

G = / / cos b, dS

AQ eo=// cos O, dS ddi,
. (A S JAQ ' '
“cap” = ~ 7sin® 4G .
"
effective Ch angle 6, = |ntegrate over surface
S

" integrate over the
shower axis directions

that yield photons at
the detector.

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

G = / / cos b, dS

(AQ)geo = / / cos O, dS dSdi,
S JAQ,

Adjust for “zone” — ~ 7sin® 4G .

zenith FoV angle Aa

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

= 10°
5 10°
z
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Tau neutrino propagation

Garg et al, JCAP 01 (2023) 041

Monoenergetic Interaction Propagation:
T-lepton
Ve type E loss, decay

T = v, decay

= Density of Earth model = Tau decay with neutrino energy
= Neutrino cross section* distribution
= Tau electromagnetic energy loss* = Repeat

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.

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

20




Inputs

Garg et al, JCAP 01 (2023) 041

6 T T T T 10_31 T T T 102 T
. : : ~ : pair === bb
1032 = E 101t —— brem —-—- bdhm
510738
L, — allm
zO0 /4 R
;bblo 34/ bdhm
= ctw
1E : : ] 10-3F —— cti8nlo -
—— PREM : . nct1s standard rock
1 L L 1 - 1 L 1 -3 L I L
4000 4500 5000 5500 6000 6500 10 10* 109 108 1010 1012 10 102 10° 108 101
Radial Distance [km] E [GeV] E, [GeV]
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.

i=brem,pair,nuc
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NuPyProp resultsforv, — 1
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regeneration is important for high
energy taus, large angles
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NuPyProp Results

Garg et al, JCAP 01 (2023) 041
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regeneration is important for high energies, large angles



lceCube etc use Earth attenuation
for cross section measurements

L
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Caution!

10? ; . : . : : : —
1l | _ of
0 [TT] Gravity 10_2 | Eyzl EeV Ll GraVIty 5
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1072 1 SMDISNC) | ||| M| L o T EMABISNG) 2
P - SM (Others) i é 104 2
E 10 il 5 =
Iy .
S 5
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10°6
10—10 . : L . . L . 1078 b= . . L . . . .
102 108 10* 10° 10° 107 108 10° 10 10U 107 10® 10=7 1076 107° 10~* 103 10=2 107! 10°
E,/GeV Inelasticity

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

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). M; is the scale where gravity becomes strong, m, is

the mass of the first KK excitation. .



Attenuation

Attenuation

1.0
-0.1 <cosf,<0 . M;=2TeV
— SM—}—GI‘&VIt}’ 10‘1<mc/GeV<200}
0.5
0.0 .
1.0 0 <cosf,<0.1 |
0.5
e—nGL(HU)
0.0 ' ; '
108 10° 1010
E,/GeV

Dashed lines:

bad approximation
for attenuation with
SM+Gravity.

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

Complementary measurements help with neutrino flux uncertainties.
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Aside — nearly horizontal showers
from cosmic rays

HAHAs: High-Altitude
Horizontal Air Showers

) E:10'% eV E:10'® ev T Cummings et al., PRD 104 (2021) 063029
) E:10%ev [ E:100eV
oy E:10%7 eV K

Ea—

=
A 1072
| {0
= Geometric energy filter
_2— . .
10 ] = Shower development — composition?
. . ! | . . ® Guaranteed events! Estimated
85 86 87 88 89 90
Viewing Angle 6p (Degrees) Esh>0.5 PeV, 65 evts/hr
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Diffuse flux sensitivity

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

2.44 x N, N, =3

Fsens —
In(10) x By, x (AQ)(E,.) X tobs

plot EET Fiens

Detector aperture:

(AQ) (B, ) = / Pops 7+ 1dS d€y,.  (geometry factor weighted by Poys)
s JAQ,,

Observation and detection probability

dPObS(EVT75tI'7 S) = ds Pexit(EyTaﬁtr) XX Pdet(EV7-75tI'7 S)

Pyt = H|Ocy, — 0]H|[5win — s|H|[Npg — NBE"]

@dependence (SO Bsr dep@

detector
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Diffuse neutrino flux sensitivity (all flavor)

POEMMA - design 30° but 360° would
improve sensitivity.
Venters et al Phys Rev D ‘IO2 (2020) 123013
10 T 1 Tails of EAS profiles at
high altitudes make
some improvements
(factor close to 10 for
10" GGV) [Cummings et al.
Phys. Rev. D 103 (2021) 043017 ].
See also muon
detection.
Advantage, for SPB2, closer
to the shower, but net,
POEMMA-30 ~100x more
sensitive than SPB2.

E* dN/dE [GeV em st s'l]

1010

1011

E, [GeV]

used 20% duty cycle for POEMMA

2.44 3
In(10) (AQ)o0s(0.20)

Sensitivity = F,

potential of SPB2:
tops=1/18 of 5 years
102 ‘ ‘ ‘
SPB2, 100 days x 20%, Npg > 14, 0.35 m?
~:”’ 103
g
= 104}
O
2
=
£ 10}
g
wn
— Aa=64°, A¢g=12.8°
1004 N 59 10 11
10 10 10 10 10
E,[GeV]
AQ / / obs
S(A¢) ASltr
X T -ndS dQi,
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Transient neutrino source (ToO) sensitivity

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

q tivit 2.44 x Ny X EVT Acp = 7T9(23h(v _ 3)2
€11S1T1V1 = _
7T n(10) x fi x (A(E,, ), "N
Detector effective area: Q
! toTh \\ /tau air shower
<A(E1/T )>T0 — ? dt dPobs (EVT ) Btra S) ACh(S) i
0 N N
Observation and detection probability j )

dPObS(El/T)/BtI‘7 8) = ds Pexit(EuTaﬁtr) X pdec(8> X Pdet(EuTaﬁtra S)
Piet = H[Npg — NP
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Point source sky coverage

Hammer projections

POEMMA

0.400
0.375
0.350
0.325
0.300

0.275

0.250

fraction of observing time
without Sun and Moon

0.225

full sky coverage (here 380 day avg)

EUSO-SPB2

Sun and Moon

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

more focused sky coverage

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

34



Sensitivity to long-burst transients
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Sensitivity to short-burst transients

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”).

[ wo A9D] aouanyq A JOAB[-[[YV

Venters et al, Phys. Rev. D 102 (2020) 123013 10 e
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Summary for Cherenkov telescope ToO
detection

POEMMA satellite, proposed for 2030+

Balloon-based instruments

Mono- and dual-telescope viewing.
With external (GCN) alerts, best
sensitivity to all-flavor neutrino
fluences from transient sources 0.1-
1 GeV/cm?short/long burst in EeV
range.

All sky coverage over the course of a
year.

Five years of viewing.

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/cm?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.
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Modeling uncertainties and backgrounds

= Neutrino cross section
= Tau energy loss
= Water orrockin final layer?

F,(E,) [GeV cm?s !sr!]

10 ‘ ‘ ‘ |
—— ALLM, oy
cee ALLM, oarrm
water —— BDHM, gy
107 % 0\ .- BDHM,\@DHM % j
' ---- ALLM, oqy, rock :
10-8 -“. "0"’0
& T POEMMA360
10°?

logio(E,/GeV)

Diffuse POEMMA360
example of uncertainties

70 75 8.0 85 9.0 95 10.0 105 11.0

Backgrounds:

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.
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Electromagnetic structure function

Tau energy loss  atver smatx
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BSM physics that disrupts v,: VyiVp = z , :

.1 should be
3 3

observable through combination of experiments including

skimming v,.

Standard oscillations, NO 0.0
All regions 99.7% C.R.

BB W 2020: NuFit50 0%

B [0 [J 2040: JUNO
+ DUNE

@ mdecay: (1:2:0)g
09 O p-damped: (0:1:0)g

0.2 A ndecay: (1:0:0)g

2
ks

06 ¢

v

0.5

/ /

/ / ¥4 / / % 0.0
04 05 06 07 08 09 10

Fraction of v, fe o

Song et al, 2012.12893
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Final remarks

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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