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Cosmogenic (proton - pure GZK) (Kampert 2012)

Cosmaogenic (proton - best-fit to Auger spectrum)
s Cosmogenic (mixed - best-fit to Auger spectr. & compos.)
—— = AGN (Murase 2014)

State-of-the-art of UHE neutrino detection

Diffuse Flux, 1:1:1 Flavor Ratio

-------- Low-lumin. BL Lac (Rodrigues 2021)
m— = = Starburst Galaxies (Condorelli 2022)

w— e Magnetars from BNS (Fang 2017)
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IceCube has identified neutrinos at PeV energies, and faces financial pressure to upgrade. It is suffering a lot its poor angular

resolution, but a 0.5° resolution has been obtained recently
KM3NeT has found event at 120 PeV, with expected neutrino energy around 220 PeV

AUGER has ruled out several neutrino models of cosmogenic neutrinos. It is now trying hard to detect inclined neutrino air

shower by combining Radio and Surface detectors

GRANDprototype300 has found some CR candidates (self-trigger?), but it can not detect neutrino. Additionally, GRAND is

facing great pressure due to its difficulty of deployment
ANITA has struggled a lot to identify the neutrino-like events they have discovered

New projects have been proposed

E? dN/dE (EeV km=2 yr~1 sr~1)



First, why Radio?

* Excellent resolution:
angular: ~0.1°
Mass decomposition: Xmax ~ 10 g/cm?or even better
Energy reconstruction: 10-20%

* 100% duty cycle

* Much lower cost

* Convenient to extend to large scale



lceCube evolution In ~3 decades

Simulation of a Hybrid Optical/Radio/Acoustic Extension to IceCube

Depth

—— surface
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AMANDA as of 2000
Eiffel Tower as comparison
(true scaling)

Example:

for EeV Neutrino Detection
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Optical Cherenkov detection 10%** eV to 10 eV.
Radio efforts: neutrino fluxes > 10¢eV.

Acoustic detection efforts are at an earlier stage
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Ongoing radio projects
on earth
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Radio experiments and air shower geometry

High altitude :

Radio + Optical: POEMMA

Ballon-borne Radio: ANITA, PUEO
Ground + mountain:

Pure radio: BEACON, GRAND, TAROGE
Radio + Cherenkov + e*e: AUGER Prime
In ice

RNO-G, IceCube-Gen2, ARA.

Upward-going air showers

Atmosphere-skimming air showers

Horizontal earth-skimming air showers

In permafrost C&LXE) ...

On Moon, Jupiter... To initialize discussions, | will show
the recent achievements in several
of these experiments.



Simulation and analyzing tools



Rad io Si m u Iati O n too I S Radio emission from cosmic ray air showers

Monte Carlo simulations

READY for neutrino air showers/cascades T Hucge! and H. Faldke!2?

! Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121 Bonn, Germany
? Radio Observatory, ASTRON, Dwingeloo, P.O. Box 2, 7990 AA Dwingeloo, The Netherlands

d M&CI’OSCOpiC MinOSCOpiC # Adjunct Professor, Dept. of Astronomy, University of Nijmegen, P.Q. Box 9010, 6500 GL Nijmegen, The
Netherlands
approaCh approaCh Received August 20, 2004; accepted October 10, 2004
EVA ZHAIireS-RASPASS
MGMR CORSIKA/CoREAS (>77550)
+ CORSIKA 8 Radio
SELFAS nuRadioMC
nuSpaceSim
SMIET
RadioMorphing
Other tools:
Tau generators:
NuTauSim,DANTON, nuPyProp,NuLeptonSim o
Event reconstruction: -

Electric field reconstruction: 8

Kewen’s method



Electric field [uV/m]

Example: New Electric field reconstruction
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This allows to extract radio signal of UHE particle from complicated bkg.



Radio Emission Mechanisms
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Previous description of radio emissions in all the radio papers

Geomaghnetic Askaryan
Transverse current

Dominates in
high air density

Dominates in
dense media

B ' Shower Axis
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Askaryan Effect

1. In dense dielectric material
2. A negative charge asymmetry due to
Compton scattering and positron annihilation.

V>V,

« When A < 0.1 m, radiation destructively
interferes.

When A >0.1m, coherent radiation, the
shower can be approximated as a point charge

Cherenkov Cone:  6=arccos(1/np)
Broad band from 200 MHz to 1.2 GHz,
Detectable at peak frequency ~ 1 GHz

Observer at
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SOVIET PHYSICS JETP VOLUME 14, NUMBER 2

IP]E]IB»RUr\..FlYi 1962 I

We investigate the excess of electrons in an electron-photon shower. This excess is caused
by annihilation of the positrons in flight and by the Compton and § -electrons in the cascade.

It is shown that at the maximum of the shower the excess may comprise ten percent of the
total number of shower Earticles. The Cerenkov radiation from this excess charge in a dense
medium is estimated. It is indicated that this radio emission from showers produced by

high-energy accelerator particles or cosmic rays in blocks of dense matter can be recorded
and used. The possibility of recording radio waves from penetrating particle showers in the
moon’s ground, by apparatus dropped on the lunar surface, and in underground layers on the

Earth in which radio waves can Erogagate, is also noted.

EXCESS NEGATIVE CHARGE OF AN ELECTRON-PHOTON SHOWER AND ITS COHERENT
RADIO EMISSION

G. A, ASKAR'YAN
P. N. Lebedev Physics Institute, Academy of Sciences, U.5.5.R.
Submitted to JETP editor March 24, 1961
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Synchrotron
Radiation

1. Expected to be only in GHz.
2. Does not exist in vertical air
showers (all the previous
experiments).

3. Appears ~ 100 MHz in low air
density + Strong B field (recent

progress).

4. Need experimental evidence.

W B =02G, £ =200 MeV
— B, =05G, E = 8792 MeV

synchrotron regime

transverse curren t regime
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A complete scenario of radio emission from air shower

Geomagnetic

Geosynchrotron-like

Dominates in low air
low density and strong B

A

Transverse current

Dominates in
high air density

Askaryan

Dominates in
dense media hiah

media density ®

' Shower Axis

®

1. Direct acceleration.
2. Ecte- In [~300MeV, ~3Ge

B =MEZAH

For more details, See: S. Chiche, C. Zhang et al. PRL 2024

" Shower Axis
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Radio
Timeline
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Impact of geosynchrotron radiation in

= atmosphere skimming air showers
m
<
N 3
I
=
"""""'--6;;erver X
Refractive asymmetry radio core shifted from shower ~ Shower axis
axis. Similar to the very inclined air showers in AUGER!

S. C.-Freire et al. ICRC 2025
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Interferometric Beamforming
and other triggering techniques

20



Inteferometry applied to air showers

4 2) Calculate time delay for CI) Scan through Space &timeto )

each antenna to a location identify the air shower 10
in space 12 7 Air shower . Fitted shower 8
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Pim van Dillen et al. ICRC 2025
Beamforming:

Increase SNR by a factor of /N, decrease significantly the energy threshold

antenna ?

5148 inclined air showers observed on AERA @AUGER



Steven Prohira
Arxiv: 1903.11043

Predominantly V-Pol

Radio-frequency
Cherenkov cone

Geomagnetic Field

Extensive

Geomagnetic [
Air Shower

Emission ‘

Distances

vjects, distances, and angles not to scale ¥ t.' - 5
ANITA o o I K o) and angles
are not to
3 = scale
. o
I 1 balloon balloon by NASA
1
L Reflected radiation
200-1200 MHz - Jom one
-, Cosmic Ray _\L,,(\‘_5D¢
LU
\_ &a@t\ia‘“&
~ | .....-- " Askaryan Ice
Vs " UHE emission
neutrino

Arxiv: 2112.07069

Astropart. Phys. 77 (2016) 32-43

To detect neutrinos through the Askaryan effect in ice
To detect cosmic rays through geomagnetic effect

Radio signal:
Vertically polarized
for neutrino

Horizontally polarized
For CR.

Complicated noise sources:
galactictsolar+k Tice

Anthropogenic

(satellite or ground-based activities)
Electronic noise.
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For cosmogenic neutrino

Hard to identify:
D o f :

FEATURED IN PHYSICS

Observation of an Unusual Upward-Going Cosmic-Ray-
like Event in the Third Flight of ANITA

P.W. Gorham', B. Rotter', P. Allison?, 0. Banerjee?, L. Batten?, ). ]. Beatty?, K. Bechtol?, K. Belov®, D.Z.
Besson®” et al.

EDITORS' SUGGESTION

Showmore  ~

Phys. Rev. Lett. 121, 161102 - Published 18 October, 2018

DO https://doi.org/10.1103/PhysRevLett.121.161102

Characteristics of Four Upward-Pointing Cosmic-Ray-like
Events Observed with ANITA

P.W. Gorham', ]. Nam?, A. Romero-Wolf?, S. Hoover?, P. Allison>®, O. Banerjee?, ). ). Beatty>8, K. Belov?, D.
Z. Besson’ et al. (ANITA Collaboration)

Show more  ~

Phys. Rev. Lett. 117, 071101 - Published 8 August, 2016 E

DOL https://doi.org/10.1103/PhysRevLett.117.071101

6 upward-going events discovered.

None of them identified as neutrino

Flight (year)
ANITA-l (2006)

Elevation angle
-27.4°+0.3°

Shower energy
0.6+ 0.4 EeV

ANITA-III (2014)  -35.0° + 0.3° 0.56 03, EeV
ANITA-IV (2016) -6.17°10.21° 1.5 0.7 EeV
_ o+ 0 +
10 by, 67104020 0.9+0.5 EeV
horizon ‘6.730 i 0.200 0.8 i 0.3 EeV
-6.12°9+0.10° 3.9+ 2.5 EeV

Summarized by Shih-Hao Wang



PUEO

Successor of ANITA Instrument

NASA program

i ith E> [ ST
To detect neutrino with E> 1EeV 96 anienNas. 200 1260 MHz
8 antennas, 50-500 MHz

4 - N

27 acceptance

Phased-array trigger

Navigation system

Power system — omni PV

RF enclosure for all electronics ( -80dB )
StarLink

\.

LF Antennas

New achievements:

1) antenna size reduced by factor of ~2, so double number of antennas, and doubled collecting area at ~300 MHz.
i) adding low frequency antennas

i) interferometric phased array, beamforming, improve SNR by a factor of 5, better trigger efficiency.
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New idea : Tethered Balloons

R. Scrandis, C. Deaconu, ARENA 2024

Altitude at 300m-20km

Carry ~300kg or less

Can be fixed from the ground, easy to mitigate the
background noise, convenient to move and reuse.
Easily powered from the ground...

Much longer exposure time than ANITA, PUEO...

Much larger aperture than GRAND, IceCube and
BEACON.

Cost effective: several thousands euros per flight.
Higher cost if at high altitude.



BEACON
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Sensitivity of BEACON

Excellent sensitivity
Very cost effective

Short-Duration Point Source Sensitivity

101

10°

All-Flavor (1:1:1) Ef¢, [GeV cm™?]

1071
Limited angular resolution (0.5-1°), | — — -
- - -2 - — R
large systematic uncertainty (1-2°) 10 L= BEactm1000
=== sGRB Extended Emission (40 Mpc) GRAND-200k
L = sGRB Prompt Emission (40 Mpc) POEMMA
1000 antennas 10 16.0 16.5 17.0 175 18.0 185 19.0 195 20.0
E, [login(eV)]
10-6 5-year Diffuse Flux Sensitivitk A. Zeolla et al. JCAF;;QZS Long-Duration Point Source Sensitivity

All-flavor EZ®,(E,) [GeV cm™ s7* sr™!]

10774
107

10784

10*

10-¢

antennas 100

— BEACON-100

All-Flavor (1:1:1) E2¢, [GeV cm™2]

W BEACOMN-100, —45° =& <357

- BEACON-1000 " =—— 10 F5RQs (10 years) 4 BEACON-1000, —45° <8§<35"
I e — iy Born Mognetar (1) |\ G300k 0” <161 < 4>
asmogenic (mixed - - uger spectr, & Compaos,
= Fit te Auger, incl. HE protons (Muzio 2019) —— POEMMA 101 Mewly Born Magnetar (2 Mpc) - POE“‘:MA
16.0 165 17.0 17.5 18.0 185 19.0 19.5 20.0 16.0 16.5 17.0 175 18.0 185 19.0 19.5 20.0

E, [logio(eV)]

Ey [logio(eV)]



HERON = BEACON + GRAND

Phased array + Sparse array
Cﬂsmic I‘ays

geomagnetic effect:
radio signal



ERC funding (14 M€) approved recently

Latitude [deg]
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ML or DL
or differential programming ...



E20 [GeVcm™ 2 s 1sr 1]
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Summary

* As the most cost-effective option in UHE neutrino detection, Radio detection is advancing rapidly
in recent years in

simulation, mechanisms, layout/site, trigger, reconstruction...
* These provide
much better sensitivity
improved angular resolution
at much lower cost
—P indicating still a large improvement space for the schemes of
next-generation experiments

 To be continued
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Cosmic ray in IceCube-Gen2
mass decomposition method in the next-generation experiments: Xmax + Ny + Ne.

Example: combination of radio and muon detection in IceCube-Gen2, which
requires Xmax better than 20 g/cm? + good N, resolution.

This analysis is limited in zenith < 60° (IceCube) and 65° (AUGER radio).
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