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% Detecting ultra-high-energy neutrinos — lessons learnt from experiments
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE

neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE

neutrino experiments
e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net

event at 100 PeV)

2. Auger observations of UHECRs constrain the flux of
cosmogenic neutrinos towards low fluxes
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE

neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net

event at 10N Pa\/)
lesson from Auger: target astrophysical fluxes

2. I_\USCI UNJIOGCIL VULIVIIO VI ViiILGWI\V LWVl TIoLTAdlIl LG TTUNnN Vi

cosmogenic neutrinos towards low fluxes
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE
neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net
event at 10N Pa\/)

lesson from Auger: target astrophysical fluxes

2. I_\USCI UNJIOGCIL VULIVIIO VI ViiILGWI\V LWVl TIoLTAdlIl LG TTUNnN Vi

cosmogenic neutrinos towards low fluxes

3. IceCube has detected neutrinos at PeV energies.
Two sources have been clearly identified after 10 years of
event accumulation
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE
neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net
event at 10N Pa\/)

lesson from Auger: target astrophysical fluxes

2. MUSGCIl UNOGUIL VOULIVIIO VI ViILGINO LUILHIoLTAllT L1TC TTUNn VI

c lesson from IceCube: require excellent angular
3 resolution to pinpoint sources amid near-isotropic
" background

\
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event accumulation
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE
neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net
event at 10N Pa\/)

lesson from Auger: target astrophysical fluxes

2. MUSGCIl UNOGUIL VOULIVIIO VI ViILGINO LUILHIoLTAllT L1TC TTUNn VI

c lesson from IceCube: require excellent angular
resolution to pinpoint sources amid near-isotropic
_ background

VV U OUUITILVLULO TITAVUOL UL VILAITTLY TJULCTILITIICuUu diLu 1l 4LV yUdlilo Vi

e lesson from IceCube: aim for the 100 PeV range to
extend and connect with IceCube observations

3
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE
neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net
event at 10N Pa\/)

lesson from Auger: target astrophysical fluxes

2. MUSGCIl UNOGUIL VOULIVIIO VI ViILGINO LUILHIoLTAllT L1TC TTUNn VI

c lesson from IceCube: require excellent angular
resolution to pinpoint sources amid near-isotropic
_ background

VV U OUUITILVLULO TITAVUOL UL VILAITTLY TJULCTILITIICuUu diLu 1l 4LV yUdlilo Vi

3

e lesson from IceCube: aim for the 100 PeV range to
extend and connect with IceCube observations

4.Boom in MM + time domain astronomy: require specific
strategies of observations & instrumental performances
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A recent endeavor

e UHE neutrino search: ancillary science case of UHECR & HE
neutrino experiments

e Recently: dedicated instruments
ARIANNA, ARA, ANITA

Summary of recent progress

1. No UHE neutrino has been detected so far (maybe KM3Net
event at 10N Pa\/)

lesson from Auger: target astrophysical fluxes

2. MUSGCIl UNOGUIL VOULIVIIO VI ViILGINO LUILHIoLTAllT L1TC TTUNn VI

c lesson from IceCube: require excellent angular
resolution to pinpoint sources amid near-isotropic
_ background

VV U OUUITILVLULO TITAVUOL UL VILAITTLY TJULCTILITIICuUu diLu 1l 4LV yUdlilo Vi

3

e lesson from IceCube: aim for the 100 PeV range to
extend and connect with IceCube observations

4.Elesson from MM: develop follow-up tools and
stintegrate in a MM framework, enabling rapid response
and alerts
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% Diffuse UHE neutrino fluxes: readjusting our experimental perspectives

e Avoid presenting ruled out cosmogenic fluxes
e Auger constrains cosmogenic fluxes to below
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e Avoid presenting ruled out cosmogenic fluxes
e Auger constrains cosmogenic fluxes to below

KK et al. in prep.
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% Diffuse UHE neutrino fluxes: readjusting our experimental perspectives

KK et al. in prep.
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e Avoid presenting ruled out cosmogenic fluxes
e Auger constrains cosmogenic fluxes to below

(I)cosmo,max ™~ 10_8 GeV Cm_2 S_1 Sr_l ] at 99% C.L.

* Promising astrophysical fluxes exist

e \Which new "Waxman-Bahcall flux" to aim for at UHE?

IceCube extrapolation
E2®, ~ 107%(E,/10%eV) 23" GeVem 2s tsr!

Murase-Beacom (2010)
B2, <84 x107107,(A4/56) "% GeV em™2 57! gr!

effective (energy-loss) photodisintegration optical depth < 1
here: source evolution factor f;, =3

Detector reaching these limits in 1017-19 eV can
strongly constrain source models.

Whether they can do UHE neutrino astronomy
requires to assess additional performances.



KK et al. in prep.

% What astrophysical sources to aim for in the MM era?

Short bursts: stay in the instantaneous field of view
(FoV) of the instrument (~30 min - 1 day)

Compare source fluences with instantaneous fluence
sensitivities

Long bursts: any longer transients

Compare source fluences with daily averaged fluence
sensitivities
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% What astrophysical sources to aim for in the MM era?
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Short bursts: stay in the instantaneous field of view
(FoV) of the instrument (~30 min - 1 day)

Compare source fluences with instantaneous fluence
sensitivities

Long bursts: any longer transients
Compare source fluences with daily averaged fluence
sensitivities
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Short bursts: stay in the instantaneous field of view
(FoV) of the instrument (~30 min - 1 day)

Compare source fluences with instantaneous fluence
sensitivities

Long bursts: any longer transients
Compare source fluences with daily averaged fluence
sensitivities
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Short bursts: stay in the instantaneous field of view
(FoV) of the instrument (~30 min - 1 day)

Compare source fluences with instantaneous fluence
sensitivities

Long bursts: any longer transients
Compare source fluences with daily averaged fluence
sensitivities

Detectable: Bright rare (distant) sources 5



KK et al. in prep.

% What astrophysical sources to aim for in the MM era?
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Short bursts: stay in the instantaneous field of view
(FoV) of the instrument (~30 min - 1 day)

Compare source fluences with instantaneous fluence
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Long bursts: any longer transients
Compare source fluences with daily averaged fluence
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Detectable: Bright rare (distant) sources 5 Detectable: Local Group & nearby galaxies



% Astronomical observation strategies:
Wide & Shallow vs. Deep & Narrow
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% Astronomical observation strategies:

Wide & Shallow vs. Deep & Narrow
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Deep & Narrow observatories more powerful for UHE neutrino
discovery of known targeted sources
Wide & Shallow: better suited for serendipitous all-sky searches

CAUTION: updated IceCube-Gen2 Radio sensitivities:
~2 orders of magnitude discrepancy found for
instantaneous fluence sensitivity Guépin, KK, Oikonomou,
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% Astronomical observation strategies:
Wide & Shallow vs. Deep & Narrow
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% Strategy for "long" bursts: increase daily field of view
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% A necessary angular resolution
n,=10"" Mpc® SFR
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boxes for experiments assuming
~ Murase-Beacom neutrino flux
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Can we identify a point-source out of a diffuse neutrino sky?
Yes, if we can collect ~100 events with sub-degree angular resolution...



% A necessary angular resolution

500

n,=10"" Mpc® SFR

boxes for experiments assuming
~ Murase-Beacom neutrino flux

100

Number of Events

10—

Fang, KK, Miller, Muyrase, Oikonomou 2016
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10°
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Significance in standard deviations

Can we identify a point-source out of a diffuse neutrino sky?

Yes, if we can collect ~100 events with sub-degree angular resolution...

e development of MM-networks, EM instruments —> false associations will be common
e skim interesting events + narrow down search area —> requires angular resolution

2021 2025 >2030
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% Radio detection as a cost-effective technique

AIMOSPNCIC e

radio
detectors

Earth/mountains

particle detectors &
fluorescence light

water
molecules

e Radio antennas: cheap, robust, scalable
e 100% duty cycle
e benchmarked technique

in-ice & in-air for specific configurations
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% Radio detection as a cost-effective technique

shower! shower !
axis 1 . axis
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Earth/mountains s polarization in \ 4 /
_<__<___4__B shower plane S 5
VX VX
| | at detector /1 w\
‘.-
particle detectors &
fluorescence light Geomagnetic emission Askaryan emission

water
molecules

instantaneous  daily aver. angular
, Performances s e .
e Radio antennas: cheap, robust, scalable sensitivity sensitivity resolution
e 100% duty cycle in-ice + ++ +++ ++ +
. : . no gain by Earth reconstruction of
¢ benChmarkEd tEChr“que wide & shallow wide & shallow rotation if South Pole polarization difficult
in-ice & in-air for specific configurations in-air +++ ++ + +++ +++

deep & narrow deep & narrow large footprints

equivalent as
experiments

tuned to diffuse flux 9



. by Abby Vieregg
A good radio detector? GRAND-BEACON Workshop

PSU, Jan. 2024
 antenna collecting area (hnumber & gain of antennas)

. trigger threshold (reducing system noise, smart
triggering and noise rejection)

» collecting enough information so that events can be
separated from background in analysis

10
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Deployment over large/challenging areas

« quiet site identification + geopolitics
o logistical challenges

Complexity & efficiency trade-off

« Number of channels

« Phasing or not

« Low noise system

« Robust for desert/ice environments &
temperature fluctuations

« Simple deployment for large numbers

Reconstruction of shower parameters

o Different physics, asymmetries, ground
reflections... for very inclined air-showers, in-ice
propagation

« New reconstruction methods to develop & test

by Abby Vieregg

A good radio detector? GRAND-BEACON Workshop

PSU, Jan. 2024
 antenna collecting area (hnumber & gain of antennas)

. trigger threshold (reducing system noise, smart
triggering and noise rejection)

» collecting enough information so that events can be
separated from background in analysis

RFI discrimination & autonomous triggering
on radio signals

« Ultra-dominant noise: ideal quiet sites

« New electronics necessary: high sampling rate &
autonomous triggering

o ldentification of signals & denoising methods

« Previous successful efforts in other contexts:

ANITA, TREND

Data volume & transfer: low-rate, low-power

- Huge data volume (currently on GRAND
prototype ~10 kBy/trigger)

« Online treatment to reduce stored information
(trigger time, amplitude, polar...)
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https://icecube-gen2.wisc.edu/science/publications/tdr/

IceCUbe_Genz Radi O Slide by Stephanie Wissel
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v lceCube-Gen2 Radio
* Radio Array covers
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Robust discovery-level
Instrument
that combines shallow
and deep antennas to 4 Lpoa
mitigate against Calibration
systematics with two Fulser
approaches i oo
8 Vpol
-+ 109 hybrid stations, 1.75 km spacing on square
lceCube-Gen2 Collaboration TDR i ————— 1 V3 o
* lceCube-Upgrade expected completion 2026; NSF fully committed to support it TT all 5 mmlz :mm; - - ’
* TDR details a 10-year project plan for building the full experiment e [ ; , [ l
* South Pole infrastructure to be upgraded in over the next ten years msmm; i : 2; : 2; :

50 58 67 67 69 30


https://icecube-gen2.wisc.edu/science/publications/tdr/

RNO-G

Instrument Status

 Upgrades to drill underway — will be focus
of 2025 field season

« RNO-G-7 instrument characterized
(arXiv:2411.12922) and several ice studies

* Excellent agreement in detector model
* Trigger modeling and upgrades underway
 New all-digital designs under production

o Solar flares observed that can calibrate the
array using global timing (arXiv:2404.14995)

* First cosmic ray candidates under study for
instrument validation (Hendricks ICRC 2023;
Nelles ARENA 2024)

Slide by Stephanie Wissel
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https://arxiv.org/pdf/2411.12922
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» Upgrades to drill underway — will be focus
of 2025 field season

« RNO-G-7 instrument characterized
(arXiv:2411.12922) and several ice studies

* Excellent agreement in detector model
* Trigger modeling and upgrades underway
 New all-digital designs under production

o Solar flares observed that can calibrate the
array using global timing (arXiv:2404.14995)

* First cosmic ray candidates under study for
instrument validation (Hendricks ICRC 2023;
Nelles ARENA 2024)
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 New all-digital designs under production

o Solar flares observed that can calibrate the
array using global timing (arXiv:2404.14995)

* First cosmic ray candidates under study for
instrument validation (Hendricks ICRC 2023;
Nelles ARENA 2024)
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The Payload for Ultrahigh Energy Observations (PUEO)

PUEO is a NASA Pioneers mission, scheduled for
lJaunch on a Long Duration Balloon in Antarctica in

December 2025.

PUEOQO subsystems are being assembled;
instrument integration begins in Chicago in
December (next month!)

PUEO targets the highest energy neutrinos
through the in-ice Askaryan and air shower
channels.

PUEO Instrument:

192-RF-Channel Main Instrument (MI), 16-channel

Low Frequency Instrument (LFI)

16-antenna, dual-polarization beamforming trigger
Triply redundant 128 TB onboard data storage
Suite of navigation instruments
Housekeeping/environment sensor system

In-flight calibration from the ground and from a
suite of hand-launched HiCal payloads.

Slide by Abigail Viereqgg

refracted MHz-GHz
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ICE
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POEMMA?* Balloon with Radio (PBR)

*Probe Of Extreme Multi-Messenger Astrophysics

Instruments:
e Fluorescence Camera (FC) -
e C(Cherenkov Camera (CC)
e Radio Instrument (RI)
o Use PUEO'’s LF design
— optimized for air shower detection

. share a focal surface

Mission:

e |Launch from Wanaka, NZ in
Spring 2027

e Super pressure balloon flight

o 33km for 30+ days

e Nadir/horizon operation
modes using azimuth and
zenith rotations

Slide by ptephanie Wissel Earth \ V7 (E>10PeV)
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POEMMA?* Balloon with Radio (PBR)

*Probe Of Extreme Multi-Messenger Astrophysics

Instruments:
e Fluorescence Camera (FC) -
e C(Cherenkov Camera (CC)
e Radio Instrument (RI)
o Use PUEO'’s LF design
— optimized for air shower detection

. share a focal surface

Mission:
. o .
Radio Instrument Lau_nch from Wanaka, NZ in
e Two 2m x 2m dual polarized antennas, below payload, based Spring 2027

on the design of PUEQO'’s low frequency instrument
o Bandwidth: 50-500MHz
o 60° x 60° single antenna FoV \
o Beamforming allows for zenith reconstruction + lowered \
thresholds \
e Two triggering methods via RFSoC: \
o Forced (coincident) trigger with Cherenkov camera (E~PeV) \
o Daytime radio-only trigger (E~EeV) \
e Effort to measure and mitigate RFI from remainder of payload \
underway \

Slide by Ftephanie Wissel Earth \ V7 (E>10PeV)

\-

e Super pressure balloon flight
o 33km for 30+ days

e Nadir/horizon operation
modes using azimuth and
zenith rotations



BEACON Prototype Goal — Val!date fuII.lnstrument n.eutrlno sen5|.t|V|ty
How — Verify cosmic ray (CR) air shower radio flux

Recent Progress

o 2021 prototype CR search demonstrates
capabilities to RF self-trigger on impulsive events

(D. Southall)
 RF-only CR search improvements in progress && Cosmic Ray
(A. Zeolla) combing CNN classifier with

\ pp
: . . o™ r =
spatiotemporal clustering and denoising

Elevation >2km 1

Q

e 2023 upgrades introduced independent
scintillator array :
e Coincident scintillator and RF CR search in

progress to optimize RF-only trigger+search

Radio Signa
(Z. Martin, J. Hinkel) :
Z. Mar'un ARENA 2024 Station %

Trigger Array

A0

Extensive Air
Shower

Tau Exit
Pointing Array

L~0O(100 m)
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BEACON Prototype Goal — Val!date fuII.lnstrument n.eutrlno sen5|.t|V|ty
How — Verify cosmic ray (CR) air shower radio flux

Cosmic-ray | ]Compared tooexpected geometry
Recent Progress candidate  £; SersTTaas
e 2021 prototype CR search demonstrates ?VenF_ 3 AR
capabilities to RF self-trigger on impulsive events / identified '
(D. Southall) (by-eye) ' -
 RF-only CR search improvements in progress Ray
(A. Zeolla) combing CNN classifier with o
spatiotemporal clustering and denoising Elevation >2krm >
'//
[
e 2023 upgrades introduced independent
scintillator array Radio Signal
e Coincident scintillator and RF CR search in
progress to optimize RF-only trigger+search :
(Z. Martin, J. Hinkel) |
Z. Martin ARENA 2024 iy
. Martin A = AN
Trigger Array R

o Pointing Array ®

L~0O(100 m)
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BEACON Prototype Goal — Val!date fuII.lnstrument n.eutrlno sen5|.t|V|ty
How — Verify cosmic ray (CR) air shower radio flux

Compared to expected geometry

R t P CosmiC-ray s O
ecent rrogress candidate £ | ety
8z * - — [ ANHEALA ——— ) I
« 2021 prototype CR search demonstrates event 4 M om0 B ZZZZ;%
capabilities to RF self-trigger on impulsive events / identified 25 o S5
(D. Southa”) (by-eye) % 100 200 S 300 400 500 Eal i OhAS? (d6g) L p—
| 7, X779
. . i i RuITﬂFS gISQOQOe r55809
» RF-only CR search improvements in progress CNN trained * 0 w0 Blue: Raw Waveform &Y/
(A. Zeolla) combing CNN classifier with oidentiy M | = Spatiotemporal | - Srence OB
spatiotemporal clustering and denoising | CR-like Il U QlaSSIf!er g pnoised Wavetorm
" events : o 5| MdhA TS RS wf Y. p—
. . agaInSt ~kHZ 0.0050 0.0022 A on ik IlI:F
e 2023 upgrades introduced independent packgrounds | " ° o2 o) THTFe TINBARE O 0% 0 |
scintillator array ST 60 —40 30 0 20 4o 6o Moo
Azimuth (deq)
e Coincident scintillator and RF CR search in
progress to optimize RF-only trigger+search -
(Z. Martin, J. Hinkel)
] Station Tau Decay
Z. Martin ARENA 2024 o AQ)
Extensive Air
Trigger Array SHOmet
Tau Exit

o Pointing Array ®

L~0O(100 m)
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BEACON Prototype Goal — Val!date fuII.lnstrument neutrmo senS|.t|V|ty

How — Verity cosmic ray (CR) air shower radio flux

Compared to expected geometry

R P Cosmic-ray
ecent Progress candidate £ | =
5T *E0 . - L RNHL A
2021 prototype CR search demonstrates event TP 44t Bt st e etietunt I gjg;;g
capabilities to RF self-trigger on impulsive events / dentified ¢ | w
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| 7
RF- trlggers
" - onfusion Matrix Runs 5800-5809 5 .
RF-only CR search improvements in progress CNN trained S 0 w0 Blue: Raw Waveform &Y/
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progress to optimize RF—onIy trigger+search N Simulated RF Event Preliminary Scintillator
Distribution “Event Distribution |

(Z. Martin, J. Hinkel)

o

Z. Martin ARENA 2024
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D GRAND & Prototypes

Commissioning at GRAND@Auger (Argentina) and GRANDProto300 (China)
- 49 antennas taking data at GRANDProto300 (GP300) in the Gobi desert

- self-triggering on individual antennas + offline coincident events

- online coincident triggering being tested

- Successful commissioning phase: beacon position, plane tracks, galactic
noise, point sources, timing resolution ~3 ns

GRAND Coll. arXiv:2409.0295 16
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Commissioning at GRAND@Auger (Argentina) and GRANDProto300 (China)
- 49 antennas taking data at GRANDProto300 (GP300) in the Gobi desert

- self-triggering on individual antennas + offline coincident events
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Commissioning at GRAND@Auger (Argentina) and GRANDProto300 (China)
- 49 antennas taking data at GRANDProto300 (GP300) in the Gobi desert

- self-triggering on individual antennas + offline coincident events

- online coincident triggering being tested




C ;
OS ml C I'ayS

geomagnetic effect:
radio signal

NN

GRAND-type: %
standalone antennas

15 around each station
autonomous & external triggering
reconstruction

low energy threshold for triggering

BEACON-type:
phased stations
24 antennas per station

- 24 phased stations ("BEACON-type" in the figure below) : 70 km linear along mountain
each station contains: 24 compact radio antennas (3 m high, 1 m2 of footprint on ground)
station surface: ¥100 m2 each
altitude 1000 m

separation between stations: ~ 3 km

- 360 standalone antennas ("GRAND-type" in the figure below) at altitudes between 500 m and 1500
3m high, 1 square meter of footprint on ground)

All-flavor (v + o) E2®, [GeV cm~?]

BEACON & GRAND Collaborations + CNEA

1 | Instantaneous

Hybrid Elevated Radio Observatory for Neutrinos (HERON) 4 giscovery instrument!
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Fang, KK, Miller, Murase, Oikonomou 2016
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Figure 1. Significance of detection of point sources of UHE neutrinos by experiments with various
angular resolutions and numbers of detected events. The color coding corresponds to the confidence
level to reject an isotropic background using the statistical method from Ref. [65]. We assume that
all of the sources have the same luminosity, and that the sources follow a uniform distribution with
a number density 107> Mpc™ up to 2 Gpc (case I). With this source number density, ~ 1000 events
and ~ 0.1° angular resolution are needed to reach a 5o detection of point sources. In the above

calculation, f.oy = 1 is used; fewer events are required in the field of view it f.oy is smaller.
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1(%(gstantaneous source probability: Most Optimistic

KK, Mukhopadhyay, et al. in prep.
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