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Neutrinos: A Windew to the Ultra-high Energy Universe

UHE Neutrinos are
an ideal messenger
of information
about their sources

Ultra-high energy (>30 PeV) neutrino

telescopes open a unlque window into the

universe: ‘

* Highest energy observation of extragalactic sources :

Very distant sources )

Deep into opaque sources ‘ 'f' J OV

Carry information about the production mechanisms b, vy
IceCube/NASA
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There are sources making particles x10* more
energetic than the neutrinos seen by IceCube

—6 ; : high-energy _
107® |  isotropic y-ray Btk oS, ultra-high energy |
neutrinos . o)

background . cosmic rays
(flavor-average) o ’
proton (E™9)

y-rays from
n° decay
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energy E [GeV] arXiv:1903.04334

How are these ultra-high energy particles accelerated?
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Neutrino Production at the Highest Energies:
The GZK Process

Cosmic Rays (E > 10795 eV)

= Neutrino Beam!




Method 1: Radio Emission from Neutrino Interactions in a Dielectric

Front View

" ® EM shower in dielectric (ice, sand) = moving
@ M XX negative charge excess
Vin @ © wn ® Coherent radio Cherenkov radiation (P ~ E?) if
%%%4 ) 4 A > Moliere radius, called the Askaryan Effect
@ \\ - =

Side View Radially Polarized
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| Askaryan Effect - |MY 0
Observed at SLAC, | |

- Radio Emission is stronger _1°°PRL2006
than optical for UHE showers -2 -1 0 1 2 3 4 5 6

time, ns




Method 2: Emission (Radio or Optical) from Tau Neutrino Induced Air Showers

B

Extensive air showers initiated
by high energy particles hitting
the atmosphere make
geomagnetic radio emission

air shower

—

—
velocity 1%

S. Wissel
Neutrino-induced signals: Geomagnetic  High-
g ’ Extensive radio impulse elevation

e Looks like an upward going
cosmic ray air shower

e Observe from surface, a
mountain, balloon, or space

* ) antenna
Air Shower ) Extensive -
Air Shower \\
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Radio Neutrino Astronomy Across Energy Scales

Need a huge (~100 km?3), radio- Ground-based Balloon-based
transparent detector: glacial ice Sensitivity ()
: - . Z 100PeV .
e = T da . Sensitivity
N R NE:: 2 10EeV
0(40km) k‘
. LN
v “
L '\ ‘|
We need different instruments to //}:-‘ //‘\?
cover the full energy range of oty /
expected cosmogenic neutrinos, * X‘
above the energy range of 7’7’&*% / -V
lceCube and KM3NeT —— —_——— —

P. Windischhofer




Best Constraints at the Highest Energies

The best sensitivity up to 107198 eV is from
IceCube.
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Best Constraints at the Highest Energies

10-5
The best sensitivity up to 10198 eV is from
lceCube. 6
107" 4
Small ground-based in-ice radio
experiments have provided constraints 1077

IceCube

(e.g. ARA, ARIANNA), and a larger array is
currently under construction (RNO-G).
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Best Constraints at the Highest Energies

10-5
The best sensitivity up to 10198 eV is from
lceCube. 6
107" 4
Small ground-based in-ice radio
experiments have provided constraints 1077

IceCube

(e.g. ARA, ARIANNA), and a larger array is
currently under construction (RNO-G).

E2dN/(dE dA dQ dt) [GeV cm~2 51 sr71]

10784 y,
At the highest energies, the best o,
constraints come from a balloon-borne 10-9 . : ~//’/- UHECR, Olinto et al
experiment (ANITA), and the next- il i — T e
generation experiment just flew (PUEO) A e i
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Best Constraints at the Highest Energies

10-5
The best sensitivity up to 10198 eV is from
lceCube. 6
107" 4
Small ground-based in-ice radio
experiments have provided constraints 1077

IceCube

(e.g. ARA, ARIANNA), and a larger array is

currently under construction (RNO-G). -

At the highest energies, the best

E2dN/(dE dA dQ dt) [GeV cm™2 571 sr71]

constraints come from a balloon-borne 10-°4 P /; 2 UHECR, Olinto et al.
experiment (ANITA), and the next- vl T et o, o St o |
generation experiment just flew (PUEO) A L 10% protone, Ahlerh & Moo

107 58 o 108 T0° 101 10t 10m2

What is the path to do better than this? Neutrino Energy [GeV]
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The Askaryan Radio Array (ARA)

5 Stations of Ground-Based Radio

m Detectors at the South Pole

Admunsen-Scott
South Pole Station

ARA 1

E Firn (50 m) 1|'|
200 m e

,\  Most recent instrumentation install was
= 2017/18

Central Station Electronics .
Interaction Vertex

small A add
incoherently

Q South Pole

IceCube O
[

South Pole Station

large A add
coherently

Calibration I'] H hv ‘

antennas 'i
E fo
Antenna || __ transmitter
clusters
|| I‘ Hpol
Downhole N o /106\
Instrumentation Vpol *
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The Last Station of ARA: A Beamforming Trigger and Digital DAQ

Beamforming at the trigger
level increases SNR to

trigger on by sqrt(N). 3 Antenna Example, Side View

At
. <« 3
Create many beams PR
simultaneously to cover the it
entire solid angle of interest ! : ]
R A e L S
N [ s
1 : > :, i
R
] S R A% o
= U | — | A :
i impulsive . : : o
-\w plane wave I A
W\ (e.g. a neutrino signal) o, m me g we :




ARA Beamforming Trigger Performance

3 of Coherently Averaged Waveform
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The First Observation of Askaryan
Emission from High Energy
Particles in Ice

e \What Happens When You Build a
More Sensitive Instrument? You find
new things!

e 13 events (5.10 above background),
seen in the 7 months of the station
with the beamforming trigger.

ARA Coll., PRL 136 151003, 2026
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In-air background
region

Neutrino
signal region

QN om0 0 0 0 e e

P. Windischhofer / N. Alden



Askaryan Emission from UHE Particles In Ice
\F

[norm. V]
T o T T T

% _ | ]

B - — Passing events | —==- Shower core |

= | S

E 30 —20 -10 0 10 20 30
Time [IlS] ARA Coll., PRL 2026

All 13 events additionally have similar event shape, frequency content, the same electric field polarity,
and match simulations (signal shape as well as expected event rates) well.

Why is this important?
o First validation of Askaryan emission models and dense shower physics at these energies

o Calibration and validation of neutrino sensitivity for Askaryan detectors, inform trigger and
analysis decisions
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Measuring Cosmic Ray Composition in a New Way?

1.0t -=--lron (on-cone)
—— Proton (on-cone)

o
(o)

&
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©
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Amplitude [norm, V]

1017 eV showers

100 200 300 400 500 600 700 800
Frequency [MHz]

o

o o
o N

N. Alden et al. 2608.28536
Energy regime where the transition from galactic to extragalactic origin is expected

Shape of the Askaryan signal is sensitive to the width of the shower core that reaches the
ice. Fundamentally a different measurement than that of air showers.

The width of the shower core is dependent on a few things, one of which is CR composition

See Nat Alden Talk




New Constraints on the Diffuse Neutrino Flux from ARA

10 Years of ARA Data from all 5 ARA
stations: 2013-2023 [T
Best sensitivity to date above 107°° eV Fis

Background estimate across 10 years -

and 5 stations is: 0.13 +/- 0.01 5
Unblinding: 1 event observed (further H;
inspection of the event indicates it is :'_Z:
likely to be background from the ?
detector itself)

'w.ll‘il'.___..- K it il &l

(e 1 10 [y 1"

Meutring Energy (eV)
See Alan Salcedo Gomez Talk
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Radio Neutrino Observatory in Greenland (RNO-G) #RNO?

Installing at Summit Station in Greenland 1072
(first hardware deployed in 2021). oo R
Designed to be scalable to even larger arrays = ]
(IceCube-Gen2 Radio Array) a 10773,
: : T
See Stephanie Wissel Talk " e
™~ E
. 3
€ Z
> 10—9-
> ]
F=Y 107104
™~
Ly
10~ allowed from UHECRs (Auger), van Vliet et al.
[ UHECRs Auger combined fit (3o}, Heinze et al.
[ Blazars, Rodrigues et al. 2003.08392
10—12 . o — 3
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Radio Neutrino Observatory in Greenland (RNO-G)

12 stations installed and operating, with ] = ‘=~ L I
holes for 3 more stations drilled already. * 'b RN@TS; I
2024: Beamforming Trigger added P el 5
Recent successful 2026 deployment I R R e BT S
featuring a new digital DAQ. e e R R
Planned configuration: 35 stations L e L q
(hardware is fully funded). Maybe more. | . .q+ ..... “ E
d AT SO . OO OO N
: : : oNgagulic
& ice thickness (m) T o | \‘%@,&OQ :
i 8ll.. lgwisonan--.t gl N ’a, _______ g
2000 § i : I I "‘.f . h
1000 o;Nancq oanal , . 5
0 B it N s oot
o ? IR e S S ..
Summit Station b 1: : : O Deployedin 2021
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Moving toward a Neutrino Search in RNO-G

Candidate Cosmic Ray Air Shower Event
—— channel 13 channel 19

RNO-G has done extensive calibration and ice model
validation with in situ calibration sources and dedicated
ice property studies. (See Alex Kriacou and Shoukat Ali
Talks)

RNO-G also sees various things that can be used for
calibration in the data: solar flares, surface triboelectric
charging due to wind, airplanes

Cosmic ray air shower events seen in upward-pointing
near-surface antennas.

Search for Askaryan emission from Cosmic Rays in deep
channels is underway.

Calibrating detector sensitivity to a (known) flux of cosmic
ray air showers validates neutrino sensitivity.

First neutrino search is underway.
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ICECUBE | DETECTORS

GENZ2 SURFACE * RADIO * OPTICAL

*  lceCube
. Laboratory =

Cosmic Ray Surface Amundsen-Scott South
Arra Pole Station, Antarctica
An air shower array that sits i A National Science Foundation-
on top of the optical array i bt managed research facility
One surface station installed b 3
above each optical string i i = —
k] 4 ¢
AR ] s hi ’—'4
&L ESH i —
RS 1Y = TEr T
Z - - ) A » Im
- ! H
- 1% $ Deep +
= 1 Shallow
- . > Station
i - ! a e 15m
] § i i - % 20m
2780 m = 5 % ; '
4 : Below-Ice
; [ ‘ Radio Array
Antarctic bedrock y | ! il P 361 detector
IceCube-Gen2 Optical : 3 a0 | stations spread
Module ' U] i e v sren
4x the sensitivity of IceCube's
modules
9,600 new optical modules in 4+— lceCube —» 1
total to be deployed in the ice (1 km) {
80 modules on !
each string, spaced & o >
rpdbin e < IceCube-Gen2 > { 200m

(5 km)



ICECUBE | DETECTORS

GENZ2 SURFACE * RADIO * OPTICAL

*  lceCube
. Laboratory =

Cosmic Ray Surface
Array

An air shower array that sits

Amundsen-Scott South
Pole Station, Antarctica

1370 m

A National Science Foundation-

on top of the optical array : managed research facility
One surface station installed 3
above each optical string i a—-f
} :
- | ) A » im
-
: Deep +
» Shallow
. Station
3 I 3 e 15m
] § i i - % 20m
2780 m = 5 % ; '
4 : Below-Ice
; [ ‘ Radio Array
Antarctic bedrock : TN 361 detector
IceCube-Gen2 Optical : a0 | stations spread
Module ' U] i e v sren
4x the sensitivity of IceCube's
modules
9,600 new optical modules in +—— IlceCube —» '
total to be deployed in the ice (1 km) {
80 modules on !
each string, spaced & o >
rpdbin e < IceCube-Gen2 > { 200m
(5 km)




RNO-G as a Demonstrator for IceCube-Gen2 Radio

Open volume for
batteries + insulation

® Previous DAQ design worked well = /
enough, but required time-consuming - S S~ AT
calibration, and could not be scaled to P ;*Fﬁ | ——— Y a— S
the O(100) required for Gen2. . M e

. \ o \Q\\\\\\;\\; ' i P

® New DiDAQ systems installed in 2026 | ,T\.\fk\n\q\ T —— 5
are working well ' .G.LD:';\Q‘ i ;

® All digital 24-channel DAQ that uses - = Rps?;;k;jégqstack -
newly-available digitizers. _\ S e S

® Robust, lower maintenance than
preVIOUS deSIQn 2_1'E4 i | Channel 0 ] o j 1 Channel 1 3'1?4 i 1 “Channel 2 3.1'54

® Many other relevant things are being T ' 1 [\\/v ! !
tested with RNO-G: Solar and Wind T W T o U
power, LTE communications, drilling -1t 121 ::: Ll _
scheme. A A A L A b
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PUEQO: The Payload for Ultrahigh Energy Observations %
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See Keith McBride Talk
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The PUEO Instrument

e 192-RF-Channel Main Instrument

e 16-antenna, dual-polarization beamforming
trigger

e 16-RF-Channel Low Frequency Instrument.

e Triply redundant onboard data storage

e Command and control, data transfer to the
ground

e Suite of navigation instruments

e Housekeeping/environment sensor system




PUEQO Builds on Heritage from ANITA

Sensitivity increase is enabled by:

o Beamforming trigger with optimized
trigger band

o X2 more antenna collecting area
above 300 MHz

o Better performing antennas + RF
chain
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Launch Envelope & Deployable Systems

A Fixed Launch Envelope Deployable Systems:
Maximizing science on
a constrained platform
1. Science PV Array
2. LF Sinuous Antenna
Array

NOTE; @ sonfort 1070 FOR My - RO AD
PLEXIBLE ANTERNAZ oMY

Pigure 12 - Dumensiona Kor "The Boss” ke




Integration, Palestine TX} April-July 2025 Final Integration and Launch, McMurdo,
: November- December 2025




Navigation + Telemetry f r St?rlm!'(
dGPS Iridium / TDRSS for ianentone]

Arrival at LDB: November 15
Startracker .. .‘ A Sleepless Pl: December 1-4
Compatibility/Hang Test: December 8

NASA SIP

Flight Readiness Review: December 11




Launch: December 20, 2025 (Local)
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A Look At the Flight Performance

Calibration Event from the Ground
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A Look At the Flight Performance

1) Due to thermal issues, we ended up with a 55% 2) Despite our upgraded navigation system, we
total livetime. We expected ~90% (from launch to will end up with worse resolution in heading
termination) than we hoped (comparable to ANITA, but not

significantly better as hoped)




GRAND: Giant Radio Array for Neutrino Detection

% GRANDProto300 & other prototypes: experimental setup

Deployment of 13 antennas in Gansu (China) Deployed Feb 2023
65in 2025 and 200 more late
Deployment of 10 antennas on the Auger site
in Malargiie, Argentina (cross-calibration) Deployed Aug 2023

Amplifier
(LNA)

Communication
antenna (Wi-Fi)

Pole——
Front-end-board
housing

GPS amenna/

Solar panel

Foundation box

GRAND Coll. ICRC 2025
GRAND Coll. Moriond 2025 (Ferriéere, Guelfand, Lavoisier)

Full GRAND: 200,000 antennas, on a
plateau, looking for skimming air showers

induced by tau neutrino interactions in the
Earth

GRANDProto300 GRAND@Auger




BEACON: The Beamforming Elevated Array for Cosmic Neutrinos

BEACON

Concept: O(1000) antennas, in beamforming stations on high mountaintops,
designed to detectthe radio emission of upgoing air showers created by earth-
skimming v;. Being on a mountain helps.

Cosmic Ray
Extensive Air Shower

Elevation > 2km

Cos mic-ray gg A:' i —_ ;ample Simulated Cosmic Ray Event . Tau Decay
. S8 —a “ ~— Run 5911 Event 73399 : Statlon
candidates  :x » e
event 3E P TTHENY VY
. g . i i Trigger Array
identified with :=z y Pointing Array
prOtOtype B * = Time (ns) » “ e =
L~0(100 m)

S. Wissel et al. JCAP11(2020)065, D. Southall et al NIM-A 2022
See Zack Martin Talk




HERON: Hybrid Elevated Radio Observatory for Neutrinos A

HERON

HERON=BEACON+GRAND

« 24 compact beamforming stations, of 24 antennas each,
are embedded within a large sparse array of 360
standalone antennas

« Elevated 1-2 km above a valley floor

« Each beamforming station triggers the 15 nearest
standalone antennas

« Sparse array provides offline event reconstruction and
background rejection, and a separate veto trigger.

Site: San Juan Province, Argentina.

Full construction (936 antennas) was funded recently by an
ERC grant; plan is to construct and calibrate the full array in
the coming 5 years.

‘@l THE UNIVERSITY OF




Summary

New results in the last year include the first
detection of Askaryan emission from ultra-high
energy particles in dense media, and new world’s
best constraints on the neutrino flux at the highest
energies.

New, science-scale (not prototypes!) experiments
are being constructed and are operating (e.g.
RNO-G and HERON).

PUEO launched this year, and results will come in
- the nextyear. First results from RNO-G, and then
:': from HERON will follow.

IceCube-Gen2-Radio would be a major
advancement for radio detection of UHE neutrinos,
and the hardware has made major advancements,
is scalable, and will be ready.
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