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Multi-Messenger Astronomy

AGNs, SNRs, GRBs...

*

They are charged particles and
are deflected by magnetic fields.,

* X

x A\

Gamma rays

They point to their sources, but they
can be absorbed and are created by
muitipie emission mechanisms,

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

Figure 1: A study of the universe through light, neutrinos, cosmic rays, and gravitational waves, combining all messengers into

one story. Credit for the image: Ice Cube Collaboration
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Neutrino in MMA Landscape
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Figure 2: The plane of the Milky Way galaxy in photons and neutrinos [1] Figure 3: Fermi-LAT and MAGIC observations of
lceCube-170922A’s location [2].
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Universe of Neutrinos
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Figure 4: Grand Unified Neutrino Spectrum
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The End of Cosmic Rays (CR) Spectrum & GZK neutrinos
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Figure 5: The GZK cut off of the UHE CR energy E [GeV]

spectrum observed by HiRes [3]. Figure 6: The high-energy diffuse fluxes of gamma rays, neutrinos, and

cosmic rays [4].

Interactions of Ultra High Energy (UHE) CR with CMB photons produce a flux of secondary particles (GZK effect)

0
+ ptms =ty
p+ycvg =~ AT — _
n+mt > put+v, >e" +r.tu,

o Pose upper limit on CR energy (> 5-10%° eV) observed on Earth
e Cosmogenic neutrino flux is expected at the highest energies from 10 PeV to 100 EeV
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UHE Neutrino

Charged Current Interaction (CC)
v lepton

Detecting UHE neutrinos is challenging due to their extremely low flux (0.01

- 0.1 event/year/km? (1)) and small interaction cross-section. Observation

requires: w
o Large detection volume O(100) km3
o Dense medium

lepton = e: electromagnetic shower
lepton = mu: muon typically undetected
lepton = tau: tau lepton will decay,
producing 2" spatially displaced shower
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Figure 7: Neutrino interaction cross-section and interaction length in ice [5]. Figure 8: Feynman diagrams of a NC and CC
neutrino interaction [6].
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Askaryan Radiation

e In a dielectric medium, particle shower develops a charge
asymmetry

e This moving charge imbalance emits coherent Cherenkov y (Sir:silrlu}\c?isgly
radiation in radio [7] (Askaryan effect)

e Strongest signal observed on Cherenkov cone 6. = Cos*lﬁ

e Peak frequency for detectable signals: 100 MHz — 1 GHz
large A add
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Figure 9: Short radio pulse - signature of UHE neutrino [6]. Figure 10: The Askaryan cone produced by particle shower.
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Radio neutrino detection

" the UHE-universe
/7 AGNs, SNRs, GRBs,

cosmic
rays

interaction
with ice

by Karen Terveer

Figure 11: The RNO-g concept: detecting UHE neutrinos in Greenland's ice shelf via radio emission.
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lce Properties

RNO-G Preliminary

1.8
o Greenland ice sheet: up to 3 km thick at the Summit 1ol
o Radio attenuation length of cold polar ice: O 1 km [8],[6]. C
. . . . o 1.6t
— enabling neutrino detection over kilometer-scale volumes B == 3.stage exponential
. . . . . Y ., £ Katie (doi:10/cnpv25)
e Changing index of refraction profile, causing " bending” of o 1.5 e Vpols | * Neutron probe densiy 1
. . . . . . - v lce core density
radio wave propagation trajectories in ice x 1.4} GISP2 (doi:10/d82dpd)
3 w Ice core density
C
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The Radio Neutrino Observatory - RNO-G: Array of Detector Stations
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Figure 13: RNO-g site layout. Array of independent detector
stations.

RNO-G: Design and Sensitivity, arXiv:2010.12279

k
[
“:’;

-40m ﬂ
Calibration

Pulser

Power String

Helper String 1
Helper String 2

-60m |

30° +,30°

Phased Array

-80m |

o o Wanny e Wanw 6

)
)
)
)

-97m

—T

Helper String

. b -l
100m ] ’
i
-97m |

Figure 14: RNO-g station detail [4]. (©RNO-g Collaboration.
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https://arxiv.org/abs/2010.12279

RNO-g Antennas And In-situ Calibration Sources
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Figure 15: Calibration pulser waveforms [10]
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Figure 17: RNO-g station detail. (RNO-g Collaboration.
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https://arxiv.org/abs/2411.12922

Data-taking status and first results

Mayor maintenance (replaced electronics in 6/7 stations)  Broken commms. connection
[ ]
T ' T ! T

m  Deployed
24T wam SBCon
23} [ Digitizer on
I Taking science data
22F
21F

14F

13}
12}
11}

2021-06 2022-06 2023 06 2024-06 \/2025-06

Winter tests with wind power Digitiser failure

Figure 18: Uptime of the first eight RNO-G stations. Credit: F. Schliiter et al (RNO-G), ICRC 2025

Station

e Data collection has been running since 2021 with existing stations
o Science data taken are restricted to the arctic summer (for now, wind turbines are under tesing!)
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https://indico.cern.ch/event/1258933/contributions/6485849/attachments/3108100/5510839/icrc25-rnog-hardware-schluter-big.pdf

Solar Flares Observations

e The signal excesses were recorded during solar flares
in coincidence with the Callisto network

e Observed flares show strong time-domain impulsivity

e Solar flares reconstructed on-sky enable absolute

pointing calibration to subdegree resolution
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Figure 19: Reconstructed source location for the solar

flare; [11].

M. Mikhailova et al (RNO-G), arXiv:2404.14995
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Figure 20: Left: Frequency spectra from RNO-G stations and Callisto
during 2022-09-29 solar flare; Right: Deep & shallow trigger rates

[11].
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https://arxiv.org/abs/2404.14995

Signals From Airplanes

Tokyo — London, direct

- = Tokyo — London, avoiding Russian airspace

X

RNO-G / Summit Station

—

S. Hallmann et al (RNO-G), arXiv:2506.17522

o Multiple flights daily over RNO-G array
e Tag backgrounds in neutrino searches

e Strong far-field calibration, seen by many stations

e Test station timing and pointing accuracy

station 13, -94m VPol
100

ADC counts
o

-100

station 23, -93m VPol

station 24, -96m VPol

waveforms

simulated neutrino

——— single
—— average
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time [ns]

Figure 21: Impulsive event from a passing aircraft [12].
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https://arxiv.org/abs/2506.17522

Search For Comic-Rays

RNO-G detects cosmic rays through two channels:

o Geomagnetic radio emission from air showers, captured by the surface antenna array

o Air showers that reach the ice surface (thanks to Summit station elevation!) and propagate into the ice, producing

Askaryan radio pulses detected by in-ice antennas

|
1

5 Air
~.el Showers
RNO-G
station

In-ice
Showers

Geomagnetic emission

shower front

polarization in
shower plane
at detector

Askaryan emission
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Search For Cosmic Rays Air Showers with Surface Antennas

1.0 e Using LPDAs to detect radio emission from
cosmic-ray air showers.

0.8 e A template search inspired by an ARIANNA
v experiment analysis [13]
§0.6 e Several CR-candidates have been found, in agreement
S with expected number of events
% e Verifies a good understanding of the RNO-G system
b U response. The shape of the signal matches
v expectations

0.2 = cr candidates

o analysis cut: 99.0% [ cosmic-ray candidates  £221 simulation Preliminary
Preliminary sys. uncertainty s 8
0.0 0.5 1.0 15 20 25 6 6

l0g10(SNRgo - 200 MHz)

10! 10l 10! 10;

# events

I

1
. N =y
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N

# cosmic ray candidates

i
i ilﬁih 1
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o
o

Figure 23: Events surviving analysis cuts from one of the RNO-g

station, with highlighted CR candidates. Figure 24: CR candidates features in compare with

simulations.

J. Henrichs et al (RNO-G), PoS(ICRC2025)288
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https://indico.cern.ch/event/1258933/contributions/6490755/attachments/3106482/5505667/Shallow_CR_ICRC2025_Henrichs_slides_final.pdf

In-ice Askaryan Emission from Cosmic Rays Air Showers

In-Ice Cosmic Rays as Neutrino Background
e Surface CRs vetoed by antenna array
e In-ice CRs mimic neutrino signals — harder to reject
e Zenith cut helps, but reduces volume
e Tagging in-ice CRs validates detection methods
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Figure 25: Cartoon of CR shower core entering the ice and emitting radio signal which mimics radiation from neutrino-induced
showers in the ice.
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Search for Cosmic Rays with Deep In-ice Antennas

o Ongoing analysis using machine learning (LDA
discriminant analysis) searching for CR induced
Askaryan signals

e Developing comprehensive simulations of radio
emission within the FAERIE framework [14]:

o CORSIKAT7Y for simulating in-air particle cascades
o GEANT4 for simulating in-ice particle cascades

e Developing tools for future neutrino search

In-air emission

/’Q@‘¢.~ /\\‘Q\
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Event rate

[ Data processing J

|
I
I Polarization
+ : Cherenkov ring
[ Features ]—»[ Train/apply LDA . Spectra / pulse shape
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Simulate Signal efficiency &
{ (S5 J ‘ background estimate | |

B. Hendricks et al (RNO-G), PoS(ICRC2025)1057

Burn sample
103 4 CR-proxy sims
[Preliminary}
1=
8 102 J
O
)
c
()
>
w 101 4
100 J

-25 00 25 50 75 10.0 125 15.0
LDA Score

Figure 26: LDA scores for the RNO-g CR burn sample
and simulated CR-proxie for one of the stations.
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https://indico.cern.ch/event/1258933/contributions/6499446/contribution.pdf

Summary & Progressing Forward

e RNO-G: UHE neutrino detector in Greenland, 50 km?

coverage .
RNO-G 35 stations, 5 years
o 8/35 stations deployed, already largest in-ice radio 106 | M [1.5000se, 2.50n0se] trigger ARIANNA ARA
array by area 1 95% CL contour ANITA | - I
1 B 20n0ise trigger
e Experience informs IceCube-Gen?2 radio component 0 | 9 IceCube-like flux
design. IG 1077 ; ;
e Early results: cosmic-ray searches, calibration n ] IceCube
campaigns, tools for first neutrino search n
. - o N -8 |
e 35 stations x 5 years — sensitive to optimistic IE 10 ;
cosmogenic flux models ]
= [
8 10~° 1
© =
114 /7 N \
’ 5 \
10-10 1 [——— Best fit UHECR, Heinze et al.
14—~ Best fit UHECR + 30, Heinze et al.
1 ===- 10% protons in UHECRs (AUGER), m=3.4, van Vliet et al.
1, allowed from UHECRs, van Vliet et al.
10—11 / 4 . . : b : .
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Figure 28: The five-year sensitivity (90% CL upper limits) of RNO-G

o S to the all-flavor diffuse flux for 35 stations [4].
Figure 27: View on a RNO-g station.
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RNO-g sensitivity to The KM3NeT Event flux
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Figure 29: One summer of RNO-G35 — 1 neutrino for KM3NeT only E~2 flux.

A. Nelles et al (RNO-G), PoS(ICRC2025)1129
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https://indico.cern.ch/event/1258933/contributions/6485802/

Interferometric Direction Reconstruction

Station 21, Fiber 1: Correlation Map
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Energy & Vertex Reconstruction

The Askaryan electric field €(f) as a function of
frequency at the antenna can be expressed as:

- e—R/La(f)
g(f) = e_)13(191/7 F: R) X |§0(f)| X T
_(g_gc)z] (1)

< xp [ 204 (F)2

where parts of the eq. 1 depends on:
o Signal polarization 5 =/ x (0, x /)
o Inelasticity |£y(f)| represents the dependence of the

Askaryan signal amplitude on the neutrino energy,
which scales linearly with the shower energy

o Signal attenuation L, describes the attenuation of
the radio signal during propagation.

e Launch angle - the angle 6 between the neutrino
direction and the launch vector

In-ice radio detector needs to be sensitive to are the
incoming signal direction, the signal polarization, and the
signal launch angle.

To reconstruct of the electric-field pulse, the following system

of equations needs to be solved:

Vi(F)]  [HE(F) HY(F)]

Vo(F)| [ HE(F) HS(F) [6?(”] where Vi(f) is a
; _ 25 2E S0 here V;(f)

Va(F)1 [HE(F) HE(F)]

measured voltage trace of antenna i in frequency domain and H

describes response.

Air

Ice

Antenna

Figure 32: 2D projection of the event geometry.
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