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Messengers are -created by d/fferenl‘ astroph ySIcal

processes, and reveal dlfferent & complemengzry
information about their sources. - .~ % .




Energy spectrum of cosmic rays
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J. A-M, Z. Cao, U.F. Katz, P. Mertsch, C. Spiering.
Chapter 30 "Cosmic Rays” Particle Data Group
PRD 110 (2024) 030001

at E > 10 eV (> 102 eV) the CR rate is
~ 1 particle per m? per year
(~ 1 particle per km? per year)

=> indirect detection of

Extensive Air Showers with
particles, optical Cherenkov, radio emission

pression”
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Neutrino beams: Heaven & Earth

“Standard model” of v production
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Energy spectrum of neutrinos

J. A-M, Z. Cao, U.F. Katz, P. Mertsch, C. Spiering.
Chapter 30 "Cosmic Rays” Particle Data Group
PRD 110 (2024) 030001
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P energy range above E, = 101°—-10%/ eV is (almost) uncharted territory



Recent discoveries
In neutrino astronomy

P first identified neutrino sources at energies =
10%% eV (NGC 1068) and
~ 1014 — 10% eV (TXS 0506+056)

» NO CANDIDATE SOURCES AT UHE
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B NGC 1068 Diffuse flux from v, (25)
TXS0506+056 —¢4— Diffuse flux from vev; (17)
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also Galactic Plane
&
Astrophysical v flux
IceCube at E < 10% eV
Origin unknown

IceCube



Recent discoveries W NGC 1068 Diffuse flu from v, (25) also Galactic Plane

TXS0506+056 —4— Diffuse flux from vev; (17) &
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tau neutrino

bright DOM

P 7 tau neutrinos identified in the cosmic flux. >
Median energy 2 x 104 eV
» TAU NEUTRINOS EXIST IN COSMIC FLUX

charged-
current
interaction

% bright DOM

"Double-Double”
a double bang tau neutrino
candidate INSIDE IceCube



Recent discoveries W NGC 1068 Diffuse flu from v, (25) also Galactic Plane
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P first identified neutrino sources at energies =
10%% eV (NGC 1068) and
~ 1014 — 10% eV (TXS 0506+056)

» NO CANDIDATE SOURCES AT UHE
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10° 104

tau neutrino

P 7 tau neutrinos identified in the cosmic flux. >
Median energy 2 x 104 eV
» TAU NEUTRINOS EXIST IN COSMIC FLUX

charged-
current decay
Interaction

% bright DOM

"Double-Double”
a double bang tau neutrino
candidate INSIDE IceCube

» highest energy neutrino candidate
estimated E, = 1.1 x 107 eV — 7.9x 107 eV
source unknown (insufficient angular resolution)
» UHE COSMIC NEUTRINOS EXIST !!




Questions & Challenges at Ultrahigh Energy

2,
E" Challenges: Ll

the “triple smallness” problem

P what are the sources of UHE
Cosmic Rays?

P acceleration mechanisms that boost

particles to extreme energies? P extremely small flux of UHEV

< 0.01 — 0.1 neutrinos/km?/year at E>1018 eV

P small neutrino interaction probability
mean free path at E, = 10'¢ eV
~ 650 km of rock

P> Multi-Messenger
connection?

» is there a population of hidden sources in = detection requires large instrumented target
the Universe opaque to radiation but not volumes or monitoring large areas

to neutrinos ?
P but typically the budget is also small...

> ...
9




Hybrid Elevated Radio Observatory for Neutrinos (HERON)

Kumiko Kotera (IAP, CNRS, France)

Stephanie Wissel (Pennsylvania State University, USA)

Olivier Martineau (Sorbonne Université, France)

Jaime Alvarez-Muiiiz (IGFAE, Univ. de Santiago de Compostela, Espana)
+ Ingo Allekotte & Federico Sanchez (partners in CNEA, Argentina)

Radio
emission

Air-shower
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Hybrid: phased antenna arrays + standalone antennas

Established by the European Commission

Elevated: altitude & large extension enable broad viewing area for v_ interactions
Radio Observatory: =100% duty cycle, cost-efficient, robust, scalable
Neutrinos: the next frontier of Multimessenger Astronomy

Radio

Cosmic
Source

936 total antennas



emission

Cosmic
Source

936 total antennas



HERON'’s Proofs-of-Concept

[BEACON: Elevated phasedarrays  GRAND: Autonomous standalone antennas

Sensitivity at 1018 eV with a handful of antennas
4 BEACON: cosmic-ray candidates

5 radio-only; 10 coincident radio + scintillator

BEACON
White
Mountain
Research
Station

S 4 BEACON validated beamforming

BEACON collab (ICRC2025)
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Large area, precision pointing

4 GRAND Proto 300: 73 cosmic ray candidates

GRAND collab (ICRC2025)

4 GRAND@Auger: 1 coincident candidate GRAND+Auger

ADF fit to DU voltage data

|| e
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mean Cherenkov angle
mean ADF model
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HERON: a transformative discovery project

What? (goals)

 launch ultra-high-energy neutrino astronomy

. probe the most extreme phenomena in the
Universe in an uncharted energy range with
neutrinos

1 find the sources of the highest energy particles

Established by the European Commission

14



HERON: a transformative discovery project <

Established by the European Commission

What? (goals)

107 5
J launch ultra-high-energy neutrino astronomy Z ; ceCube Auger
. probe the most extreme phenomena in the = "T‘E
Universe in an uncharted energy range with e O 1 present limits
. (d}) -
neutrinos - E 1 5 r
[ find the sources of the highest energy particles é N o
- C"\]@L . Y\gv‘
£ M qg0 ] “acked pg -
L ~~ 1 8a rt \
= A {7 haray by, |
How? o + s N\ ——
. . 4 A
Design, build and operate HERON v = a\‘w‘s‘s
- S 10— X
1 aim for neutrinos E £ 10! eV = % 107 %amﬁ‘a
10 x sensitivity of current experiments .g = c\«ed\o‘\%
 sub-degree angular resolution 43 < o |
. . . nstantaneous
 focus on likely neutrino sources (transients) > 10-2 - - I
1 “deep" view of the Universe 1016 1017 1018 1019

Neutrino energy F, [eV]



HERON: a transformative discovery project

What? (goals)

 launch ultra-high-energy neutrino astronomy

. probe the most extreme phenomena in the
Universe in an uncharted energy range with
neutrinos

[ find the sources of the highest energy particles

How?
Design, build and operate HERON

] aim for neutrinos E £ 1017 eV

10 x sensitivity of current experiments
 sub-degree angular resolution

- focus on likely neutrino sources (transients)
d “deep" view of the Universe

Why now?

Neutrino fluxes & Instrument sensitivity

Established by the European Commission

102 5

lceCube

present limits

Auger

r

100 F Stacked S

1071 -

All-flavor (v + o) E2®, [GeV cm™?]

Instantaneous

—2 . —
10 1016 1017 1018

J MM astronomy eagerly awaits UHE neutrinos, but current experiments are too small

J no short-term plan for a more sensitive experiment (GRAND 200k, IceCube-Gen2 Radio, in 10+ years)

1019
Neutrino energy F, [eV]

1020
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Where? Preliminary preferred site B

, HERON
* - . Jachal Department,
° D} 3 | L8 ’ L }7"‘ .‘ ' ‘ : . .
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| i . .
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Observational strategy:

Elevation (m)
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credit: Andrew Zeolla, IAP-Paris
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declination = 0°, Right Ascension = 0°

t =00:00:00

e
=175 _yen g 75=
-100 . |
=20 ~100
est - East (km) —, > : 25

Red = Area from which we expect tau leptons to emerge
(within 3° cone extended toward targeted source)

use astrophysical & multimessenger information to target likely ’SD~
neutrino sources as they set below horizon

HERON

24 Phased Arrays
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Observational strategy




The concept of a phased array: N

Phased-Array Receiver: 2 antennas d=10m. Plane wave arriving at 452 HERON

Induced pulses (raw)

157 i B AntL (to=0)

| B AntR (to=236ns)
10 - i
Powered by Claude Al 0.5 = '
0.0 i
| Arrival direction of signal o5 -
I I
i Kk ~1.0 - i
-15 - i

0 10 20 30 40

time (ns)

d=10m

+

extra cable = c-At
=7.07 m

21



The concept of a phased array: 2

Phased-Array Receiver: 2 antennas d=10m. Plane wave arriving at 452 HERON

Induced pulses (raw)

15 - N AntL (t=0)
| B AntR (to=23.6ns)
10 - i
Powered by Claude Al 0.5 -
0.0 - i
Arrival direction of signal 05 -
R ~10 - i
-15 - i
0 10 20 30 40
time (ns)
After delay correction
i BN Ant L
1- i m Ant R (cable-delayed)
0- 5
d=10m -1 = i
< > !
0 10 20 30 40
moung time (ns)
R
p Combined output (beamformed)
axtra cable = c-At At =dsin F,h: = 23.6 ns B Sum (coherent)
= 7.07 m ' i
0 - l
- ;
waves add constructively in one direction after time-delaying 0 10 20 30 40
time (ns)

a "beam” has been formed ’



U Digitally synthesize observation beams which cover a

O bSE rvatiO n a I St rate gy: gigantic area in the mountains and valley where tau

leptons are more likely to emerge

— — =

.

~30.2 " “HEROR 1 Province

Latitude [deq]

|
W
T
O

Beamforming for triggering
of transient radio sighals

o 2 %

—~69.0 —68.5 —68.0
Longitude [deg]

- Waveforms (30-80 MH2z2)

Aligned waveforms

_67.5

U\N’\/’/\/\NW Coherent sum

!

Time [A.U.] Time [A.U.]
credit: Sergio Cabana-Freire, IGFAE-USC

Electric field [A.U.]

23



U Digitally synthesize observation beams which cover a

O bSE rvatiO n a I St rate gy: gigantic area in the mountains and valley where tau

September 9th, 2025 leptons are more likely to emerge

A

. —— 3.5 [ Target transient sources as they set below horizon
: Phased Stations
—-30.2 K /
L

3.0

2.5

M
o

[w] uoneas|3

—30.8 -

Latitude [deqg]

»i‘
~31.04

4 | 3 .

-69.0 -68.8 -68.6 -684 -68.2 -68.0 -67.8 -67.6 -67.4
Longitude [deg]

Waveforms (30-80 MHz)

Aligned waveforms

Beamforming for triggering
of transient radio sighals

Electric field [A.U.]

U\N’\/’/\/\NW Coherent sum

!

Time [A.U.] Time [A.U.]
credit: Sergio Cabana-Freire, IGFAE-USC 24




Observational strategy: Real novelty of HERON: q

The low-threshold trigger provided by the HERON
phased array is then distributed to the .
i neighboring autonomous antennas. P 5’ \- |

TRIGGER

Beamforming for reconstruction
of transient radio signals

Standalone antennas:

[ receive triggers from phased arrays to find signals
otherwise not detectable

[ can also self-trigger

WV\WWWW  veto noise (Radio Freq. Interference, RFI)

MWMW Standalone antennas record us-long time traces around the
WP “MW | ﬂt time when the radio wave is expected to hit them.

Time [A.U.]

Electric Field [A.U.]




Observational strategy:

Real novelty of HERON:

The low-threshold trigger provided by the
phased array is then distributed to the
neighboring autonomous antennas.

TRIGGER

@® Tau decay
® Xmax
k1000
=300
*GOO
. . =400
HERON simulation _ g;.
of a 1018 eV neutrino L5900
—88 s .
Neutrino or||

D2

34

credit: A. Ferriere, V. Decoene x (km)

Signal (LV/m)

26
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Beamforming for reconstruction
of transient radio signals

Standalone antennas:

[ receive triggers from phased arrays to find signals
otherwise not detectable

[ can also self-trigger

[ veto noise (Radio Freq. Interference, RFI)

Standalone antennas (offline):

3D interferometric map of the air shower
 excellent direction reconstruction (o< 0.4°)
 reconstruction of distance to shower

= Neutrino astronomy




Building HERON Requires: e“‘ q

ERC-SyG funding I Synergetic team

x@ Which astrophysical sources to point? — K. Kotera

)

C
o C
= O =
N = =
i‘ql\"'““‘ Which signal to search for? — J. Alvarez-Muiiz £ = GE)
o = © ”
& o <
02 8 Q % @\
2 5 g & ~)
. - . o]0)
. How to build phased stations? — S. Wissel é = - ©
= £ & & IERON
= = = © V
v = L
& ) = .
- o8 - New Window
o > : e o
How to build standalone antennas? — O. Martineau z 5 on the Extreme

Universe

5 ’ Where and how to deploy? — Argentina
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performed with ZHAireS — RASPASS Peak electric field
&2 (ZHAireS)
T > e V.V, Egower=5.5710" eV O, ergence = 0-422 hye,, = 1.8 kmas.l. . Lo
7 2.0 . »
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- 10
0 1 2 3 4 5 6
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Simulations:
source at declination 6 = 0Q° 16
—301)'k . "Ff
1 estimate sensitivity of site(s) vs v, +2s W e
energy, accounting for 305 s T J
. . = ;é& e m -4 M
topography, declination of $ _solce B — 2 2
sources, ... E % i, S “HERON 138
3 optimize parameters of both L 3 _ | shower \ L3
phased & standalone arrays _3p0Mte T . 0 ————————— @ |
0 V. T N radio { 19
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Topography in simulations

Downward-going
detected tau

Upward-going
detected tau

Yz

Downward-going
absorbed tau

Upward-going
blocked radio emission

credit: Maria Duran de las Heras, IGFAE-USC



We have b it
Plan of Work

Science data starts

We are here. ; :
Grant agreement | —1OLOLYPING, 24 Phased Stations /
with EU expected to | O1t€ SUIVeys & 360 Standalone Antenna Deployment
be signed in June | FIrst Deploymen’[s Largest UHE tau neutrino detector in the world with best sensitivity

to short transients

2026 Validate trigger & time sync. ”
‘

Design & Cosmic Ray Search:  Stacked GRB

Optimization Phase R S i Neutrino Searches
Maximize effective area _ Discovery of UHE neutrinos or
Target of Opportunity significant constraints on
o Neutrino Pipeline Online Jefted fransients
We have begun optimization First UHE neutrino instrument that responds
simulations & already made to alerts rapidly. Possible discovery.

significant progress 2




HERON

, postdocs, students... and Pls

icians, engineers

San Juan Province, Argentina, 29 March 2026

Team of techn




Meeting at Universidad Nacional de San Juan University (UNSJ)

Faculty of Engineering

San Juan, Argentina, 30 March 2026

Faculty members, local authorities, members of funding agencies and HERON Pls

-
)

;— K -\5 - o ." ‘:) - "‘ bl." o
j = ‘% . £

Institutes at Faculty of Engineering UNSJ:
01. mining research / 04. materials & soils /

07. cartography / 08. mountain tracks /
14. applied mechanics / ...

FACULTAD DE

INGENIERIA - UNSJ

O" Instituto de

# Investigaciones Mineras
Investigacién y desarrollo de la
ciencia aplicada. Transferencia

tecnolégica, asistencia técnica,
consultoria y ensayos in situ.

02 Instituto de

e Bioingenieria
Funcionamiento y seguridad de
equipamiento médico, estudio

de métricas en el Gmbito laboral,
asesoramiento en telemedicina.

03 Instituto de

e Energia Electrica
Diseno eléctrico, estudios de la
viabilidad energética, ensayos

de equipos, capacitacién en EE
y proyectos renovables.

o 4 Instituto de

e Materiales y Suelos
Control de calidad y estudios in
situ de suelos, rocas y hormigén

para construccién de obras e
instalaciones mineras.

o 5 Centro Universitario
@ Técnico Educativo (CUTE)

Mejora continua de la ensefianza
en las carreras de ingenieria,  :
R osist > alei ; e |
Pt iutegui > m.esh.gucm

06 Instituto de

e Automatica

Control y operacién remota de

Robots, Procesamiento de Sefales ’ﬁlﬂ
4,@.

=
elmagenes, IA, Realidad Virtual y ’E;l
Modelado de procesos.

o Centro de Fotogrametriq,
e Cartografiay Catastro

Centro espacializado en consulta,
procesamiento y elaboracion de
informacién georeferenciada con
alta precision.

0 Escuela de Ingenieria de
e Caminos de Montafia

Investigacion en la accesibilidad EiExE
de areas localizadas en plena 2
cordillera y el mantenimiento de
caminos a proyectos mineros.

09 Instituto de
e Ingenieria Quimica
Andlisis de procesos industriales o
y ambientales, como la reduccion A
de el balance de carbono en

.

industrias caleras de la Provincia.

= r

lo Instituto de
e Computacién (IDECOM).

l Instituto de

e Biotecnologia
Hacia una Mineria Sustentable: EE
fitoremediacién, plantas nativas,

microorganismos, biotecnologia
y desafios sociales.

12 Instituto de

e Investigaciones Hidraulicas
Estudios hidroquimicos de la red o
de monitoreo en las cuencas de :

proyectos. Medicién, evaluacion
y aprovechamiento del agua.

‘3 Instituto de

e Investigaciones Antisismicas
Disefo de barreras de ingenieria
para impermeabilizacién y cierre
de minas. Mitigacién de riesgos
sismicos en proyectos mineros.

'I 4 Instituto de
e Mecdnica Aplicada

Brinda soluciones innovadoras para
la reduccién del impacto ambiental,
la seguridad y la sostenibilidad de
proyectos mineros.

Centro de Investigacion para la
15 Racionalizacién de la Construccion
® Tradicional (CIRCOT)

Gestion de proyectos, =
y aplicacién de re %
PI ]




Conclusions

] HERON bridges the gap between current experiments and future large-scale projects

J With a large instantaneous effective area and an excellent pointing resolution,
HERON has the best sensitivity to transient sources across a broad view of the sky.

- HERON will be incorporated into the broader network of multi-messenger
observatories

~  With a handful or more neutrinos,

o\

aepon We Will transform multimessenger astrophysics
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Additional slides
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(To T A . \
—.  Astrophysics
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Attenuation distance in the Universe vs particle
energy for protons & photons

103
nearest BL Lac opaque to photons & protons
e e e L L L L L L L L P P L P L P L e L LLERLEL L, Aaipitel TUCCTL LT :
10% T (Mrk 421) only revealed by neutrino |
101 I
L
(el
=
— 10° 1Andromeda galaxy
» |
101

10-2 ' galactic center

photons

protons

104 1015 1016 107 1018 10'° 1020 102! 1022

E/eV

Neutrino: the best messenger at high energy

E| a large fraction of the Universe is

opaque to photons, especially above
~ 10 eV

|E| cosmic rays can probe large
volumes of Universe but are deflected
by magnetic fields

- do not directly reveal their sources

|E| neutrinos are unique messengers
of the high-energy, high-redshift
Universe



The tau-neutrino “Earth-Skimming” air-shower channel

» most promising channel for UHE neutrino detection

BEACON
GRAND
P HERON
> 7 A :
< beamed radio
MHz-GHz antennas

emission

tau decay — air shower

tau lepton ———— Y B
D v )‘,,e SS— %s. ®



Site survey
San Juan Province, Argentina, 25-29 March 2026

Jachal Department,

an Juan province, Argentina
Latitude -30.59

HERON
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Site survey
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Jachal Department, HERON

San Juan province, Argentina
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Low-noise environment

comparison of HERON Site to San Juan suburbs
26 March 2026
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use astrophysical & multimessenger information to target likely

O b Se rva t i O n a I St ra tegy: neutrino sources as they set below horizon

 HERON'’s beams will typically be distributed along the horizon

* |f a target of opportunity is identified, beams can be assigned along its path

credit: Andrew Zeolla, IAP-Paris

74 beams covering horizon: 8 beams tracking NGC 1068:

60°

30° ag*

x X > A R 5 >
= AN o ¥ ¥ LY .Y

o
°

Elevation [ °]
Elevation [ ° ]

-30° -30°

Azimuth [ °]

Azimuth [ °]

1.0e405 5.4e4+06 1.1e+07 1.6e+07 1.0e+05 5.3e406 1.1e+07 1.6e+07
Beamformed Power (ADU?) Beamformed Power (ADU?)




How much of the sky can HERON view?

= 6% of sky instantaneously = 70% of sky each day

\

dromeda M31

e BN

Canes %

- Venatici Il
* Pegasus
2
Aquanu
WLM* * NGC 6822

* Phoeni

B0 ek S //

Right Ascension [°]
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(@)
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Declination [°]
2

a
=

1
W
()

o

Right Ascension [°| [ Effective Area ~ 10-3km?2

8 7 6 5 -4 -3 2 1
Log (Effective Areq) [km?]

Andrew Zeolla, PSU, IAP 42



HERON performances to detect UHE neutrino sources

typical parameters for binary neutron star mergers

e
-
A

~100% probability in 2 years

S 200
§ Q}OW .
B s- W «—— 75% probability of
S source detection
3 within 1 Gpc
“ (.6 - $ _
ks (&0 In 5 years
2 ) G
= 0.4 ?\@O
o For longer bursts: SNIbc/magnetar types
2 - w====_HERON of superluminous supernovae can be
o —— HERON-200 detected in the Local Universe.
S RNO-G Occurrence rate: 1 per 10 to 600 years.
al

0.0 - - | | .

0 1 2 3 4 D

KK
operation time T, [yr] oM, SW

6t=10%s, gJHEI0 =30 x 10°° erg, fiym = 1%, Ro = 300 Gpc~3yr~1
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What astrophysical sources to aim for in the multi-messenger era?
KK, Mukhopadhyay, Murase, Alves Batista, Fox, OM, SW, Zeolla, subm.

Source population rate Ry [Gpc™ yr~!] Source population rate Ry [Gpc_3 yr1i]
107 10° 103 101 10_1 1073 107 10° 103 101 10_ 10_3
W - - - - W - ' - - S—
.E. 1074 - \\ RNO-G // // .E. 1074
= ++ |CG2 Radio =
S -~ BEACON S
WS M WS
55 1052_ /// GRAND N '///1// ,’ HLGRB 55 1052 jetted
q;) jetted q;) —
50 _ 50
810 oo I AL
g 1048 g 1048 pulsars
L o O SNIbc
s - < Magnetars _ magnetars
8 1046_ lNle 8 1046_
5 Short Bursts 5 Long Bursts
o 44 o 44
10° 101 10? 10 10 10° 101 10? 10° 10
Distance of nearest burst per 10 yrs Dy, 19y [Mpc] Distance of nearest burst per 10 yrs Dr, 19y [Mpc]

Short bursts: stay in the instantaneous field of view

_ _ Long bursts: any longer transients
(FoV) of the instrument (~30 min - 1 day)

Detectable: Bright rare (distant) sources a4 Detectable: Local Group & nearby galaxies
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3D mapping of showers

® Simulation data data set on HERON topography Time delay “Si—R
(Neutrinos, E in 2 101 — 2 10'%eV) T
=>» Efield at positions of HERON autonomous antennas “Phasing” E[t] s E_f{t — 5t)

® (Estimated) Galactic noise added to simulated Efield signals (o =

20uV/m) “Beamforming” EEF=ZEi{t—ﬁii} f @?

® Beamforming treatment following

Schoorlemer & Carvalho, Eur. Phys. J. W
| ® Xmax \I
Simulation: E, = 1.2 108eV /E_=101%eV 804" *1000
1501 Raw 1001 Beamformec * 300
o ) (with Galactic noise) 0004 (@ max) —_]74
1001 = 8001 . = -
g g - bamforming for =2 " 600
% 5 2 600; . ";; . different test R
ZN o sl WAL} POSItioNS In space *400
251 2001 SR o ,;:f. e s _N
i , R ol Bl &t & \/ 2200
01 - | - - - - 01 . . - - 88 W
302500 305000 307500 310000 312500 24850 24900 24950 25000 25050 -
time (ns) time (ns) - = = 0

32
46 X (km)

Max(Egg) (LV/m)



Beams in the Trigger

- Beams programmed into the BEACON prototype

® Beam width 60 ~

L Af (SNR)
- 0.07
® BEACON prototype (Spartan7) with 6
antennas & 42 beams with a beamwidth of - 0.06
10°
= 0.05
® HERON beamwidth: 5° g
-5 0.04
3
® Requires 108 beams to cover 15° zenith I.Ii>_l) s
angle range centered at the horizon and
180° FOV per station 865
® With 3 FPGAs per station, fits within budget 0.01

(max 126) with margin for additional above
and below horizon beams for calibration

-80 -60 -40 -20 0 20 40 60 80

Azimuth (deg)

Power/(H i, thhamEsh)2



