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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

1. One UHE neutrino has been detected so far (?) (KM3Net
event at 120 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
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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
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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!

Y

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, Mukhopadhyay et al. subm.

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

Source population rate R [Gpc™ yr™!] Source population rate R [Gpc™ yr™!]
107 10° 108 10t 107t 107° 107 10° 108 10t 107t 107°
'E 1 I 1 I — L 1 '@ ! I 1 I I _ !
L. 1054 - \\ RNO-G \ //é L. 1054 -
~ ++ ICG2 Radio / - = ~
S -- BEACON D // o 9
~ e e
> 10%2 /// GRAND N X~ = HIGRB > 10%2- ietted
02 jetted 02 \ L
O 90 _ L 90 _ NS W
o ﬁf'* L R Y
© . 48 // SNe © . 48
£ 10 / 7 - i . £ 10%-
E L~ Thagnetars E .
o 1026 - o 1026 - magnetars
§ Short Bursts ‘ ::,’ Long Bursts
O 1044 O 1044
10° 10* 102 10 104 10° 10? 102 108 10
Distance of nearest burst per 10 yrs Dy, 19y [Mpc] Distance of nearest burst per 10 yrs Dy, 19y [Mpc]

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 Detectable: Local Group & nearby galaxies



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

Probability of detecting > 1 UHE v

e UL _ s
event within D™~ = 1 Gpc within 7,

KK, Mukhopadhyay et al. subm.

CAUTION: updated IceCube-Gen2 Radio sensitivities:

~2 orders of magnitude discrepancy found for

instantaneous fluence sensitivity
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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

Guépin, KK, Oikonomou,
Nat. Phys. Rev erratum
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% A necessary angular resolution

500

line for experiments assuming
~ Murase-Beacom neutrino flux
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Number of Events
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n,=10"" Mpc™ SFR

KK, Mukhopadhyay et al. subm.
Fang, KK, Miller, Murase, Oikonomou 201§|
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10°

Angular Resolution |deg]

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
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¢ GRAND Concept

— 10'000s radio antennas over 10'000s km?2

. 7 .
- In several sub-arrays at favorabl%tes_ worldwide
UHECR . P N

/ scalable, cheap, robust radio antennas
ideal for giant arrays
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What will we need for UHE neutrino astronomy?

Expected performances

v Excellent sensitivity
v/ Sub-degree angular resolution
v Wide instantaneous field of view
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¢ Radio signals at our detectors 170 S AL LR
eof / air shower signal  _
Experience from: LOPES, LOFAR, AERA, CODALEMA, 1507 |
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Low-complexity, robust, low-cost
detection units

« Low noise system

« Robust for desert environments &
temperature fluctuations

« Simple deployment for large numbers

Reconstruction of shower parameters

o Different physics, asymmetries, ground
reflections... for very inclined air-showers
(B field effects chiche et al. 2023, Guelfand et al. 2024)
« New reconstruction methods
to develop & test (Decoene et al. 2022...)

Autonomous triggering on radio signals

« Ultra-dominant noise: ideal quiet sites

« New electronics development necessary:
nigh sampling rate & autonomous triggering
o [dentification of signals + R&D NUTRIG

« Online processing for lower data rate

e Previous successful efforts in other
contexts: ANITA, TREND

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

- Huge data volume (~10 kBy/trigger)

GP300 (nominal) rate: NUTRIG target:

L1 trigger: 1 kHz L1 trigger: 100 Hz
L2 trigger: 10 Hz L2: 1 Hz

e Offline treatment reduction to few Infos
(trigger time, amplitude, polar)...
—> to Implement online

12



% 2023-2024: A turning point for GRAND

Concept Validation: autonomﬁus triggering

| T
- te‘.st \bench , on inclined EAS

Deployment on 3 sites and first experimental data!
- Commissioning phase

- Official approval for 200 km2 for GRANDProto300 site in Gansu, China
- 65 antennas deployed in China

Development of Software & Analysis tools

- GRAND Software pipeline: from online data monitoring to analysis tools

- GRANDILib: Python library for GRAND data analysis & simulation

- Data Challenge 2: realistic simulation library & reconstruction tools for the
data analysis

« Beginning of R&D for the next phases

13



% Prototypes Set— U p GRAND Coll. in prep.

Common set-up
« Same overall components (simple) Detection Unit —g
« Antenna arms - response differ due to | e Eas &
mechanical structure | .’ |
« Front-End Board: ADC 500MS/s,14 bits,
FPGA + 4 CPUs
o Trigger algorithm: unbiased trigger,
ten second, 20 Hz mode
« Common data format

orizonAntenRa

: : HorizonAntenna arms
Testing robustness to environments

« GRAND@Auger: humidity, noise level (LNA), [

A .

M-
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o . : ST NS S R W (L) e :
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« Firmware (transient trigger) different
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¢ Prototypes: GRAND@Auger Granb coll. in prep.

g - AERA
15800 - + GRAND@Auger
s « Cross-calibration with Auger detectors ‘
15400r 1 coincident event/day expected
15200~ - 10 antennas deployed
15000 Auger mechanical structure + infrastructure
e « Hardware tests: set-up stability
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Letter regarding the land application for the second-
phase experimental project of the Neutrino Radio
Detection observatory

Dunhuang Science and Technology Bureau:

We have received your letter. After review, we are responding to the land review situation for
the second-phase experimental project of the Neutrino Radio Detection Observatory as follows:






https://www.youtube.com/watch?v=kOSQTb0OJrI&feature=youtu.be

%7 Prototypes: GRANDProto300

Power Spectrum Distribution (PSD) of Noise
A set of monitoring data (MD) on 1st Nov. 2024
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GRAND Detection concept validation:
Autonomous triggering & inclined EAS reconstr.
65 antennas deployed

Hardware tests: long-term stability, self-made noise
control, LNA optimization

Firmware tests, trigger / transient detection

Cosmic ray search

Monitoring data: Non-biased data taking for 10s
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Colors: different DUs =) 207 Preliminary =
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v' Very clean spectra for all antenna arms (bandpass = [30MHz, 250MHz])
v' Peaky lines from e.qg., airplanes, FM, etc.
v' Global structure = Galactic noise + Instrumental noise (see later) 20

Detector Unit

Central Station
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https://www.youtube.com/watch?v=kOSQTb0OJrI&feature=youtu.be

Westing (m)

¢ First set of reconstructed events

GRANDProto300
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offline coincidence search from beacon

spherical wave front model (SWF)

171 events reconstructed /1/3 pulses emitted in time window
10 m std deviation on Northing/Westing positions

. Trigger system works
L1 for GP300

L1 + L3 for GRAND@Auger

« GPS timing works

« Work in progress: coincidence ¢
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Reconstruction of»_events with 5dus
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El Sosneado
village

GRAND@Auger

 online coincidence search at central DAQ (L3)
« 3 consistent independent analysis

(Analytic PWF, PWF/SWF)
« azimuth and zenith consistent with direction of
village, towards ground

FLT-0
on FPGA

Threshold trigger on
trace/wavelet

1 kHz

FLT-1

on CPU
Template fitting

vs CNN

N

100 Hz

SLT
on central DAQ

Crude reconstruction
with FLT-1 data

etection efficiency, system stability, sensitivity (Galactic noise)
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% Cosmic-ray event search pipeline PRELIMINARY

T3 coincidence search

Time & space clustering
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~¢; Cosmic ray events search and first candidates
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Candidat : 20250103_013446
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¢ Software pipeline: GRANDLib

https://github.com/grand-mother/grand
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Tool to manage and analyze data
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Standard code for signal processing

Tools to store data in a standard file format and manage them

User friendly tool. No need to install ROOT
Modules for coordinate systems, topography and geomagnetism
ncludes galactic noise and RF chain parameters

Refer to grand/examples for example scripts
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line software package for the GRAND collaboration
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% Reconstruction efforts

Decoene et al., Astroparticle Physics145, 102779 (2023)
Chiche et al.,, PRL 132, 231001 (2024)
Guelfand et al JCAP 5, 055 (2024)
Alvarez-Muniz et al., arXiv:1810.09994 (201
Macias et al., Pos(ARENA2024)062
Benoit-Lévy et al., JINST19(4), PO4006 (202

® - ]V AU C \ , AU C

time, "Amplitude Calibration” gaussian smeared 7.5%

2000 -

time (ns)

V. Decoene PHD. thesis 2021

Electric field reconstruction

e E-field reconstruction with CNN
e Direction reconstruction based on

nolarization

« De-noising of E-field/ADC using ML

time (ns)

\\\\

Inclined Air Shower Reconstruction

« Plane Wave Front (PWF): fast timing &
direction reconstruction (analytical, with error calc.)
. Fitting (empirical and Physics informed) of Angular Distribution

Function (ADF)

« Empirical fitting of lateral distribution function

« GNN for EAS studies
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ldeal Timeline

Spring 2023
GRAND@Auger Deployment

Deployment

GRANDProto300
13 antennas

Soft/sims/analysis oo~ )

Science

R&D GRAND10k

Data Challenge 1

Now

Commissioning

Commissioning

PRELIMINARY
Early 2026
?
Deployment Deployment
30 antennas full GP300

Data Challenge 2

. (reconstruction)

UHE Neutrino CR Galactic/extragalactic transition
. Science Case FRBs

Exploratory/Sims/Prototyping

HERON option Tests @ Prototypes

Production

UHE
Neutrinos

Deployment
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4, Option for the next stage of GRAND in Argentina:

' \) - Hybrid Elevated Radio Observatory for Neutrinos (HERON)
HERON

—— c . .
~'0sms..
\

N, o O A - " ") .

N~ geomagnetic efrect:
> radio signal

’ .
¢ b=

— A~ ‘ “,..-'—:___ e .

J \Q\
/ v N\ S -~
s’ \\\ T///<<\
g " GRAND- : -y
~ A% - typs BEACON-type:
S - standalone antennas | :
N g : - phased stations :
s\ A - 15 around each station . .
7 ) o \ , : 24 antennas per station -
/ By | R ST I S e R low energy threshold for triggering =
// % reconstruction | 8Y 8BNS
=5 \ == =0 B = = —— =

- 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, separation between stations: ~ 3 km
altitude 1000 m
- 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)

A discovery instrument!

102 a A}
1 | Instantaneous

lceCube Auger

lOlg

100;

10~
1 -=-- BEACON-24 (24 phased stations) \

} ——- GRAND10K (10,000 standalone antennas)
wesss HERON (24 phased stations + 360 standalone antennas)

All-flavor (v + 7) E,%d’v [GeV Cm_z]

10-2 4—— et it S |
106 10% 1018 101 10%
Neutrino energy F, [eV]
R&D for GRAND:

- external trigger plugged on
autonomous GRAND systems
- interferometry

2nd site envisioned in China



%@mcham etape : mise a l'échelle dans la Province de San Juan - Argentine ?
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Where? - San Juan Province, Argentina Province government supportive of the HERON project

Requirements:

- a non-populated valley surrounded by 2 mountains of elevation > 1000 m, of 30-60 km wide
- radio-quiet environment (no power lines, no industries, no big road, no major town)

- possibility to establish a base near the site, to deploy our antennas, access, dig holes & pour
concrete to install antennas.

® . .
wxGuandacol 'pagancnlo

',‘5 Possible

,b..g deployment sites "&\ o] & ~ | Tampalaya

& i along mountain

Parque Namo

Ischlgualasto
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2 mountain ridges
~110 km length each
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(more North)
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Support & funding

International consortium (from GRAND & BEACON Collaborations)
to bring funding of ~ 15 M£ for equipment & material.

Active contribution of CNEA, CONICET, UNSAM (ITeDA, Bariloche...)
Establish international scientific community in San Juan Province

Members will be actively involved in outreach for the province
(schools, universities, museums etc.), similarly to the Pierre Auger
Collaboration in Malargue.

Local contribution in funding, in-kind, in personnel, for
infrastructure by the province to be discussed
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% The GRAND Collaboration

18 Member & Associate Institutes

130 members

14 countries: Argentina, Belgium, Brazil, China, Czech Republic, Denmark,
represented at the Board France, Germany, Greece, Japan, Netherlands, Norway, Poland, USA

BBl - Hellenic Open University (HOU)

. Institut d'astrophysique de Paris (IAP)

o Institute of Physics of the Czech Academy of
Sciences (FZU)

o Inter-University Institute for High Energy at
Vrije Universiteit Brussel (IIHE-VUB)

. Karlsruhe Institute of Technology (KIT)

- Laboratoire de Physique Nucléaire et des

Hautes Energies (LPNHE)

- Laboratoire Univers et Particules de
Montpellier (LUPM)

- Radboud University

« University of Warsaw

B - Nanjing University
« National Astronomical Observatories, Chinese

Academy of Sciences (NAOC)
 Purple Mountain Observatory (PMO)
 Xidian University

oooooooooo

vvvv

 Pennsylvania State University (PSU)
« San Francisco State University (SFSU)

B . - <= 1 -
. _:-f.-—’,':\,“u’- L S A

Nanjing Collaboration Meeting @ Purple Mountain Observatory, May 2024
 Universidade Federal do Rio de Janeiro (UFRJ) 29



— Kumiko Kotera - Institut d’Astrophysique de Paris - CNRS
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References: P

Website: http://grand-observatory.org TSI
GRAND White Paper: https://arxiv.org/abs/1810.09994
GRAND ICRC 2023: https://arxiv.org/abs/2308.00120

Github: https://github.com/grand-mother/
GRAND Carbon Footprint & Life Cycle Analysis Studies: ' s
https://arxiv.org/abs/2101.02049, https://arxiv.org/abs/2309.12282 2 :

Documentary by Jean Mouette The Road to the Neutrino: : e

https://www.youtube.com/watch?v=8tDnwq8gAed
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% Software pipeline: data flow & online monitoring

ZHAIreS

raw data converter
Simulators (directory/
files) CoREAS

GRAND Data Flow

converter

raw ROOT file /

Monitoring/
data quality

/[

Detectors

Antennas
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raw data
(binary file)

converter

Analysis GRAND ROOT
reconstruction flles

>

GtoT

converter

‘ﬁg DATABASE
4
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« Automatic/semi-automatic transfer
from GRAND@Auger/GP300 sl

« Automatic conversion to
GRANDRoot format b —
» Recorded into GRAND Database, e o ——
storage at CC-IN2P3 (Lyon, France) === SsEc B i ghum a

GRAND Database
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