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The High-Energy Universe
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» Violent processes in the Universe accelerate particles up to high energies

» High-energy cosmic messengers allow us to study these processes

Galactic sources

\

Supernova remnants

Pulsar wind nebulae

\_
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and many more

\_

Extragalactic sources

\

Active galactic nuclei

Starburst galaxies

and many more




The Multimessenger Connection l:;:}_

» Cosmic rays (p) > Neutrinos (v)
» Energies up to 3x102% eV =~ 48] » Smoking gun of hadronic interactions
» Deflected by B —> origin unknown! » Not attenuated but hard to detect

» Gamma rays (y)
» Produced in leptonic & hadronic processes

» Easy to detect but easily attenuated

[lceCube/NSF]
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The Diffuse High-Energy Sky

[[ceCube (2023) Science 380 1338]

[Fermi-LAT (2017) ApJS 232 18]
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GeV gamma rays

TeV—PeV neutrlnos

[Auger (2018) ApJL 853 L29]

EeV cosmic rays
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http://arxiv.org/abs/1702.00664
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http://arxiv.org/abs/1702.00664
https://arxiv.org/abs/1801.06160
https://arxiv.org/abs/2307.04427
http://arxiv.org/abs/1410.3696
https://arxiv.org/abs/2109.13400
https://arxiv.org/abs/2011.03545

Diffuse High-Energy Observations
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Different windows to study

the high-energy universe!
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Career Overview |: 1

2017-2022 (PhD) 2022-2024 (postdoc) 2025-today (postdoc)

NEUTRINO OBSERVATORY

High-energy neutrinos & Towards ultra-high-energy Very-high-energy gamma rays
ultra-luminous infrared galaxies neutrinos with unprecented sensitivity
Data analysis & Trigger development & Software development &
phenomenology hardware deployment calibration
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| Career Overview
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O\

2025-today (postdoc)

F CTAD )

Very-high-energy gamma rays
with unprecented sensitivity

Software development &
calibration

—
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The Gamma-Ray Sky A\

[INASA/DOE/Fermi-LAT (2022)]

» Wide range of observations
» Satellite experiments: 100 MeV -1 TeV

» Ground-based experiments: 100 GeV -1 PeV

» Various gamma-ray sources identified
» Both galactic and extragalactic
» Hard to distinguish leptonic vs hadronic acceleration

Crab PWN spectrum
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https://arxiv.org/abs/2201.03796
https://arxiv.org/abs/2201.03796
https://arxiv.org/abs/2201.03796
https://arxiv.org/abs/1902.10045
https://arxiv.org/abs/1902.10045
https://arxiv.org/abs/1902.10045
https://svs.gsfc.nasa.gov/14090
https://svs.gsfc.nasa.gov/14090
https://svs.gsfc.nasa.gov/14090

Cherenkov Telescope Array Observatory %g

NectarCAM

» Next-generation imaging » Large-sized telescopes (LSTs): 20-300 GeV
air-Cherenkov telescope (IACT) > Mid-sized telescopes (MSTs): 0.15-5 TeV
» Small-sized telescopes (SSTs): 5-300 TeV

P & i 3 o7 “ 2 % v‘ i ‘ 2 E- e : ¢
2
2 %
oo 0leve . ﬁ
nanosecond snapshot

0.1 km? “light pool” — a few photons per m?

Pablo Correa | FRIF Day | 17 November 2025 9



CTAO Alpha Configuration Performance

» Unprecented sensitivity for very-high-
energy (0.1-100 TeV) gamma rays

» Detailed studies of acceleration mechanisms
(leptonic vs hadronic)

10710
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https://www .cta-observatory.org/science/cta-performance (prod5, v0.1)
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NectarCAM

CTAO |
41STs+9 M

CTAO-South, Atacama Desert, Chile
14 MSTs + 37 SSTs
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Z
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NectarCAM

NectarCAM-2 @ CEA

NectarCAM

» One of the camera types for the MST
» 1855 pixels sensitive to single photons

» Currently 2/9 cameras assembled
» Undergoing test-readiness review

» Cameras need to be calibrated
» Development of calibration software
» nectarchain is public!

Pablo Correa | FRIF Day | 17 November 2025 11


https://github.com/cta-observatory/nectarchain
https://github.com/cta-observatory/nectarchain
https://github.com/cta-observatory/nectarchain

NectarCAM %’s

NectarC2AM

First NectarCAM ready for

shipment by June 2026
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https://github.com/cta-observatory/nectarchain
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Career Overview |: O\ 1

ANRENA

2017-2022 (PhD)

$HICECL BE )

NEUTRINO OBSERVATORY

High-energy neutrinos &
ultra-luminous infrared galaxies

Data analysis &
phenomenology
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The lceCube Nevirino Observatory

» 1 km?3 detector at the South Pole
» 5160 digital optical modules (DOMs)
» 86 strings down to 2.45 km depth

IceCube Lab IceTop surface array

81 stations
324 DOMs

50m —— = e

IceCube in-ice array

86 strings including DeepCore
5160 DOMs
AMANDA-II array

Penetrat\o:’ HV Divider 1450 m ——— Precursor to IceCube
LED i
DOM M DeepCore
Mainboard o = i / Board / 8 strings with denser spacing
\ l_g i o 7 ‘ 480 DOMs
= !_!! z:_—! : Mu-metal Eiffel Tower
: . 324 m

[lceCube (2017]) JINST 12 PO3012]

Glass Pressure Housing
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https://arxiv.org/abs/1612.05093

Detecting Nevuirinos with IceCube

» Neutrinos can interact with ice
» Produce secondary charged particles

» These emit Cherenkoyv radiation

» Mostly focus on muon (u) tracks
> Signatures of v, and v,

» Typical angular resolution <1°

=105.66 MeV/c*
-1

. @

muon

<0.17 MeV/c?
0
v (Y

muon
neutrino
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https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=184099&from=
https://arxiv.org/abs/astro-ph/0407044
https://edoc.hu-berlin.de/handle/18452/22672

Declination 6

+15°

N
D
>

-15°

The Diffuse High-Energy Neutrino Sky

» Diffuse TeV-PeV flux discovered in 2013

» Evidence of diffuse emission from Milky Way

+75°

-75°

Equatorial Coord.

Right Ascension a
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15
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Pre-trial significance / o
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https://arxiv.org/abs/2307.04427

First Sources of High-Energy Neutrinos

’ Evidence for pOint Sources 1C40 IC59 IC79 IC86a IC86b IC86¢
; . . . . .
==+ IceCube-170922A A o
» TXS 0506+056: transient source (blazar) o ] Gasion Anvis. W
S 3 < ox-shape nalysis | I | E L 3,
> NGC 1068: steady source (Seyfert Galaxy) = .. 1
> - ° . 1 i - 1o
X-ray galaxies: steady sources N T I | | __H_Ji
2009 2010 2011 2012 2013 2014 2015 2016 2017
— log1o (Procal) [lceCube (2018) Science 361 147]
1077
Diffuse Astro. v
fon P NGC 1068
w1079
2 B NGC 7469
7 B CGCG 420-015
% 1071 - NGC 4151
=,
S
& 1071 -
K
10712
412  41.0 40.8 40.6 404 40.2 107 1(')3 1(')4 1(')5 1(')6 o7
[lceCube (2022) Science 378 538] ra. [deg]
E, [GeV]  [iceCube (2025) subm. ApJL]
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https://arxiv.org/abs/2211.09972
https://arxiv.org/abs/2510.13403
https://arxiv.org/abs/2510.13403
https://arxiv.org/abs/1807.08794
https://arxiv.org/abs/1807.08794
https://arxiv.org/abs/1807.08794
https://arxiv.org/abs/1807.08794

First Sources of High-Energy Neutrinos

>

>
>

>

Most of diffuse high-energy nevutrino

flux (~90%) remains unaccounted for!
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https://arxiv.org/abs/2211.09972
https://arxiv.org/abs/2510.13403
https://arxiv.org/abs/2510.13403
https://arxiv.org/abs/1807.08794

Ultra-Luminous Infrared Galaxies

» The most luminous objects in the IR sky
> Lig = 1012 L5 between 8-1000 micron

MRK 273 (“Toothbrush Galaxy")

0 Fﬁ;i Electromagnetic
[ ' s, spectrum
p A * T
"o iy,
5 3
E e
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_10 i | L 8_I]-000 ILLm | N |
8 10 12 14 16 18 20
|0g10 1% [HZ]

[NASA/IPAC Extragalactic Database]
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» Mergers of spiral galaxies

IRAS 16007+3743 IRAS 06268+3509 IRAS 08572+3915

!
)

IRAS 06487+2208

. y
IRAS 17208-0014 IRAS 15250+ 3609

[Garcia-Marin+ (2009) A&A 503 1319]

19


https://ned.ipac.caltech.edu/
https://hubblesite.org/image/2307/gallery/19-interacting-galaxies
https://arxiv.org/abs/0907.2408
https://arxiv.org/abs/0907.2408
https://arxiv.org/abs/0907.2408

Search for Neutrinos from ULIRGs

» ULIRGs are candidate neuvutrino sources

> Enhanced starburst OCJ”V'TV Upper limits on ULIRG source population
» Obscured active galactic nuclei [lceCube [PC] (2022) ApJ 926 59]
» IceCube search performed in 2022 ULIRG evolution, Zmax = 4.0
» Stacking analysis on 75 ULIRGs: null result T 107°} 4 HESE (7.5yr) === E;2%limit ULIRGs |
> Set limits on ULIRG contribution to diffuse flux - == v (95yn == P limit ULIRGs
n } } +oo E-301imit ULIRGs
, & 107100 SRR S— SR SRR S ]
+75° - Y_E:vuatorlal (J2000) g | _|_ 5 5
| > Y., Sl
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o | 1 [ SRS S 7 € S SELCP SIS ! I BN S
+15° /0 %k e D - ‘ ~§§, | 4.
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https://arxiv.org/abs/2107.03149

Search for Neutrinos from ULIRGs

ULIRG neutrino emission consirained

but (VHE) gamma rays to be studied
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https://arxiv.org/abs/2107.03149

Career Overview

2022-2024 (postdoc)

Towards ultra-high-energy
neutrinos

Trigger development &
hardware deployment

e @ e )/
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Towards Ultra-High-Energy Neutrinos

> First UHE neutrino observed by KM3NeT (~220 PeV)

» Need other experiments to further explore UHE energies

B e @\
N Ig\’\ o
. 4 . G\)‘oe “‘\
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— —— I JPPTELLL bbb L LI ’.“““.‘.‘_.‘-‘
10f 10° 10° 107 10° 10° 10" 10"

Neutrino energy (GeV)

[KM3NeT (2025) Nature 638 376]
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All Flavor E2® [GeV cm 2 s~ 1 sr1]
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Diffuse Flux, 1:1:1 Flavor Ratio

= = TAMBO ‘

e s = Trinity 18 N \

= = == POEMMAS30 (5 years) \ “
GRAND 200k

=== = == BEACON 1k

==usms s PUEO (3 flights, 100 days)

— = = RNO-G

==ssmms RET-N 10 x 100 kW Preliminary

m= = = [ceCube-Gen2 UHE

Now

Near term

Cosmogenic: UHECR constraints, van Vliet et al
Cosmogenic: UHECR + pure proton, Muzio et al
Astrophysical: MMA constraints, clusters, TDEs

1 616 1 d17 1d18
Neutrino Energy [eV]

1014 1015

[Ackermann+ (2022) JHEAp 36 55]

1021
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https://arxiv.org/abs/2203.08096
https://www.nature.com/articles/s41586-024-08543-1

4 A

GOAL

Observe ultra-high-energy
(>100 PeV) neutrinos

METHOD

Autonomous radio detection of
transient (10-100 ns) radio pulses

EXPERIMENT

Distribute 200,000 radio antennas
over 20x10,000 km? across the globe

Giant Radio Array for Nevirino Detection

\_ /
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[GRAND (2020) Sci. China Phys. Mech. Astron. 63 219501]



https://arxiv.org/abs/1810.09994
https://pos.sissa.it/501/453/

GRANDProto300

» Pathfinder array located in Gobi Desert, China

» Currently 65/300 antennas deployed
» First cosmic-ray candidates identified

y[m]

5000 |— o CS1 GP13
i + GP65 ‘
4000—
3000
2000— +85 +51 . 439 450
- +91 +55 435 427 426 434 454
1000 - +105 #43  423 419 413 418 422 . 442
- +119 81 447 431 11 45 422 .10 L30 .46
0 +93 #37 415 47 41 46 414436
- +116 +78 444 428 48 42 43 49 429 45
~1000— +102 $40 420 416 412 . $17. 421 . .44
E +88 +52 432 424 425 433 453
~2000— +82 +48 . 438 .. 449
’fi 1 1 1 1 l 11 | 1 l L | I — J 1 1 | — l 11 1 1 l 1 11 1 l 1 1 11 l 11 1
-5000 -4000 -3000 -2000 -1000 0 1000 2000

[Ma+ PoS ICRC2025 453] Xim]
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A

i X
All events

Cosmic-Ray
Candidates

[Lavaoisier+ PoS ICRC2025 314]



https://pos.sissa.it/501/453/
https://pos.sissa.it/501/314/
https://pos.sissa.it/501/314/

The NUTRIG Project

( Single detection unit (DU) \
trigger rate
» Develop scalable radio self-trigger

GP300 nominal:
» Maximum purity & efficiency @@@ 1 kHz

» Minimum cost & data bandwidth

» GP300: signal over threshold
» NUTRIG: Tempbfe mc’rching / CNN [Le Coz+ PoS ICRC2023 224,

Correa+ PoS ARENA2024 060]

> First-level trigger at DU level \_
[

J
\

Array of DUs

» Second-level trigger at array level frigger rate

» GP300: time coincidence GP300 nominal:
» NUTRIG: crude air-shower reconstruction [£ohiert Fos ARENAZ024 061, % % 10 Hz

Correa+ PoS ICRC2025 229]

J
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https://pos.sissa.it/444/224/
https://pos.sissa.it/470/060/
https://pos.sissa.it/470/061/
https://pos.sissa.it/501/229

NUTRIG: Template Matching

» Use templates of simulated air-shower signal pulses

» Cross-correlate with data to separate signal from background

Template FLT-1
BN Electric transformer (SNR > 5)

Pulse electric transformer 10
GRAND preliminary

= 0.01 8 1 Cosmic-ray candidates (SNR > 5)
—“g) GRAND preliminary
= —0.57 — Trace Y Best-fit template: p = 0.43 6
(EU Pulse cosmic-ray candidate E
3 0.51 GRAND preliminary 41
N
e ]
[®)
< —0.51 —— Trace Y Best-fit template: p = 0.85
500 520 540 560 580 600 620 25 0.4 06 08 1.0

Time [ns] 0
[Correa+ PoS ICRC2025 229]

27
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https://pos.sissa.it/501/229

NUTRIG: Template Matching

First onsite NUTRIG tests successfully

performed at GRANDProto300!
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https://pos.sissa.it/501/229

Conclusions & Outlook

4 A

> Multimessenger astronomy is key to
study the high-energy sky

> CTAO will study 0.1-100 TeV gamma
rays (lepftonic vs hadronic)

Summary

» lceCube discovered TeV-PeV
neutrinos and first sources

» GRAND aims o observe neutrinos

QOO PeV and identify their origin /
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A

> First ship-ready in June
» Milestone in CTAO-MST construction

> to be implemented in GP300
» Milestone in GRAND's hunt for UHE neutrinos

> Sensitivity study of with CTAO

» Complements lceCube neutrino search

29



