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The burden of hadronic interaction models...
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on phenomenological models that need to be tuned to available data Focusing on neutral *
| particle detection
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The Pierre Auger Observatory

* East of Andes == ”ﬁ?_m P
‘rh 0
* Province of Mendoza, SN
Argentina rosicrc2025)1236; 1. Alekotte N
« 2000: Engineering Array ;il BES T e o 0S
e 2004: start... \
e 2008: ... end of construction of |
Auger Local staff , Argentina
Australia
Belgium
e 2023: Start of Phase Il data 4 Brasil
: : Colombia*
taking "ocEAN C:e?:r: F;:public
France
* 2024: completion of AugerPrime ok
Mexico
» Data taking till > 2035 | Netherlands
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e > 2035 Romania
I = Slovenia
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Fluorescence detector (FD)
* 4 sites

* E>1018eV
« HEAT

e E>1017eV

Surface detector array (SD)
Water Cherenkov Tanks (WCD)
Grid of 1500m / 750 m / 433 m

3000 km2 / 24 km2/ 2 km?
1660 stations / 61/ 19
Thresholds:

10185eV, 10175eV, 6x1016 eV

e Grid of 750 m and 433 m
 Incl. underground

muon counters
e E>10175 eV

Radio array (AERA)

» 153 stations
17 km2

Slide from Markus Roth

“»

SV
>

PAO

u\ﬁm"' Loma Amarilla

Avman gsmai[i

IDPASC @ Vatal

Y }u/y/Qoé;)‘



PAO

Hybrid detection

Fluorescence Detector (FD):
* calorimetric measurement of energy
* ca.l15% duty cycle

Surface Detector (SD):

* data driven shape of Lateral Distribution
function (LDF)

* optimal distance at 1000 m
* ca. |00% duty cycle

15% duty cycle

100% duty cycle
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PAO

Combination of SD spectra 28e
Combined spectrum
for 6 in [-85°,45°]
Equatorial coordinates
» Combination of data of 1500 m spacing -85
0°<6<60° E> 2.5x1018 eV S x10%
60°<0<80° E> 4.0x10'8eV L
performed in common declination band > _
studying systematic effects — 74=2.99£0.03
| 6-
- 8 0.
* 19 years of data n “" & ‘
rl\j & 0'& \\
° NS S
Exposure 104 900 + 3000 km sryr E 4 - @ “_.,Q //Q,?D Q =y
L V4 7 Al \ P
. feature significance '3, \ o
o 6"%00 \‘ )
%) 2- ’ \
— Q
« Is there a declination dependence? LL Bas=13+1 \.\Q
~~ E34=48+2 ~
— 01 E12=5.1+0.1 I i
* Potential imprint of dipole anisotropy? mM ' ' ' '
LU 18.5 19.0 19.5 20.0
logo (E/eV)
PRL 135 (2025) 241002
Editors’ Suggestion
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PAO

Multimessenger searches: Neutrinos and photons

y search

. ; best
available limits across 4 decades
of energy

* Closing gap to lower energies
thanks to analysis using UMD data

Phys. Rev. D 110 (2024)

JCAP 05 (2025)
_— 1 04 Pierre Auger Observatory
; ® UMD + SD 433 m (2024)
- 1 03 e HECO + SD 750 m (2022)
'(7) 9 o Hybrid (2024)
S v v e SD 1500 m (2019)
_5 $ ? v o KASCADE(-Grande) (2017)
~ v EAS-MSU (2017)
g 10 ? * 5‘2@ 8 ¢ o Telescope Array (2021)
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y: predictions
Also used to
S

Slide from Markus Roth

Vv search

; best sensitivity slightly below 1018 eV
* Background very low, sensitivity limited by exposure

* Aperture comparable to that of lceCube if source direction
is favourable
[ Cosmogenic (proton - pure GZK) (Kampert 2012) = =s=ssssss Low-lumin. BL Lac (Rodrigues 2021)
Cosmogenic (proton - best-fit to Auger spectrum) =« === Starburst Galaxies (Condorelli 2022)
I Cosmogenic (mixed - best-fit to Auger spectr. & compos.) = = Magnetars from BNS (Fang 2017)
= = m=  AGN (Murase 2014)
1l | Lol | Lol | Lol
1074 EPJ Web.Conf.283 (2023) [
\\ PoS (ICRC2025) 1170 L 10000
10—5 \ -
This analysis N - _
-T 2004-2021 3 1000 i
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| i IS
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w 1070 s = B WaximaiBaRcaT (2015) g o
3 : 3
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W 107° b
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10710 0
resenta
See P de Vito
1011 Emaﬂue\
1018 10'° 1 by
Energy (eV)
v: Limits models
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PAO

Steeply falling spectrum requires large detector areas.
Ground based experiments measure secondary products generated by primary cosmic rays in atmosphere

S ? SIGNATURES OF A PHOTON-INITIATED SHOWER

Separation exploiting the
different nature of the —— Photons
. . 1100 —— Protons
interactions . Trons
_ A ---- E=10%eV
Lower number of muons | cosmic ray (p, o, Fe ..) & N — E=10"eV
5 '/ '.
a 900 ’ ‘
Deeper depth at the atmospheric nucleus '_‘;é ” \I 1
shower maximum (X__ ) oF ol 1 &
max e / h 1
s \\_\// 'I :
EM shower , o0 . :
\ 4
Vel N
’ 4 - ,|
EM shower o 106 = 107 108
log(N,,)
nucleons,
K% etc.
H EM shower
P. Savina (Pierre Auger Collaboration) | ISVHECRI 2026 3
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Muons as a proxy for the shower “hadronicity” level

Using the number of muons as an effective discriminator between gamma- and hadron-induced showers
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Cosmic Rays

? A NEEDLE IN AN HAYSTACK

The discrimination is powerful but the

0 4 Model Predictions 1
10° 5 o et e, 301 expected number of photon events is
GZK mixed (Bobrikova et al. 2021)
GZK iron (Kampert et al. 2011) Very IOW
- . —— Cosmic Rays Spectrum
L Dominant CR Background
~ 10-14 o .
. : Xmayx distribution
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P. Savina (Pierre Auger Collaboration) | ISVHECRI 2026 3
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UPPER LIMITS ON

Cosmic Rays

HE DIFFUSE UHE-PHO

ON FLUX

PIERRE

| AUGER

] Upper Limits at 95% C. L. .

1. E A::erUMD:-S[:433m(2024) No primary UHE'phOton

17 v “Jf , g’ Auger HECO + SD 750 m (2022) . i .

v I ¥ . ® Auger Hybrid (2024) unambiguously identified so far
- 10! ; , t i ? $ # Auger SD 1500 m (2019)
g ] -] Telescope Array (2021)
> » . n
T 4 Upper Limits at 90% C.L. Most stringent limits on the
w0 " Y EAS-MSU (2017) .
TE 10° ~. & KASCADE(Grande) (2017) diffuse flux of phOtonS over a
= N Model Predictions wide energy range come from
= \.\ GZK proton | (Kampng et al. 2011)
noty ~o g iyl sdang | Auger
5 ] T~ N oWt sfhalacher & foaraloadadiE]
5| —-. e . ~- suoms (kaashey s kuznetsov 2016) |- Predictions of some theoretical
(4 10' \\\\ \. — achelriess et al. ] )
5 Saew, ! models are within reach
8 \\3 : %
T ?\\\ . . .
£ 107 e 7 v Limits can constrain SHDM
() ] \\
= — “ \\1 models [Phys. Rev. D (2024) 109, L081101]
-— \ R and Lorentz Invariance
: : ‘\\ Violation pcap 01 (2022) 023]
o '1'0'17 o '1'0'18 o '1'0'19 ' o '1'0'20
Photon Energy Threshold Eq [eV]
P. Savina (Pierre Auger Collaboration) | ISVHECRI 2026 10
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Mass composition
using Xmax from FD

Measurement from the

Longitudinal profile of the Fluorescence Detector

with about 15% Duty Cycle

compared to EPOS.LHC-R and Sibyll 2.3e

PAO

850

" EPOS LHC-R”">
. ---- Sibyll 2.3¢
[ad ! ! | st
* (Xmax) gets lighter up to ~2x1018 eV and heavier above 050
« o(Xmax) shows a trend towards heavier
(and less mixed) composition above ~2x1018 eV
+o(X at highest energies 'g
(Xmax) at hig g B 4
. (DNN and FD) ~40f + ﬂ# 1
in agreement with lceCube icecube FaL 135 2025) > + +
N
. as the dominant cause of spectral cutoff 207 e i
—EPOS LHC-R
| | | ~= Sibyll 2.3e |
- 0 18.0 18.5 19.0 19.5 20.0
paper submitted to PRD lg(E/eV)
19
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PAO

Radio measurement of Xmax with AERA

gee PrES C perd

: uten
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SREE 900 —~HEAT . FD . SDDNN . AERA . 80
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R R £ B G0 Il PRL 132 (2024) 021001
3 e icones Ny 600 b —gi‘;}sl;;{c L PoS (ICRC2025) 331
/ | | o] Loy oy il ) ,l,,,;lc,| Lol Lol Lol
Vi B 18 19 10%° 2 10'8 16" 107
E [eV] E [eV]
<Xmax> and O(Xmax) measured in four different ways i 594 events after selection cuts 1017:5eV < E < 10188V
- Longitudinal profile (FD, ~15% Duty Cycle) * Resolution of about 15 g/cm? can be reached (energy
- Temporal and lateral distributions (SD, ~100% DC) dependent)
- DNN PoS(ICRC2025)331 E. Mayotte e LHC-tuned interaction models used for interpretation
+ Universality POS(ICRC2026)284 . Hahn (EPOS-LHC, Sybill 2.3d, QGSJet 11.04)
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PAO

Mean muon number in inclined air showers
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hybrid data: WCD + FD

44 46 48 47 47 49

10% ¢

V'Y v v v v v

o data £o,e (281 events)

a = 1.86£0.02
b = 0.99 +0.02

D/n.d.f. = 289.7/273

I I1019
E/eV

Ru: Integrated number of
muons at the ground,
normalized by reference value
for proton R,MC (E=1019eV)
given by simulations
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not consistent with the
predictions of high-energy
hadronic interaction models

Muon puzzile
PRD 2015
PRL 2021
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PAO

Successful multihybrid data acquisition

AugerPrime (7/2025)
® 1479 scintillators installed

« 1529 with new electronics (incl. rim)

® 1584 radio antennas

Status 2025-07-07 __
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® e N
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000000000000 00000080

0000000000000000060
900000000000 0000
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Containing measurements with
Scintillator Surface Detector (SSD)

ffffff Unified Board (UB) Electronics
------ Upgraded Unified Board (UUB) Electronics

Jul 2021
Jan 2022
Jul 2022
Jan 2023
Jul 2023 -
Jan 2024

102

10!

100

Signal Density [VEM/m?]

' July 5, 2024
0/°= 45.4 + 0.2

1071

Energy/EeV = 13.9 + 0.07

¢  Water Cherenkov Detector
%  Scintillator Surface Detector
L] Underground Muon Detector

3x10%2 4x10%

6 X 102 10°
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A consistent composition picture across observables

900 —HEAT — .FD  .SDDNN . AERA
- ¥ SD Univ
800 |
5 a iﬁp“%wﬁ .;‘os\,
20 .
<700 ik
v'v
\4
PN QGSJet -11.04
— EPOS-LHC
600 p- | o Siby112.30|
10'8 10" 10%
E [eV]

» (Xmax) and o(Xmax) measured with independent techniques are consistent

across the entire energy range.

» The inferred composition becomes progressively heavier above the ankle.
» The absolute mass scale ({In A) and V/(In A)) depends on the hadronic

0(X may) [g cm™]
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40
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Cosmic Rays
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interaction model, while the overall evolution remains robust.
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Independent observables support the same qualitative evolution; hadronic models shift the absolute mass scale.

O. Tkachenko (FZU)

Slide from P. Tkachenko

Recent Auger composition results

ISVHECRI 2026
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TA

Telescope Array (TA) Detector

Surface Detectors (SD)

507 SDs
3m? plastic scintillator
1.2 km spacing
~700 km?
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Fluorescence Detectors (FD)

3 FD stations
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Cosmic Rays

Energy Range Measured by the TA detector systems

Equivalentc.m. energy Vs, (GeV)
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10" 10" 10" 10" 10" 10" 10" 10% 10”!
Energy  (eV/particle)
15 17 1 2
10 10 From ~ 10" eV to beyond 10%° eV
More than five orders of magnitude
1018 >1020
2026/7/06 ISVHECRI 2026 - Lecce 17
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Cosmic Rays

Spectral Features from 16 years of TA SD Data

Data collection: 2008-05-11 through 2024-05-10

e Cutoff feature at 101°:83 eV

I 1 I I 1
25 | —
10° ] Neyi 1737
: : NObS: 97
— 981000 9694003 -2.83+0.04 pe1i0a1 Chance probability: 1.6x10° (~6.30)
lm — “J. —_\J. L. —_\J. - . —_\J. -
- E \ 4 « Shoulder feature at 101%-1> eV
7]
K Noo: 2156.4
g 10%F ‘ 108 Epoutder ’ = N, 1921
> - =19.15£0.08 N . Chance probability: 1.3x107 (~5.20)
O \o
= - l0g E,nie log E o 11N 1 —Softening observed at 10%:5:0.%% eV
@ =18.70 £0.01 =19.83 +0.03 — Significance: a 5.20
\ — Auger observed it at 1019-1>%0.03 g\

102 x%/ndf  18.40/(23-8) (with +9% energy rescaling)
prob 0.24 — TA agrees with Auger

1 1 I 1
18.5 19 19.5 20
Iogm(E/eV)

2026/7/06 ISVHECRI 2026 - Lecce ne

N)
o
(3]

Slide from H. Sagawa
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Cosmic Rays

Comparison with TA and Auger Spectra

Y. Tsunesada+(Auger+TA Spectrum WG)

. . PoS(ICRC2021)337
Energy systematic uncertainty:

TA: 21%
Auger: 14%

—&— TA ICRC2019 —m—— TAICRC2019 (E rescaled by -4.5%)

TA vs. Auger (original scales) TA vs. Auger ( +4.5% rescaled)
w; 10% TA . K + (:: 10% =
~ - 9% ™ R [ | + X - Hg Hg
o - | ] ® ~ - ... { -. Y
% : 7 - ' .,;u.ger e + E T e
kS, L 5
> B ¢ [ = B
w B U u

—e— Auger PRD2020

——@—— Auger PRD2020 (E rescaled by +4.5%) l

11 1 T N NN N N B | ] | I I N I | 1 L1 |
1 019 1 020 1 019 1 020

2026/7/06 E eV 026 - Lecce Elev]
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Cosmic Rays

Validate the Methodology Using the Common Sky

* Common Sky SEIECtlon 25| .—i.—. T.A (é re.scal;leé by. -4..5%., -5:’<8.<+2l4.8:’, n.o Hlots.potl+P:°S(::)_
e Auger:-15.79< § <24.8°2 10 [ —=— Auger (E rescaled by +4.5%, -15.7°<5<+24.8°) -
* TA: -52 < §<24.82 - -
e TA exposure is very small and rapidly drops off p— I -
* Mask TA excess regions from TA L | |
* Exclude all events within a priori established TA excess l
regions, where Auger exposure rapidly drops off o
£ 10 1 =
> A
Exposure vs. Declination () -
- ' I I gl I! I I i < N Sjlactic plane - a
pergalactic plane ™
_—: gc;rzn;onsd%c. band Lu i i
g |/ e e e\ e w o] 40.12/26 5 3.8e-2 T
9 [ E1L e v ems (SRR V] SRR T B S el S : 9 1.80.
§ 207 v ' B B A T T N |
2 T 18.5 19 19.5 20 20.5
0o . Equatorial coordinates (RA, Dec) |Og1 o(E/eV)
B R = TA and Auger spectra agree (1.8 o)
Declination, [ °]
2026/7/06 ISVHECRI 2026 - Lecce 22
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TAx4 Hybrid X__

Cosmic Rays

Z. Gerber, PoS(ICRC2025)269

c\E‘ 900 - m Data 0000 | T S 100
(&) I~ i
2 [ | v IronMC ~ Elongation rate 9
x‘é‘ 850—| + Proton MC S SN S SN ST
- | 80 -
800 ‘:‘g
N L 701
_ S)
750 =
ng 60 -
700 1)
50 A
650
40 -
600{— 30

e TAx4 hybrid data (4 years)

—> compared with MC primaries (QGSJET-11-03)

* Elongation rate
—> Data = MC protons
e o(X : the width of the X

max) max

Width of X ___distribution e procon
O_Xmax) 4 MClron
TAx4 data

proton
—— ® { °
—— o

. 4
iron

distribution

— less model-dependent, but needs large statistics

2026/7/06

Slide from H. Sagawa

ISVHECRI 2026 - Lecce

1850 18.75  19.00 19.25  19.50
Logio(E/eV)

19.75 20.00 20.25

Here, TAx4 means the additional array for the current TAx4
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Detection Principle A.ishinara

An array of photomultiplier tubbes + Dark and fransparent material

L .
"B (.‘ — R
‘ ". ‘> . (‘A' t‘ .
4 " ’ . ‘
s Y & @ @ o ®
- ) Ya t‘ P . T
: “ '6 .
' ‘ § .' ..'- . . , e
) .‘ "
> | - hadronic
il o shower

'I N 2 .

Charged

Cherenkov ligh Particles

Digitized
Waveform

* G A j\ e .--.,.,‘A{\"-—. ,..__._._,____,.___/\-.—_, _
| -
20 40 60 a0 100 120




Flavoring at IceCube

muon-track events cascade events
NC Ve (Vo) cc e (el)
Ve (Vn) * Ve (Ve)
Leptonic
Hadronic
CC ( +) decay

figures from
IceCube
website

Run 1165
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Flavoring at IceCube

muon-track events

good angular
resolution (< 10)

moderate energy
Vrl resolution (og ~ E)

z TN

Run 1165

cascade events

valPolf (< 100-200)

(oe ~ 0.15 x E)

poor angular resolution |

good energy resolution hic

v (V)

figures from
IceCube
website
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High-Energy Neutrino Flux

—_
3
&)
|
]

‘ KM3-230213A

IceCube EHE 90% CL UL

. - — —, .

.

~

E* ¢y 10 [GeVem s s

: /.//'/Cosmogenic .\'\\\5
10—10 _ L il L ] N B L .....\.\1 . //l Lol Lo :
10° 10* 10° 100 107 10° 107 101
E, |GeV]
Ali Kheirandish (UNLV) 7
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Evidence for Spectral Break

Combined Fit BPL Cascades and Tracks 106
10°; - 10° ] , , :
] ® Data cascades | 1 4 CombinedFit = BPL
- ] — LP |
I Total MC casc. i 107 ] I
— -+ Total Bkg casc. -—|'|_' ' SPE |
Astro. v casc. : 106 b 30 TeV SPL ¢
B Datatracks | . Tm 1077 —T -
Total MC tra. " 10 X ]
— - Total Bkg tra. | 0 c
v [ 104
S = Astro. v tra. 10 -r% O
© O >
= © &)
@]
< = S 10-8- !
S ]
©
= 1>
o+
Q.-e.>
fElIJD
10_9 B "~._'" et -

100  10* 105 10 107 108
Neutrino Energy [GeV]
lceCube PRD 2026

103 10* 10° 10° 107
Energy proxy [GeV]
lceCube PRL 2026

» Combined analysis of Medium Energy Starting Events (MESE) and Combined
Track and Cascade data show departure from single power law (SPL) at 40

> Spectral break at ~ 30 TeV

Ali Kheirandish (UNLV)
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Extragalactic Multimessenger Connection

10-100 TeV v IceCube data: large fluxes of ~10-" GeV cm= s™1 sr

10-5 All-sky flux
from Murase, Guetta & Ahlers (2016) m?n?mal Py (v)
| see also m—Minimal py (y)
— Murase, Ahlers & Lacki (2013) ——= pp (V)
-—I' 6 Fang, Gallagher & Halzen (2022)
_ 107°: -== pp(Y) At sources
n ]
WP 0., % (,0,)
| *vhg.. Fermi-LAT IGRB T £
lem -:::'_"Ti'-h-gli'-~=,\_ ______________ S l_I_llceCube 26 PRL 4 87 3K Evice, €,=¢€y/2
51077 i =n*/n0
2 pp: K~2
C py: K~1
© 1078
N
Ly
10—9 ————e e — N
100 10! 107 103 104 10° 10° 107
E [GeV]

pp scenarios (e.g., star-forming galaxies) are excluded if y-ray transparent
tension w. y-ray data (>~3c) even for the minimal py scenario if y-ray transparent

— majority of ~30 TeV vs: hidden (i.e., y-ray opaque) cosmic-ray accelerators

Slide from K. Murase
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Extragalactic Multimessenger Connection

10-100 TeV v IceCube data: large fluxes of ~10-" GeV cm2 s™1 sr

vvvvvvvvvvvvvvvvvvvvvvvvvvv

68% C.L. 95% C.L. Capanema, Esmaili & KM (2020) ]
- Capanema, Esmaili & Serpico (2021)

l Global fit
" IceCube 26 PRD

-
3

w
o

- N
F—r—— T T T T T T T T—T—T—T— T

PDoctro/107 8 [GeV em™? 57" 517
- N
(@) ] =
F 4 . \
\ Q
-~

E,. =10 TeV Fermi-LAT y-ray limit
(w. IGRB modeling)

=
(&)
.-

- q

I

—'
S

<

2.0 2.2 2.4 26 28 30 3.2 34
Sh

pp scenarios (e.g., star-forming galaxies) are excluded if y-ray transparent
tension w. y-ray data (>~3c) even for the minimal py scenario if y-ray transparent

— majority of ~30 TeV vs: hidden (i.e., y-ray opaque) cosmic-ray accelerators

Slide from K. Murase

_ﬁl’zman (f)smai[i - | IDPASC @ Natal o 22/ JOLL/;/2026



Comptonized X rays
CR-induced cascade 1

s

optical/UV

-

accretion

disk g é black hole

WA
)

disk-corona

opt/UV=multi-temperature blackbody
from disks

X-ray=Comptonization by hot electrons
in coronae (kT.~ 10-100 keV)

Slide from K. Murase
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Cosmic Neutrinos Flavor Composition

> Neutrino oscillation modifies the flavor composition of neutrinos after their production.
> 11.4 yr MESE: 5 TeV - 10 PeV
. . . fe,S:fu,S5fT,S_’fe,®5fu,@:fr,&)
> All flavor analysis with improved double | B o 1:2:0 - 0.30:0.36:0.34
des identificati b 30 TeV * ?:Ees:Efb:S:tff'; _ ' m 0:1:0 > 0.17: 0.47: 0.36
. . lceCube (2022), ’ ,
> Best fit very close to the nominal 68% CL . 07
. Std. osc. "
expectation of ~(1:1:1) from = decay. - allowed region 0.8
» 1st time all flavors are nonzero at 68% C.L
Muon damped F Neutron decay
I | I 1 1 Lo §
2.01 1 : i e % S
i i : ke
_ i : N
n [ i &
() . 1 Q
& 1.5 i i
> i i
G | ! .
S . o ! e L N e
2 i i i o
g i i s 2
2 05% | i [ >
a ' i
i i ' lceCube 2026
2 S £l S o Ve fraction (fe o)
0.0 [© . ©| °l L1 i '
00 02 04 06 08 1.0 , , o
ve fraction at source (f,,s) > Neutron decay rejected at ~ 4 sigma (posteriori)
Ali Kheirandish (UNLV) 9
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Cosmogenic Neutrinos

» Cosmogenic neutrinos are _ ; —
o . i m= [ceCube 12.6yr Sensitivity )
produced via interaction of UHE - :
CRs with the background radiation < 10-7 - puger, | KM-2i02134
| ] 2023 *, I
o
> The Spectrum is expected to peak N
. |
at EeV energies 2 /
. > e
> The exp.e.ctatlons depend on the CRURE
composition of the UHE CRs: — o
L : : S
Optimistic: high proton fraction &
N — “
3, . 777 N .\
, 1077 === Ahlers 2010 1EeV  ==== Ahlers 2012
> Improved IceCube UL constrains s ]~ Kotera SFR — van Viiet 2019
the proton fraction beyond 30 EeV . M‘fﬁ%ﬁ?lj -20 — }\f‘ff‘l‘?se v =23
7 8 9 10 11
» KM3-230213A UHE event and 10 10 10 10 10
I . . EV / GeV
lceCube’s non-observation yield a
lceCube, PRL 2025

30 tension

Ali Kheirandish (UNLV) 11
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NGC 1068; Brightest Source in Nu Sky

| . = - = N
- - o ® o
~ = . . '
.o %
= @ i - . '
- - -
- - ~e .
- "

_____________
...............................
-y =

________

Declination
+
\)
ot
O

’I"XS 0506+0%6 NGC 1()68

-
o
- .

24h 12h Oh
Right Ascension

1 3 5) 7
_ loglo (plocal)

lceCube, Science 2022, ApJL 2026
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NGC 1068; Brightest Source mn Nu Sky

+75°

------------

<
S
b= . —logq (P1ocal)
g +25 1 3 5 7
E B
D
- 3
0° * NGC 1068
...... - 2 -
o0
24h g 4
é 0 - 101
3
=
S -1
A
—2 5 7
_3 1 1 1 1 1 | l)
43 42 41 40 39 38
Right Ascension [deg] .
lceCube, Science 2022, ApJL 2026
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Image Credit: NASA, ESA

NGC 1068

. NGC 1068 is a Seyfert 2 galaxy W|th a heaV|Iy obscured nucleus
* One of the best studied Active Galact|c Nuclei (AGN) whlch played
g maJor roIe in AGN umﬂCatlon scheme

“j"" .74 &R

>

i', .- J e e . . ‘..(;"!: : " ~. .
o . e
“Y

-.I Lo, R ;ﬂfF

» Compton thlck enwronment W|th Column density ~ 102 Cm-2

* Bright in X-ray, and hlgh mfrared Ium|n05|ty indicating high level of
star formation

> Hlstorlcally cons:dered as a promising cosmic-ray accelerator.

Slide from A. Kheirandish
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Unified picture of AGN

<
i SSRQ

FR II (NLRG)

FR I (NLRG) —_—

—=— Seyfert2

o .7
R e
¥ e Seyfert 1
- 6\0’
< QSO
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NGC 1068 Spectrum

1077 _ ° o lceCube, Science 2022
] ° .‘ °
[ J ..
— 10719 5 ‘o IceCube
| ° °
J . _ X-rays
z 1071 . Optical/UV "4 !* o Inoue 2019
O ( ]
% F:{ Fermi
H 10712 - Radio ° .T"'+ "
-
Rl Y + v o|lv> x10v
10—13 i . + \ 4
o
L Y
10_14 t — T T T T T T T
10—1° 1012 107° 106 103 100 103 106

Energy [GeV]
> The neutrino flux much higher than the measured y-ray flux.

> Models built on Fermi y-ray flux by cannot accommodate the neutrino flux.
» Obscuring necessary to absorb the pionic y-ray accompanying neutrinos.
> The high opacity indicates that the neutrinos are produced in dense environment in

the vicinity of AGN core (< 100 R) > Consistent with the multimessenger picture

for the HE cosmic neutrino flux
Ali Kheirandish (UNLV) 14
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Neutrimo-Bright AGN

» Accumulating evidence for correlation of IceCube neutrinos in the direction of y-ray
obscured AGN.

» 3.30 excess from ensemble of 11 sources in the Northern Sky (excluding NGS
1068)

» 2.90 excess from the direction of NGC 4151

» 3.00 excess in the stacking search in the Southern sky

+75° .
- +50° S g )
®) “ 2
= : CygnusA
& +25°
= D b B T e e AL N AT e
8 MCG+4 48- 2 --------------------------- : ‘ Ty :
CGCG420 015 - .
ShE N_G_C__7.4_6_9 ____________________________________________________________________ 07 NGC1068
24h 12h NGC1194 Oh
Right Ascension
Ali Kheirandish (UNLV) 15
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Neutrino-Bright AGN

» Accumulating evidence for correlation of IceCube neutrinos in the direction of y-ray
obscured AGN.

» 3.30 excess from ensemble of 11 sources in the Northern Sky (excluding NGS
1068)

» 2.90 excess from the direction of NGC 4151

» 3.00 excess in the stacking search in the Southern sky

— Circinus Galaxy — Other candidate sources
-—Ii 106 NGC 7582 — Stacked (w/o Cen A)
Nm — ESO 138-1 lo error
| e ...~ 50DP (W/O Cen A)
5 | E w7
= >
© | @
E+25 .L_D. 10—8
[e] =
CD + 9
DOo N § 1077/ |
s .
GC1194
24 W Oh
103 104 10°
Neutrino energy [GeV]

Ali Kheirandish (UNLV) 15
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Galactic Neutrino Emission

Latitude [b] Latitude [b] Latitude [b]

Latitude [b]

y. Optical

y Gamma Ray:

Predicted m®

v Analysis Expectation

Typical Event Uncertainty
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N
o
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\
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oo
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Weight [sr™!]

O
o

Latitude [b]
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N
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Significance

Galactic Longitude [/]

10 years of cascade data identified neutrino emission from
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Galactic Neutrino Emission

Cascades boost IceCube sensitivity to extended emission in the Southern sky.

» New analysis with additional years, combined dataset, and improved systematics

rejects the no Galactic hypothesis at > 50 significance

» Current analyses reject no Galactic component hypothesis but cannot distinguish

between models

» The nature of Galactic neutrinos (source vs diffuse) remains an open question
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Cosmic Ray Surface I;gf::?:gs S [ Amundsen—Scott South
Array H -Gen2: ! . | |optical modules .| |« || i Pole Station, Antarctica
An air shower array that sits | e e ‘s BiEEEE

A National Science Foundation
on top of the optical array

managed research facility
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IceCube-Gen2 Optical
Module

4x the sensitivity of IceCube's
modules

9,600 new optical modules in
total to be deployed in the ice

80 modules on
each string, spaced
17 meters apart
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lceCube-Gen2: Source Identification
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lceCube-Gen2: Cosmogenic Neutrinos

T

1074

1 W IceCube-Gen?2 (10 years) — = VanVliet et. al, best fit to Auger, 10% proton |
] 1 IceCube — - AGN, Murase et al. 1403.4089 i

From UHECR, allowed region Astrophysical flux model
(power law, index = -2.5)
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The Highest Energy Neutrino Ever Detected

Muon energy

10PeV 1,000 PeV

e 107 eV Neutrino Event seen with KM3Net

B
0.15 - k]
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® A single UHE event was detected in Summer 2024

pa |

® Is this the first hint of cosmogenic neutrinos?

Fraction of Monte Carlo events
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Method 1: Radio emission from neutrino interactions in a dielectric

Front View

’ ® EM shower in dielectric (ice, sand) > moving
@ N\// X negative charge excess
@ 5 w. ® Coherent radio Cherenkov radiation (P ~ E2) if
%%%A : 7 A > Moliere radius, called the Askaryan Effect
(@) N & =

Side View Radially Polarized
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- Radio Emission is
stronger than optical for
UHE showers fime, ns
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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

——ne

#
velocity \ %

S
S. Wissel
. . . . Geomagnetic High-
Neutrino-induced signals: Ertensive radio impulse e
e Looks like an upward going Air Shower Extensive 5 antenna
cosmic ray air shower decay 7 Air Shower "\
e Observe from surface, a 7 . /
mountain, balloon, or space "
(See posters from C. Trimarelli, R. Thong, K. “Charged-current
Tran, C. Arguelles Delgado, A. Roy) D
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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
o = 100PeV o
e | g . Sensitivity
_ w = . IE = 10EeV
: s | 0(40km) k‘
. .
. 4 ) 3
|
x 7 P
We need different instruments to //;‘.‘ ’A“
cover the full energy range of O(tkm)s

N

) /)
expected cosmogenic neutrinos, /) %A
above the energy range of 7;’ -V £/

lceCube and KM3NeT

RalN,

~
~
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Best Constraints at the Highest Energies

10754
The best sensitivity up to 10198 eV is |
currently from IceCube. L0-6.
Small ground-based in-ice radio
experiments have provided constraints 1077 -

f IceCube

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

E2dN/(dE dA dQ dt) [GeV cm~2 s71 sr1]

10_8?
At the highest energies, the best s
: /
constraints come from a balloon-borne 10-9 . g UHECR, Olinto et al.

) ./ . — max = &, I
experiment (ANITA), and the next- 7 T et
generation experiment just flew (PUEO) i T e WA

-10 P o ————— . e, G
e T o 108 10° 101 10t 10®

Neutrino Energy [GeV]
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The Askaryan Radio Array (ARA) I\ ASKARYAN RADIO ARRAY

« 5 Stations of Ground-Based Radio

ARA 1 Detectors at the South Pole
Firn (50 m) il m
Admrl:nseln—Scott
2 L i South Pole Stati x . .
o o « Most recent instrumentation install was
g=s56 @ 2017/18
Central Station Electronics iTeraction Vertan
) 4
f‘i Sma” }\ add South Pole
incoherently (o)
| | # -
+ | T South Pole Station
m [y n large A add
Calibration M coherently
antennas ' n l " I
: ® fo
Antenna l " transmitter
clusters -
|| I‘ Hpol
Downhole 0
Instrumentation Vpol
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New Results This Year: Observation of Askaryan Emission

Observation of Askaryan Emission from Ultrahigh Energy Cosmic Rays in Ice

. 13 events observed (5.10 above background)

. Similar event shape, frequency content, the same electric field polarity, and
match simulations (signal shape as well as expected event rates) well.

In-air background
region

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

these energies

. Calibration and validation of neutrino sensitivity for Askaryan detectors
—_— Neutrino ‘ I :
> signal region A
o y
E bl
=} .
= i —
<

Time [ns] ARA Coll. PRL 136, 151003

Neutrino 2026

Slide from A. Vieregg

_ﬁl’zman (f)smai[i - | IDPASC @ Natal o 22/ JOLL/;/2026



- . . S
New Results This Year: New Constraints on Diffuse Flux

Alden et al. (ARA Collaboration),
submitted to PRD, arXiv:2605.04268

New Constraints on the UHE Diffuse Neutrino 107 5
Flux (Unblinded Last Month!) —_
*  Analyzed 10 Years of ARA Data from all 5 ARA TS 10-6 _
stations: 2013-2023 - :
«  Best sensitivity to date above 10795 eV N _
«  Background estimate across 10 years and 5 IE 107 -
stations is: 0.13 +/- 0.01 ; 5
*  Unblinding: 1 event observed (further 8 1 e TN et <
inspection of the event indicates it is likely to be ~ 107° E '.":-\--77>k':::' SE°
background from the detector itself) m;% D i Pré[,minary
= 10-9 - 1_ /,/' UHECR, Otitiict ol
See poster from M. Seikn! S T WIS | e
&N 1 /." —-= 100% protons, Ahlers & Halzen
1 O_ 0 ./ Pulsar, Fang et al.

105 106 107 10 10° 102 107
Neutrino Energy (eV)
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® RNO-Gis currently being installed at Summit Station 10-5-

in Greenland (first hardware deployed in 2021). _
_6_
® RNO-Gis designed to be scalable to even larger . 0
arrays (lceCube-Gen2 Radio Array) Ta
T
wn
N
S
O
>
Q
=
roN 10-10
W

allowed from UHECRs (Auger), van Vliet.et al.
UHECRs Auger combined fit (30), Heinze et al.
Blazars, Rodrigues et al. 2003.08392

W

10—11

1014 1015 1016 1017 1018 1019 1070

neutrino energy [eV]

See Poster from A. Nozdrina
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PUEO: The Payload for Ultrahigh Energy Observations

PUEO Neutrino Sensitivity Projections
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See Posters from R. Scrandis and T. Coakley
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Launch: December 20, 2025 SRS
23 Day Flight .’Q |
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% GRANDProto300 & other prototypes: experimental setup Full GRAND: 200.000 antennas. on a

Deployment of 13 antennasin Gansu (china) NN plateau, looking for skimming air showers
65in 2025 and 200 more late

induced by tau neutrino interactions in the
/ Earth

Deployment of 10 antennas on the Auger site

in Malarguie, Argentina (cross-calibration) Deployed Aug 2023

(LNA)

GRANDProto300 | GRAND@Auger

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

Neutrino 2026
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BEACON: The Beamforming Elevated Array for Cosmic Neutrinos

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

Cosmic Ray
Extensive Air Shower
0\““\ "v,-‘ R

P e \\ Cosmic Ray
& Source Direction

Elevation > 2km /-

1C- £5 75 » — éample Simulated (]:osmic Ray Event -
Cosmic-ray 53 w f\\ —— Run 5911 Event 73399

1 9= AAN Z
candidates  :z * - s T M A R A A A oo o

o v \"AY W AVAVER“A . e S

event 3 TRATE i
. o p . 92 I lUl Trigger Array
identified with M_Jf ¥ i Pointing Array
prototype : o * mews “ * 4 '

S. Wissel et al. JCAP11(2020)065, D. Southall et al NIM-A 2022 L~0(100 m)

Neutrino 2026
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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.

Neutrino 2026
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