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Atmospheric, Astrophysical and
Cosmogenic neutrinos (part 2)

Lu Lu
University of Wisconsin-Madison



Last lecture, we discussed the two types of
background:

Cosmic ray muons
Cosmic ray neutrinos



Cosmic Ray (Assuming Some Primary Flux Model)




Air shower




Meson Production (Assuming Some Hadronic Interaction Model)




Atmospheric Neutrinos and Muons




Muon Reaches IceCube detector in the Southern Sky

What probability
forthe muonto
reach the
detector?




Muon inside the Detector

For the
@ muohn to
‘ leave
detectab
le light?




Reject Atmospheric Neutrino due to Muon




We introduced self-veto

Atmospheric nu are ! KT o ‘fJ“
produced in cosmic-ray air  Glacier surface A0
showers. ' |
Veto layer ,

* Up-going ;.

* Earth absorbs the muons vy I 22

e > atmospheric nu remain ut H I
« Down-going H l
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Veto by correlated muon Veto by uncorrelated muon

Jakob van Santen’s PhD thesis



. E,=50TeV, Depth = 2.0 km

For high-energy starting 10 ]
events, the downgoing . 1072
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We will come back to this

Neutrino Cosine Zenith




Using zenith angle information can also constrain
Cross section
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Neutrino-nucleon cross section, aﬁg [10738 cm?]

Center-of-mass energy /s [GeV]
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Or to do tomograph of Earth
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https://arxiv.org/abs/2607.02644
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Last lecture, we talked about W boson
(GlaShOW) resonance Nature 591, 220-224 (2021)
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~ to scale

IceCube Lab at surface
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Early hits from muons in the hadronic shower!

supporting evidence for W-boson to hadrons

DOM 54, String 67 103 DOM 55, String 67
t <ty J.ufu-‘”‘—-
“_”' 10* |‘|~'|]
n|‘|r||‘r I 101 l[lﬂ]””ﬂ 1
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Nu/nubar ratio and Astrophysical sources

TABLE I: Neutrino flavor ratios at source, component of U, in total neutrino flux at Earth after
mixing and decohering, and consequent relative strength of Glashow resonance, for six astrophysical

|dealised p-gamma model models. (Neutrinos and antineutrinos are shown separately, when they differ.)
Source flavor ratio | Earthly flavor ratio | 7 fraction in flux (R)
Tt +n
_I_
p+y—>AT =4,
T +p
pp — 7 pairs (1:2:0) (1:1:1) 18/108 = 0.17
will lead, after pion decay
™ = ut+u,, w/ damped p* (0:1:0) (4:7:7) 12/108 = 0.11
p+—>e+—|—1/e—|—r7u,
py— wtonly | (1:1:0) | (0:1:0) |(14:11:11)| (4:7:7) 8/108 = 0.074
Tt + anything 1/3 of all cases w/ damped pt| (0:1:0) | (0:0:0) (4:7:7) (0:0:0) 0
p+p— ¢ 7 +anything 1/3 of all cases
0 .
m” + anything 1/3 of all cases charm decay (1:1:0) (14:11:11) 21/108 = 0.19
D, A\c> € +ve +X
neutron decay | (0:0:0) | (1:0:0) (0:0:0) | (5:2:2) 60/108 = 0.56

n—>pne-ve



7 boson
resonance?
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Figure 8 Mean free path of UHE neutrinos in CvB field. Only the SM neutrino-neutrino interactions are involved.

The sharp resonance structure appears due to the interactions via s-channel of Z° boson. The possible BSM interactions
involving neutrinophilic mediator are expected to form a similar structure at E, = 10° GeV range, which would distort
spectral shape of neutrinos. Figure reproduced from Ref. [278].
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/' resonance?
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Phys. Rev. D 111, 063016 (2025)
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Reminder:

138322 neutrino candidates in one year

>120 cosmic neutrinos (depending on the spectrum)
~12 separated from atmospheric background with E>60 TeV
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lceCube Preliminary
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Events

= NIC Total
¢ Data

Searching for neutrino sources

- MC Astrophysical
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vast majority of the neutrinos are
background in searches for
extragalactic neutrino sources
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Searching for neutrino sources
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need good reconstruction of directions and energies
and model of how they differ between signal and background
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Prior IceCube results:
time-integrated neutrino source search

+75°
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IceCube, PRL 124, 051103 (2020)

Per year: 1 2 3 4 D 6
90 billion atmospheric muons o

P . ] — l()gl() (le-al)
80 thousand atmospheric neutrinos
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Prior IceCube results:
searching for statistical evidence of clustering
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80 thousand atmospheric neutrinos
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Most significant position on sky: consistent with
NGC 1068 (Messier 77), a Seyfert Il galaxy (2.9 o)
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IceCube, PRL 124, 051103 (2020)
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90 billion atmospheric muons :
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80 thousand atmospheric neutrinos NGC 1068 (Messier 77)
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Evidence for neutrino emission from NGC 1068

Improved detector calibration

Declination
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Declination [deg]

New result: hotspot gets closer to NGC1068 @ G

—2 X log(A)
0 5 10 15 20 25
B 000 ONGC 1068 s Max. TS

13y NTracks

=0.737 | 1 9y NTracks i
415 41.0 40.5 41.5 41.0 40.5 41.5 41.0 40.5
Right Ascension [deq] Right Ascension [deq] Right Ascension [deq]

Lu Lu, UW-Madison ApJL 1000 L26 (2026) 38



NGC 1068: a non-jetted AGN
with an o_bchred' black hole

Credit: NASA/JPL-Caltech



NGC 1068 and the obscured core S |
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Credit: NASA/JPL-Caltech 40



NGC 1068: a cosmic obscured accelerato
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IcECUBE

X-ray bright Seyfert (non-jetted) galaxy

* 3.30 over binomial test (11 sources, excluding NGC1068)

1077
NGC 7469 345.82  8.87 55 1.9 4.1(3.80) 20-50 keV band, BASS catalogue Diffuse Astro. v
11 Sources 4.8(4.20) — I NGC 1068
NGC 4151 182.64 39.41 27.6 2.7 2.9(3.10) c\',w 1077 - B NGC 7469
CGCG420015 7336  4.06 353 27 24(270) g B COOG 420-015
Cygnus A 299.87 40.73 34 16 2.2(2.50) :g e
LEDA 166445 4268 5470 57.1 44 18(210) S 107 7 NGC 4151
NGC 4992 197.27 11.63 27.3 29 1.6(2.00) —
NGC 1194 45.95 —110 432 44 15(180) 2
Mrk 1498 247.02 5178 39.9 3.6 14(170) oo 10 7
MCG +4-482 307.15 25.73 367 3.2 1.4(1.70) N
NGC 3079 150.49 55.68 338 3.6 1.3(1.70) | Allflavours
Mrk 417 162.38 2296 44 20 1.3(1.60) 107 ' ' ' '

102 103 104 10° 108 107

E, [GeV]

Lu Lu, UW-Madison 42



Possible linking gamma-ray obscured X-ray bright o ﬁ
populations with extragalactic diffuse flux hcaallih. .
Eye, ~ mi;m% ~ 02GeV:  E,e, ~ 1072 GeV?

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.

v
y (Total) Neutrinos (Total)
Comptonized X rays — — y by thermal e (RIAFs) - — — — y by thermal e (AGN Coronae)
CR-induced cascade lZLQ g — — Cascade y (RIAFs) - — — — Cascade y (AGN Coronae)
— — Neutrinos (RIAFs) - — — = Neutrinos (AGN Coronae)
CRg optical/UV

- ke § ‘ § -

accretion black hole

Wy
)

log(E2®) [GeV s~ cm~2 sr1]

accretion disk + “corona”
opt/UV=multi-temperature blackbody
X-ray=Compton by thermal electrons

log(E) [GeV]
Lu Lu, UW-Madison 43






Unbinned Poisson likelihood
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Neutrinos from the Milky Way

History of cosmic-ray
propagation in the
Galaxy

Diffuse models

- Radially-dependent
diffusion? -> strong
GC emission

. Uniform diffusion ->
weak GC emission

Lu Lu, UW-Madison
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Unblinded result PoS-ICRC2025-1193 3

- 12 years of all-flavour data including showers and tracks

- Improved reco and systematics
- Tested against 4 diffuse emission models

TS Skymap: Fermi n® Template (Tracks)

TS Skymap: Fermi n°® Template (Cascades)
75°
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15000
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L 400 _ .
0° 2 ’ 7
'_
-15° 200 -15° 5000
0
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_750 IceCube Preliminary _75° Y
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PoS-ICRC2025-1193
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Cygnus Cocoon Bubble

Cygn us region

X-ray (0.3-2.3 keV) sky map eROSITA



Counls

Cygnus bubble: A
superposition of unrelated

structures along the local
Galactic arm?  A&A560,A67(2013)

HESS J1825

<
Kookaburra

HESS J1632
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Fermi-LAT, E>100 GeV, 40 Gaussian smoothed
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Transit

Sh2-289

Cygnus Arm.

Roberto Segnali all'Indiano

Molecular
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Cygnus X




Next discovery? On-going analysis

Cyg n u S CO CO O n B u b b ‘ e https://doi.org/10.1016/j.scib.2023.12.040
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10—6 isotropic y-ray high-energy -~ ultra-high energy
f+ background neutrinos m"*_ cosmic rays
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10—6 isotropic y-ray high-energy "« ultra-high energy
] background neutrinos - cosmic rays
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10—6 isotropic y-ray high-energy -~ ultra-high energy
f+ background neutrinos - cosmic rays
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The highest energy neutrinos @ G

IcECUBE
[ ]

3 events with neutrino energy > 5 PeV over a decade of data taking

L Aps 8?;3_;;3?(zoié_)f?j;? Nature 591, 220-224 (2021)
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Muon energy: 4.5+1.2 PeV Deposited energy: 6.05 +0.72 PeV Nu energy ~11.4%2.5 PeV

Nu energy ~ 9 PeV Nu energy ~6.3 PeV
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https://www.nature.com/
http://arxiv.org/abs/2507.22233
http://arxiv.org/abs/2507.22233

ICECUBE’S HIGHEST ENERGY
NEUTRINO

* Muon nevutrino with contained
vertex position

* Deposited energy 4.8 PeV

* dE/dx ~ 1.125 TeV/m over
last 400m

* Resimulation: neutrino energy
11.6 +-2.6 PeV

Likely Astrophysical origin instead of cosmogenic




Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte Carlo Truth -------

Reconstructed

Total Reconstructed Energy Loss: 108.8 TeV

Total True Energy Loss: 107.9 TeV
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Atmosphere -~ )
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—— -+ IceCube atmos + astro v, (2025)
o 44 KM3NeT/ORCA6 atmos v, (2025)
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https://indico.cern.ch/event/1291157/contributions/5904768/
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Lu and Yuan Highlights in High-Energy Physics 2025, 1 (2), 19.



Fraction of Monte Carlo events
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Depth below sea level [m]

Zenith angle as the main argument of not a
background

o

— Nominal direction
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Events/bin
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IceCube v ESTES (2023) ¢ IceCube v combined fit (2023)

- == |ceCube v EHE limit (2025) IceCube v Glashow (2021)
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https://arxiv.org/abs/2502.04508

Tension and possible origins i a.

ICECUBE

WBNeT—only flux: expect >70 events 72 TeV — 2.6 EeV from lceCube’s EHE
analysis (2025 PRL 135 031001)

Combined analysis (IceCube + KM3NeT + Pierre Auger): Tension reduces to ~2—
30. (arXiv:2502.04508, 2025 PRX 15 031016)

10-° 10-°

leaCubea v EHE limit {2025) leaCube v EHE limit {2025)
----- 100 PeV KM3NeT case: UHECR v seeee 1 EeW KM3NeT case: UHECR v
. . . —.= 100 PeV EM3NeT case: Non-UHECR w —-= 1 EeV EM3NaT case: Non-UHECR v
POSSI bl e O rl gl n Of the —— 100 PaV KM3NeT case: Total v \ —— 1EeW KM3NeT case: Total v
#— lceCube v Cascades 2020 (used) b #— lceCube v Cascades 2020 (used)

leaCube v Cascades 2020 [(nok used)

event: =107 |7\ o e | 1077 Sy
-p—y at source: bump -, T T
from the ataround  =10-8 T 1078
30 PeV 3 T\ #11 :
*GZK cosmogenic @199 T 1:17{ \ T 10-9
neutrino A \
105 106 107 108 109 10%° 105 106 107 108 109 10%°
Lu Lu, UW-Madison Neutrino Energy [GeV] Neutrino Energy [GeV] 75

Muzio, Yuan, Lu arXiv:2502.06944



* PhD in University
of Leeds (UK)
and University of
Wuppertal
(Germany)

* Postdoc in Chiba
University
(Japan)




Future: optimising for from 10°%V to 107°%eV

v Gen2-Radio ® IceCube-Gen2

5km"' 1 km

IceCube-Gen2 plal)\ed construction: 2024-2032
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Scope: 1. The Optical Cherenkov Array

The main detector component. Surface Area: ~6.5km2 (0.9)
Instrumented depth: 1.26 km (1.0)

Instrumented Volume: 8 km3

Tt T Order of magnitude increase
.*'1 i
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L 9600 optical sensors

—> 8 x Photon detection area
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CAN YOU GUESS WHAT TYPE OF EVENT IS THIS?

Neutrino? Background?

Partially contained cascades: one of the most difficult topologies to rescue in IceCube
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THE SAME NUTAU EVENT SEEN IN ICECUBE-GEN2

Interaction:

NuTau -> TauMinus + Hadrons
Primary

Type : NuTau

Energy: 1.80e+07GeV
Neutrino

Type : NuTau
Energy: 1.80e+07GeV

10 PeV ~ 500m
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This event has been selected by the double cascade selection for Gen2
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Scope: 2. The Surface Array

@ Veto for larger and purer sample of PeV
neutrino candidates

@ High accuracy for cosmic rays in the PeV
to EeV region

@ particle physics in air showers
@ cosmic-ray astrophysics

primary
cosmic ray

hadrons

GeV muons
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Sensor and Electronics

- MDOM concept

4-inch PMTs developed for IceCube-Gen2
(Hamamatsu and NNVT)

4 x sensitivity

100 times dynamic range
Less power (<5W/DOM)

16 or 18 x 4 inch PMT
Diameter: 31 cm
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Significance (o)

5 sigma in < 2 years
10 sigma in 10 years.

-
o

&)

w

lceCube

| m—— |ceCube-Gen2

discovery threshold

.5.

.10.

Observation time (years)

15

NGC 1068 in ICeCube-Gen?2
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ICECUBE: ESTABLISHED DIFFUSE NEUTRINO FLUX

1074 5
] IceCube cascades (PRL 2020) $ Diffuse y (Fermi LAT)
s ' IceCube tracks (arxiv 2021) ¢ Cosmic rays (Auger)
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A IceCube Glashow (Nature 2021)
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What science can we do with a precise spectrum

10 PEV NEUTRINOS GATEWAY TO 10%° EV PARTICLES

: IceCube cascades (PRL 2020) $ Diffuse y (Fermi LAT)
’ i | IceCube tracks (arxiv 2021) ¢ Cosmic rays (Auger) i
_ 1077 5 # IceCube cascades (PRL 2020) i Cosmic rays (TA)
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What science can we do with a precise spectrum

ARS OF GEN2 DATA TAKING

10 YE

0% 1

& Diffuse y (Fermi LAT) ® IceCube cascades (PRL 2020)
. ¢ Cosmic rays (Auger) IceCube Glashow (Nature 2021)
_ 107~ 5 f  Cosmic rays (TA) ¢ Gen2-Phase2 Inlce+Radio (10 years) 3
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Radio + Optical, powered by toise @Jakob van Santen

Pin down 10 PeV connection with UHECR
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10 -100 PEV KEY TO UNDERSTAND SOURCE ORIGINS

4 == Fang et al. (UHE linking) == |ceCube cosmogenic v 90%UL (2018)
== = Senno et al. (chocked jets) IceCube northern track v (2021) All flavours
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10 -100 PEV KEY TO UNDERSTAND SOURCE ORIGINS

4 == Fang et al. (UHE linking) == |ceCube cosmogenic v 90%UL (2018)
== = Senno et al. (chocked jets) IceCube northern track v (2021) All flavours
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GEN2: BEYOND STANDARD MODEL WITH FLAVOUR

Fraction of v,

Neha Lad

B Standard Model (vVSM) 1.0

® mdecay: (1:2:0)g

New physics: 0.1
=5 ” decfy—i,ike / 0.9 p-damped: (0:1:0)g
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UNDER WATER/ICE CHERENKOV LANDSCAPE

P-Oné, %1 -4 km3~
prototyping stage

prototyplng TRIDENT“‘
~8 km3 | |
also NEON HUNT

1 { : j“ / ; / /" ,'A //,,
L_ J / / ; , . ;;’,_J'_/,
| / / //y-/

IceJCub'e1 km3/
| Data taking since 2011
Planned: IceCube-Gen2, ~8 km3

Albrecht Karle, Neutrino Telescopes 2023



KM3INET

100 km from Sicily
Instr. Mass: 2 x 0.5 Gt

ARCA

ORCA

40 km from Toulon, France
Instr. mass: 5-8 Mtons

1 Block:
115 strings (detection units)
each with 18 optical sensors

?

status: 11 of 115 DUs deployed

ARCA
(Italy)

Main electro-optical cable

28 (of 230) DUs
deployed

504 optical modules

4 3
» | CTF PHASE 2- BLOCK 2 w E

AR

™
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Main electro-optical cable
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7 <4 M ' Block 1
500 m
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KM3NET

e Unique deployment scheme from a vessel:

A sphere of spheres.

e 31 3-inch PMTs in 17-inch glass
sphere (cathode area ~3x10-inch
PMTs)

e Pioneered the concept of multi-PMT
modules, with directional
information: directionality, cost.




KM3NET

_ _ e Projected sensitivity to E*-2 point sources
e A milestone on Supernova detection

in water
KM3NeT/ARCA230 Preliminary

Demonstration of multi-PMT potential
to reject noise from sea water.
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SOUTHERN SKY IMPROVEMENTS WITH 1CECUBE

— Combined

10711 1
— ESTES
%
4 . . — Y —— — b
a- Atmospheric neutrino self veto 5 S DNN Cascades .
IcECUBE un ’ ’_,.—-.,_,. - N TraCkS
Two cases 2. Veto by an unrelated p ~ P Pt Sensitivity 1
1. Veto by muon produced in same in the same shower lE I S~=vo -
decay as the neutrino. * Appliesalso tov, o 50 Discovery
* Applies to muon neutrinos * Requires Monte Carlo or .
* Can be evaluated analytically numerical integration E 10
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SENSITIVITY: LOWER IN THE PLOT IS BETTER

Thanks to self-veto
effect, IceCube has
opened up the southern
sky

ICEMAN 12yr == DNNC ICEMAN
- = NT e ANTARES 15 yr
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- Lake Baikal, Siberia
- Deployment in March/April from ice cover
u - Clusters with 8 strings, each with 36 10 PMTs




Baikal GVD - in COnStruction In construction since 2015.
Status fall 2022:
18 Clusters of 8 strings with 36 sensors each 12 of 18 stations deployed

Instrumented volume: ~1/2 km3
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events per bin

Baikal GVD - data

Reject background at 3 sigma _
Upgoing muon,
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Upgoing muon distribution vs MC .
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~ PACIFIC OCEAN NEUTRINO EXPERIMENT: P-ONE

Proposed project in R&D and prototyping phase Conceptual Design:
7 clusters x 10 strings x 20 DOMs
total: 70 strings, 1400 sensors

diameter, height

— ) (prel.): 400m, 1 km
)
: Targeted energy range:
/ >10 TeV
/
s
’
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P-ONE

Proposed project in R&D and prototyping phase

Location: Pacific Ocean
near Vancouver

Depth: 2600m

Logistical support
infrastructure:

Interface, anchoring and
deployment operation by
ONC (Ocean Network
Canada)

Accelerometer East (-2660 11))

Neutrino ODP 1027C
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P-ONE

e Completed 2 pathfinder missions (STRAW)
* P-ONE-1 - one string - in 2024

e P-ONE demonstration cluster 2024-2027
(funded)

Attenuation length reported as ~28m (at 450nm)
comparable to other sites.

volume 81, Article number: 1071 (2021)

Noise rate in a 3 inch PMT

— down-facing PMT
1 0 MHZ F — up-facing PMT

N L iyt POPRERL ALK MRTIRTT L l‘l\ "l"
“' L [ H

10 kHZ 3 2 2 l‘u'lﬂt.sul?.'un“lf : X .
01:00 04:00 07:00 ) 19:00 22:00

M. Boehmer et al 2019 JINST 14 P02013 Ti me Of day/h 24 h




TRIDENT @ IRioENT

—

Proposed project in R&D and prototyping phase Nature Astronomy (2023). 10.1038/s41550-023-02087-6

Scope: oven
- 1211 strings
- 30 hDOMSs per string

-7.5 kmA3 (=10 km”2 x 750m)

- Location: South China Sea
= Depth 3475m 10~10¢ | 1
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T ; --90% Sensitivity E2 (Trident)
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TRIDENT: Exploration

Optical properties,
s~ appear reasonable: ek

Umbmcal attenuation: 20 - 30 m
i 100m = _F

Control & battery module

Light receiver module A

3420m
41.8m 7

A\
N

S\
NN

43.2cm

Light emitter module

217m| %

A\
\NY

Light receiver module B ——

AR
—~_/

Ballast (~700kg)

Not to scale Seabed ~3475m




TSUNG-DAO LEE INSTITUTE

TRIDENT: ® L B reasen

240 ToN

Location: South China Sea
Phase 1 project 2022-2026: in progress

10 strings + deep sea cable
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HUNT - H stands for Huge

Huge underwater NT

Outline presented at the ICRC Location: in consideration: Baikal or somewhere
55,000 PMT of 50 cm diameter South China Sea
2304 strings of 24 PMTs, 860m long prototype string in Lake Baikal planned

Instrumented volume 30 kmA2

Optical Modules (OMs)
» 20-inch PMT

» 2,304 strings of OMs

» 55,296 OMs in total

W 09S°Z - 005

w 098

$ $
: § $

: :
30 km? NT | §

* *
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NEON

Several contributions to ICRC P —"

South China Sea South China Sea TBD
Instrumented volume: ~1 kmA3

Simulation studies
Hardware R&D
presented at ICRC




POLARIS

O Latest proposal

o Candidate site off
Taiwan’s east coast
on a 3 km flat
plateau

POLARIS

Taipei 101
(508m)

Figure 1. Illustration of the five-arm POLARIS detector geometry with perpendicular string pairs
(gates) at 500 m intervals. Each DOM in the top view represents a vertical string with 10 DOMs of
50 m spacing over 450 m height. Each arm is instrumented with 220 DOMs, totaling to 1100 DOMs
for the whole detector.

https:/ /arxiv.org/pdf/2604.12521
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ATTENUATION PROPERTIES

TRIDENT

150 m

110m

70m

50m

30m

P-ONE

Research vessel ili _

Control & battery module

- Light receiver module A
Camera 3420m
41.8m
43.2cm |
Light emitter module
21.7m
Light receiver module B ——

e (~700kg)
Not to scale Seabed ~3475m

\ PMT Collar
High Voltage Control Board . //Flasher Boaid

PMT Base Board

Main Board

b //Delav Board

Mu-Metal Grid

450nm 370nm 505nm

' e — .
D12 o1 340nm
D6 D7

340nm |

505nm

on D2 g 450nm
3 i

|
& 370nm
D10
370nm D4 D9
~ gy

450nm 340nm  505nm

lceCube 'cDOM' flasher calibration
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Attenuation Length [m]

ATTENUATION MEASUREMENTS

Water: less scattering, more absorption  Ice: less absorption, more scattering

"clearest natural water"

60 - ~  Smith & Baker, Applied Optics, 1981
ice intrinsic absorption
Warren & Brandt, JGR Atmosphere 2008
(ice intrinsic scattering depends
on polycrystal configuration)
IceCube DeepCore ice (varies due to impurities)
M. Ackermann et al., JGR Atmosphere 2006
KM3Net, LAMS

®  E.G. Anassontzis et al., NIM A, 2008
KM3Net, AC9

®  G.Riccobene et al., Astropart. Phys., 2007
Lake Baikal

® v. Balkanov et al.., Applied Optics, 1999
STRAW, Cascadia Basin

® A Gartner et al., EP) C, 2021
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|CE VS WATER (EXISTING EXPERIMENTS)

Angular resolution for tracks and cascades

—

Median angular resolution [deg

IceCube, Antarctic ice

—  JC86 2012-2018
—— M.G.Aartsen et al.(2017)
=+« M.G.Aartsen et al.(2018)

Tracks
Statistical uncertainty only

1 5 5
1()gl“( EV [C; C\‘;] )

20.0
17.51
15.0
12.51
10.01

7.54

5.0
2.5

0.0 +——

IceCube Preliminary —— Reco. quartiles

Cascades
Statistical uncertainty only
Systematics not included

4.5

— T T L B S B B B |

N
5.0 5.5 6.0 6.5 7.0
l0g10(Egep [GEV])

angular resolution (° )

angular resolution (° )

10

ANTARES, Sea water

10° 10 0°

median resolution

cascades. . \

LI I LN LN RN R
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HIGHLIGHT: CHALLENGE IN ICE

Layered ice models, ice tilt (down-hill)

G50 SPICE 3.2.1 ice model 120
IceCube DeepCore
S 100
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HIGHLIGHT: CHALLENGE IN WATER . |5

Bioluminescent animal

1 min exposure

1 1 1 !

1

1

Y

o
=
1

— 90th percentile @ == 10th percentile :

— 50th percentile

(=) n

12

24 36 48 60
hours of operation

72

84

96

Rate [mHz]

Deep sea water is
saltier than Antarctic icel

’Y L )

R W Cate +p;

Salinity from this work: 2.5+1.4%
Salinity from ONC: 3.482+0.001%
Salinity at ANTARES site: 3.844%
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NEUTRINO TELESCOPES AT DIFFERENT STAGES

Table 3. List of operational and planned Cherenkov neutrino telescopes. T ICRC 2025 design study value, subject to

optimisation.
. . 3 . Horizontal Vertical
Experiment Site (s) Volume [km*] Site Depth [m] Spacing [m] Spacing [m]
IceCube South Pole ~1 ~2450 (ice) 125 17
IceCube-Gen2 South Pole ~8 (proposed) ~2700 (ice) 240 17
KM3NeT-ARCA Mediterranean Sea ~1 (target) ~3500 (sea) 90-100 3640
: : 60 (intra);
Baikal-GVD Lake Baikal ~1 (target) ~1360 (lake) ~300 (inter) 15
P-ONE Pacific Ocean 1 (proposed) 2660 (sea) ~100 50
TRIDENT South China Sea ~7.5-8 (proposed) 2800-3400 (sea) 70-110 3040
NEON South China Sea ~10 (proposed) 1700-3500 (sea) 100 30
: : Baikal 1360; SCS F
HUNT South China Sea & Baikal ~30 (proposed) ~130 36

2560-3420
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Logio(Traveled distance/m)
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Logio(Traveled distance/m)

MOVING TOWARDS TO
THE HIGHEST ENERGIES
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AIR SHOWER: BACKGROUND AND SIGNAL

|CE, WATER

ATMOSPHERE

Signal: neutrinos interact

in air or earth-skimming Fluorescence
./, Detector
Background: cosmic rays Lbd ' ‘
y .
/ﬂ 5 ankov Detectors \
v’
- Fd

Underground
Neutrino
Telescope
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COSMOGENIC NEUTRINOS

v+p—=A —=p+na’
y+p—=AN —n+ma"

3kgT effective energy for Planck spectrum of CMB

¢ =3kpT =4 x 2.73 x 8.62 x 107 °eV
2 .2

e— AT s40MeV
2my ¢

—2.10

Vo

Hence the threshold
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energy of the proton in the CMis E', ~ y, m; =2 -10%° eV

Integrating over Planck

spectrum E_,,~ 5 -10"% eV
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Magnetic field [Gauss]

NATURE ACCELERATORS

1012 ;— ' Emax ~ BszBL |
10 __
1 Il Y Radio B
- . galaxy e
" Interplanetary ' 1
| space\ alih \ |
1070 . Disk 8 @
] Galactic Liala =
i At e T A |
1km 10‘5ka1AE 1pc 1kpc 1Mpc

Adopted from Michael Hillias

Size

The highest energy particles:
charged cosmic rays >10%° eV

Acceleration mechanism unknown

Conditions of source environment:
E=B-z'B-L

Cosmic rays are deflected in Galactic magnetic
field -=> How do we find their true origins?
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COSMOGENIC NEUTRINOS

107 e e
| = a=2.0, By =100 EeV ey =2, 8, Fpax = 100 EeV
Depending on many source L a=2.0, Bpae =10° E&V - - a=12.5, Ey =10 EeV
parameters 10-5:_ == a=2.0, Buux=10"EeV -~ a=2.5, Eyuu=10° EeV
| = a=2.9, Ey, =100 EeV IlceCube EHE 9 year
[| =i+ @=2.9, Epae = 10" EeV - = Auger ICRC2017 "
107 | -- a=2.9, Fu=10°Eev @ © IceCube HESE 6 year L7

Mass composition of cosmic
rays

Source density distributions

E*dN/dE [GeVcm 2s tsri]

But guaranteed flux




Future: optimising for from 10°%V to 107°%eV
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Coherent Cherenkov -> Askaryan radiation (1962)

charge asymmetry in particle
shower development results in a
20% excess of electrons over
positrons in a particle shower

wavelengths shorter than the
bunch length suffer from
destructive interference

moves as a
compact bunch, a

few cm wide and
~lcm thick =2

Moving net
charge in a
dielectric

L 1S the

nucleus
E> 101V
electric

OT The snower energy

T/:C!d ST

rength

proportional to the square

— A >> /

length of
the bunch

Add coherently!



Using massive ice sheets as target for radio detection

Requirement: a lot of ice

sSouth Pole

=Ross Ice Shelf (coast of Antarctica)
"Greenland

Greenland 8 -

EAST

L
2
L
L4
?
’
@
~

©

ANTARCTICA




Using massive ice sheets as target for radio detection

Attenuation length vs Depth
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_ Greenland (Summit station) Strong function of temperature.
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Using massive ice sheets as target for radio detection

Askaryan: coherent radio transient from high energy cascade at Cherenkov angle

Signal grows with energy2

Balloon +
antenna
payload

refracted MHz-GHz
coherent radiation

Stolen from: J. Alvarez-Muniz

ANITA:
Higher energy threshold due to larger distance

to interaction
next —> PUEO

impressive improvement by phased array triggering
Threshold ~ 1000 PeV

Successful flight in 2026! Data analysis on-going

In-ice, Lower energy threshold: 30 PeV
Pioneering:
RICE: South Pole (coldest —> best ice)

ARIANNA: Moore’s Bay
Askaryan Radio Array: South Pole - still running

RNO-G: Greenland
seen also as ‘Phase 1’ for Gen2 Radio



Using massive ice sheets as target

Askaryan: coherent radio transient from high energy cascade at Cherenkov angle
Signal grows with energy2

0.0 km - —— v direction
¥ interaction vertex i

signal path
1 antennas u

RF detector

Particle shower \

produces coherent RF emission

2.8 km between 200MHz and 1 GHz



\S
+~ Detection of ultrahigh-energy neutrinos in ARA

ARA station
|

” 'V Amundsen-scott
South Pole Station

200m .. i
~ Interaction Vertex

ARAHERIAG Ton A \

-~

-~

| 25 . » smallAadd
' ‘/‘/

i
Calibration i
antennas

Antenna
clusters
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RNO-G: Radio Neutrino Observatory - Greenland

Hybrid station with 24 antennas 35 stations on 1.25 km grid
* 0 1.25 25 375 S5km
@
RNO-G . .
y i £ roa . RNO-G: implements
-40m 1 = Calibrati . ¢
j S o . lessons learned from
£ - . B oo - - . ARA, ARIANNA,
: £ (£ | vpol " . . Phased Array.
(=} ~ n @
p - 2 LPDASs - ®
-60m = |2 | & . o 7 stations built,
NES .
L - :
o & continued
ase rra . .
i = 8 construction in the
et m| g o next several years.
. -97m .
il : _ Legend
He'pef Sing Deployed in 2021
_ ' = Deployed in 2022
-100m - j i @ Future stations

.DISC Borehole
.Big House I— Sklway
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Challenge: Reliable and fast drilling

Drilling determines the schedule

Deployed 3 and 4 stations in past seasons (3 holes,100m, per season)
Team is hoping build one station in 3 days.

Sometimes bad weather.

RNO-G will provide important input for Gen2 Radio.




o array

the rad

The IceCube-Gen2

Area: 500 kmA2
300 stations

1000 kmA3 of ice volume
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i The Pierre Auger Observatory (3000 km2)

: 9 Los
p o 3 i Buitres
*, Infill array of 750 m, 2 A

"~ Radio antenna array ;'gg
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Current state of the art of UHE cosmic ray detection

N
O
Sensitivity to mass R 15% duty cycle
and type of primary
g Time structure
‘S 10
3 : /
0 2\0 40 60 80 100 120 140 160 180 2(.0
Yy Timebins@25ns) ' 100% duty cycle -
\\ 1 -::_:
o I 7.
= v }
= 100 1
= ! Lateral distribution
5 10° AN !
(77 X!
10?
2 s Angular resolution
Eree = f(S1000, 9) "E .:. . ~1.5°-0.5°
LllllllllllllllllllIIJ-ITII_—_—.l—
! 500 1000 1500 2000 2500 Example: event observed with Auger Observatory
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MC simulated Earth-skimming T,
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RAND: 200,000 antennas for horizontal taus

proposed [

ek
. t' = ,"I..

S

© A

Extensive air shower




BEACON

e prototype
deployed at the
White Mountain
Research Station
of California

* Compact phased
array

o}“/‘“\v

Elevation
>2km

AN

Trigger Array

e Pointing Array .« |
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H E R O N https://arxiv.org/pdf/2507.04382

* GRAND x BEACON
* The Hybrid Elevated Radio Observatory for Neutrinos

COSr:
. Snuc’a}'s
p / v "
/ ' geomagnetic effect:
g <
Al

radio signal

7
~
. > gl
"\T) / GRAND-t
~ -3k -type: I .
& standalone antennas % BEACOR:type: ‘

phased stations
24 antennas per station
low energy threshold for triggering

15 around each station
autonomous & external triggering
reconstruction
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TAMBO

e Colca Valley in
Peru

e Airshower from
tau decay

* Water
Cherenkov or
scintillator

AIR SHOWER:

200 M DIAMETER ROCK

"\

>4 KM SHIELDING FROM

DECAY -—l ‘_’_/__ BACKGROUND MUONS

% 50 M_ 5 KM
= g N N |
e

~100 I\/I \ \ E‘\ \ H\

SEPARATION
—CHARGED-CURRENT
~WATER CHERENKOQV INTERACTION

DETECTOR ARRAY

~M? EACH

DEEP VALLEY

TAU AIR-SHOWER MOUNTAIN-BASED OBSERVATORY (TAMBO) - COLCA VALLEY, PERU
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Trinity: View upward taus mountain with Cherenkov telescope

Advantage: Nepomuk Otte
Low Energy threshold for emerging tau neutrinos

For ref.:

The MAGIC telescope can do 50 GeV!!

Here we are talking PeV,

that means a mini toy MAGIC can handle it easily.
No artificial backgrounds.

Cherenkov
light

air
shower
IACT

9




525 km

POEMMA ~ evase

Space based neutrino Telescope

POEMMA-Stereo

S
=
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POEMMA-Linnb

Wp-going from below limb
herenkov EAS signal

~2,300 km



The NuMoon experiment:
Lunar detection of neutrinos
with LOFAR

-~ This work (LOFAR preliminary) —— NuMoon (WSRT)
. » - **This work (max p5 reduced by 5 and 50 hrs) e GZK+
o —-=: GLUE Cosmic Strings
N e u t rl n OS —— LUNASKA PARKES wesm SHDM
° H -- LUNASKA ATCA —— Anita 2012
interact with " ey S =
RESUN
the moon:
Lunar

Askaryan

* High energy
threshold due
to moon-earth

distance )
1017 1018 1019 1020 1021 1022 1023 1024

Energy (eV)) 144
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Nature’s accelerators

* M87 is about 55 million light-
years away from the Earth.

* Early primates long before
humans existed on Earth

* Jet length: super massive
blackhole with a relativistic jet
of about 5000 light years

* ~3 billion times the distance
from Earth to the Sun (~ 8 light
minute)

, ."
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