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Nature’s accelerators

* M87 is 53.5 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 5000 light years

e 3.15 billion times the distance
from Earth to the Sun (~ 8 light
minute)




Particle Astrophysics

LOOKING THROUGH
HISTORY OF COSMOS
VIA PARTICLES

Time Since the Big Bang
(Billions of Years)




DIFFUSE MICROWAVE PHOTONS




DIFFUSE GAMMA-RAY PHOTONS




NEUTRINOS: THE WINDOW TO THE EXTREME UNIVERSE
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FROM CLOUD CHAMBERS TO EXTENSIVE AIR SHOWERS

Particle shower universality: fundamental laws at over 10 orders of magnitude in energy
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Active galactic nucleus
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DETECTIN
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G NEUTRINOS FROM GEV TO EEV

* Higher neutrino energy->
lower flux -> requires a larger
instrumentation volume

e <1 TeV: underground
Cherenkov detector

1 TeV —50 PeV Under
water/ice Cherenkov detector

e >50 PeV: radio, air shower,
balloon, space-based, Earth-
skimming ...



UNDER WATER/ICE CHERENKOVLANDSCAPE

: ey ‘f = o X
" P-One, 1 -4 km3~
-prototyping stage
- /T/ ,4[ y y

Albrecht Karle, Neutrino Telescopes 2023

* Baikal-GVD; 1/2 km?

...... / '*N‘&' A
™

IceJCubé 1 km3/
Data taking since 2011

: ’ »t‘"l " ployed since 2015

prototyping: TRIDENT

~8 km3 | ‘
also: NEON, HUNT

Planned IceCube-Gen2, ~ km3' =




ICECUBE NEUTRINO OBSERVATORY

South Pole, Antarctica

IceCube Lab

X;{.—‘.—_: gt IceTop

— STl ST - 81 stations

Il — S i i S 324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m

DeepCore

/ 8 strings—spacing optimized for lower energies
§ 480 optical sensors

Eiffel Tower
324 m

2450 m

2820 m

DOM

Construction completed in 2011

86 strings x 60 DOMs per string

Uptime typically 99.7%-99.9%

Only 36 DOM failures since commissioning
lceCube-upgrade underway
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NEUTRINO INTERACTIONS

Detect Cherenkov radiation from
secondary charged particles
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Energy generation rates are comparable among three messengers: common origin?

] isotropic y-ray high-energy « ultra-high energy
;+ background neutrinos *  Cosmic rays
i ++*hp (Fermi) (IceCube) “.  (Auger)
+ ol
T ESTES o
T L + S "
] 44 el
T _t_ combined fit Cie
—— L
I tracks
¥
T &
—— d
4
I T T I I I I T T I TI
10 100 103 104 10° 10° 107 108 10° 1010 10t

energy E [GeV]




CECUBE'S HIGHEST ENERGY
NEUTRING

* Muon neutrino with contained
vertex position

* Deposited energy 4.8 PeV ,

* dE/dx ~ 1.125 TeV/m over
last 400m
* Resimulation: neutrino energy ‘ LR AR 3

nl h'r’rps//user 531 i ‘fo fi LT

il . LT
11.6 +-2.6 PeV (| } web. |cecube WISC edu/“lulu/ICHEP e
' l 2024/IceCube 190331Amov f

Likely Astrophysical origin instead of cosmogenic


https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov
https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov
https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov

THE HIGHEST ENERGY EVENT:

BACKGROUND REJECTION

Starting event: neutrino selfveto

D

K-l—

\/

Glacier surface

Jakob van Santen’s PhD thesis

- -
- -
- -
==

Veto layer

Veto by correlated muon

o ———————— -

Fiducial volume 1 g

Veto by uncorrelated muon

Likely Astrophysical origin instead of Atmospheric

BRI O - -~ e
09 - 0000

h’r’rps //user- f{i ff o

| | web.icecube: WISC edu/“lulu/ICHEP

2024 /IceCube ] 90331 A.mov



https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov
https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov
https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov

KMINET — AN INTRIGUING EVENT ~ Sec et from Paschet Core

Potentially with muon energy >> 10 PeV. Background probability, angular and energy uncertainties under study.

|
|

4991 ns

BLOCK 2



https://indico.cern.ch/event/1291157/contributions/5904768/
https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/KM3NeT_candidate.mp4

KMINET — AN INTRIGUING EVENT ~ Sec et from Paschet Core

Potentially with muon energy -> 100 PeV. Background probability, angular and energy uncertainties under study.

KM3NeT/ARC21 Preliminary
. [ 100PeV u MC

041 : [ 10PeV u MC
" :
e : 1PeV u MC
% 0.3 1 RREEEEY VHE event
S
5 0.2 1
O
O
" 0.1-

0.0 T T T T

0 2000 4000 6000

# of triggered PMTs



https://indico.cern.ch/event/1291157/contributions/5904768/

CROSS SECTION WITH EARTH AS THE TARGET

Vertical

Core-mantle
boundary

IceCube

Horizontal

Extending x-section
measurements to energies -
beyond Earth-based
accelerators

Neutrino-nucleon cross section, GEI\(,: [10738 cm?]

Center-of-mass energy /s [GeV]
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IceCube Collaboration, Nature 591, 220-224 (2021)

W BOSON (GLASHOW) RESONANCE

On-shell W-boson resonance production
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NEUTRINO OSCILLATIONS AT

== Single, no brights == Double, no brights === Double, with brights =+ Exp. Data
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Nutau candidate

COSMOLOGICAL BASELINES

—— HESE with ternary topology ID

*

Fraction of v,

Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

O
@
A
3v-mixing 30 allowed region S

Eur. Phys. J. C 82, 1031 (2022)

0:1:0 — 0.17
1:2:0 — 0.30
1:0:0 — 0.55
1:1:0 — 0.36

by

Ve : V), : Yy at source — on Earth:

% 10:45 = 0.3
:0.36 : 0.34
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FORWARD CHARM MEASUREMENTS

At LHC

cosmic ray

cosmic ray

N hadronic showers
A}
A}

£/
____--'.'-._.
-———
.=
Prias
w
Iy

|

2 %, ©

) Seeal
(\\

(¢’]

+

o

A\ S

“conventional” “prompt”

Produced in the air shower
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’ CHARM: PROMPT NEUTRINQS

Prompt neutrino normalization: Constraining forward charm

E* ®, .5, [GeVcm™? srots™]

productions in hadronic showers

IceCube Preliminary
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THE NEUTRINO SKY MAP (ICECUBE 10 YEARS)
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COSMIC OBSCURED ACCELERATORS

SED for NGC 1068 and NGC4151

—— v flux NGC 4151
—— v flux NGC 1068
o ¢ EM data NGC 1068
ot .
ge . © > » EM data NGC 4151
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o ® Sreetama Goswami, PhD thesis
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Neutrinos escape dense gas region: excess neutrinos but gamma rays are attenuated / absorbed y



Future: optimising for from 10%YV to 101%V

v Gen2-Radio

5km'.'

IceCube-Gen2 pla,\ed construction: 2024-2032
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Significance (o)

5 sigma in < 2 years
10 sigma in 10 years.
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Gen?2: Precise characterisation of Astrophysical Diffuse flux

10 PEV NEUTRINOS GATEWAY TO 10%° EV PARTICLES

1074 5 E
] IceCube cascades (PRL 2020) ¢ Diffuse y (Fermi LAT) ;
g ; | IceCube tracks (arxiv 2021) ¢ Cosmic rays (Auger)
- 10° 3 # IceCube cascades (PRL 2020) B Cosmic rays (TA) 3
cz : 4 IceCube Glashow (Nature 2021) :
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10-10 E Phys.ReviD 105 (2022) 3
10* 10*° 310 102 103 210 10 10 10 310 10'° 130%° 0%

E [eV]
A common origin with UHECR?



Gen2: Precise characterisation of Astrophysical Diffuse flux

10 YEARS OF GEN2 DATA TAKING

1074 5
] $ Diffuse y (Fermi LAT) 9 IceCube cascades (PRL 2020)
- $ Cosmic rays (Auger) 7+ lceCube Glashow (Nature 2021)
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Ultra-high energy neutrinos

- | . GRAND . . . :
’{w Detection of ultrahigh-energy neutrinos in ARA . Giant Radio Array for Neutrino Detection -
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THE RACE FOR THE UHE PUZZLE

Diffuse Flux, 1:1:1 Flavor Ratio
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a b.

Active galactic nucleus

Shock &
fronts

CONCLUSION S

Through the past decade, IceCube has achieved

*Discovered astrophysical diffuse neutrino flux

*Established NGC 1068 as a point source obscured in gamma-rays
*Detected a candidate for the Glashow resonance

*Conducted flavor measurements and identified tau neutrino
candidates

*Found evidence for neutrinos from the Galactic plane

Equatorial Coord.

*Detected neutrinos exceeding 10 PeV

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

Unresolved Questions: Significance: n-o

*Are high-energy neutrinos linked to ultra-high-energy
sources

*When and how will the first cosmogenic neutrino be
detected

*What are the primary sources contributing to the

Exciting Future:

Many experiments planned or in prototype phase for the coming
decades

Coverage will span from TeV to EeV energies

Experiments will range from underground detectors to space
missions

lceCube diffuse flux u



