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Most of our knowledge about the universe has come from observing photons

.. but above ~10 TeV they are attenuated through yy = e"e- on the Cosmic Infrared Background
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Using cosmic rays we can perhaps ‘see’ (if there are no magnetic fields) up to ~6 x 101° GeV
(before attenuation occurs via py — A™ — n 7* on the Cosmic Microwave Background)

But the universe is transparent to neutrinos at nearly all energies



Experimental Techniques (E > 10

GeV)
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The Origin of Cosmic Rays

Extraordinary cosmic particle accelerators somewhere, but still

poorly identified over a century after the discovery of cosmic rays! 10°

* Supernova remnants v
v

e Gamma ray bursts ?

Radio galaxy jets ?

Starburst galaxies ?

Neutrinos produced by cosmic ray interactions with
matter & photons, near source or during propagation:

p+N—= X+ {xt, 7, 7"}
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Oscillations en-route to Earth equlibrate flavours
soe.g.: V. v,:v,::1:1:1forabove decay chain

Energies and rates of the cosmic-ray particles
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The Pierre Auger Observatory

e 1600 water-cherenkov detectors (=~ 1535 active)
e Aperture > 7000 km? sr yr = 7000 Linsley
e 4 x 6 telescopes

Communication '?— (€] 2553
antenna antenna
Electronics enclosure

40 MHz FADC, local Solar Panel
triggers, 10 Watts / -

Plastic tank
- ¢ % i with 12 tons
Qo= = OBSERVATORIO ~ : box of water
PIERRE AUGER :




The Pierre Auger Observatory detects the highest energy particles in the Universe

10t May 2007, E ~ 100 GeV




Are there plausible cosmic accelerators for such

enormous energies?

Hillas plot (1984)
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Realistic constraints more severe

 small acceleration efficiency
e synchrotron & adiabatic losses
e interactions in source region

(Courtesey: Ralph Engel)



The sources of cosmic rays must also be neutrino sources

Waxman-Bahcall Bound :

» 1/E? injection spectrum (Fermi shock). COSMIC BEAM DUMP : SCHEMATIC
¢ Neutrinos from photo-meson interactions in
the source.

- accelerator
* Energy in v's related to energy in CR's :

e.g. black hole

dl 11IIIl'*'El:IL proton
[EZ®,lwe ~ (3/8)&z€erty — EGR
iy dEcr , ;

F A4 f UHE

at i

Fraction of CR primary CIE? ;1(-1315_(1)021 eV) target
energy converted to neutrinos ' e.g. radiation
Hubble time

~ 23x 107 %, €z CGeVem “s tar™?

+ | directional

p,e
magnetic beam

+ Many qualifications and caveats. fields

®» Making a reasonable estimate for €, allows this to be converted into a flux prediction ...
would be higher if extragalactic cosmic rays become dominant at energies below the ‘ankle’



Ambient
photon or

synchrotron @

. ‘r-.;l' ! Blght to

Proton-induced
cascade

inverse-Compton

scattering

Active galactic nuclei

0 Current paradigm:

1 Synchrotron Self Compton
1 External Compton

1 Proton Induced Cascades

1 Proton Synchrotron

O Energetics, mechanism for jet
formation and collimation, nature of
the plasma, and particle
acceleration mechanisms are still
poorly understood.

TeV ©-rays have been seen from AGN,
however no direct evidence that protons
are accelerated in such objects

.. there are possible correlations with
UHECRs (e.g. 2 Auger events within 39 of
Centaurus A) however such associations

may be accidental (magnetic deflections are
large even at such high energies)



to see into the cosmic accelerators we need a messenger unaffected by intervening
dust, gas or magnetic fields: neutrinos

Source region, e. g.
surrounding dust clouds,

Source, e.g. Galaxies...
Supernova,
Interstellar
Active Galactij ucleus AGN dust clouds
Gamma RAy Burst GRB . Satellite
'{ experiments

Fluorescence
detector

Intergalactic
magnetic fields

Undergroung
detector

e . Atmosphere



To detect high energy neutrinos we first need to estimate their interaction cross-section

Above a few GeV energy, neutrinos interact dominantly via v-N deep inelastic scattering
.. a process that is well-understood in the Standard Model of particle physics

oy GLME ( M? )

Ox 0y T Q? + M? o, -
Q2T = propagator 1 3
L+ (1-v)® cone, ,o0 U cone, o / e
[ 9 FQ (:’C?Q )_?FL | (QTJQ )
Q2T = parton distribution functions T (’) h ;
ty (1 - %) 2FCONC (0 QY] P

2
Most of the contribution to #-secn comes from: Q% ~My, and x~ v VE
N ™=v

At leading order (LO): F, =0, Fy=xz(uy +dy, +2s+2b+u+d+ 2¢),
$F3za:(uv—l—dv—l—Qs—l—Qb—ﬁ—J—QE)zm(uv—l—dv—l—Qs—I—Qb—QE)

Can calculate numerically at Next-to-Leading-Order (NLO) ... no significant further change at NNLO

Use DGLAP evolution of PDFs to low-x for UHE neutrinos (heavy flavour thresholds, (small) correction for nuclear targets, etc)
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As the neutrino energy increases, lower values of Bjorken-x are being probed
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So to determine the high energy DIS cross-section accurately, it is essential to have measurements of PDFs down to
as low x as is possible ... for E, higher than ~103 TeV we have to evolve these further (using the DGLAP formalism)

(Warning: Off-the-shelf PDFs, e.g. on http://Ihapdf.hepforge.org, often ‘freeze’ below some value
of Bjorken-x (i.e. values are set to zero), so care must be taken at high E,, to avoid errors)

Mertsch, Cooper-Sarkar & Sarkar, JHEP 08:042,2011


http://lhapdf.hepforge.org/

The H1 & ZEUS experiments at HERA were the first to

measure DIS at high Q% and low Bjorken-x ... an unexpected

finding was the very steep rise of the gluon PDF at low x
which is important for ultrahigh energy neutrino interactions

H1 and ZEUS HERA I+11 PDF Fit
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This enables the DIS #-secn to be predicted upto ~108 GeV with few % accuracy
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The cross-section using modern PDFs is up to ~40% below
the previous ‘standard’ calculation of Gandhi et al (1998)

We also quantified the uncertainty to be < 5-10% even
at the highest energies ... in the framework of pQCD

At very high energies where very low-x is being
probed, recombination/saturation effects may
reduce the cross-section by a factor of up to ~2 ...
However DGLAP evolution appears to fit well all
experimental data — so no imperative for this yet!
(although fit does improve with BFKL resummation)
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To see in high energy neutrinos requires a big detector!

. back-of-the-envelope (E, ~ 10" eV):

¢ flux of neutrinos : &N, e 1

By ' ' dtdA  cm? x 10%r
: ;o\gross section : : ooy ~ 1073cm?
.7 e targets: Ny ~ Ng x V fem®
- “Aé:}ate of events
‘n d’N 1%

. s . 1

R ' N ~ N v . ~

3 v N X OpyN X Ardd year X T

=




Distance: 11,000,000 ly lioht-vears (3.4 Mpc) Image Size = 15 x 14 arcmin Visual Magnitude = 7.0

{-Ray: Chandra Ultraviolet: GALEX Visible: DSS Visible: Color ©@AAO

Near-Infrared: 2MASS Mid-Infrared: Spitzer
What would Cen A look like in neutrinos?

_2
E TeV'em™ 25! ~0.02-0.8 events/km?2/yr

Halzen & Murchadha [arXiv:0802.0887]

Estimated v flux dN,
L < F —13
from p-p: £ 10 TeV




K o~ Radio Detection
Baksan ——— arXiv:2208.04971

A world of
neutrino detectors

bedrock

ARIANNA, ARA, RNO-G,
... IceCube-Gen2,

Retired
Prototype

ANITA ... PUEO

; Air shower detection
Planned . GRAND, Trinity ...



https://arxiv.org/abs/2208.04971

TRIDENT
(arXiv:2207.04519)
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https://arxiv.org/abs/2207.04519
https://arxiv.org/abs/2109.14344
https://arxiv.org/abs/2005.09493
https://arxiv.org/abs/2208.07370

The IceCube Neutrino Observatory
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IceCube Neutrino Observatory IceTop: 1 km? surface array (81 ‘Auger’ tanks)
86 strings (125 m between strings)

60 Optical Modules per string (17 m apart)
5160 Digital Optical Modules (DOMs) in Ice

1 km3 = Gton instrumented volume

Construction: 2004-11 (by now 14+ yrs of data)

Penetrator

HV Divider DeepCO re

LED
Flasher

DOM
Mainboard

Glass Pressure Housing






IceCube Upgrade Field Season 3 (FY26)
Weekly Report: 12/21/2025 - 12/27/2025

eba;ing the first mDOM for deployment (photo: A. Ishiﬁara/Chiba)' (center) the first mDOM going down the
hole.(photo: A. Karle/UW-Madison); (vight) the first D-Egg goes down the hole (photo: A. Ishihara/Chiba)

=4’

Fire 2 (left) pr



AUSTRALI
University of A

[ ] BELGIUM
UCLouvain
Université libre de Bruxelles
Universiteit Gent
Vrije Universiteit Brussel

CANADA
Queen’s University
University of Alberta—Edmonton

DENMARK
University of Copenhagen

== GERMANY

Deutsches Elektronen-Synchrotron
ECAP, Universitat Erlangen-Nirnberg

Humboldt-Universitat zu Berlin

Karlsruhe Institute of Technology

Ruhr-Universitat Bochum

RWTH Aachen University

Technische Universitdat Dortmund

Technische Universitat Mlinchen

Universitat Mainz

Universitat Wuppertal

Westfalische Wilhelms-Universitat
Miunster

FUNDING AGENCIES

=] raiwan
Academia Sini g

[EW ZEALAND
University of Canterbury

R SOUTH KOREA
Sungkyunkwan University-

M= swWEDEN
Stockholms universitet
Uppsala universitet

4 | SWITZERLAND
Université de Geneve

=~ UNITED KI
University of Oxford

UNITED STATES
Clark Atlanta University
Columbia University
Drexel University
Georgia Institute of Technology
Harvard University
Lawrence Berkeley National Lab
Loyola University Chicago
Marquette University
Massachusetts Institute of Technology
Mercer University

FATION

Michigan State University
Ohio State University
Pennsylvania State University
South Dakota School of Mines
and Technology
Southern University
and A&M College
Stony Brook University
University of Alabama
University of Alaska Anchorage
University of California, Berkeley
University of California, Irvine
University of Delaware
University of Kansas

University of Maryland

University of Nevada, Las Vegas
University of Rochester

University of Texas at Arlington
University of Utah

University of Wisconsin—Madison
University of Wisconsin—River Falls
Yale University

Fonds de la Recherche Scientifique (FRS-FNRS)
Fonds Wetenschappelijk Onderzoek-Vlaanderen
(FWO-Vlaanderen)

Federal Ministry of Education and Research (BVMBF) Japan Society for the Promotion of Science (J5PS)  The Swedish Research Council (VR) I
German Research Foundation (DFG) Knut and Alice Wallenberg Foundation University of Wisconsin Alumni Research Foundation (WARF)
Deutsches Elektronen-Synchrotron (DESY) Swedish Polar Research Secretariat US National Science Foundation (NSF)

icecube.wisc.edu



High Energy Neutrino Detection Principle

» A vinteracts with a nucleus
... produces a u (e or 7)
and/or a ‘cascade’

» A charged particle moving at
superluminal speed gives rise to
Cherenkov radiation (cone £ 40°)

» This radiation is detected by
3D array of optical sensors

Position, time & amplitude of hits allows
reconstruction of tracks using likelihood
optimisation (machine learning ...)

The lepton direction is aligned with
the incoming v == astronomy!
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Neutrino flavour discrimination in IceCube

CcC

Track topology Cascade topology

Good pointing (~0.2°-1°) but only lower bound on neutrino energy  Good energy resolution (~15%) but poor pointing (~10°-15°)



First Observation of PeV-energy cosmic Neutrinos

ue Aug 9 07:23:18 2011 ] . ]
... discovered in search for GZK neutrinos

o

|
A

1050 =+ 140 Te

BREAKTHROUGH
OF THE YEAR

lceCube collaboration,



https://doi.org/10.1103/PhysRevLett.111.021103
https://doi.org/10.1103/PhysRevLett.111.021103
https://doi.org/10.1103/PhysRevLett.111.021103

To separate the cosmic signal from atmospheric background is a formidable challenge!

cosmic ray

!
i

Below Above G

10%

There is an enormous background
of cosmic ray muons going down

T Mis-reconstructed atms. muons

o
-
...............

10°

11‘1] T TTTTIIY Hillﬂl !HIIL‘

10°

~1 in 1000 misreconstructed muons a,ir’,; f
apparently going up (in fact muons
are all absorbed in the Earth)

shower

Events

10*
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Atmospheric neutrinos come from
the same showers (~1 in 10° events)

'!!ﬂ‘f IHHH| 1 1gIy

10

1 TeV astrophysical neutrinos

L : :-.\:-:c SO C R TSEENT N RGBT F LRSS
-1 -0Q.5 O 0.5 1
cos 6 /

North Pole I South Pole I q

muons

By using a veto for downgoing events, we can remove atmospheric neutrinos
... by triggering on the muons coming from the same cosmic ray air shower |

What'’s left: PeV-EeV astrophysical neutrinos coming from above

NB: Doesn’t work for upgoing, since the Earth absorbed the muons ... neutrinos
so Southern Sky (downgoing events) becomes the best channel.

4 4



cosmic ray

air shower

muons

atmospheric
neutrinos

Atmospheric Neutrino Spectrum
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IceCube has measured the atmospheric neutrino background
... in good agreement with the number expected from cosmic
ray interactions in the atmosphere creating pions and kaons
(‘prompt’ flux from charmed meson decays not detected yet)



Northern Sky Veto High Energy Starting Events (HESE)

cosmic ray

....

cosmic v = discovery of cosmic neutrinos

... the correct strategy turned out to be diametrically
opposite to that first envisaged — which was to look for
upward going neutrinos (this was done subsequently)

eeg Data

1 Background Atmospheric Muon Flux

3 Bkg. Atmospheric Neutrinos (7/K)
Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit) ]
Signal+Bkg. Best-Fit Astrophysical E~2 Spectrum ||

=

o
o
|

atmospheric

v ' 0

cosmic ray

S

=
o
o

Southern Sky

[
o
R

Expected bkgd: 8.4 £ 1.2 atm. p + 6.6 ; gatm. v 102

Events per 988 Days

______________________________

=> 5.70 rejection of atmospheric origin Deposited EM-Equivalent Energy in Detector (TeV)

lceCube collaboration, Science 342:1242856,2013


https://doi.org/10.1126/science.1242856
https://doi.org/10.1126/science.1242856
https://doi.org/10.1126/science.1242856

EVERY YEAR,

ICECUBE

DETECTS asour...

Large muon background rejected by veto
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Thank you!

You're welcome, Earth!
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