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EXPERIMENTAL TECHNIQUES
(E > 10 GEV )

Hadron-
Detector

‘R&D
Radio detection

Acoustic detection

C
\f Telescope

/ Primary (hadron, gamma)

air shower

Air Cerenkov

Atmospheric v (4m)

ue,rt

Primary v (4m)

uw | Instrumented
water / ice

l (Courtesey: Thomas Lohse)



THE ORIGIN OF CosMIC RAYS

Extraordinary cosmic particle accelerators somewhere, but still

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

* Supernova remnants v/
e Active galactic nuclei ?
e Gamma ray bursts ?
 Radio galaxy jets ?

e Starburst galaxies ?

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

p+N =X+ {nt,n7,n°}
T° =%ty

C
pt — et ++@

Oscillations en-route to Earth equlibrate flavours
soe.g.: V,: v,: v;::1:1:1forabove decay chain

(GeV cm'2sr'1s'1)

E2dN/dE

Energies and rates of the cosmic-ray particles

| 1 1 I !
Grigorov +——+—
0 Akeno
10° [ protons only MSU —8— ]
. KASCADE =
i Galactic Tibet
. KASCADE-Grande +——e—
o + all-particle Gelop/ s
HiRes1&2 ——=—
102 | ., TA2013 —~— 4
electrons Auger2013 &
F R Model H4a ———
\ % CREAM all particle =
posi
104 % .
ig® :
108 i
10710

E (GeV / particle)




The Pierre Auger Observatory

Los
Morados

Los Leones |

5»3‘\,‘.’ \

e 1600 water-cherenkov detectors (=~ 1535 active)

o Aperture > 7000 km? sr yr = 7000 Linsley
e 4 x 6 telescopes

Communication
antenna

Electronics enclosure
40 MHz FADC, local
triggers, 10 Watts

j Plastic tank
| with 12 tons
of water

OBSERVATORIO
PIERRE AUGER




AUGER HAS A 3000 KM2 SURFACE ARRAY, OBSERVED BY 4 AIR FLUORESCENCE TELESCOPES




ARE THERE PLAUSIBLE
COSMIC ACCELERATORS FOR
SUCH ENORMOUS ENERGIES?

Hillas plot (1984)

Need accelerator of size of Mercury’s orbit
e to reach 102 eV with LHC technology

(Céurtesey: Ralph Engel)
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INTERACTIONS OF UHE COSMIC RAYS & NEUTRINOS PROVIDE A LABORATORY FOR
NEW PHYSICS SEARCHES BEYOND THE REACH OF TERRESTRIAL ACCELERATORS

Scaled flux E*°J(E) (m?s'srleV'®)
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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
; ¢ o dNcr
[E2®,lwe ~ (3/8)&zeéxtu — E2p—=
47 dEcRr
F : {f UHE
rom rat
Fraction of CR primary CR's 1015_(1)021 V) target
energy converted to neutrinos v ' e.g. radiation
Hubble time

~ 23x10 %, €7 CGeVem 25 tor?

'
)
|
'

+ | directional

= Making a reasonable estimate for € allows magnetic | beam

this to be converted into a flux prediction -

... would be higher if extragalactic cosmic rays
become dominant at energies below the ‘ankle’



Jet axis N
- “Line of
R 9 sight to

Ambient Proton-induced

photon or “AShock cascade
synchrotron . TE

i - ~

inverse-Compton
scattering

ACTIVE GALACTIC NUCLEI

] Current paradigm:

1 Synchrotron Seif Compton
r1 External Compton

r1 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 y-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 3° of
Centaurus A) however such associations
may be accidental (magnetic deflections

are large even at such high energies)



HOWEVER 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 Galactif Nucleus AGN dust clouds
Gamma Ray Burst GRB 9 Satellite
! experiments
\\
p,c .
Fluorescence
detector

Intergalactic
magnetic fields

Earth

Undergroung
detector

Atmosphere



TO SEE THE EXPECTED FLUX OF HIGH ENERGY NEUTRINOS REQUIRES A B/G DETECTOR!
T T T et
- back-of-the-envelope (E, ~ 10" eV):

¢ flux of neutrinos : &N, o~ 1
5 i ; dtdA  cm? x 10%yr
‘:;o\qross section : : Gun o 105 Zem>
7 e targets: Ny ~ Ng % V Jem®

d’N, i
dtdA  year

NVNNNXUVNX




Centaurus A — Pec

Distance: 11,000,000 ly liaht-y: (3.4 Mpc) Image Size = 15 x 14 5 isual M e=7.0

: Chandra 1 GALEX

Tared: 2MASS

: IRAS

Estimate 4N, -
;e _

of vilux g =21 (TeV

from p-p: Halzen & Murchadha [arXiv:0802.0887]

) TeV tem™ 25! ~0.02-0.8 events/km?/yr



RADIO DETECTION

Dumand Baksan ——— arXiv:2208.04971

Pt L

bedrock

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

R L b

::”"ii.{ii‘s'ff
i =2

llllll

Askaryan Tt te. e

Retired
Prototype

ANITA ... PUEO

_ Air shower detection
Planned GRAND, Trinity ...



https://arxiv.org/abs/2208.04971
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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

South Pole
Station-

Geographic
South Pole
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ICECUBE NEUTRINO OBSERVATORY

- - - — - - =

5160 Digital Optical Modules (DOMs) in Ice | 1 | |

1 km3 = Gton instrumented volume 1 | |

Construction: 2004-11 (by now 10+ yrs of data) | |

| |
|
DeepCore 1IN |
Penetrator HV Divider i
B /
- / Fll;;r?er
= y Board
DOM v ' . Y
lainboard gl %
) =
lay »
ard
\\‘\_’/
A / R
PMT RTV

T gel

Glass Pressure Housing

Cost: 279 MS = 20 pence per ton
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HIGH ENERGY NEUTRINO DETECTION PRINCIPLE

» A vinteracts with a nucleus
... produces a 1 (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

Cascade topology

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



FIRST OBSERVATION OF PEV-ENERGY COSMIC NEUTRINOS

ue Aug 9 07:23:18 2011
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https://doi.org/10.1103/PhysRevLett.111.021103

TO SEPARATE THE COSMIC SIGNAL FROM ATMOSPHERIC BACKGROUND IS A CHALLENGE!

Below Above

There is an enormous background
of cosmic ray muons going down

10%

107 Mis-reconstructed atms. muons

Oy

-

- -
.............

10°

IIYI T 1T I]!Hﬂl IIHH1

(only misreconstructed muons
apparently going up since muons
are all absorbed in the Earth)

10°

Events

[ IIHI T TTI

Atmospheric n:

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

9
T T T T
|

t| TeV astrophysical neutrinos _ 2 fisonll - —

| PeV —Ee

-1 -0.5 0 0.5 1
cos 0 /

North Pole I South Pole

By using a veto for downgoing events, we can remove the atmospheric neutrinos
... because we remove 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 ...
so Southern Sky (downgoing events) becomes the best channel.

cosmic ray

 shower

l‘ muons

neutrinos

J



THE HIGH ENERGY STARTING EVENTS

u Veto

Northern Sky

cosmic ray . Cosmic V

2 I [ Background Atmospheric Mulon Flux
107 o {"|Emm Bkg. Atmospheric Neutrinos (x/K)
Background Stat. and Syst. Uncertainties
== Atmospheric Neutrinos (90% CL Charm Limit)
n i | == Signal+Bkg. Best-Fit Astrophysical E~* Spectrum
? 101 i |e®e Data
a N T o T P
®
cosmic ray o = é
) B | I
Q .0 7 % e T =
Southern| Sky 5 10
c
Qo
>
1]
10'1 __________________________________________
Expected bkgd: 8.4 = 1.2 atm. p + 6.6"59, catm. v o’ A2

=> 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

MULTI-MESSENGER ASTRONOMY

Photons
>1 cm ~1 mm ~10 um ~1 nm - <0.1 nm
10° eV 10* eV 101 eV ~1 KeV > 100 KeV
Pulsars, Quasars, Radio galaxies The Big Bang (CMB) Stars Non thermal processes (GRBs ...)
Cosmic Rays
[Protons, heavy nuclei, electrons, ... : 108 - 10%° eV — detected (1912) j) Origin(s) unknown ]

(Gravitational Waves

Predicted by General relativity — detected (2015) j
BH-BH merger ~410 Mpc away

\More events incl. NS-NS mergers + stochastic background (2023) )

Neutrinos

Proposed (1931), detected (1959) /‘Q neutral, weakly interacting .mass<1eV,1mass>0.1eV
Detected from the Sun (1966-) ") and Supernova 1987a ") @ 10 MeV
\D|ffuse astrophysical flux @ > 50 eV (2013), First extragalactlc source (2017): flaring blazar 1.7 Gpc away, Mllky Way (2023) y




ICECUBE PUBLIC REALTIME V ALERTS

kk%\ SN/GRB

]
V SN/
! GRB/
Flaring Blazar

Alerts Arts

1309.6979

Gold: ~10/yr with average astrophysical “signalness’
of 50% (index 2.19)

Bronze ~20/yr with average astrophysical ‘signalness’
of 30% (index 2.19)

lceCube, 1309.6979 (ICRC)
Active since Apr 2016 (IceCube, Astropart. Phys. 92:30,2017)
Redesign (v2) active since Jun 2019 (Blaufuss et al. PoS-ICRC2019)



MULTI-MESSENGER ALERTS:
TXS O506+056

On September 22, 2017, IceCube issued a
neutrino alert:

A muon track event created by a ~290 TeV
neutrino (IceCube-170922A)

e Spatially coincident with a blazar
(TXS 0506+056) in a flaring state

* Blazar also detected in y-rays up to
400 GeV by MAGIC after the alert

* Multi-messenger follow-up
campalgn of observat|ons from

Redshift measured:
z=0.3365 *= 0.0010

lceCube collaboration,

NEUTRINOS
FROM ABLAZAR

Science 361:146,2018

TITLE: GCN CIRCULAR

NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a
high-energy neutrina candidate event

DATE:
FROM:

17/09/23 01:09!
Erik Blaufuss at
it

Claudio Kopper (Univers®
Maryland) report on beh
icecube.wisc.edu/). ,

On 22 Sep, 2017 IceCuber
high probability of bemg
the Extremely High Ene
was in a normal operatlr-
interaction vertex that i
the detector volume _an

6.6

6.2

Declination
o
)

o
&

77.6

ongnal GCN Notce Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170822A

IC170922A 50% - area: 0.15 square degrees
IC170522A 90% - area: 0.97 square degrees
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Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located inside the lceCube-170922A
error region.
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https://doi.org/10.1126/science.aat1378

4-
S s
0
10-10
Many questions still remain 101
« Why TXS 0506+056? £
* A distant (~4 Bly) and very luminous %10‘”
blazar ... why not closer blazars? 2
* What other objects are out there like i
TXS 0506+0567
* Ongoing investigations with MM 1014

partners to resolve this ...
e Continued issuing of alerts

ARCHIVAL RECORDS SHOW THAT TXS O506+056 IS
INDEED A SOURCE OF HIGH ENERGY ASTROPHYSICAL Vs

Energy [eV]
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https://doi.org/10.1126/science.aat2890

HOWEVER NO NEUTRINOS HAVE YET BEEN OBSERVED FROM Y-RAY BURSTS

GRB 221009A

Brightest of all time (@ z=0.151)
Observed by a plethora of instruments

Highest energy photon (LHAASO) ~18 TeV
(Huang et al. GCN 32677)

Initial lceCube response via Fast Response Analysis

No neutrino emission found in -1 day +2 days
(Thwaites et al. GCN Circular 32665)

Severe constraints on theoretical models!

lceCube collaboration, ApJL 946:1.26,2023

10-hour time lapse — Fermi LAT


https://doi.org/10.3847/2041-8213/acc077

CNNs applied to 10 years of IceCube data helped to identify @ 4.50, neutrino emission
from the Galactic plane due to interaction of cosmic rays with interstellar matter
y. Optical :

v Predicted r® Northern Sky

v Analysis Expectation

Galactic Coord.

-120° -180°

Pre-Trial Significance (n-0)

lceCube collaboration, Science 380:1338,2023


https://doi.org/10.1126/science.adc9818

ICECUBE DETECTS HIGH ENERGY NEUTRINOS - BUT HOW DO WE INTERPRET THE EVENT RATE IN TERMS OF THE INCIDENT FLUX?

To do this we need a precise theoretical understanding of neutrino interactions
(at energies far exceeding those achieved with neutrino beams at accelerators)

Above a few GeV energy, neutrinos interact dominantly via »~N deep inelastic scattering
... a process that is well-understood in the Standard Model of particle physics
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At leading order (LO): F;, =0, Fy =xz(u, +d, +2s+2b+ @ +d + 2¢),
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Can calculate numerically at Next-to-Leading-Order (NLO) ... no significant further change at NNLO
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ITARTJ\CLE SHOWER AT THE GLASHOW RESONANCE WITH ICECUBE
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HERAPDF1.5 NLO Isoscalar Target

THE PREDICTED UHE V-N CROSS-SECTION USING PDFsS CAN
BE TESTED BY STUDYING V ABSORPTION IN THE EARTH il
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AS THE GLUON DENSITY RISES AT LOW X, NON-PERTURBATIVE EFFECTS MUST BECOME IMPORTANT ... A COLOUR
GLASS CONDENSATE HAS BEEN POSTULATED TO EXIST (AND HAS SOME SUPPORT FROM RHIC AND ALICE DATA)
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This would strongly suppress the v-N #-secn below its (unscreened) SM value
... can we test this experimentally with UHE cosmic neutrinos?



ELECTROWEAK INSTANTON~-INDUCED INTERACTIONS IN THE SM

Non-perturbative transitions between degenerate SU(2) vacuua (with different B+L #) are exponentially suppressed below the
“sphaleron” mass: ~ Myloy = 9 TeV ... large cross-sections predicted for v-N scattering at higher cms energies:
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IceCube has sensitivity to sphalerons s
comparable to that of the LHC! ot Ellis, Sakurai & Spannowsky, JHEP 05 (2016) 085
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NEW PHYSICS EFFECTS CAN BE PROBED IN VERY LONG BASELINE NEUTRINO OSCILLATIONS

Violation of Lorentz invariance (in string theory ...)
(e.g. Carroll et al 2001; Colladay & Kostelecky 1998)

Violations of the equivalence principle (different
gravitational coupling) (e.g. Gasperini 1989)

Interaction of particles with space-time structure >
guantum decoherence of flavour states (e.g.
Anchordoqui, Goldberg, Gonzalez-Garcia, Halzen,
Hooper, Sarkar, Weiler 2005)

Neutrino decay (e.g. Beacom, Bell, Hooper,
Pakvasa, Weiler 2003; Mehta & Winter 2011)

Non-standard interactions (e.g. Arguelles, Katori,
Salvado 2015; de Salas, Lineros, Tértola 2016)

Sterile neutrinos (e.g. Bdrar, Kopp, Wang 2017)

New long-range flavoured forces (e.g. Bustamante
& Agarwalla 2019)

c-

= IceCube Collaboration, Nature Physics 18:1287,2022
Nature Physics 14:961,2018
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TO DO ASTRONOMY AND PARTICLE PHYSICS WITH COSMIC
NEUTRINOS WE MUST THINK BIG!
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SUMMARY

J Neutrino telescopes have already measured the v DIS cross-section up to cms energies
~10 times higher than are attainable-at the LHC ... finding no deviation from the SM

o This sets constraints on BSM physics that can increase the cross-section
e.g. new TeV-scale dimensions, leptoquarks, ...
(... admittedly ruled out already in Run Il — but with cosmic v can go much further)

a There may be non-perturbative SM processes which can affect the v DIS cross-section
at higher energies, e.g. electroweak sphalerons and QCD colour glass condensate - to
probe this will require studying the highest energy (GZK) cosmic neutrinos at ~1010 GeV

a The measured v flavour ratio is sensitive to any process that can affect the coherence
of neutrino oscillations over astronomical baselines, e.g. v decay or non-standard
interactions, or even Ll-violation and ‘space-time foam” at the Planck scale

To probe the cosmic energy frontier we must think big (IceCube-Gen2, KM3NeT, ...)

The real voyage of discovery consists not in seeking new lands
but in seeing with’new eyes - Marcel Proust
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You're welcome, Earth!



