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Timeline

1912: Hess discovers cosmic rays

1933: Anderson discovers the positron in Cosmic Ray tracks

1939: Auger and collaborators demonstrate the existence of Cosmic Ray air showers
1960s: Homestake Experiment detects Solar Neutrinos (and the Solar Neutrino Problem)

1970s: The "Dark Matter” paradigm coalesces

2010: Discovery of the Fermi gamma-ray bubbles and Galactic centre excess

2015: GW150914 - First direct observation of GWSs from Black Hole Binary Mergers

2017: TXS 0506+056 - First multimessenger detection of a blazar (neutrinos + gamma rays)

2017: GW170817 - First direct observation of GWs from Neutron Star Mergers by LVK

v Analysis Expectation

2023: Detection of Milky Way in Neutrinos by IceCube S Q
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2023: NANOgrav & IPTA detect nHz Gravitational Waves . B i ... | ]—-
2



Credit: NASA/CXC/SAO

ESO/M. Kornmesser

Cred

)

Quasars/AGN

Charged Cosmic
Rays

Gamma rays 7Y

Neutrinos

Dark Matter
X

Gravitational Waves

Y
Yo h,ul/
«— Y, —

Pulsars

Merge

o

BuIsusT SXS IP8ID

Hpalo

MOl /1D UInS



Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser
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Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser
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‘A huge range of energy scales...

1 eV Is the Kinetic energy an electron €

gains from being accelerated across ) ———
a potential of 1V

leVa1.6x10"] 1V
~ 1.8 x 107 2% kg
~ 1.2 x 10*K
leV 10° eV 10% eV 10”7 eV 1012 eV 101° eV 101% eV 10° eV
| | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | |
eV keV/ MeV GeV TeV PeV EeV \ eV
Electron rest mass Proton rest mass L HC energy Kinetic energy of a
tennis ball



‘History of astroparticles
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History of astroparticles Cosmic Ray “Showers " first

) understood by Auger at al. (1939)
Primary Cosmic Rays
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‘Gamma rays vs Charged Cosmic rays

Gamma Rays | Protons/nuclei
| ~N
E’n —\ 5 Eg - n-
100 GeV 2 9 » 100 GeV
- photon Eem — 1 — § EO proton
I
(a) v (b) » |

Fig. 1. Schematic views of (a) an electromagnetic cascade and (b) a hadronic shower. In the hadron shower, dashed lines indicate

neutral pions which do not re-interact, but quickly decay, yielding electromagnetic subshowers (not shown). Not all pion lines are < >
shown after the » = 2 level. Neither diagram is to scale. 5km
1510.05675 Credit: Matthews (2005)



https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract
https://arxiv.org/abs/1510.05675

. Detection of cosmic rays (Earth) Fluorescence

(e.qg. Fly’'s Eye, Auger
observatory)

s Primary cOsmic ray . .
Imaging Air Cherenkov

Telescope (IACT)

Nuclei

s Primary cOsmic ray

\54 UV fluorescent photons (eg V'AG'C, VERI AS,

Isotropic emission

‘“"W"\“‘»\g{ / ESS, planned CTA)

Ground array and Water

v e | Cherenkov detectors
e~ ciectomagnetic shower (e.9. KASCADE-GRANDE,
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https://opendata.auger.org/display.php

‘Detection of cosmic rays (Space)

Fermi-LAT (2008-)

- tracker AMS (2011-)
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Credit: NASA's Goddard Space Flight Center /
Detection of gamma-rays Detection of e, p™ and heavier nuclei
in the range 20 MeV - 300 GeV inthe range 1 GeV - 2 TeV
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https://arxiv.org/abs/1507.02712

The Positive Electron

The Positive Electron

CARL D. ANDERSON, California Institute of Technology, Pasadena, California
(Received February 28, 1933)

Out of a group of 1300 photographs of cosmic-ray tracks curvatures and ionizations produced require the mass to be
in a vertical Wilson chamber 15 tracks were of positive less than twenty times the electron mass. These particles
particles which could not have a mass as great as that of will be called positrons. Because they occur in groups
the proton. From an examination of the energy-loss and associated with other tracks it is concluded that they must
ionization produced it is concluded that the charge is less be secondary particles ejected from atomic nuclei.

than twice, and is probably exactly equal to, that of the Edzitor
proton. If these particles carry unit positive charge the
e S

[Phys. Rev. 43, 491 (1933)]


https://journals.aps.org/pr/abstract/10.1103/PhysRev.43.491

Electrons vs Positrons

Solar
modulation
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Electrons can be directly accelerated
(i.e. primary cosmic rays)

Positrons are only produced by the
collisions of other cosmic rays
(i.e. secondary cosmic rays)

Expect different spectra. But, rise in
positron flux at high energy is still not yet
understood (“positron excess’”)!

F.g. 1303.0530 | 0


https://arxiv.org/abs/1303.0530
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.121102

Electrons vs Protons

Proton Spectrum (x0.01)

Electron + Positron Electrons and positrons lose energy much more

Spectrum rapidly (than nuclei) as they move through the Galaxy
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Kinetic Energy [GeV]

See e.g. Appendix C of 1607.07886
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https://arxiv.org/abs/1607.07886
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf

‘Ultra high-energy cosmic rays
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All particle cosmic ray spectrum
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https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf

‘Ultra high-energy cosmic rays
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https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf

Production of cosmic rays Tycho Supernova remnant

Diffusive shock acceleration (or Fermi Acceleration)
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https://arxiv.org/abs/1910.06006

Production of cosmic rays Tycho Supernova remnant

Diffusive shock acceleration (or Fermi Acceleration)
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https://arxiv.org/abs/1910.06006

‘Propagation of CCRs

Credit: ESA/Planck Collaboration

Escape and
Diffusion attenuation
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‘Modelling CR propagation

Credit: Vladimir Ptuskin

Parametrize properties of the diffusive halo and solve tfor CR density
(e.g. GALPROP, DRAGON, USINE, ...)
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Typical diffusion distance <R2> ~ D(E)t. Coefficient D(E) grows with E,
steepening the observed CR spectrum...
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http://www.issibern.ch/cargese2013/images/d/d6/PTUSKIN_Cargese2013.pdf
https://galprop.stanford.edu
https://github.com/cosmicrays/
https://dmaurin.gitlab.io/USINE
https://arxiv.org/abs/1701.06149

G/ZK cut-off

Very high energy cosmic rays will be destroyed by interactions

with background photons:

ESA/Planck
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Threshold energy for this process gives rise to the Greisen—
Zatsepin—Kuzmin (GZK) cut-off:

N 19 € -1
B,y ~ 3.4 x 10 =T, e

1019

1 020

Ultra high energy CRs cannot propagate more than around fGZK ~ 50 Mpc before being destroyed.
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https://arxiv.org/abs/1610.03071
https://arxiv.org/abs/1711.10981

‘The Gamma-ray Sky

Gamma-ray Sky above 1 GeV, according to Fermi: ‘

Credit: NASA/DOE/Fermi LAT Collaboration
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https://svs.gsfc.nasa.gov/11342

‘The Gamma-ray Sky

Gamma-ray Sky above 1 GeV, according to Fermi:
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https://svs.gsfc.nasa.gov/11342

The Gamma-ray Sky

Gamma-ray Sky above 1 GeV, according to Fermi:
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https://svs.gsfc.nasa.gov/11342

Cosmic Ray Connection

Pion Decay DOR S N y CR protons + gas
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https://arxiv.org/abs/1708.07273

Modelling Gamma-ray emission

5

Neutral pion ,
Bremsstrahlung
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Inverse Compton

Fermi bubbles, isotropic
background, Loop |, Earth
limb, Sun, ...

Credit: Christoph Weniger
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https://arxiv.org/abs/1202.4039

Gamma-ray horizon

Similar to the GZK cut-off...
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https://arxiv.org/abs/1906.05521

Gamma-ray anomalies

Fermi Bubbles Galactic Centre Excess

Fermi data reveal giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al. Credit: NASA/T. Linden, U.Chicago

and others... ]—-
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Neutrinos

Homestake experiment (1960s)
Our story begins with solar neutrinos... ~600 tons of CoCla

Ve +°37Cl — STArt + 6™

‘,]‘ '
?\‘ .

sSotrce

W

Credit: Brookhaven National Laboratory

Detected rate of ~ MeV neutrinos was
~1/3 of that expected from nuclear processes in the Sun

Neutrinos are produced with a definite flavor (e, u, 7)
but they oscillate between the different flavors as they propagate.

Need an even bigger detector it you want to search for rarer, high-energy neutrinos... ]_-
23



lceCube

Look for the energetic particles produced by
high-energy neutrino interactions over a
huge volume:

©

Neutrinc\ ® Neutrino
o f—
electron © nucleus

muon or electron

Cherenkov light Cherenkov light

Credit: Hyper-Kamiokande

IceCube: a giant ice detector!
~1 km3 of instrumented volume

B

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW—-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

|DEGLIBE

Sours PoLE NEUTRING OESERVATORY
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- C— — —— e

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

DOMs
are 17
meters
apart

1/01.03731

Amundse n—SC ott ) Jj _'
POIe Stat-lon A +arcHen

A National Science Fou
managed research facility

60 DOMs
on each
string

7

See also SuperKamiokande, ANTARES, KM3NET | 2


http://www-sk.icrr.u-tokyo.ac.jp/sk/index-e.html
https://antares.in2p3.fr
https://www.km3net.org
https://arxiv.org/abs/1701.03731
https://icecube.wisc.edu

‘Ultra-high energy neutrinos

‘Big Bird"” - a 2 PeV neutrino, detected by
lceCube on 4 December, 2012
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lceCube ‘high energy starting events’ (HESE)
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https://arxiv.org/abs/2011.03545

Unknown Territory

KM3NeT - A neutrino detector under development in
the Mediterranean Sea

Recently reported a neutrino event with energy £, ~ 120 PeV

107° 3

1077

o
%

E% , (GeVcm™? s sr)

10710

107"

1079

Ll

V) .
\GGCD‘ “\“ * rLQrL(Z\
aet?® o

107 108
Neutrino energy (GeV)

104 10°

10°

..... Upper limits
mffe= KM3-230213A

IceCube fits

=f= NST (2022)
=f=— HESE (2021)
=f==Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021)

Models
Cosmogenic band

Sources band

9 12
13 10 11
14 15 16
19
24 €0 4 2,
25 26 27 4 28
30 32
]
4
L 2
. .’ I y
) .
IS AR ¢ * ;
- ? d .
e : . ¢ »
. d [ . Y .°... i
| ’ & ¥ b i it
. N : ! A < 0;\',0..
* o ! .
. I . . 2.
| & ‘? 2 3 ’
» ! a If g |
o ¥

B e

R, R x
1’ - ;* > ‘ .‘ R - - o
R

g gt
S

.'*'c
N

CAANNMNMANH -

TP ICO It T T R Sl

AT KA I W

H.
T

. .

£3

"
h,

-,
= 0 - -y


https://www.nature.com/articles/s41586-024-08543-1

Milky Way shines bright in Neutrinos'
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lceCube-170922A
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lceCube-170922A
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side view

TXS 0506+056 is a known blazar!

E, ~ 290 TeV

ing in gamma rays

It was flar
at the time of lceCube-170922A!
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https://arxiv.org/abs/1807.08816

Blazar emission

Jet of high-speed
particles
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https://arxiv.org/abs/1807.04300

Violent and Energetic Universe

A complex and interconnected ecosystem:

Zx Gamma rays (Fermi 2017)

11 Neutrinos (HESE 7.5yr, this work)
" Cosmic rays (Auger 2017)
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Understanding it could shed light on the most violent processes in the Universe,
and on New Physics yet to be discovered...


https://arxiv.org/abs/2011.03545

Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser
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. Reading suggestions Slides here: bradkav.net/talks

Astroparticle Physics: Theory and Phenomenology, Gunter Sigl, Atlantis Press Paris (2017)

Lectures on Astroparticle Physics, Gunter Sigl, hep-ph/0408165 (2004)

Introduction to Cosmic Rays, Peter Biermann & Gunter Sigl, astro-ph/0202425 (2002)

An Introduction to Particle Dark Matter, Stefano Profumo, Leonardo Giani & Oliver F. Piattella,
arXiv:1910.05610 (2019)

The basic physics of the binary black hole merger GW150914, LIGO & Virgo Collaborations,
arXiv:1608.01940 (2016)

Check arXiv, and summaries on popular blogs like Sunny Vagnozzi's HisDarkCMB or Mauricio
Bustamante’'s Daily arXiv Picks!

Feel free to email me at kavanagh@ifca.unican.es!
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https://www.sunnyvagnozzi.com/blog
https://mbustamante.net/my-daily-arxiv-picks/
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http://bradkav.net/talks

Additional Slides




Voyager (and solar modulation)

2.4

Credit: NASA/JPL/ED Stone VOYAGER
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‘Origin of ultra high energy neutrinos?

Flavour composition can hint at how astrophysical neutrinos are produced:

E.g. decay of energetic pions:
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