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The cosmic ray spectrum
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Indirect detection: Extensive Air Shower (EAS)

The collision of cosmic rays with the

: . COSMIC rays
atmospheric molecules produces a cascade
of particles, called Extensive Air Shower l
(EAS).

atmospheric nucleus

The particles of an EAS initiated by a proton

or a nucleus can be roughly divided into
three components:

(mostly pions)
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shower maximum

4



UHECR observables
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UHECR observables
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UHECR observables
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UHECR observables

Energy spectrum Arrival direction
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UHECR Spectrum Picture ICRC 2003 =»Uncertain

Ankle is visible! Lots of speculation
about Spectrum @ 50EeV:

> |s the HiRes suppression correct
and is it the GZK?

> How far will the spectrum go if

AGASA is correct?
Plans to study many super-GZK cosmic

—

N W B U1 O NOOO
<
&

Flux*E>/10%* (eV* m™* s sr)

® HiRes—2 Monocular
B HiRes—1 Monocular

o v AGASA \ |
0-3 o A I - | I 1 1 1 l | I I I | I I I 1 1 I | I N

17 l'l7.5l 18 [ o o, 19 19.5 | 20 l2(—).5
l0gqo(E) (eV)

rays and identify their origin.

J. N. Matthews | APS 2024
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UHECR Spectrum Picture ICRC 2003 =»Uncertain
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UHECR Spectrum Picture ICRC 2003 =»Uncertain

6 "Doublets” and a "Triplet” AG< 2.5 ° observed

2 doublets Expected given statistics SUGAR data
=» 3.2 G excess

Strong Isotropy in

J. N. Matthews | APS 2024
Invited UHECR Review 19




The era of the giant arrays

Pierre Auger and Telescope Array circa 2003

* The Auger Array was under * Telescope Array had just been
construction approved and details were

» A partial array was taking data being ironed out

» An initial search (to begin Aug.  * Engineeringarray of 18 SD
2003) for the AGASA doublets ~ deployed in 2004
and triplet as well as other * Full operation began in 2008
selected targets had been

defined
* Full array data from 2008

PIERRE
AUGER
OBSERVATORY

J. N. Matthews | APS 2024
Invited UHECR Review 13




Total Exposure (km? sr yr)

The era of the giant arrays
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Current UHECR Picture: Energy Su B
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Differences in the UHECR spectra as measured as two experiments!
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Current UHECR Picture: Energy Spectrum
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Current UHECR Picture: Mass composition
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Auger and TA measurements are in agreement!
Crosscheck —> Bring Auger best fit mass fractions into TA detector simulations

(A Yushkoy for Auger/TA and then compare —> still in agreement.
Pos ICRC2023 249, PRD in preparation)
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Current UHECR Picture: Mass composition

Protons: as expected from |nA, peak around | Heal2017 4 EPOS-LHC @ Sibyll23 FD A EPOS-LHC O Sibyll 2.3d ~ %o, proton
2_3 Eev. : A A Fa
s . 0.5 o R R A A
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. | & & -
but dominate the flux nowhere. 0 sobsatsbd 4
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— small fraction allowed at low/high energy
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Current UHECR Picture: Arrival direction
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The above flux map is immediately interpretable

> equal sensitivity anywhere in the sky

> upper limits uniform over the sky

> no need for methods to re-weight individual exposures

Confirm the presence of a dipole pointing away from the GC
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Current UHECR Picture: Arrival direction
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No Obvious Sources

above 100 EeV in TA or
Auger —>This level of isotropy
strongly disfavours Protons at
the highest energies event at
extremely high EGMF strengths.




Narrowing down Source Candidates In Southern Sky

®(E, .. >4 EeV) [km™ sryr'] - Galactic coordinates - W = 24°
X107 30 — Starburst galaxies - E, = 38 EeV — 80
—22 - = Centaurus region - E,, = 38 EeV 170 9
—{20 o BF 1 O
—18 e - —60 o :
—16 o» 20 s & % 20 20 60 80 100 120 140
(14 - - . .;',’ Exposure =32 EeV [10° km? yr sr]
12 180 8 151 140 & ¢
1] - .l 7)) 8
10 Y % 430 & &7
8 € 10 - 3 ce
5 420 E 5
O L
6 5F . L
4 - 310 © g3
2 0 1 1 l L 1 1 l L 1 L l 1 1 1 l L 1 L l L 1 1 l 1 1 L l 1 =) O § 1 E
0 0 20 40 60 80 100 120 140 é 20 40 60 80 100 120 140
Pierre Auger Obs. exposure = 32 EeV [10° km? yr sr] Exposure > 32 EeV [10° km® yr sr]

Correlation with catalogues of SBGs (3.8 6) and AGN (3.5 o)
>Correlation mostly driven by CenA region

> Still 20% of isotropic flux —=> what does it mean in terms of astrophysical sources?
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Astrophysical interpretation
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Narrowing down Source Candidates In Southern Sky

-eatures in spectrum and composition do not coincide —> why?
tis possible to link features in the UHECRs to astrophysical

processes?
Several possible explanations:
e Transition model:

® Pure proton scenario;

Mixed composition scenario;

How to disentangle this?
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Narrowing down Source Candidates In Southern Sky

processes?

Several possible explanations:

e Transition model:
® Pure proton scenario;

How to disentangle this?

Observed TOTAL flux A HiRes|

A HiRes?
X Yokutsk E+0.61
@ Auger E+1.11

transition mode|

£
o
R

- k
(A-M_Hillas, astro-ph/0607109)
| ‘ L1 A I Lol A ) | L1 1 1 I A 2 L l L2 L | I Lol A l - ‘ |
155 16 185 17 175 18 185 19 185 20

* Mixed composition scenario;
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Narrowing down Source Candidates In Southern Sky

tis possible to link features in the UHECRs to astrophysical
processes?

Several possible explanations:

e Transition model:

® Pure proton scenario;

* Mixed composition scenario;

How to disentangle this?

-eatures in spectrum and composition do not coincide —> why?
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Astrbphysical interpretation
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Astrophysical interpretation of UHECR data

Minimal cosmological model, by assuming and sources as standard
candles emitting with a power law and rigidity cutoft;

2Minimal scenario above the ankle (arXiv:1612.07155);

2 _Minimal scenario above the ankle+ fit of proton fraction below the ankle
(arXiv:2207.08092v1);

A d NS

2 Fit below the ankle with two independent components (arXiv:2211.02857);

2 Fit below the ankle with a single component produced in starburst environment
(arXiv:2209.08593v1);

\d N

2> Fit above the ankle + including arrival direction (arXiv:2305.16693);
2> Fit below the ankle + EG magnetic field (arXiv:2404.03533);

2 Fit above the ankle + including arrival direction+ transient hypothesis (arXiv:2405.17179);

29
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Integral Photon Flux for E > E_[km™® sr'yrT]

Multi-messenger observation
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Let’s watch the video!

February 13,
2023 at 01:16:47 UTC



https://indico.cern.ch/event/1511313/contributions/6360537/attachments/3010786/5308353/KM3NET%20SOTT_ENG.mp4

Introduction to KM3NeT

Digital Optical Module

KM3NeT: ARCA, ORCA
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KM3NeT goals

Detect atmospheric and astrophysical
neutrinos through Cherenkov effect of the
produced

leptons propagating in sea-water.

Two main physics goals:
2 Oscillations: Neutrino Mass Ordering;

2 Astronomy: Astrophysical v sources;

© Phototeque IN2P3/CNRS
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KM3NeT perspectives
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Did not you see a whale?

ZExtremely high-quality reconstructed track » Light profile consistent with at least 3 large

energy depositions along the muon track
- Characteristic of stochastic losses from very
high energy muons

Position of light emission along track

consistent with hit time assuming direct light
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Why it cannot be a muon bundle?

atmogpheric muons

2Very horizontal —> atmospheric muons cannot travel that long
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Fraction of MC events

Energy and direction of the event

Muon energy
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Energy is measured from the
amount of light:

E, = 120" " PeV

(10000 times the energy of the LHC)

The neutrino Energy is higher
_ +570
E, = 2201570 PeV

(assuming an E*? source spectrum)

Approximate celestial Origin:
RA =94.3¢°, Dec= -7.8¢°
with 1.5 o error circle



Multi-messenger astronomy
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Astrophysical interpretation of
M3-230213A
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The ultra-high-energy event KM3-230213A within the global neutrino landscape

107° 5
[ Upper limits
o KM3NeT
| 1077 H=, AR L 2 g
B 1 e E\,\EGO “‘,-“' e KM3-230213A E~4 fit ‘ d b
: o P et Include Icecube & Auger
..... N "
Nm 10-8 - | . — RN It e 0 Joint BPL fit (this work) -
| e R e T T L L L b b L :: ......'.'.'-'a-.-_-.-_-_-_-_-_‘_‘.'.'.‘ ::::: [ °
= | cocube fits effective area —> no
> - —— T —— NST (2022) .
G 107 . —+ HESE (2021) tension!
Ii ] v —+— Glashow (2021)
=2 SPL 68% NST (2022)
e 10—10_
NLLI ; SPL 68% HESE (2021)
1011 —t — — ———r ——r ——rrry —
104 105 106 107 108 10° 1010 10
Neutrino energy [GeV] le—18 mem HESE ESTES  mmm NST
— 3.0 3.00
T Single power law | Broken power law
| -
wn
- 2.75
T 2.5-
n
rTl - 2.50 ~
£ 20- 1 >><"
Study of a break | “ -
tudy Of a break In : $
%, 1.5 - * -2.00
O o
lceCube extrapolation S £
S 1o g
- o 150
S 5. * Best-fit point » IC SPL best fits
- [ Jointfit 1o [ Joint fit 50% CL | 1 95
¥ r___1 lceCube-only 1o i Joint fit 1o CL
e O-O 1 I I 1 1 1 1 T 1 1 1 1 1.00
20 22 24 26 28 3.0 32 34 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Spectral index y; l0og10 (Ep [GeV])
arXiv:2502.08173
44

R — e ———



Galactic hypothesis

Diffuse neutrino sky map (Kra-gamma Model)
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Search for counterpart

*

KM3-230213A, 99% localization

Blazar candidates from VLBI:

O VLBA 2024 (primary blazar candidates)
VLBA 2024, other

® RFC (above 100 mJy)

J0606-0724 |
O (flare)
¢

0 J0607-0834
(brightest)

- O

97 96 95 94 93 92 91

A. Foisseau,'® A. CoLEIrRO,'® F. CanceEML'® D. Dornic,” C. LAcHAUD,'® P. MacaL,”® D. Gotz,”® L. XIN,””
B. CORDIER,'® O. GopeT,”® A. GoLpwurM, ' H. GoTo,”® X. HaN,”” N. LEroY,®? C. Prassg,”® Y. Qiu,””

J. RODRIGUEZ, °® J. WaNG,”” J. WEL "’

SVOM COLLABORATION

Table 2. Properties of sources observed with VLBA within 3° from the KM3-230213A position.

SvLASS SvLBA OVLBA Core T},
Blaz Name Position Sep z 2-4GHz Hist 8 GHz 5 GHz 8 GHz 5-8 GHz 5 GHz 8 GHz
(J2000) J2000 RA and Dec. (°) (mJy) (mJy) (mJy) (mJy) (K) (K)
(1) (2) (3) 4)  (5) (6) (7) (8) (9) (10) (11) (12)
x J0607—0834 06:07:59.699 —08:34:49.978 * 2.4 0.87 3100 2067 2176 + 220 2240 + 226 0.05 + 0.26 10'1-9+0.1 10g11.3%0.1
x J0606—0724 06:06:43.546 —07:24:30.231 * 2.6 1.227 461 309 379 +38 306+31 —0.38+0.26 > 10'2:0 100-4+0.1
x J0616—1041 06:16:41.808 —10:41:08.456 * 2.9 197 185 215+ 22 248 +25 0.26 +0.26 > 10194 > 102!
x J0622—0656 06:22:58.046 —06:56:51.971 * 1.7 101 103 1114+11 874+9 —0.424+0.26 > 10*%1 > 10199
x J0610—0959 06:10:50.711 —09:59:33.958 * 2.7 97 78 100+10 94410 -—0.114+0.26 > 102! > 10t14
x J0622—0846 06:22:37.999 —08:46:18.263 * 1.7 61 74 934+ 10 109+12 0.28+£0.27 > 10'%2 > 10290
x J0605—0759 06:05:26.187 —07:59:31.786 * 2.9 149 74 76 + 8 67+7 —0.24+0.27 102901 1010.2+0.1
x J0614—0918 06:14:06.042 —09:18:37.911 * 1.7 95 63 7247 55+ 6 —0.46 +0.27 1010-5+0-2 - 1098
x J0612—0700 06:12:04.843 —07:00:22.853 1.5 63 54 4+ 6 62 + 7 0.24 + 0.27 1010-2£0:1 - 1911.0
x J0612—0552 06:12:37.360 —05:52:44.418 * 2.2 65 62 53+ 6 45+5 —0.29 +0.27 1010:5+03 - 1910.0

arXiv:2502.08484
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Cosmogenic neutrinos

We want to investigated the probability that KM3-230213A has a cosmogenic

origin, i.e. it has been produced due to CR interaction with extra-galactic photons.

pty—n+a", 15— p*+vy,0), upv— e +1,0,)+0,,)
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Cosmogenic hypothesis
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Cosmogenic hypothesis
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Z|mportant parameters for the
neutrino flux: proton fraction &
source evolution:

2If cosmogenic —> Strong
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Other papers in preparation

Evidence for multiple individual neutrino source

populations emerging
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Other papers in preparation

107°

—~107°
—
75
o
N
5 BT N\
> 10710 -Milky—Way (this work) |
O [ LIRGs (this work) -
@) [1Min. model scenarios
~ I Auger 2023
G [1IceCube 2018 |
~ [JANITA I-IV -

> — Min. model + protons
;?* - - Dark matter
&3 10-12 - Cosmic strings ~

10—14 IENENEEEEEEA T N, L |;| m

10" 10" 10" 10%
E (eV)

2The neutrino flux associated to the minimal
scenario is very low, —>room for detecting rare
events:

2 Super Heavy Dark Matter Decay: searching
for byproduct of decay in VHE neutrinos.

2 Cosmic strings: hypothetical 1-dimensional
topological defects which may have formed
during a symmetry-breaking phase transition

in the early universe (top-down scenario).

Berat, Condorelli et al., 2024 ApJ 966 186
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Conclusions and final remarks

Particles of chemical composition are accelerated through mechanisms by
astrophysical objects of nature with spatial distribution and temporal evolution,
achieving an injection energy spectrum; then they travel through intergalactic space,
interacting with photon backgrounds with energy density at certain wave-lengths, in
processes with cross sections for certain channels, and may be deflected by

intergalactic and galactic magnetic fields; then they reach Earth and generate particle cascades in the
atmosphere through nuclear interactions whose behaviour is ; finally they are detected by

apparatuses with partly characteristics.
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Conclusions and final remarks

In spite of all this, thanks to years of study by hundreds of scientists, there are a few results:

2> UHECRs are atomic nuclei and most of them are protons or light nuclei except possibly at the highest

energies.

2> The UHECR energy spectrum is approximately a power law except for an ankle feature at 5 EeV and a

cutoff above 40 EeV (with a new feature to be studied).

2 Their arrival directions are distributed nearly isotropically, except for a dipole moment.

Need for a clear-cut understanding of the dynamics inside EG sources: in-source backgrounds and

UHECR interactions.

Combining different information is the key to infer something about the astrophysical sources.
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Conclusions and final remarks

The UHE neutrinos observed by KM3NeT:

2 Smoking gun of a UHE accelerator? Maybe transient source?

2 Diffuse tlux: let's wait to see it the tension with lceCube is real or not!
2|n preparation: search for other events in ARCA/ORCA?

2|n preparation: differential sensitivity of ARCA21 at the highest energies.
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Conclusions and final remarks




i I = = = =" =" " " E " . =" =" " EEE ', =" . Il . . = = E =W

. Universe =




Astrophysical interpretation
oLyﬂECR sources

B —

_._,/'

B How can we connect features at Earth

e —

-~~;/\with source parameters?

-

a-galactic Propagation




Cosmogenic neutrinos

Cosmogenic neutrino prediction from fit to UHECR flux

» Depends on extrapolation for z>1 (UHECRs not
sensitive therel)

» No cosmogenic neutrinos in minimal scenario;

T

7

i

5

2 Strong evolution and proton component —> boostin =
QL
: . 9,
neutrino production! ~
£3

10~7;

t lceCube 7.5y HESE

4 15 16 17 13 19
loglo(E/eV)
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UHECR interactions
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Extra-galactic photon fields:
Ecoyp = 0.1 meV
e~ 10 meV

1 eV

EopT =

otons can |}

ound ph

trigger interactions with

the very high energy

cosmic rays |



UHECR interactions

,‘“

Reference frame of the CR

/
CRNmp

t Reference frame of the photon field

oy =3 — o e = - o
>

_furama _frsRa AT . , Ao B Lo _p <2

Because of the Lorentz boost a low energy photon appears as a high energy gamma ray
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GZK effect

Plon production in

photohadronic interactions
with CMB photons

p+y—->n+zx’

pty—>p+n

Proton energy:

(m, + mp)2 — m?

P
E,=
2¢(1 — cos 0)
Threshold:
2m_m_ + m?
Eh = P ~7-109eV
P Ak, T

K. Greisen. Phys. Rev. Lett. 16 (1966)
G. T. Zatsepin and V. A. Kuzmin, JETP Lett. 4 (1966)
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UHECR interactions

Energy Loss Lengths
104 SV ‘\\ N N

B> Pair production ~<
pHr—p+et+er
EP~25-10"%eV

2 Photodisintegration

A,2)+y—> A—n,Z—m)+nN

107 -

101 {4 ™ Total p
] == Total *He
] = Total 14N
- Total 28Si

2 Adiabatic 100 | — Torr re

] - Adiabatic

Energy Loss Length (Mpc)

—— Pion Production

1 dE | Pair Production

-+ Photodisintegration
/8 B\ TR 1071

E dt 0 10 10® 102 102 102
Energy (eV)

2 Nuclear decay

T = FTO
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UHECR interactions

UHECRSs propagate over cosmological distances Background photon fields are not
, but evolve with redshift

Cosmological expansion:

€
n(e,z) = (1 +2)°n —s i, =00 +2° (1 + 2D
4 XS 7

Astrophysical feedback:

€ : : :
ny(e, 7)) =(1+ z)zny ( = ,z) —  Numerical integration
Z
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Extra-galactic magnetic field

UHECRSs are charged particles and they are deflected by magnetic fields.
The extra-galactic magnetic field is purely known in both strength and structure

Statistically unitform tield:

The magnetic tield has the same statistical properties everywhere and it can be characterised by
two parameters Brms , Acoh

Structured field:

The magnetic field has been obtained with constrained cosmological simulations of the evolution

of the local Universe The strength and the structure of the field depend on the simulation
parameters
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UHECR interactions

Energy loss equation:

= ro v(e")o( ’>ro ny(e)d de' = B(E)
=5 — €EU\€ )o\€ €cde =

Adiabatic expansion:

_ L pE D+ HG), PED = D B(E.D
B0 ’ L A TN

nt

Redshift evolution:

1
(—) =—(1+2H(), H(z)= HO\/(l T Z)3Qm + 82,
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UHECR interactions

1.0

\
5.0 : — : : 100 \ \ Pierre Auger
9C(F){°I/:r§;a Pierre Auger, Jan 04 - Aug 18 .\ N Jan 04 - Aug 18
4.5- Proton spectrum at injection: ~\ \\
E~25, Epax =6 x 1020 eV 20 = 0.8+ RN S
4.0- - o *\ AN
= g AN
3.5_ 60 F>J (_;U 06_ ‘\‘
5 gRoS % CL 90% CL - = N,
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S ‘N So
20 T 0.2- e Sl Sso
Proton spectrum at injection: .. "~ =
E—2'5, Emax=6X1020 eV ..""-..--\.:::
0 0.0 I | | I
2.0 2.5 3.0 3.5 4.0 4.5 5.0
m
Energy spectrum, mass composition and neutrinos can constrain and

A. Condorelli, The Pierre Auger Collaboration, Winter, JCAP 10 (2019) 022
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Extra-galactic magnetic field

UHECRSs are charged particles and they are deflected by magnetic fields.
The extra-galactic magnetic field is purely known in both strength and structure

The average deflection angle can be obtained by
modelling the magnetic field as a series of regions
with the same magnetic field strength, but different

orientation

~

Larmor radius ~

Total deflection angle

ey ) () g
L g B 1020 ¢V B <a2> - d a2 = coh _ i ( eB )
G G~ g Y\ 7

- y
g : )
Deflection angle o E N/ d \"/ . \"/ B
0~ 08 Z(IOZOeV) (10Mpc> (1Mpc> <lnG>
'L . y

. J

A

coh

allcoh ~
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Astrophysical interpretation of UHECR data

Minimal cosmological model, by

_’:‘1038:

assuming and sources o
as standard candles emitting with a power 2|
law and rigidity cutoff; 3
2Nuclei are accelerated at the _
10°° =

sources.

2 A hard injection spectrum at

the sources is required.

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

2 Suppression due to photo-

lllllllllllllllllllll

interactions and by limiting
acceleration at the sources,
while the ankle feature is not

ea Sy tO dCCoOommo d ate . 88 A.Aab et al. (The Pierre Auger Collaboration), JCAP04(2017)038
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UHECR interactions

1 = Total

HE component

1036 - LE component

] =—-— Galactic contribution

\
1 I 1 I 1 I I I 1

18.0 185  19.0 195  20.0
log19(E/eV)

J-B’[eVZkm 2 sr ! yr!]

2Impossibility to distinguish between

a galactic and an extra-galactic

contribution at low energies.

2lIron Galactic flux is strongly

disfavoured.
The Pierre Auger Collaboration, JCAP05(2023)024
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2 Accelerated particles confined in the
environment surrounding the source;
2 Low energy particles —> Pile-up of

nucleons at lower energies.

A. Condorelli et al., Phys. Rev. D 107, 083009
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Transient scenario

Studying the plausible UHECR sources in the nearby Universe in a transient scenario.

2 Catalogue of ~400,000 galaxies in the nearby Universe (< 350 Mpc).

2 Assuming that UHECR production rate follows a tracer (SFRD or Stellar mass density)

Redshift, z ~ 0.01 0.1 1 10 Redshift, z 0.01 0.1 1 10
100 . ] ] ] .' L L
= ] | Full-sky (Biteau '21 - 2MASS/WISE/SCOS) 1010 — Full-sky (Biteau "21 - 2MASS/WISE/SCOS) i
N j Deep-field (Driver+ '18 - GAMA/COSMOS/HST) an Deep-field (Driver+ '18 - GAMA/COSMOS/HST)
T 10-1- --- Cosmic evolution (Koushan+ '21, Lopez+ '18) | 9 -==Cosmic evolution (Koushan+ '21, Lopez+ '18)
@) I T P
o ] -7 RN = 109 E
= ' ad A © ;
- _ - ' S
E 10_2 ........................ e - [T
11 = 108
Py ] n 10
0 1 . - \
S 103 - Laniakea supercluster % Laniakea supercluster
O § Virgo cluster Virgo cluster \\
o Local Sheet = 107 Local Sheet N T
N 10-4 /) Andromeda f Andromeda \
10° 10? 107 10° 104 10° 100 102 103 10*
Luminosity distance, d. [Mpc] Luminosity distance, d. [Mpc]
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Transient scenario

Studying the plausible UHECR sources in the nearby Universe in a transient scenario.

2 Catalogue of ~400,000 galaxies in the nearby Universe (< 350 Mpc).

2 Assuming that UHECR production rate follows a tracer (SFRD or Stellar mass density)

O(Eauger =40 EeV) - W =25° k =0.0001 M! with JF12 magnetic deflections
750 Galactic 75° Galactic coordinates
— S 60

M31/82
83
Len A
NGC4945
0°I 300°  270°

3

latitude

e llanjakea superclus

-75° 7 longitude )

S | | ' 750 |
10 15 20 R
-3 -2 -1 -1 T T T
Flux [107> km™ sr== yr—-] 6 8 10 12 14 16

Osrra( > 40EeV, W =25°) [1073 km™?yr~tsr™]

2 Arrival direction —> constraint on the burst rate!

A. Condorelli et al., 2023 ApJ 957 80
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2 The experimental skymaps

constrains the burst rate.

Transient scenario

2 Spectrum and composition

constrain the energetic budget.
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(2

PLong gamma ray burst are

the only stellar-size suitable

transient scenario.
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A. Condorelli et al., 2023 ApJ 957 80
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